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PREFACE

Each chapter of this dissertation is numbered independently. A given compound may have
a different number in different chapters. All experimental details, references, and notes for

individual chapters are included at the end of each chapter.
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CHAPTER 1

C—C Activation of Cyclic Ketones with Ring Strain: History and Recent Methodologies

1.1 Introduction

C—C and C—H bonds constitutes most of the organic compounds. In petroleum industry,
the C—C bond cleavage and reorganization has been widely used in crude oil refining in a massive
scale. When it goes to smaller scales, C—C bond activation has attracted the attention of synthetic
chemists for decades because they often lead to interesting skeletal rearrangement and cracking.
In the past four decades, significant progress in this field has been achieved, especially with
transformations involving transition metals.! However, comparing with the selective C—H bond
functionalization, studies around C—C o-bond activations lag behind. One of the reasons is that
C—C bonds are less abundant than C—H bonds. The other is that the highly directional character of
the C—C bonds making its orbital overlap with transition metal not efficient. Nevertheless, highly
strained alkanes, such as quadricyclane, cubanes etc.,'® have been shown to undergo C—C c-bond
activation rapidly and enabled the generation of a wide variety of complex ring systems. As more
general and synthetically useful C—C o-bond activation transformations were pursued, strained
cyclic ketones have been found to privileged substrates for facile C—C bond cleavage. Ring strain

is certainly the main driving force, but in addition to that, the stable acyl metal bond generated or
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the downhill transformation after C—C bond cleavage also contributes. In addition, ketones are the
most common functional groups existing in organic molecules and can also serve as a handle for
further transformations, which significantly increases the synthetic utility of C—C bond activation
reactions. Mechanistically, there are two major mechanistic pathways involved in the C—C bond
cleavage reactions discussed here (Scheme 1.1). The pathway A is through the direct oxidative
addition of ketones, which is the reverse reaction of the reductive elimination. Because of the
stability of the C—C bond (ca. 90 kcal/mol) comparing with the C—M bond (ca. 30 kcal/mol),? the
reductive elimination is often thermodynamically favoured. However, when the strained cyclic
ketones are involved, this pathway would benefit from the releasing of ring strain and the stability
of transition metal carbonyl bond. The other is pathway B, which starts with the addition of a
nucleophile to the ketone, then f—carbon elimination driven by ring-strain would take place to

cleave the C—C bond.

Scheme 1.1 Two Major Mechanistic Pathways for C—C Bond Activation of Strained Cyclic

Ketones

Pathway A: Oxidative Addition
0

O
PV A

Pathway B: p-carbon Elimination
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In following sessions, the history and recent development in C—C bond cleavages of several
types of cyclic ketone with ring strain would be discussed in detail and we aim at giving a thorough

background information for the further research we conducted in this thesis.



1.2 C—C Bond Activation of Cyclopropenones

Cyclopropenones have shown special stability attributing to its resonance structure,
cyclopropenylium cation, which is the smallest member of the Hiickel aromatic systems (Scheme
1.2). The chemical behavior of cyclopropenone is largely related to its polarized nature as well as
the large ring strain in the three membered-ring. They have been found to undergo facile C—C bond
cleavage due to its high ring strain.® In this review, we mainly focus on the transition metal-

promoted C—C bond cleavage of cyclopropenones.

Scheme 1.2 The Resonance Structure of Cyclopropenones

o) 0®
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1.2.1 Reactions with stoichiometric metals

The generation of metallacyclobutenone intermediates were suggested by Bird in the
decomposition of diarylcyclopropenones with complexes of Fe, Co as early as 1967.% In 1972,
Baddley reported the stoichiometric insertion of platinum(0) into the C—C bond of
diphenylcyclopropenone at room temperature. The platinacyclobutenone complex 1 was
synthesized in 60% yield and was confirmed by X-ray crystallography (Scheme 1.3a).°
Methylcyclopropenone was also found to undergo exchange with the ethylene ligand in a
platinum(0) complex at -65 °C and the platinum further inserted to the C—C bond at slightly
elevated temperature, which suggested that complex 2 was an intermediate for the C—C bond

cleavage of cyclopropenones (Scheme 1.3b).°



Scheme 1.3 Stoichiometric Insertion of Platinum(0) into Cyclopropenone
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In addition to platinum(0) complex, nickel(0) carbonyl complex has also been reported by
Baba and coworkers to generate nickelacyclbutenone complex and such intermediates can further
react with ketene to generate cyclopenten-1,2-diones in good yield when one equivalent nickel
was used (Scheme 1.4a).” They found that if N-thionylaniline was used as an addition partner,
insertion reaction was observed but the S=O completely exchanged with the C=0O on nickel.
Formally, the product can be regarded as a 1:1 cycloadduct of diphenylcyclopropene and phenyl
isocyanate. When phenyl isocyanate was tested in similar conditions, only trimerization of phenyl
isocyanate was generated. When 2,4,5-triphenyl-3-isothiazolone-1-oxide 3 synthesized through
other method reacted with Ni(CO)4, the exchange product was not observed. These control
experiments confirmed that the reaction might go through intermediate 4, and the exchange
happened before the product was generated (Scheme 1.4b). Interestingly, when
diphenylcyclopropenone was reacted with N-thionylcyclohexylamine, such exchange was not

observed.®



Scheme 1.4 Stoichiometric Insertion of Nickel(0) into Cyclopropenone
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Rhodium(I) complexes were also found to insert into the C—C bond of cyclopropenones by
Stang in 1990 (Scheme 1.5).” They observed the generation of trans-Rh(PPh3)>(CO)CI and alkyne
products in high yield when heating the cyclopropenones with Wilkinson’s catalyst (Scheme 1.5a).
They proposed that the rhodacyclobutenone intermediate 5 was generated first, which then further
decomposed through decarbonylation into alkynes and trans-Rh(PPh;3)(CO)CL
cyclopropenone reacted with the frans-Rh(PPh3)>(CO)CI in refluxing benzene, air-stable I-
rhodacyclopentene-2,5-diones were isolated in high yields (Scheme 1.5b). When the rhodium

complex was changed into frans-Rh(PPh3)>(CO)OTT, the reaction between cyclopropenones and
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rhodium complex led to the generation of complex 6 at room temperature. At elevated temperature,
the similar I-rhodacyclopentene-2,5-diones can be generated (Scheme 1.5¢). They proposed that
the reaction proceed via a mechanism shown in scheme 1.5¢. After the generation of complex 7,

rhodium inserted into the cyclopropenone, then CO insertion happened to generate the product.

Scheme 1.5 Stoichiometric Insertion of Rhodium(I) into Cyclopropenone
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In 2000, Butenschén reported the insertion of cobalt(I) complex 8 into
diphenylcyclopropenones after stirring in THF at 20 °C for 3 days with 91% yield (Scheme 1.6).1°
The structure of the metallacyclobutenone complex 9 was confirmed by X-ray crystallography and

similar structural characters were observed comparing with the platinacyclobutenone reported by



Baddley (Scheme 1.3a). Upon heating, complex 9 would undergo decarbonylation to give a
mixture of complex 10 and 11 in 60% yield and diphenylacetylene was also observed. It was
known that carbonyl complex 10 does not undergo a thermal ligand exchange process with
diphenylacetylene to give complex 11. Such complex was proposed to come from intermediate 12,
which has a decoordinated phosphine sidearm directly generating from CO extrusion.
Recomplexation of the sidearm would liberate either CO or diphenylacetylene and generate

complex 10 or 11 respectively through an associative intramolecular ligand exchange reaction.

Scheme 1.6 Stoichiometric Insertion of Cobalt(I) into Cyclopropenone
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1.2.2 Catalytic reactions with different metals

The transition metal catalyzed C—C bond activation of cyclopropenones have been reported
as early as the stoichiometric study. In 1972, Noyori reported a nickel(0)-catalyzed dimerization
of cyclopropenone to generate benzoquinone. The interesting side product 13 observed in the
reaction suggested the existence of the nickelcyclobutenone intermediate 14 (Scheme 1.7).!!
Shortly after that, Baba reported that the insertion of ketene into cyclopropenones can be catalyzed

by a nickel carbonyl complex (Scheme 1.8).”



Scheme 1.7 Nickel-Catalyzed Dimerization of Cyclopropenones
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Scheme 1.8 Nickel-Catalyzed Insertion of Ketene into Cyclopropenones
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Scheme 1.9 Transition-Metal Catalyzed Reaction between Cyclopropenones and Trimethylsilyl

Cyanide
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In 1987, Chatani reported that several transition-metal complexes can catalyze the reaction
between cyclopropenones and trimethylsilyl cyanide to synthesize 5-amino-2-furancarbonitriles

(Scheme 1.9).!? The reaction mechanism was not described in the report. Based on the previous



study, it might proceed through nucleophilic addition of electron-rich transition metal catalyst to

the cyclopropenone followed by ring-opening and further attacked the trimethylsilyl cyanide.

Mitsudo reported ruthenium-catalyzed carbonylative dimerizations of diaryl- or
dialkylcyclpropenones as well as crossed reactions with internal alkynes to give substituted
pyranopyrandiones (Scheme 1.10a).!*> When '3CO atmosphere was used in the reaction, carbons
highlighted in Scheme 1.10a were labelled with '3C in corresponding ratio, which supported their
mechanistic proposal (Scheme 1.10b). The reaction starts with oxidative addition of the C—C bond
in cyclopropenone to give a ruthenacyclobutenone, following by carbonylation of
ruthenacyclobutenone (or carbonylative cyclization of alkynes on the ruthenium), which led to a
maleoylruthenium intermediate 15. Such intermediate can further isomerize into an active (3*-
bisketene) ruthenium intermediate, which underwent oxidative addition into another molecule of
cyclopropenone and insertion reactions to produce a (ketene)ruthenium intermediate 16. After
isomerizing into ruthenium carbene intermediate 17, a molecule of carbon monoxide would insert
into the carbene-ruthenium bond, which led to another ketene intermediate 18. Final insertion of a
ketene carbonyl group and reductive elimination give the desired product.

Wender later disclosed a rhodium(l)-catalyzed [3+2]-cycloaddition of cyclopropenones
with alkynes forging cyclopentendiones (Scheme 1.11).}* The rhodium catalyst underwent
oxidative addition to the acyl-carbon bond of cyclopropenones and gave rhodacyclobutenones.
Then alkyne migratory insertion followed by reductive elimination delivers cyclopentadienones.
Diphenyl- and phenylmethylcyclopropenones can be used as the three carbon component in
combination with aryl- and dialkyl-substituted alkynes or benzyne. Cyclopentendiones can be

synthesized on a multigram scale through this transformation and 0.1 mol% catalyst loading still



provided 69% yield. The regioselectivity is also excellent, consistent with the regioselectivity

observed in Pauson-Khand reactions of analogous aryl alkynes.

Scheme 1.10 Ruthenium-Catalyzed Carbonylation of Cyclopropenones
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catalyzed C(sp?)—H bond insertion into cyclopropenones.’

Scheme 1.11 Rhodium-Catalyzed [3+2]-Cycloaddition of Cyclopropenones with Alkynes
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Recently, Li studied rhodium(111)-catalyzed C(sp)—H bond insertion into cyclopropenones

via C—H activation pathway.'® This study is an extension of their previous report on rhodium(l11)-

6

transformations are similar (Scheme 1.12). Initiated by C(sp®)—H bond activation, a five-
membered rhodacyclic intermediate was generated and further coordinated to cyclopropenone.

The carbonyl group of cyclopropenone then underwent migratory insertion followed by [3-carbon

11

The mechanism of both



elimination to give a ring-opened alkenyl intermediate. At the end, protonolysis furnishes the final

product.

1.3 C—C Bond Activation of Cyclobutenediones and Cyclobutenones

When it comes to four-membered ring ketones, early studies have been focused on
cyclobutenediones and cyclobutenones, because they are more strained comparing to the saturated
cyclobutanones thus more activated. Compared with cyclopropenones, their diverse structures and
reactivities promise the product generated with an impressive level of complexity. In general,
cyclobutenediones and cyclobutenones can either undergo direct C—C cleavage or decarbonylative
C—C cleavage. As a result, they can be considered as either a four-carbon or three-carbon synthon

(Scheme 1.13).'»

Scheme 1.13 Cyclobutenediones and Cyclobutenones in C—C Bond Activation Reactions
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1.3.1 Reactions with stoichiometric metals

Benzocyclobutenediones are the initial candidate chosen to investigate the reactivity of
four-membered ring ketones in C—C bond activation reaction. Metal insertion into the C—C bond
of benzocyclobutenediones was first reported in 1973 by Kemmitt using Pt(PPh3)s. The structure
of the platinabenzocyclopentenedione was confirmed by X-ray crystallography to be the
unsymmetrical cleavage product (Scheme 1.14a).!” Liebeskind later used Wilkinson’s catalyst to
generate the C—C bond cleavage product (Scheme 1.14b).'® It was observed that the unsymmetrical

cleavage product 19 was formed at first, which then isomerized to symmetrical cleavage product

12



20. This suggested that 19 is a kinetic product and 20 is a thermodynamic product. Cobalt and iron
complex are also capable of inserting into the C—C bond of benzocyclobutenediones and the

symmetrical cleavage products were observed.

Following their stoichiometric study on the transition metal insertion into
cyclobutenediones, Liebeskind systematically studied the naphthoquinone and benzoquinone
synthesis realized by alkyne insertion to the metalla(benzo)cyclopentenediones.!® Both cobalt and
iron complexes were capable of reacting with a wide variety of alkynes to yield naphthoquinones

with moderate to excellent efficiency and regioselectivity (Scheme 1.14c).?°

The cobalt system
requires the activation using AgBF4 to generate a 6-coordinated 18-electron cobalt complex and
facilitate the ligand exchange with alkyne (Scheme 1.14d).2! Compared with the iron system, the

requirement of a silver salt might be a drawback, but the easy preparation of phthaloylcobalt

complex 21 made it the primary system they further studied on.

Later this phthaloylcobalt complex was successfully applied to the regiospecific total
synthesis of (£)-nanaomycin A enabled by an intramolecular directed regiochemical control.?? To
get rid of the silver salt in the cobalt system, they modified the cobalt complex with
dimethylglyoxime in solvent amount of pyridine to give high yields of a 6-coordinated cobalt
complex 22, which enables a faster ligand exchange with alkynes and proved to be equally
effective without silver salts (Scheme 1.14d).!” In analogy to the naphthoquinone synthesis, the

benzoquinone synthesis was achieved with good efficiency and regioselectivity.??
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Scheme 1.14 Stoichiometric Reactions Involving Insertion of Transition-Metals into

Cyclobutenediones
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Scheme 1.15 Stoichiometric Insertion of Transition-Metals into Cyclobutenones
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Inspired by the success with activation and transformation of cyclobutenediones,
Liebeskind casted attention on C—C bond cleavage of cyclobutenones and benzocyclobutenones
(Scheme 1.15a).* Wilkinson’s catalyst underwent oxidative addition to cyclobutenones and
generated 5-rhoda-2-cyclopenten-l-ones with good efficiency. Mixtures of two regioisomeric
insertion products were observed when benzocyclobutenones were employed. Interestingly, when
the reaction time was extended to 5 days, complex 24 became the dominate product, which suggest
that complex 24 is thermodynamically favored product. In contrast, when cyclobutenones reacted
with (1°-CoH7)Co(PPhs),, #*-vinylketene complexes were formed as mixtures of £/Z isomers. The
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monosubstituted vinylketene cobalt complex can react with various alkynes to generate phenols.
For unsymmetrical alkynes, such a reaction would give a mixture of regioisomers (Scheme

1.15b).%

Scheme 1.16 Recent Examples of Stoichiometric Insertion of Transition-Metals into

Benzocyclobutenones
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Recently, several stoichiometric reactions involving transition-metal insertion into
benzocyclobutenones have been reported at much lower reaction temperature or with metals that

are less explored in the field (Scheme 1.16). In 2013, Murakami, Nozaki and Yamashita observed
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that an infinitely networked T-shape 14-electron rhodium(I) complex coordinating to a PBP pincer
ligand was able to undergo oxidative addition into the C1—C8 bond of benzocyclobutenones,

which delivered 25 with high efficiency at room temperature (Scheme 1.16a).2°

Bourissou later disclosed that (diphosphinocarborane)gold(I) complexes can selectively
cleave the C1-C2 or C1-C8 bond in benzocyclobutenone to generate the corresponding acyl
gold(IIT) complexes at different reaction temperatures (Scheme 1.16b).2” Moreover, when the
palladium(0)-isocyanide complex was mixed with benzocyclobutenone in benzene at room
temperature for 7 h, the C1—C2 bond of benzocyclobutenones were selectively cleaved and the

five-memebered palladacycle 26 was produced in a quantitative yield (Scheme 1.16¢).%

1.3.2 Catalytic reactions with different metals

On the basis of the stoichiometric study on C—C bond cleavage of cyclobutenediones,
Mitsudo disclosed a ruthenium-catalyzed decarbonylative C—C bond activation of
cyclobutenediones followed by coupling with alkenes (Scheme 1.17a).2° Alkoxyl group
substitution on C4 position is required to selectively cleave the C1—-C4 bond. When the 3,4-
dialkylcyclobutenedione was subjected to the reaction condition, C1-C2 bond was selectively
cleaved which led to the phenol product in 74% yield. The carbon monoxide pressure was found
to be crucial for the transformation and 3 atm was the optimal pressure. Use of *CO would lead
to 70% '*C scrambling at the cyclopentenone product, which suggested that the external CO is
needed to suppress the complete decarbonylation. Apart from norbornene, ethylene gas was also
found to be an effective coupling partner. The proposed mechanism for this transformation started
with the selective oxidative addition of ruthenium into the C1—C4 bond directed by the alkoxyl
substituent, followed by decarbonylation to generate a ruthenacyclobutenone intermediate.
Subsequent migratory insertion of norbornene and reductive elimination gives the product

17



exclusively in its exo form. In 2006, Yamamoto reported an intramolecular version of this reaction

using a nitrogen-tethered substrate (Scheme 1.17b).3°

Scheme 1.17 Ruthenium-Catalyzed Decarbonylative C—C Bond Activation
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Compared with cyclobutenediones, cyclobutenones have been applied in a wide variety of
catalytic transformations using transition metals. The catalytic reaction was pioneered by
Liebeskind in 1991 to realize the synthesis of substituted phenols through nickel-catalyzed C—C
bond cleavage of cyclobutenones (Scheme 1.18a).3! The reaction was initiated by oxidative
addition of the Ni(0) catalyst to the C1—C4 bond of cyclobutenones, and the coordinated alkyne
would then undergo migratory insertion to generate intermediate 27. After reductive elimination
and aromatization, the product can be generated. For most of the examples, the ratio between 28
and 29 was close to 1:1. However, for alkyne substrates bearing an oxygen moiety two carbons

away, the regioselectivity improves significantly to give a ratio of 3:1. The improvement on the
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regioselectivity was attributed to the chelation between the nickel and the oxygen. This type of

reactivity was later further explored by Kondo in 2007 using a rhodium catalyst.*?

Scheme 1.18 Synthesis of Phenols through C—C Bond Activation
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In Liebeskind’s report, 2,3-disubstitutedcyclobutenones were not viable substrates.
However, using rhodium catalysts, these substrates could successfully yield the desired phenols in
moderate yields (Scheme 1.18b). A more intriguing finding was that the cycloaddition between the
proposed (17*-vinylketene)rhodium intermediate and an electron-deficient olefin, followed by

dehydrogenation and isomerization, would lead to a highly regioselective formation of phenol
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products.®? In 2015, Harrity investigated the regioselectivity in the nickel-catalyzed system and

extended the insertion partner to alkynylboronates.>?

Apart from catalytic reactions between cyclobutenones and alkenes to generate phenols,
Mitsudo and Kondo reported on a rhodium-catalyzed decarbonylative coupling and direct coupling
of cyclobutenones with norbornene to selectively synthesize cyclopentenes and cyclohexenones
(Scheme 1.19a). Oxidative addition of rhodium into cyclobutenones generates the (7*—
vinylketene)rhodium intermediate 30 that may exist in an equilibrium with rhodacyclopentenone
31. Migratory insertion of norbornene would lead to the rhodacycloheptenone intermediate 32,
from which direct reductive elimination produces cyclohexenones 33 and CO extrusion followed
by reductive elimination yields cyclopentenes 34. When '*CO atmosphere was used, 71% of the
carbonyl group in the generated cyclohexenones was labeled by '*C, which suggested that the
decarbonylation during the reaction process was facile but reversible. In addition to that, Mitsudo
and Kondo disclosed that ruthenium or rhodium can both catalyze the C—C bond cleavage of
cyclobutenones followed by insertion of another vinylketene generated in the reaction to yield 2-
pyranones (Scheme 1.19b). The mechanism of this reaction includes the hetero-Diels-Alder
reaction between two molecules of metal-bound #*-vinylketene intermediate 35. Interestingly
ruthenium and rhodium gave different Z/F selectivity. Ruthenium catalysts gave good Z selectivity,
while rhodium catalysts led to the E products exclusively. When cyclobutenone was fused with an

eight-membered ring, both catalysts gave the E product.®*
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Scheme 1.19 Rhodium or Ruthenium-Catalyzed Coupling between Cyclobutenones and

Norbornene or Ketene
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Apart from reacting cyclobutenones with unsaturated bonds, other coupling partners have

been explored as well. In 1993, Liebeskind reported on a rhodium-catalyzed intramolecular ring
fusion reaction between cyclobutenones and cyclopropanes or cylcobutanes (Scheme 1.20).%° In
the presence of a rhodium catalyst, cycloheptadienones or cyclooctadienones 36 was formed in

good yields. At elevated temperature, 1,5-hydrogen shift can take place and generate the
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isomerized products 37 in some cases. This ring fusion strategy provides a unique approach to

obtain medium-size rings.

Scheme 1.20 Rhodium-Catalyzed Intramolecular Ring Fusion Reaction
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In Liebeskind’s stoichiometric study, benzocyclobutenones have shown interesting
regioselectivity in C—C bond cleavage (Scheme 1.15a), which intrigues the application of such
intermediates in the catalytic transformations. Xu and Dong disclosed the rhodium-catalyzed
intramolecular carboacylation of olefins through C—C bond activation of benzocyclobutenones in
2012 (Scheme 1.21a).%° After the generation of rthodacycle, the intramolecular migratory insertion

of olefins followed by reductive elimination would yield the tricyclic products.

Using (R)-DTBM-segphos, excellent enantioselectivity was obtained.’” From the
computational study by Liu (Scheme 1.21b), the C—C bond cleavage first occurs at the C1-C8
position, and then the CO extrusion and reinsertion takes place to afford the formal C1—C2
cleavage intermediate 38. The CO reinsertion step was found to be the rate-determining step. After
intermediate 38 is generated, the olefin would insert into the rhodacycle, which is the

enantioselectivity determining step.’®
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Scheme 1.21 Rhodium-Catalyzed Carboacylation of Olefins through C—C Bond Activation of

Benzocyclobutenones
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In analogy to the reaction between cyclobutenones and olefins (Scheme 1.19a),
decarbonylative coupling between benzocyclobutenones and olefins can afford products with
different ring structures. An intriguing spirocycle formation was observed by Dong when
benzocyclobutenones tethered with cyclic olefins were subjected to the reaction catalyzed by

[Rh(CO)2Cl]o/P(C6Fs)s in tetrahydrofuran at 130 °C (Scheme 1.22).* The mechanism of this



transformation features a CO extrusion after migratory insertion of the olefin followed by a -H

elimination.

Scheme 1.22 Rhodium-Catalyzed Decarbonylative Spirocyclization through C—C Bond

Activation of Benzocyclobutenones
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When alkynes were adopted as the coupling partner, both direct insertion products and

R2 co

R2

decarbonylative insertion products were obtained through fine tuning of the reaction conditions
(Scheme 1.23a).%’ Later, Dong disclosed that, using Co2(CO)s/P(3,5-CsH3(CF3)2)3 as the optimal
precatalyst/ligand combination, bulky benzocyclobutenones can be used as substrates to couple

with alkynes intramolecularly (Scheme 1.23b).*!

Apart from non-polarized 2 units, recently, polarized ones such as C=0 bonds have been
reported to undergo similar insertion reactions to benzocylcobutenones. In 2018, Xu reported that
a cationic rhodium(I) complex can catalyze the intramolecular carboacylation of C=0O bonds with
benzocyclobutenones followed by an aromatization-drived elimination to afford benzofurans

(Scheme 1.24).%
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Scheme 1.23 Rhodium-Catalyzed Alkyne-Benzocyclobutenone Couplings

a) — 2
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=20r3 2 i R
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Murakami disclosed the insertion of silacyclobutanes into benzocyclobutenones using the

in-situ generated palladium(0)-isocyanide complex as a catalyst. Firstly, the palladium(0)
undergoes oxidative addition into C1—C2 bond in benzocyclobutenone to generate intermediate
39 (vide supra, Scheme 1.16c). The transmetalation of the C—Si bond in silacyclobutane 40 with
the C—Pd bond of 39 takes place to give the nine-membered palladacycle. They proposed that the
transmetalation happens through a sequence of oxidative addition and reductive elimination.

Finally, C—C reductive elimination generates the eight-membered ring product and reforms the
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palladium(0) catalyst (Scheme 1.25).2® Later, the computational study supported the proposed

reaction pathway.*’

Scheme 1.25 Palladium-Catalyzed Insertion of Silacyclobutane into Benzocyclobutenones
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Recently, Krische reported that when a ruthenium(0) complex was used as the catalyst, the
C1-C8 bond was selectively cleaved to generate ruthena-indanone 41, which upon successive
addition of the C—Ru bonds to 1,2-dione, generates the ruthenium(Il) diolate complex 42.%
Protonolysis of intermediate 42 by the diol or ketol delivers the ruthenium(II) alkoxide 43. After
B-hydride elimination, the ruthenium hydride 44 and the ketol or 1,2-dione are generated. Lastly,
O—H reductive elimination releases the product 45 and regenerated the ruthenium(0) catalyst.
Diverse diols were found to undergo the cycloaddition reaction smoothly and the nonsymmetric
diols gave high regioselectivity. It is noteworthy that the resulting cycloadduct 45 possesses the
key structural motif in type II polyketides (Scheme 1.26). In 2018, the same group disclosed an
analogous enantioselective cycloaddition between bezocyclobutenones and ketols by replacing the

dppp ligand into (R)-segphos.*’

26



Scheme 1.26 Ruthenium-Catalyzed Insertion of Adjacent Diols into C—C Bond of

Benzocyclobutenones and Benzocyclobutenediones
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Apart from the oxidative addition pathway, the B-carbon elimination pathway has also been
studied in C—C bond activation of benzocyclobutenones. In 2005, Martin reported that nickel(0)
can catalyze the intermolecular insertion of dienes (or diphenylacetylene) into the
benzocyclobutenones after the selective C1—C2 bond cleavage (Scheme 1.27).*6 The proposed
mechanism started with oxidative cyclication of a low-valent nickel complex to 1,3-dienes and

benzocyclobutenones. A subsequent -carbon elimination leads to the formation of w-allyl nickle(II)
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metallacycle 46, which further undergoes reductive elimination to form the product. Later,
computational studies suggested that this reaction could possibly go through an oxidative addition
pathway.” When PPh; was adopted as the ligand with Ni(cod), as precatalyst, analogous
intermolercular insertion of diphenylacetylene into benzocyclobutenones was achieved with good

efficiency.*®

Scheme 1.27 Nickel-Catalyzed Intermolecular Diene-Benzocyclobutenone Couplings
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1.4 C—C Bond Activation of Cyclobutanones

Cyclobutanones are another type of strained cyclic ketones which have been widely studied
among C—C bond activation reactions. Compared with cyclobutenones and cyclobutenediones,
they possess less ring strain and present a bigger challenge for transition-metal-mediated reactions.
Nevertheless, different strategies have been applied to activate cyclobutanones and significant
progress was made in the past two decades, especially in forging diverse ring systems and

constructing quaternary carbon centers.
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1.4.1 Reactions with stoichiometric metals

The C—C bond activation of cyclobutanones is pioneered by Murakami in 1994, when they
observed the quantitative decarbonylation of cyclobutanones upon refluxing substrate 47 with
Wilkinson’s catalyst. The generation of stable trans-Rh(PPh3)»(CO)CI was proposed to be crucial
for the success of this transformation. The mechanism proposal starts with oxidative addition of
Wilkinson’s catalyst into the less hindered C1—C8 bond, and was followed by CO extrusion and
reductive elimination to provide products (Scheme 1.28).*® Similar stoichiometric reactions

happened smoothly with simple 3-alkyl substituted cyclobutanones as well.*’

Scheme 1.28 Decarbonylation of Cyclobutanones by Insertion of Stoichiometric Rhodium(I)
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H PP H OF PPhs
Rh-Ccl — Rh—Cl
) /’PPh3 CO extrusion PPhy
Ph P

In 2013, Murakami disclosed that an electron-rich rhodium(I) PBP complex can undergo
oxidative addition into cyclobutanone 48 and proceed to the decarbonylation product with good
efficiency at room temperature (Scheme 1.29).2° The oxidative addition was proposed to be the
rate-determining step. The hexa-coordinated intermediate 49 is thermodynamically unstable
because of the steric congestion from the #-butyl group, which provide a driving force for the

reductive elimination.
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Scheme 1.29 Oxidative Addition of Cyclobutanone onto Rhodium(I) at Room Temperature
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1.4.2 Catalytic reactions with different metals

Upon the discovery of the reactivity between cyclobutanones and stoichiometric metals,
the catalytic reactions have been the major focus for chemists to develop synthetically useful
reactions utilizing the unique reaction mode of C—C bond activation. Through years of
development, two major C—C cleavage pathways, direct oxidative addition and [-carbon
elimination, have been heavily studied. The C—C bond activation of cyclobutanones followed by
new bond formations has been demonstrated to be a highly efficient way to construct complex ring

systems.

1.4.2.1 C—C bond cleavage via oxidative addition pathway

Catalytic reactions involving oxidative addition into cyclobutanone C—C bonds were
discovered as early as the stoichiometric reactions. In the original report of the stoichiometric
reaction (Scheme 1.28), Murakami disclosed a rhodium-catalyzed hydrogenolysis of

cyclobutanones (Scheme 1.30).*® After oxidative addition of rhodium into cyclobutanone to
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generate rhodacyclopentanone 50, hydrogenolysis happens to deliver the aldehyde product 51. Part
of the aldehyde product was further reduced under hydrogen atmosphere to give alcohol 52, thus
treatment of sodium borohydride was used to obtain the unified products. It was proposed that in
addition to the relief of ring strain, the dihydrogen addition provides additional driving force for

this reaction to take place.
Scheme 1.30 Rhodium(I)-Catalyzed Reductive Ring Opening of Cyclobutanones
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Scheme 1.31 Catalytic Decarbonylation of Cyclobutanones via Rhodium Catalysis
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In 1996, Murakami reported that through fine tuning of the ligand, cyclobutanones can
undergo efficient decarbonylation into two different products 53 and 54. Olefin 53 is generated
through B-hydrogen elimination, while cyclopropane 54 through direct reductive elimination
(Scheme 1.31).*° Cyclobutanones fused with a cyclohexane is a viable substrate as well. Cationic

rhodium catalysts can also yield the cyclopropane product.

Scheme 1.32 Rhodium(I)-Catalyzed Successive Cleavage of C—C and C—O Bonds
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Other than using hydrogenolysis, Murakami further studied successive cleavage of C—C
and C—O bonds in cyclobutanones containing an alkoxyl substituent at the a position (Scheme
1.32).%% After oxidative addition directed by the oxygen of the substituent at the more sterically
hindered C—C bond, the resulting intermediate further undergoes f-oxygen elimination to generate
56, which upon C—O bond reductive elimination yield the linear ester product 57. Alternatively,

56 can go through a 6-endo cyclization followed by C—C bond reductive elimination to produce
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cyclized product 58. For special spiro cyclobutanones, similar successive cleavage of two C—C

bonds driven by ring strain was reported by the same group.°!

Scheme 1.33 Intramolecular Olefin Insertion into C—C Bond of Cyclobutanones
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In 2002, Murakami disclosed the intramolecular olefin insertion into cyclobutanones to
generate [3.2.1] bridged rings efficiently (Scheme 1.33a).%? This transformation starts with
oxidative addition of rhodium into the cyclobutanone. Then the olefin undergoes migratory
insertion into the rhodacyclopentanone followed by C—C bond reductive elimination to generate

the product. The substrate scope was restricted to three structurally similar examples. Later,

Cramer developed a chiral rhodium catalyst 59 to realize the enantioselective version of this
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reaction with moderate to good enantioselectivity and an extended substrate scope (Scheme
1.33b).3 In 2014, Cramer discovered that the [Rh(cod)C1]o/DTBM-segphos can realize a much

better enantioselective transformation with excellent enantioselectivity (Scheme 1.33¢).>*

Intramolecular olefin insertion into cyclobutanones demonstrates the potential of this
strategy in synthesizing complex bridged ring structures. However, the substrate was limited to
styrene-tethered cyclobutanones due to competing decarbonylation side reactions. Extending the
reaction scope to more general substrates requires addressing this challenge. In 2014, Ko and Dong
reported the intramolecular carboacylation of various 1,1- or 1,2-disubstituted olefins with
cyclobutanones (Scheme 1.34).%° Other than the styrene-tethered cyclobutanones, the nitrogen-
tethered and the malonate-tethered cyclobutanones underwent the transformation smoothly to

deliver various [3.3.1] bridged ring systems.

Scheme 1.34 Rhodium(I)-Catalyzed Bridged Ring Formation through C—C Bond Activation
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In 2015, Dong reported that allene can serve as a vinyl carbenoid equivalent to insert into

cyclobutanones and generate [4.2.1] bridged cycles (Scheme 1.35).°® An impressive level of
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enantioselectivity and a broad substrate scope was observed in this transformation. During the
mechanistic studies, they found that when the two terminal methyl groups on allene was labelled
by deuterium, the hydrogen at C3 position was deuterated with a ratio greater than 95% and the
C3 deuterium is cis to the alkenyl side chain. Based on this observation, they proposed a f-
hydrogen elimination/re-insertion sequence after migratory insertion to generate intermediate 61

or 62, both of which could deliver the product via reductive elimination.

Scheme 1.35 Rhodium(I)-Catalyzed Vinyl Carbenoid Insertion into Cyclobutanones
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In comparison to cyclobutenones, it is more difficult to achieve decarbonylative insertion
of unsaturated units into cyclobutanones because the C(sp®)—C(sp?) reductive elimination after CO
extrusion is less favored compared with the original C(sp?)—C(sp?) case. Additionally, the potential

side reaction leading to the formation of cyclopropanes needs to be prevented. Dong disclosed a
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decarbonylative insertion of olefins into cyclobutanones making use of a bulky XPhos ligand,
which promotes the reductive elimination step after the CO extrusion. Broad substrate scope was

achieved with moderate to good yields (Scheme 1.36).%”

Scheme 1.36 Rhodium(I)-Catalyzed Decarbonylative Insertion of Olefins into Cyclobutanones
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Apart from non-polar unsaturated bonds, Cramer reported that polarized C=0O bonds can
be successfully inserted into cyclobutanones after the rhodacyclopentanones were formed through
oxidative addition of rhodium catalyst (Scheme 1.37).°® With the help of DTBM-segphos,
excellent enantioselectivity and broad substrate scope were achieved to obtain lactone-containing
[3.2.1] bridged ring structures. It is impressive to see that with the presence of aldehyde C—H
bonds, the rhodium catalyst selectively undergoes oxidative addition into the C—C bond other than

the C—H bond.

Scheme 1.37 Rhodium(I)-Catalyzed Enantioselective Insertion of C=O Bonds into

Cyclobutanones
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In addition to rhodium, palladium(0) catalysts can also promote C—C bond activation of
cyclobutanones after initial oxidative insertion into Si—Si*® or C—Si®® bonds. In 2014, Murakami
disclosed an intramolecular exchange of C—C and C—Si bond to generate interesting
silabicyclo[5.2.1]decanes 64 diastereoselectively. The bulky phosphine ligand was used to
promote the direct C—C bond reductive elimination after the transmetalation step. When less
sterically hindered PMes was applied, the B-hydrogen elimination would take place, followed by

C—H reductive elimination to generate 65 (Scheme 1.38).%°

Scheme 1.38 Palladiun(0)-Catalyzed Intramolecular Exchange of C—C and C—Si Bonds
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1.4.2.2 C—C bond cleavage via [-carbon elimination pathway

Apart from direct oxidative addition, the addition of a nucleophile to the C=O bond

followed by B-carbon elimination represents another common pathway for C—C bond activation

of cyclobutanones.
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In 2004, Murakami reported that a more electron-rich arylrhodium(I) species generated
from transmetalation can undergo addition to cyclobutanones. Then B-carbon elimination would
happen to cleave the four-membered ring. After f—hydrogen elimination and re-insertion, the
rhodium enolate intermediate would be generated and then undergo protonolysis to yield the
product. The intermediacy of the rhodium enolate species was confirmed by a deuterium labeling
study. Various arylboronic acids and cyclobutanones with different substitution are well-tolerated

(Scheme 1.40).9!

Scheme 1.40 Rhodium(I)-Catalyzed Addition/Ring-Opening of Cyclobutanones with

Arylboronic Acids
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Murakami later disclosed that a similar reaction initiation mode can be applied to the ring
expansion reaction of cyclobutanones using an alkyne-tethered substrate. The aryl rhodium can
first undergo addition to the alkyne, then intramolecular addition of the rhodium to the C=0O bond
would take place. After B-hydrogen elimination, the rhodium enolate is generated and further

).92 Various functional

undergoes protonolysis to yield the ring expansion product (Scheme 1.41
groups and aryl boronic esters are well-tolerated. This method provides a unique way to synthesize

medium-sized rings using C—C bond activation strategy.
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Scheme 1.41 Rhodium(I)-Catalyzed Arylative Ring Expansion of Cyclobutanones
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Instead of using arylboronic acids or esters to generate the rhodium aryl intermediate and
further promote the B-carbon elimination, Murakami reported that rhodium catalysts can promote
the C—C bond cleavage of cyclobutanones with phenols to form ester linkages inter-
intramolecularly®* through P-carbon elimination pathway. In 2007,

enantioselective lactone formation using such a strategy (Scheme 1.42
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reaction starts with generation of the rhodium aryloxide followed by its addition to the carbonyl
group forming rhodium cyclobutanolate 66. Then B-carbon elimination of 66 takes place to
generate 67, which is the enantiodetermining step. After a series of f-hydrogen elimination and re-
insertion, intermediate 68 is generated and protonolysis of 68 affords the dihydrocoumarin product
with moderate to excellent enantioselectivity. Different substitutions on the four-membered ring

and the aryl linker are well-tolerated.

Scheme 1.43 Nickel(0)-Catalyzed Intermolecular Alkyne Insertion into Cyclobutanones

a) o
o R4 10 mol% Ni(cod), R3
+ | | 20 mol% PCys 15 examples
X toluene, 90-110 °C R1 e 37-97%
R" R R3 36h R?
1.5 - 3.0 equiv.
INi] R', R2 = Ph, Me; Ph, Ph; Et, Et; n-Oct, H; Ph, H
oxidative R%, R* = n-Pr, n-Pr; Et, Et; Ph, Ph; Me, P reductive
cyclization Me, 4-MeOCgHy; Me, 4-CF3CgH, elimination
_INi] R4
[ 1
3 p-carbon R \ 4
R ) 2 /TR
R elimination R [Ni]
R2
b) 3
o R® O
—=R3 10 mol% Ni(cod),
+ X o X 2
\—==_R3 20 mol% P(n-Bu)s, 100 °C R
RT 'R2 ~ or 10 mol% IPr, rt. R
1.2 - 1.5 equiv. RS

toluene, 1-3 h
R', R? = Ph, Me; Ph, Ph; Et, Et; n-Oct, H; Ph, H 13 examples
5 32-92%

R® = H, Me, Et
X = C(CO,Me),, CH,, C(CH,0Me),, O, NTs, CH,CH,

Other than rhodium, nickel(0) catalysts have been found to be privileged in promoting the
ring-opening of cyclobutanones through oxidative cyclization/B-carbon elimination pathway. In
2005, Murakami disclosed the intermolecular alkyne insertion into cyclobutanones using Ni(cod)»/
.66

PCys as an optimal precatalyst/ligand combination (Scheme 1.43a).”® Various symmetrical or
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unsymmetrical alkynes are viable substrates with moderate regioselectivity. The same group later
reported a similar transformation between cyclobutanones and diynes, which afforded the bicyclic
eight-membered ketones (Scheme 1.43b).%” When N-heterocyclic carbene ligand IPr was used, the
reaction can happen at room temperature. Different symmetrical diynes can successfully give the
desired products. The unsymmetrical diyne gives higher yield but lower regioselectivity when
PCys is used as ligand, while in the case where IPr was used, the reactivity was lower but good
regioselectivity was observed because of the steric bulkiness. Similar to cyclobutanones, azetidin-
3-ones®® and oxetan-3-ones® were reported by Louie, Murakami and Aissa to be viable substrates

to couple with alkynes or dienes through nickel catalysis.

Scheme 1.44 Nickel(0)-Catalyzed Enantioselective Intramolecular Olefin Insertion into

Cyclobutanones

(0]
10 mol% Ni(cod), tBu
R 12 mol% 69 01'NP>_,”,
hexane, r.t.-50 °C :P—N
. 6h o >——
R2I 0 R'=H, Ph 1-Np
| - )
- Y ) t-Bu
e R = Me, F, OMe 10 examples 69
77 -97%
80 -92% ee
[Ni] o .
oxidative reductive
cyclization elimination
R1 W, O\ R1 0
B L v [Ni]
i S-carbon e
elimination

The intramolecular insertion of olefins into cyclobutanones catalyzed by nickel(0) was
reported by Murakami in 2006.”° The reaction was proposed to go through a similar mechanism

as above. Later an enantioselective insertion was achieved with chiral phosphoramidite ligand 69
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and bioactive chiral benzobicyclo[2.2.2]octene structures were synthesized, which previously
required multiple functional group manipulation and resolution processes (Scheme 1.44).”! The

oxidative cyclization is the enatiodetermining step.

Apart from alkynes or olefins, Dong reported that allene can also serve as the two carbon
insertion unit for the intramolecular reaction with cyclobutanones. A broad substrate scope was
achieved with the racemic transformation, which tolerates various types of linkage and substitution
on cyclobutanones. With the help of phosphoramidite ligand 60, a high level of enantiocontrol was

achieved (Scheme 1.45).7?

Scheme 1.45 Nickel(0)-Catalyzed Enantioselective Intramolecular Allene Insertion into

Cyclobutanones
o] R3 0
R! )\R“ 10 mol% Ni(cod), R*
r2 f 12 mol% PPh; R3™Xy «T 22 examples
PN toluene, 100 °C 36 - 92%
24 h R X
R'=H,Me R?=alkyl, aryl
RS, R*=alkyl, H X=NTs, C(CH,OMe),, benzene
6
(o) RG R R7
)\R7 10 mol% Ni(cod), /i " |
= 12 mol% 60 examp'es
RS /I/ ° S 55 - 80%
N mesitylene, r.t. 90 - 92% ee
\ 72 h RS N
Ts Ts

R® = Me, Et, n-Pr, Ph
R®, R7 = Me, Me; Et, Et; n-Pr, n-Pr; Et, Me; -(CH,)s-; -(CHy)s-

1.5 Conclusions and Outlook

The C—C bond cleavage of cyclic ketones following by valuable new bond formations
provides unique retro-synthetic strategies for organic synthesis. However, it remains a challenging

task owning to the directional feature of the C—C bond. Releasing of the ring strain has been an
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efficient driving force for such transformations. In this review, we have discussed how the three-
and four-membered ring systems have been studied from stoichiometric reactions to a wide variety
of catalytic transformations, which leads to the construction of valuable ring structures. However,
the current methodologies still fall short considering the restrictions on substrates and harsh
reaction conditions, which hinders its applications in natural product or pharmaceutical synthesis.
Given these challenges, in this thesis, efforts were made to develop robust C—C bond activation
reactions to obtain synthetically valuable ring systems including heterocycles and apply this

unique reactivity into asymmetric synthesis and total synthesis of natural products.
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CHAPTER 2

Enantioselective Rh-catalyzed Carboacylation of C=N Bonds via C—C Activation of

Benzocyclobutenones

2.1 Introduction

Transition metal-catalyzed C—C o-bond cleavage of cyclic compounds followed by 27-
insertion, namely a “cut-and-sew” approach, has recently emerged as an attractive approach for
complex bridged or fused ring formation.! Comparing with traditional approaches, these methods
operate at near pH and redox neutral conditions, and usually in a highly atom-economical manner.
However, as discussed in previous chapter, the unsaturated 2r-units that have been applied to “cut-
and-sew” sequence? are primarily non-polar carbon-carbon multiple bonds, such as alkenes,
alkynes and 1,3-dienes.!° It is evident that if polarized C=X bonds, such as aldehydes, imines etc.,
can be applied in “cut-and-sew” reactions, valuable heterocycles containing ring systems would
be accessed efficiently. Potentially, it would provide new strategy for molecule disconnection in
the synthesis of natural products and pharmaceuticals. Cramer and coworkers pioneered in
applying the C=0 bonds as the coupling partner with cyclobutanones to access bridged lactones.
They demonstrated that rhodium precatalyst together with chiral phosphine ligand can provide a

highly enantioselective transformation (Scheme 2.1).% In addition, through completely different
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mechanistic pathways, the C—C bond cleavage of the same substrate can be observed when Lewis

acid catalysts are used and generate different products.*

Scheme 2.1 Carboacylation of C=0 Bonds via Transition-Metal-Catalyzed C—C Activation

Cramer
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R ° 4 R o R

enantio-determining C—-C cleavage

Stimulated by the pivotal role of amide bond formation in organic synthesis and the
pharmaceutical importance of nitrogen-containing heterocycles, we have been fascinated by the
transition metal-catalyzed carboacylation of C=N bonds, which, to the best of our knowledge, has
not been reported previously. Based on the precedents on carboacylation of non-polar 2x units
with ketones, we proposed that initiated by oxidative addition of transition metal catalyst into
ketone oo C—C bonds, the resulting two M—C bonds, including one M—acyl bond, can add across
an imine C=N bond to form an amide (Scheme 2.2). Elegant work by Chi and coworkers, involving
an organocatalyst-promoted ring-opening of cyclobutenones followed by a formal enantioselective

hetero-Diels-Alder reaction with sulfonyl and isatin imines, represents the closest example.®

Scheme 2.2 General Process of Amide Bond Formation through “Cut-and-Sew” Approach

z
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Given the importance of optically enriched lactam moieties in bioactive compounds,®

herein we designed a Rh-catalyzed enantioselective intramolecular carboacylation of oximes
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(imines) via C—C activation of benzocylcobutenones to access chiral fused lactams (Scheme 2.3).
This design is supported by previous reported examples by our group where the selective C1-C2
bond cleavage happened and was followed by intramolecular insertion of alkenes and alkynes.’8°
Mechanistically, the C—C bond cleavage might start with the C1—C8 bond cleavage, then go
through CO extrusion and re-insertion to generate the selective C1—C2 bond cleavage
intermediate.” Considering the prevalence of hydroisoquinolines and isoquinolinones in natural
products and pharmaceuticals,*? this method would provide a significant impact to the synthesis

of these scaffolds (Scheme 2.4).

Scheme 2.3 Carboacylation of C=N Bonds via Rh-Catalyzed C—C Activation
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There are three major challenges relating to the designed enantioselective carboacylation
of C=N double bonds: a) distinct from ketones/aldehydes, imines tend to exist as a mixture of E/Z
isomers, which may complicate the enantio-determining step; b) due to the Lewis basicity of the
nitrogen, imines can coordinate with metals in either an n! or n? mode, which may influence the

migratory insertion step;*! (c) imine hydrolysis can be a competitive side reaction.
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Scheme 2.4 Representative Natural Products and Pharmaceuticals with Hydroisoquinolines
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2.2 Results and Discussion
2.2.1 Condition optimization for rhodium-catalyzed carboacylation of C=N bonds

To explore the aforementioned challenges, we sought the use of oximes as an imine
equivalent due to their bench stability and the ease of cleavage of N—O bond for introducing
various substituents on the nitrogen (vide infra, Scheme 2.4 and Scheme 2.5). Benzocyclobutenone
la containing a ketoxime group with variable E/Z ratios (1:1 to 4:1) was employed as the initial
substrate, and various catalytic conditions were explored (Table 2.1). Due to the different nature
between C=C and C=N bonds, the conditions with [Rh(cod)Cl]. and dppb that previously worked
best® for olefin insertion only yielded a small amount of product (Table 2.1, entry 1). In contrast,
through examining of various pre-catalysts, the corresponding cationic rhodium complex showed
much higher reactivity (Table 2.1, entry 2). Regarding the solvent effect, THF was found to be
optimal, and 1,4-dioxane also provided a reasonable yield (Table 2.1, entries 2-5). It is likely that

both solvents can stabilize the active rhodium intermediates during the reaction via weak
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coordination. In addition, the premade and in situ generated rhodium complexes (with dppb ligand)

exhibited similar reactivity (Table 2.1, entry 6).

Table 2.1 Evaluation of Solvents and Precatalysts®

O/ﬁ//NMO'V'e 10 mol% [Rh] O\ ,Me
Me O 12 mol% ligand An-OMe
110 °C, solvent o

1a 2a
Entry Catalyst/ Ligand Solvent Yield?
1 [Rh(COD)Cl],/dppb THF <20%
9e [Rh(COD)dppb]BF, THF 58% (66%)
3¢ [Rh(COD)dppb]BF4 1,4-dioxane 40% (60%)
4¢ [Rh(COD)dppb]BF, PhCI 22% (47%)
5¢ [Rh(COD)dppb]BF, Toluene 7% (8%)°
69 [Rh(COD)(CH3CN),]BF 4/dppb THF 57%

@ Unless otherwise mentioned, the reaction was run with 10 mol % rhodium complex (based on the metal)
and 12 mol % ligand on a 0.1 mmol scale at 110 °C for 48 h; numbers in parenthesis are yields based on
recovered starting material (brsm). © Isolated yield. ¢ Reactions were run at 110 °C for 12 h, 130 °C for 24 h.
9130 °C. ® NMR yield using mesitylene as internal standard.

Table 2.2 Evaluation of Counter-lon*

o> Nome 10 mol% [Rh] 0\ Me
Me 0 10 mol%_llgand “OMe
10 mol% silver salt N
130 °C, THF o
1a 2a
Entry Catalyst/ Ligand Silver salt Yield (BRSM)
1 [Rh(COD)dppb]BF, none 58% (66%)?
2 [Rh(COD)CI],/dppb AgOTf 6% (6%)°
3 [Rh(COD)ClI],/dppb AgPFg 0% (0%)°
4 [Rh(COD)CI],/dppb AgSbFg 53% (53%)°
5 [Rh(COD)ClI],/dppb NaBARF 28% (42%)°
6 [Rh(COD)CI],/BIPHEP AgSbFg 47% (48%)°
7 [Rh(COD)CI],/BIPHEP AgBF, 49% (49%)°
8 [Rh(COD)CI],/(S)-BINAP AgSbFg 20% (20%)°
9 [Rh(COD)CI],/(S)-BINAP AgBF, 40% (57%)°

Zisolated yield. ® NMR yield using mesitylene as internal standard.

52



Meanwhile, a survey of the counter-ion effect was conducted, which indicated BF4 is the
best counter-ion for this reaction (Table 2.2). Hence, [Rh(cod)(CH3CN)2]BF4 was selected as the

pre-catalyst for further investigation of the enantioselective transformation.

A range of chiral bidentate phosphine ligands were examined (Table 2.3). DTBM-
SEGPHOS and DIOP, which previously gave excellent enantioselectivity® for the olefin insertion,
only resulted in low yields and poor enantioselectivity (Table 2.3, entries 1 and 3). Surprisingly,
xylyl-substituted SEGPHOS provided 86% ee (entry 2). Subsequently, ligands with different
backbones, such as SYNPHOS, BINAP, H8-BINAP and MeO-BIPHEP, were evaluated (Table 2.3,
entries 4-10). Again, the xylyl-based ligands showed significant higher enantioselectivity than
their phenyl and tolyl analogues. In particular, good yield (72%) and excellent ee (92%) can be
obtained with xyl-BINAP (Table 2.3, entry 7). While efforts to further improve the
enantioselectivity using xyl-BINAP remained unfruitful, the xyl-SDP ligand, first developed by
Zhou and coworkers,*® was found to give almost perfect enantioselectivity (99% ee) (Table 2.3,
entry 12). Such a high enantioselectivity of this transformation is remarkable, because it suggested
that, although involving C—N formation, both £ and Z isomers of the oxime substrate can be
converted to the same enantiomer of the product. The absolute configuration of product 2a (the R

isomer) was confirmed by the micro-focused X-ray crystallography (Scheme 2.5).
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Table 2.3 Evaluation of Chiral Ligands*

O/w//NMOMe 10 mol% [Rh(COD)(CH3CN),IBF 0\ Me
Me O 12 mol% ligand moN-OMe
110 °C, THF o
1a 2a
Entry Ligands Yield eeb
1 (R)-DTBM-SEGPHOS 23% -23%
2 (R)-xyl-SEGPHOS 54% -86%
3 (S,S)-DIOP 54% 3.2%
4 (R)-SYNPHOS 39% -50%
5 (S)-BINAP 20% 56%
6 (R)-tol-BINAP 50% -68%
7 (R)-xyl-BINAP 72% -92%
8 (R)-H8-BINAP 71% -80%
9 (R)-xyl-H8-BINAP 52% -88%
10 (R)-xyl-MeO-BIPHEP 60% -84%
1 (R)-SDP 32% 94%
12 (R)-xyl-SDP 46% (63%) 99%

P(xyl)2 PPh, P(Ar);
o EOR SR o5R
PPh,

(S, S) DIOP (R)-xyl-MeO-BIPHEP  (R) SYNPHOS Ar= Ph, (R)-BINAP
Ar= tol, (R)-tol-BINAP
Ar= xyl, (R)-xyl-BINAP

o}
G2
o PAr,
(0] PArz
g
o}

Ar= Ph, (R)-H8-BINAP Ar=Ph, (R)-SDP  Ar= DTBM, (R)-DTBM-SEGPHOS
Ar= xyl, (R)-xyl-H8-BINAP Ar= xyl, (R)-xyl-SDP Ar=xyl, (R)-xyl-SEGPHOS

.................................

@ Unless otherwise mentioned, the reaction was run with 10 mol % rhodium complex (based on the metal)
and 12 mol % ligand on a 0.1 mmol scale at 110 °C for 48 h; numbers in parenthesis are yields based on
recovered starting material (brsm). ? Determined by chiral HPLC.
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Scheme 2.5 Crystal Structure of Compound 2a

at 50% probability level with absolute stereochemistry, Hydrogen atoms are omitted for clarity

Table 2.4 Further Screening with (R)-xyl-SDP*

O/w//NMOMe 10 mol% [Rh(COD)(CH3CN),]BF 4 0\ Me
Me /O 12 mol% (R)-xyl-SDP wN-OMe
T, time, 1,4-dioxane 0
1a 2a
Entry Additives Conc. T /°C Time/h Yield (BRSM) eel
1 none 01 M 110 36 53% 99%
2 none 01 M 110 48 53% 99%
3 none 01 M 110 96 32% N/D
4 none 01 M 130 48 32% (35%) N/D
5 none 0.05 M 130 48 44% (63%) N/D
6 none 0.03 M 130 48 45% (59%) 97%
7 ZnCl, 0.1 M 130 48 24% (57%) 93%
8 BPhs 01 M 130 48 35% (35%) N/D
9 Zn(0Tf), 01 M 130 48 <5% N/D
10 portion-wise 01 M 110 96 61% (86%) 99%
11 none 01 M 110 36 53% (64%) 98%
12 PPh, 01 M 110 36 21% (65%) N/D
13 P(CeFs)s 01 M 110 36 16% (72%) N/D

@ Unless otherwise mentioned, the reaction was run with 10 mol % [Rh(COD)(CH3CN),]BF4 and 12 mol %
(R)-xyl-SDP on a 0.1 mmol scale; numbers in parenthesis are yields based on recovered starting material
(brsm). ® Determined by chiral HPLC.

The reaction yield remained moderate despite intensive conditions screened with xyl-SDP

ligand alone (Table 2.4). The impressively high enantioselectivity with the rigid SDP ligands

suggested a well-controlled transition state, but the moderate yields indicated the stability of the

catalyst could be an issue. Efforts of adding a mono-dentate ligand, such as PPhs or P(CFs)3,* to
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stabilize the catalyst intermediate remained unsuccessful due to side reactions triggered by these

rhodium-monodentate-phosphine complexes (Table 2.4, entries 12 and 13).

Table 2.5 Studies of the Mixed-Ligand Conditions”

O/’\B//';MOME 10 mol% [Rh] 0 Me
12 mol% ligand ®RNVE
110 °C, 1,4-dioxane o)
1a 2a

Entry Catalyst Ligand Yield (BRSM) eelb
1¢  [Rh(COD)(CH3CN),]BF, (R)-xyl-SDP 46% (63%) 99%
2 [Rh(COD)(CH3CN),]BF 4 (R)-xyl-SDP 51% (85%) 98%
3 [Rh(COD),IBF, (R)-xyl-SDP 53% (90%) 98%
4d [Rh(COD),IBF, (R)-xyl-SDP 55% (85%) 98%
5 [Rh(COD),IBF, (R)-xyl-SDP : (R)-xyl-BINAP 1:1 75% -10%
6° [Rh(COD),IBF, (R)-xyl-SDP : (R)-xyl-BINAP 1:1 33% (82%)  -26%
7 [Rh(COD),]BF,4 (R)-xyl-SDP : (rac)-xyl-BINAP 1:1 74% 32%
8 [Rh(COD),IBF, (S)-xyl-BINAP 79% 92%
9 [Rh(COD),IBF, (R)-xyl-SDP : (S)-xyl-BINAP 1:1 63% 94%
109 [Rh(COD),]BF, (R)-xyl-SDP : (S)-xyl-BINAP 1:1 70% 95%
119 [Rh(COD)(CH3CN),]BF, (R)-xyl-SDP : (S)-xyl-BINAP 1:1 61% 94%
12 [Rh(COD),]BF,4 (R)-xyl-SDP : (S)-xyl-BINAP 2:1 60% 97%
13 [Rh(COD),IBF, (R)-xyl-SDP : (S)-xyl-BINAP 5:1 54% 98%

@ Unless otherwise mentioned, the reaction was run with 10 mol % rhodium complex (based on the metal)
and 12 mol % ligand on a 0.1 mmol scale at 110 °C for 48 h; numbers in parenthesis are yields based on
recovered starting material (brsm). ? Determined by chiral HPLC. ¢ THF was used as the solvent. ¢
Rhodium complex (5 mol%) and mixed ligands (6 mol%) were added initially; the reaction mixture was
stirred at 110 °C for 24 h before another portion of the same catalyst was added. € the reaction was run for
14 h.

Although changing the solvent from THF to 1,4-dioxane slightly increased the yield (Table
2.5, entries 1 and 2), using [Rh(cod)2]BF4 as the pre-catalyst gave a cleaner reaction (Table 2.5,
entries 3 and 4). However, instead of using (R)-xyl-SDP alone, when 6 mol% (R)-xyl-BINAP was
used together with 6 mol% (R)-xyl-SDP, the presence of xyl-BINAP indeed stabilize the catalyst
and insured a good yield of 72% (Table 2.5, entry 5). It is worth noting that the R enantiomers of
xyl-BINAP and xyl-SDP gave opposite enantioselectivity in our previous screening, so when they

were used together in the reaction, they work against each other rendering a lower ee. So we further
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tried to use (R)-xyl-SDP and (S)-xyl-BINAP together to make use of the advantages of both
ligands. We were glad to see that they compromised each other and resulted in a significantly
higher yield (70%) and excellent ee (95%) (Table 2.5, entry 10). We also compared both pre-

catalysts and found [Rh(cod)2]BF4provides best yield for current condition (Table 2.5, entry 11).

Table 2.6 Control Experiments®

N 10 mol% [Rh(COD),]BF4
O/ﬁ//omo'\"e 6 mol % (R)-xyl-SDP 0\ Me
Me 6 mol % (S)-xyl-BINAP wN-OMe
110 °C, 1,4-dioxane 0
1a 2a
Entry Variation Additive Yield?

1 w/o Rh catalyst none 0%
2 w/o ligand none 0%
3 w/o Rh catalyst and ligand none 0%
4 w/o Rh catalyst and ligand 20 mol % ZnCl, 0%
5 w/o Rh catalyst and ligand 20 mol % AICl; 0%
6 w/o Rh catalyst and ligand 20 mol % B(CgFs)3 0%

@ Unless otherwise mentioned, the reaction was run with 10 mol % rhodium complex (based on
the metal) and 12 mol % ligand on a 0.1 mmol scale at 110 °C for 48 h. ® NMR yield using
1,1,2,2-tetrachloroethane as the internal standard.

Further control experiments suggested that both rhodium catalyst and ligands are crucial
for the reaction to take place (Table 2.6, entries 1-3). Given the literature precedents that Lewis
acid alone can catalyze several C—C activation reactions*!2, we also explored some Lewis acids
that proved to be efficient in other transformations. However, none of these Lewis acids were

productive for our reaction (Table 2.6, entries 4-6).

2.2.2 Substrate scope for rhodium-catalyzed carboacylation of C=N bonds

With the optimized conditions in hand (Table 2.5, entry 10), we next investigated the
substrate scope. First, substitutes on the ketoxime with various steric properties all underwent the

desired carboacylation giving excellent enantioselectivity (= 90% ee, Table 2.7). It is not surprising
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that when the steric bulk of the oxime substituent increased from methyl to ethyl and to isopropyl,

the reactivity diminished and a higher temperature (130 °C) was required (Table 2.7, entries 2-4).

Table 2.7 Substrate Scope I“

Entry Substrate Product Yield® ee?

N..
o/ﬁ// OMe 0\ Me
1b me O .OMe
N 72% 95%
1a 2a
6]

(x-ray obtained)

N..
o/}// OMe 0\ gt
Et O _OMe
2 1b N 2b 65% 94%
o

/\(\OTBS OTBS
\

O N-OMe o
s a ' -OMe 62% 90%
1c 2c
(@]

o)

i-Pr
N-OMe 50% 90%
2d

0]

N..

0" > F"""oMe O— H
. 0 N-OMe 37% 92%
5 ,e

1e 2e
0

OMN,OMG o ;
ob @j/o N N/O'V'ezf 40% 81%
0

@ Reaction conditions: [Rh(cod),]BF4 (5 mol %), (R)-xyl-SDP (3 mol %), (S)-xyl-BINAP (3 mol%), 1,4-
dioxane, 130 °C; another portion of the same catalyst was added after 24h. ? Reaction temperature
was 110 °C. ° Isolated yield; numbers in the parenthesis are brsm vyields. ¢ Determined by chiral
HPLC. ¢ (R)-xyl-SDP (12 mol%) alone was used.

Although the aldoxime substrate (1e) suffered from a competing B-H elimination side
reaction and the lactam product (2e) was unstable at high temperatures, a moderate yield (37%)
with an excellent ee (92%) can nevertheless be obtained by using xyl-SDP alone as the ligand
(Table 2.7, entries 5). It is encouraging to observe that 6-membered rings can also be formed

generating an interesting 6-6-6 fused lactam (Table 2.7, entry 6).



Table 2.8 Substrate Scope 11

Entry Substrate Product Yield® ee?
O/\7/N“OMe
Me O OMe
1 1g 29 53% (74%) 90%
i-Pr’s i-Pr

N..

o/ﬁ/ “OMe
b o OMe
2 2h 68% 94%
MeO,C 0

MeOZC

O/w/N“OMe (0] Me
0 _OMe
3b Me N 74% 89%
Me (6]
N
1) OMe o) Me
Me O _.OMe
4b ij N 2 50% 86%
o
i-Pr
NV\
O/w// OMe le) Me
5 Me O N-OMe o 67% 90%
o)
Me Me

/w//
® Me /° 11 @ 72% 90%
cl

(x-ray obtained)

Me
0 70%
_OMe
7b 1m N 2m d.r=3:1 N/A
o)
; Ne)
SN 0 66%
ge MeO 1n 2n d.r.>20:1 N/A

(x-ray obtained)

@ Reaction conditions: [Rh(cod),]BF4 (5 mol %), (R)-xyl-SDP (3 mol %), (S)-xyl-BINAP (3 mol%), 1,4-
dioxane, 130 °C; another portion of the same catalyst was added after 24h. b Reaction temperature
was 110 °C. ° Isolated yield; numbers in the parenthesis are brsm yields. ¢ Determined by chiral
HPLC. ¢ [Rh(CH3CN),(COD)]BF,4 (20 mol%) and (R)-xyl-BINAP (25 mol%) were used.
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Moreover, both electron-donating and withdrawing groups on the arene can be well

tolerated (Table 2.8, entries 1-6). In particular, both C5 and C6-substituted benzocyclobutenones

are competent substrates.

Table 2.9 Unsuccessful Substrates?

Me
O/\/gNJOMe O/w//Nv\Ot_Bu O/YNwOMe o /N"‘OMe
o Me O Me O F,C 0O
10 1p 1q 1r
0% 0% 0% OMe 0%
FaC MeO
N 0 N (0]
1s 1t
0% 0%
Me Me
Nv\ “w Nm
o =N"OMe O/w//N OMe O/w// OMe
0 Me Me O Me O
1ub 1v HO 1w
n-Bu
21%, yield <20%, yield n-Bu  trace
48% ee 70% ee
Me
N :N O 0
MeO’ MeO Meo’N
1x 1y° 1z
38% yield <10%, yield 35% vyield
90% ee 68% ee 80% ee

@ Reaction conditions: [Rh(cod),]BF, (5 mol %), (R)-xyl-SDP (3 mol %), (S)-xyl-BINAP (3 mol%), 1,4-
dioxane, 130 °C; another portion of the same catalyst was added after 24h. © [Rh(cod)(CH3;CN)]BF,4
(10 mol %) and (R)-xyl-BINAP (12 mol%) were used. ° [Rh(cod)(CH3CN)]BF4 (10 mol %) and (R)-xyl-

SEGPHOS (12 mol%) were used.

Next, we aimed at replacing the ether linker with a carbon-based one. Substrate 1m with a
pre-existing stereocenter underwent smooth transformation to give the fused lactam in 70% yield

with 3:1 dr (Table 2.8, entry 7). Finally, the substrate containing a cyclic oxime was examined for
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this transformation (Table 2.8, entry 8). We were concerned that the relatively rigid conformation
of the six-membered ring with a fixed orientation would hinder the carboacylation process. To our
delight, with a higher catalyst loading the desired tetracyclic scaffold containing two adjacent
stereocenters can nonetheless be provided in good yield and excellent diastereoselectivity (>20:1

dr). The structure of product 2n was confirmed by both 2D-NMR and X-ray diffraction analysis.

Apart from the successful examples discussed above, we have synthesized other substrates which
fail to deliver the desired product with synthetically useful yield or enantioselectivity (Table 2.9).
When substrate 10 was subjected to the standard condition, the 6-6-6 fused lactam product similar
to product 2f was not observed, mainly due to the steric hinderance. Increasing the steric on the
oxygen of the oxime to tert-butyl (1p) would shut down the reaction. Methoxy substituent at C8
position (1q) cannot be tolerated. Replacing the methyl substituent with strongly electron-
withdrawing trifluoromethyl group (1r) is not viable substrate due to substrate decomposition.
Substrates with aryl substituents on the oxime are having low reactivity (1s, 1t, 1y, 1z). Only 1y
and 1z gave small amount of the product. Gem-dimethyl substituents on the linkage (1u) was
proposed to bring the olefin closer to the rhodacycle intermediate, however it failed to give good

yield and ee.

2.2.3 Synthetic applications for rhodium-catalyzed carboacylation of C=N bonds

One advantage of using oximes as the C=N coupling partner is that the O—N bond can be
easily cleaved using various reductants.®® For example, treatment of lactam 2a with Mo(CO)s
provided the free amide in 86% yield (Scheme 2.6). N-arylatated and alkylated lactams can be
conveniently obtained under cross-coupling’® and Sn2 conditions (Scheme 2.7). While the
benzocyclobutenone substrates with a C8 substituent were not reactive under carboacylation

conditions, arylation and alkylation at the C8 position can be efficiently achieved through post

61



functionalization. In particular, complete diastereoselectivity was obtained for the alkylation
reaction to generate 7, suggesting an excellent convex-face-controlled situation. The relative

stereochemistry was unambiguously confirmed by X-ray diffraction analysis.

Scheme 2.6 Cleavage of N—O Bond

O\ Me O\ ,Me
\-OMe  Mo(COJs, CHsCN/H,0 N
110 °C
o o)

0,
2a 86% 3

Scheme 2.7 Synthetic Applications |

Br@COzEt CO,Et
0 Me
CUl, K2CO3, Tol

/ \ N
Me—NH HN-Me o
59% 4
(6]
MeH O™\ Me ye Pd(OAc), BINAP
N° Cs,CO3, Mel N ¢ p-Tol-l, NaO'Bu
8 acetone 1,4-dioxane
5 d.r.=3:1
0 Me
NH Me
LDA, CH3CH,l . (x-ray obtained)
55% o
d.r.>20:1 7 Et

(x-ray obtained)

Furthermore, a new saturated scaffold 8 can be efficiently constructed using a mild Rh-
catalyzed hydrogenation protocol (Scheme 2.8).1” Two interesting features should be noted: 1) the
reaction gives perfect diastereoselectivity; 2) the N-OMe bond and the amide moiety remained
intact after the reaction. In addition, a complementary LiAlH4 reduction smoothly provided the

corresponding N-OMe piperidine 9.1
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Scheme 2.8 Synthetic Applications 11

? o)
Me [Rh(1,5-hexadiene),Cll,  Hy/ H\,Me
N-OMe H, (52 bar), THS ) N-OMe
o) pH=7.6, r.t. Hexane o

2a ‘ 62‘_’/0 8
as a single diastereomer

THS: tetrabutylammonium hydrogen sulfate.

0 Me 0 Me
N-OMe LiAlH4, THF, 0 °C N-OMe
o 65%

2a 9

2.3 Conclusion

In summary, we have developed a highly enantioselective Rh-catalyzed carboacylation of
oxime C=N bonds via C—C activation. Using this method, unique fused isoquinolinone scaffolds
can be efficiently accessed from benzocyclobutenone-linked oximes. The reaction conditions do
not use a strong acid or base and are overall redox neutral, which provide good functional group
tolerance. High enantioselectivity can be achieved despite using a mixture of the £/Z isomers of
the oximes. The resulting scaffolds were rendered to several derivatization conditions and among
them, an interesting saturated fused lactam was successfully obtained. Considering the novelty of
these structures, the potential pharmaceutical applications of the fused heterocyclic products are
under investigation. Moreover, given the importance of amide-bond formation, this catalytic

asymmetric C—C activation method provides an additional approach for their synthesis.

2.4 Experimental

2.4.1 General information

Unless noted otherwise, all solvents were dried by filtration through a Pure-Solv MD-5 Solvent
Purification System (Innovative Technology). And the solvents for the C—C Activation reactions

were distilled freshly over sodium or calcium hydride and carefully freeze-pump-thawed. All the
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C—C Activation reactions were carried out under nitrogen atmosphere with a stir bar in a sealed
vial. Reaction temperatures were reported as the temperatures of the bather surrounding the flasks
or vials. Sensitive ligands and rhodium catalysts and solvents were transferred under nitrogen into
a nitrogen-filled glove-box with standard techniques. Analytical thin-layer chromatography (TLC)
was carried out using 0.2 mm commercial silica gel plates (silica gel 60, F254, EMD chemical).
Vials (17 x 60 mm (7.5mL) with PTFE lined cap attached) were purchased from Qorpak and flame-
dried or put in an oven overnight. High-resolution mass spectra (HRSM) were obtained on a
Karatos MS9 and are reported as m/z (relative intensity). Accurate masses are reported for the
molecular ion [M+Na]*, [M+H]", [M-H]" or [M]. Infrared spectra were recorded on a Nicolet 380
FTIR using neat thin film technique. Nuclear magnetic resonance spectra (*H NMR and **C NMR)
were recorded with a Varian Gemini (400 MHz, *H at 400 MHz, 3C at 100 MHz). Unless
otherwise noted, all spectra were acquired in CDCls. Chemical shifts are reported in parts per
million (ppm, J), downfield from tetramethylsilane (TMS, 6=0.00ppm) and are referenced to
residual solvent (CDCls, §=7.26 ppm (*H) and 77.00 ppm (*3C); CD2Clz, §=5.32 ppm (*H) and
53.84 ppm (*C)). Coupling constants were reported in Hertz (Hz). Data for *H NMR spectra were
reported as follows: chemical shift (ppm, referenced to protium; s = singlet, d = doublet, t = triplet,
g = quartet, hept=heptuplet, dd = doublet of doublets, td = triplet of doublets, ddd = doublet of

doublet of doublets, m = multiplet, coupling constant (Hz), and integration).
2.4.2 Synthetic routes for substrate synthesis

Route |
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OH o o/ﬁéN “OMe

o R K,COs KI K O 03, PPh;  H,NOMe R 0
l. / & - =
+ Cl acetone -78 °C, DCM DCM
56 °C
1a-ll 1b-I to 1f-I 1b to 1f

Substrates 1b to 1f were synthesized through Route 1.

Route Il
Me
" DCM/H,0 Me
: + HyNOMe-HCl — 2> X\
cl o 65°C  Cl N~ OMe
s10 s11

OH O/w?N“OMe

o :'V'e K,COs, K md O
+ \ - =
R cl N~OMe acetone, reflux R

1a-Il; 1g-ll to 11-lI 1a; 1g to 11

Substrates 1a and 1g to 11 were synthesized through route I1.

2.4.3 Synthesis of precursors

a) Synthesis of known compound 1a-11, 1g-11, 1h-11 and 1i-11:

OH OH OH OH
0 0 f 0O O
Ta-i iPr 1g-n Me02C Me 1i1

1h-l

Compounds 1a-11, 1g-11, 1h-11 and 1i-11 were synthesized according to the reported procedure

and match the data reported in literature.®819

b) Synthesis of compound 1j-11, 1k-11 and 1I-11:
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Compound 1j-11 was synthesized using same procedure as reported in literature,?8P

Compound 1j-11 was synthesized as a colorless oil in 30% yield (113.8 mg) in 4 steps from
commercial available 4-(1-methylethyl)resornol. Rt = 0.6 (EtOAc/Hexane=1/5). *H NMR (400
MHz, CDCls): § 7.28 (dd, J = 8.5, 0.5 Hz, 1H), 6.75 (d, J = 8.5 Hz, 1H), 3.91 (d, J = 0.7 Hz, 2H),
3.53 (s, 1H), 2.93 (hept, J = 6.9 Hz, 1H), 1.24 (d, J = 7.0 Hz, 6H). 1*C NMR (100 MHz, CDCls):
0 189.20, 147.31, 147.04, 137.16, 135.56, 131.71, 116.88, 50.56, 31.10, 23.12. IR: v 3271, 2961,
2871, 1741, 1619, 1591, 1501, 1276, 1147, 828, 672 cm™t; HRMS calcd. for [M+H]": 177.0916.

Found: 177.0912.

Compound 1k-11 was synthesized using the following procedure.®

OBn OH
OH o}
BnCl, K2003 nBuLl -78°C | X 1) PCC,DCM, 3 h
KI acetone, LiTMP, THF, 3 h % 2) Hy, Pd(OH),/C
" 40 °C, overnight Me ACOH/HCI, 40°C,  Me
overnight
1k-IvV 1k-lI 1k-Il

Commercially available starting material 3-bromo-4-methylphenol (2.0 g, 10.7 mmol, 1 equiv.)
was dissolved in a 40 mL vial (with stir bar) using acetone (20 mL). K.COz3(7.39 g, 53.5 mmol, 5
equiv.), KI (5.33 g, 32.1 mmol, 3 equiv.) and BnCl (4.57 g, 26.7 mmol, 2.5 equiv.) were added to
the stirring solution. Then the reaction was heated to 40 °C and stirred overnight. Upon completion,

the reaction mixture was transferred to a separation funnel and 40 mL of NH4CI (sat.) solution was
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added to quench the reaction. Then the mixture was extracted with ethyl acetate (EA) (3%x20 mL).
Afterwards, the organic phase was washed by saturated Na>S»>O3 solution twice and brine twice.
The organic phase was then dried using Na2SO4 and concentrated under reduced pressure. The
residue was purified by silica gel flash column chromatography (EtOAc/Hexane=1/20) to obtain
compound 1k-1V as a colorless oil in 96% yield (2.85 g). Rf = 0.7 (EtOAc/Hexane=1/5) 'H NMR
(400 MHz, CDCls): & 7.47 — 7.32 (m, 5H), 7.22 (s, 1H), 7.14 (dd, J = 8.5, 2.2 Hz, 1H), 6.85 (d, J
=8.4 Hz, 1H), 5.03 (s, 2H), 2.34 (s, 3H). 1*C NMR (100 MHz, CDCls): & 157.32, 157.30, 136.58,
136.56, 130.97, 130.96, 129.98, 128.58, 128.57, 128.03, 128.02, 127.44, 127.43, 124.84, 124.82,
118.60, 118.59, 114.12, 114.10, 70.24, 21.83, 21.82. IR: v 3032, 2922, 1604, 1491, 1235, 1026,
736, 696, 450 cm™; HRMS calcd. for [M]*: 276.0150. Found: 276.0150.

To a 100 mL flamed-dried Schlenk flask equipped with a stir bar and a nitrogen-filled balloon was
added THF (20 mL). The system was cooled to 0 °C with an ice-water bath before n-BuLi (2.5 M
in hexane, 3.2 mL, 8.1 mmol, 1.5 equiv.) was added dropwise. Upon completion, the system was
warmed to r.t. and stirred for 16 h under nitrogen atmosphere. To a 30 mL flamed-dried Schlenk
flask equipped with a stir bar and a nitrogen-filled balloon were added 2,2,6,6-
tetramethylpiperidine (918.13 mg, 6.5 mmol, 1.2 equiv.) and THF (15 mL). After cooled to 0 °C
with an ice-water bath, n-BuLi (2.5 M in hexane, 2.6 mL, 6.5 mmol, 1.2 equiv.) was added
dropwise and the reaction was stirred at 0 °C for 0.5 h to provide lithium tetramethylpiperidine
solution. The previous 100 mL flask was cooled to —78 °C with an acetone-dry ice bath and
compound 1k-1V (1.5 g, 5.4 mmol, 1 equiv) in THF (5 mL) was added before in situ generated
lithium tetramethylpiperidine was added dropwise. The reaction was stirred at —78 °C for 3h and
was warmed to r.t. before quenched by adding saturated NH4Cl solution (30 mL). The mixture was

extracted with ethyl acetate (3x30 mL), washed with brine, and dried with Na2SO4. The combined
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organic extract was concentrated under reduced pressure and purified by silica gel flash column
chromatography (EtOAc/Hexane=1/10) on silica gel to afford compound 1k-111 as a colorless oil
in 56% vyield (723.5 mg). Rs = 0.4 (EtOAc/Hexane=1/5) 'H NMR (400 MHz, CDClz3): § 7.46 —
7.41 (m, 2H), 7.37 (ddd, J = 8.0, 6.9, 1.0 Hz, 2H), 7.31 (d, J = 7.2 Hz, 1H), 7.01 (dt, J = 8.4, 0.7
Hz, 1H), 6.74 (d, J = 8.4 Hz, 1H), 5.33 (d, J = 12.3 Hz, 1H), 5.23 (d, J = 12.2 Hz, 1H), 5.18 (ddd,
J=9.6,4.6,1.8 Hz, 1H), 3.50 (dd, J = 14.3, 4.6 Hz, 1H), 2.96 — 2.87 (m, 1H), 2.17 (d, J = 9.6 Hz,
1H), 2.12 (s, 3H), 1.56 (s, 3H). $3C NMR (100 MHz, CDCl3): § 151.50, 142.07, 137.59, 131.84,
130.40, 128.49, 127.78, 127.17, 127.16, 125.40, 115.33, 71.11, 70.02, 41.19, 15.77. IR: v 3302,
2920, 1582, 1490, 1454, 1262, 1112, 1047, 1007, 825, 729, 667 cm™*; HRMS calcd. for [M]":
240.1150. Found: 240.1150.

Compound 1k-111 (480.6 mg, 2.0 mmol, 1 equiv.) was dissolved in dichloromethane (10 mL).
Pyridinium chlorochromate (PCC) (689.8 mg, 3.2 mmol, 1.6 equiv.) and silica gel (1.03 g, mass
ratio to PCC is 1.5:1) were added to the solution. The reaction was monitored by TLC and stopped
at 3 h when all the starting material was consumed. The resulting mixture was filtered through a
silica pad and concentrated. The crude product was used directly in the next step without further

purification.

The crude product from the previous step was dissolved in 10 mL AcOH in a 50 mL Schlenk tube
and 2 mL of 6M HCI (ag.) was added into the solution. Then the Pd(OH)2 (20 wt% on carbon)
(137.0 mg, 0.97 mmol, 0.5 equiv.) was added to the solution. A H balloon was equipped and a
pump with low vaccum was used to degas and pump H> three times. The reaction was heated at
40 °C overnight. When the reaction was finished, the reaction mixture was filtered through a celite
pad and the solid was washed with acetone. After concentrating the solution under reduced

pressure, the crude product was purified by silica gel flash column chromatography
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(EtOAc/Hexane=1/5) on silica gel to afford compound 1k-I1 as a colorless oil in 81% yield for
two steps (242.6 mg). Rs = 0.3 (EtOAc/Hexane = 1/5). 'H NMR (400 MHz, CDCls): § 7.23 (dd,
J=8.3, 0.8 Hz, 1H), 6.72 (d, J = 8.4 Hz, 1H), 3.83 (s, 2H), 2.25 (s, 3H). 13C NMR (100 MHz,
CDCls): 6 188.52, 148.59, 147.34,139.70, 131.10, 124.46, 116.94,49.77, 16.41. IR: v 2923, 1753,
1620, 1585, 1501, 1451, 1270, 1149, 1012, 822, 631 cm™; HRMS calcd. for [M]*: 148.0524.
Found: 148.0523.

Compound 1I-11 was synthesized using same procedure as 1k-11.1°

OBn OH

i 0 i 0
Cl Cl

11-11 11-11

Compound 1I-111 matched the reported data'® and 11-11 was obtained using similar deprotection
procedure used in 1k-11 synthesis. 11-11 was obtained as a colorless oil in 89% yield (105.2 mg).
Rt = 0.4 (EtOAc/Hexane=1/5). *H NMR (400 MHz, CDCls): § 7.36 (d, J = 8.8 Hz, 1H), 6.77 (d,
J = 8.8 Hz, 1H), 3.92 (s, 2H). 3C NMR (100 MHz, CDCls): & 187.03, 148.65, 147.07, 138.57,
132.34,119.14, 119.07, 50.28, 29.68. IR: v 3079, 2921, 1780, 1755, 1732, 1597, 1440, 1414, 1294,
1154, 984, 818, 750, 714 cm™!; HRMS calcd. for [M]*: 167.9978. Found: 167.9981.

¢) Synthesis of known compounds 1b-1 to 1f-I:

From compound la-1l, compound 1b-l1 to 1f-1 were synthesized according to the reported

procedure and matched the data reported in literature, 82819

/\(\OTBS
o o O/Y O/\/ O/\/\
i Et O i 0 i ipr O i 0 i 0
1b-l 1c-l 1d-I 1e-l 1f-1
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2.4.4 Route | synthesis of substrates 1b to 1f

N..
OH = o 07 "oMe
0 K,CO3, KI R 0 O3 PPh;  H,NOMe R O
I /—§ —_—
+ Cl acetone -78 °C, DCM DCM
56 °C
1a-lI 1b-l to 1f-I 1b to 1f

Substrates 1b to 1f were synthesized through Route 1.

General Procedure for the Synthesis of Oxime Substrates from 1b-1 to 1f-1 in Route |

One-pot ozonolysis and oxime formation
Using the synthesis of substrate 1b as an example: A round bottom flask was charged with a stir

bar, and the alkene precursor 1b-1 in DCM (633.1 mg, 3.13 mmol, 1 equiv.; 0.2 mol/L). The flask
was sealed with plastic stopper on top and cooled to -78 °C in an acetone-dry ice bath. A needle
was inserted through the stopper to keep a static pressure inside the flask while inserting an oxygen
gas line into the reaction system. The ozone generator was opened. After the solution turned pale
blue, a DCM solution of PPhs (4.11 g, 15.7 mmol; 5equiv. for small scale reactions and 2 equiv.
for large scale reactions) was injected to quench the reaction and the reaction was stirred at room
temperature for 15 minutes. NH.OMe-HCI (261.4 mg, 3.13 mmol, lequiv.) was then added to the
reaction and the flask was kept stirring at room temperature (also 1c-1, 1le-1, 1f-1) or 65 °C with 4
A molecule sieves (10 equiv.) (1d-1) overnight. [For substrate 1c-1 the TBS group was removed
during this reaction, thus the protection method used in literature* was used to re-protect the OH
group] The reaction mixture was concentrated using rovator (if 4 A molecule sieves were used,
the reaction mixture was filtered before concentrating the mixture) before purifying by silica gel

column chromatography (EtOAc/Hexane=1/10).
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N..
07 7 "OMe
Et O

1b

2:1 mixture of E/Z isomers

1b was isolated as a colorless oil in 54% vyield (395.2 mg) on a 2 mmol scale as an inseparable 2:1
mixture of E/Z isomers from 1b-I1 and NH,OMe-HCI. Rf = 0.5 (EtOAc/Hexane=1/5). 'H NMR
(400 MHz, CDCls): & (major) 7.44 (dd, J = 8.4, 7.1 Hz, 0.68H), 7.06 (dd, J = 0.7, 0.5 Hz, 0.68H),
6.86 (dd, J = 8.5, 0.7 Hz, 0.68H), 4.93 (s, 1.33H), 3.93 (s, 1.33H), 3.88 (s, 2H), 2.45 (g, J = 7.6
Hz, 1.36H), 1.11 (t, J = 7.7 Hz, 2.47H). ); & (minor) 7.45 (dd, J = 8.4, 7.1 Hz, 0.33H), 7.07 (dd, J
= 0.7, 0.5 Hz, 0.33H), 6.84 (dd, J = 8.5, 0.7 Hz, 0.33H), 5.22 (s, 0.68H), 3.93 (s, 0.68H), 3.89 (s,
1.02H), 2.37 (g, J = 7.4 Hz, 0.71H), 1.13 (t, J = 7.4 Hz, 0.75H). 3C NMR (100 MHz, CDCl3): &
184.71, 184.54, 157.92, 157.16, 151.83, 151.72, 150.71, 150.54, 137.70, 132.61, 132.49, 116.17,
115.79, 115.68, 115.56, 72.03, 66.73, 61.74, 51.39, 51.30, 24.30, 19.92, 11.16, 9.96. IR: v 2973,
2938, 2818, 1765, 1603, 1575, 1473, 1450, 1270, 1048, 896, 784 cm™*; HRMS calcd. For [M+Na]*:

256.0944. Found: 256.0947.

OTBS
\
O N«OMe
o)

1c

2:1 mixture of E/Z isomers

1c was isolated as a colorless oil in 69% yield (730 mg) on a 3 mmol scale as an inseparable 2:1
mixture of E/Z isomers from 1c-1 and NH2OMe-HCI. Rs = 0.7 (EtOAc/Hexane=1/5). H NMR
(400 MHz, CDCls): & (major) 7.42 (dd, J = 8.4, 7.0 Hz, 0.67H), 7.02 (dd, J = 7.0, 0.7 Hz, 0.67H),

6.83 (dd, J = 8.4, 0.8 Hz, 0.67H), 5.08 (s, 1.36H), 4.59 (s, 1.36H), 3.91 (s, 1.39H), 3.87 (s, 2.09H),
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0.81 (s, 6.04H), 0.03 (s, 4.09H). & (minor) 7.43 (dd, J = 8.4, 7.0 Hz, 0.33H), 7.05 (dd, J = 7.0, 0.7
Hz, 0.33H), 6.83 (dd, J = 8.4, 0.8 Hz, 0.33H), 5.24 (s, 0.65H), 4.34 (s, 0.65H), 3.93 (s, 0.69H),
3.91 (s, 1.01H), 0.83 (s, 2.90H), 0.03 (s, 1.91H). *C NMR (100 MHz, CDCl3): 5 184.61, 156.39,
154.67, 152.06, 151.95, 150.57, 150.37, 137.50, 132.39, 116.16, 115.89, 115.50, 115.20, 69.26,
64.37, 62.16, 62.08, 61.59, 57.65, 51.31, 51.19, 25.63, 18.11, -5.44, -5.73. IR: v 2930, 2898, 2857,
1770, 1603, 1575, 1473, 1273, 1128, 1048, 837, 780 cm™:; HRMS calcd. For [M+Na]*: 372.1602.

Found: 372.1605.

N..
(0] ~ OM
/IYO e
iPr

1d
1:1 mixture of E/Z isomers

1d was isolated as a colorless oil in 58% yield (298.7 mg) on a 2 mmol scale as an inseparable 1:1
mixture of E/Z isomers from 1d-1 and NH,OMe-HCI. Rf = 0.6 (EtOAc/Hexane=1/5). *H NMR
(400 MHz, CDCls): & 7.42 (ddd, J = 8.4, 7.1, 2.6 Hz, 1H), 7.04 (ddd, J = 7.1, 3.5, 0.7 Hz, 1H),
6.83 (ddd, J = 8.5, 4.3, 0.7 Hz, 1H), 5.17 (s, 1H), 4.94 (s, 1H), 3.92 (s, 2H), 3.87 (d, J = 1.8 Hz,
3H), 3.30 (hept, J = 7.0 Hz, 0.5H), 2.76 (hept, J = 6.9 Hz, 0.5H), 1.14 (dd, J = 7.0, 5.4 Hz, 6H).
13C NMR (100 MHz, CDCls): 6 184.64, 184.50, 159.83, 159.54, 151.73, 151.64, 150.60, 150.44,
137.60, 132.53, 132.42, 116.19, 115.80, 115.53, 115.43, 70.93, 65.63, 61.70, 51.30, 51.22, 30.52,
26.66, 20.00, 18.87. IR: v 2968, 2937, 2901, 2875, 2818, 1767, 1602, 1575, 1473, 1273, 1047,

905, 783 cm'!; HRMS calcd. for [M+Na]*: 270.1101. Found: 270.1099.

N..
0" > ""0Me
o)

1e
1:1 mixture of E/Z isomers
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1e was isolated as white solid in 43% yield (160 mg) on a 1 mmol scale as an inseparable 1:1
mixture of E/Z isomers from 1e-1 and NH2.OMe-HCI. Rf= 0.6 (EtOAc/Hexane=1/5). M.P.=66-68
°C.H NMR (400 MHz, CDCls) § 7.56 (t, J = 5.6 Hz, 0.5H), 7.45 (ddd, J = 8.4, 7.1, 3.0 Hz, 1H),
7.07 (ddg, J= 7.1, 3.6, 0.7 Hz, 1H), 6.91 (t, J = 3.6 Hz, 0.5H), 6.85 (ddd, J = 8.4, 2.6, 0.6 Hz, 1H),
5.18 (d, J = 3.6 Hz, 1H), 4.99 (d, J = 5.6 Hz, 1H), 3.95 (m, 1.5H), 3.95 — 3.93 (m, 2H), 3.89 (m,
1.5H). 13C NMR (100 MHz, CDCls): § 184.68, 184.46, 151.46, 151.26, 150.67, 150.52, 147.32,
144.82,137.83, 137.78, 132.56, 132.30, 116.23, 115.94, 115.86, 115.76, 68.55, 66.18, 62.40, 61.94,
51.41, 51.32. IR: v 2938, 1765, 1602, 1573, 1473, 1269, 1046, 870, 785 cm™*; HRMS calcd. for

[M+Na]*: 228.0631. Found: 228.0631.

NS
O/\/\NJOME

o
1f

1:1 mixture of E/Z isomers

1f was isolated as a colorless oil in 60% yield (410.2 mg) on a 3 mmol scale as an inseparable 1:1
mixture of E/Z isomers from 1f-1 and NH2,OMe-HCI. Rs = 0.6 (EtOAc/Hexane=1/5). 'H NMR
(400 MHz, CDCls): 6 7.48 (t, J = 6.1 Hz, 0.5H), 7.43 (ddd, J = 8.5, 7.1, 1.5 Hz, 1H), 7.05 — 7.00
(m, 1H), 6.84 — 6.77 (m, 1.5H), 4.52 (g, J = 6.3 Hz, 2H), 3.92 (dd, J = 1.8, 0.9 Hz, 2H), 3.89 (s,
1.5H), 3.83 (s, 1.6H), 2.80 (d, J = 6.3 Hz, 1H), 2.67 (g, J = 6.2 Hz, 1H). 3C NMR (100 MHz,
CDCl3): 6 184.90, 184.89, 152.00, 151.99, 150.48, 147.73, 147.31, 137.73, 132.22, 132.20, 116.27,
115.30, 115.28, 69.28, 68.87, 61.72, 61.39, 51.20, 29.80, 26.07. IR: v 2938, 1765, 1603, 1573,
1461, 1275, 1050, 785 cm™; HRMS calcd. for [M+Na]*: 242.0788. Found: 242.0781.

2.4.5 Route 11 synthesis of substrates 1a and 1g to 1m
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Me Me

DCM/H,0
. + HoNOMe-HCl ————2=—>
cl 0 65°C  Cl N+~ OMe
s10 s11

N..
OH O/Y OMe

0 Me K,COs3, KI Me O
Van\ t f R
R cl N~OMe acetone, reflux

1a-ll; 1g-ll to 11-lI 1a; 1g to 11

Substrates 1a and 1g to 11 were synthesized through route I1.
S11 was synthesized according to a reported procedure?® and matched the reported data.

General Procedures for the Synthesis of Oxime Substrates from 1a-11 and 1g-11 to 1I-11

Substitution reaction with pre-formed oxime chloride

Using the synthesis of substrate 1l as an example: To a solution of compound 1I-11 (105.2 mg,
0.62 mmol, 1 equiv.) in acetone (10 mL), K2COz3(256.7 mg, 1.86 mmol, 3 equiv.), KI (206.7 mg,
1.24 mmol, 2 equiv.) and S11 (114.3 mg, 0.94 mmol, 1.5 equiv.) were added to the stirring solution.
Then the reaction was heated to 70 °C and stirred overnight. After the reaction was complete, 10
mL of NH4Cl (sat.) solution was used to quench the reaction. The mixture was extracted with ethyl
acetate (EA) (3x10 mL). Then the organic phase was washed by saturated Na>S»>0s (ag.) solution
(2x10 mL) and brine (2x10 mL). The organic phase was then dried using Na>SO4 and concentrated
under reduced pressure. The residue was purified by silica gel flash column chromatography

(EtOAc/Hexane=1/10). to obtain the compound 11 as a white solid in 83% vyield (2.85 g).

5:1 mixture of E/Z isomers
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1a was isolated following the general procedure as a white solid in 68% yield (250 mg) on a 3
mmol scale as an inseparable 5:1 mixture of E/Z isomers from la-1l1 and S11. Rf = 0.5
(EtOAc/Hexane=1/5). M.P. = 53-54 °C H NMR (400 MHz, CDCls): & (major) 7.44 (ddd, J =
8.4,7.1,3.9 Hz, 0.84H), 7.07 — 7.01 (m, 0.84H), 6.86 (m, 0.84H), 4.90 (s, 1.71H), 3.93 (d, J= 0.9
Hz, 1.71H), 3.89 (s, 2.5H), 1.95 (s, 2.5H). & (minor) 7.45 (ddd, J = 8.4, 7.1, 3.9 Hz, 0.20H), 7.09
—7.05 (m, 0.20H), 6.84 (m, 0.2H), 5.21 (m, 0.32H), 3.93 (d, J = 0.9 Hz, 0.32H), 3.89 (s, 0.47H),
1.97 (s, 0.47H). 13C NMR (100 MHz, CDCls): 5 184.73, 184.52, 154.56, 152.68, 151.84, 150.53,
137.74,137.72,132.45,116.14, 115.59, 73.31, 67.48, 61.80, 61.73,51.39, 51.28, 16.51, 12.22. IR:
v 2963, 2937, 1763, 1602, 1576,1474, 1289, 1267, 1159, 1129, 1051, 899, 784 cm™}; HRMS calcd.

for [M+Na]*: 242.0788. Found: 242.0789.

N..
O/Y OMe
o)

i Me /
1g (d.r. >20:1)

1g was isolated as a colorless oil in 70% yield (98 mg) on a 1 mmol scale from 1g-11 and S11. R¢

= 0.6 (EtOAc/Hexane=1/5). *H NMR (400 MHz, CDCl): 5 6.94 (s, 1H), 6.74 (s, 1H), 4.89 (s,
2H), 3.89 (s, 3H), 3.87 (s, 2H), 2.91 (hept, J = 6.9 Hz, 1H), 1.95 (s, 3H), 1.25 (d, J = 6.9 Hz, 6H).
13C NMR (100 MHz, CDCl3): § 184.19, 160.91, 152.77, 151.94, 150.47, 130.27, 114.28, 114.11,
73.34, 61.70, 50.68, 35.09, 23.63, 12.24.. IR: v 2962, 1780, 1609, 1571, 1448, 1329, 1223, 1142,

1057, 899, 842, 668 cm™*; HRMS calcd. for [M+Na]*: 284.12570. Found: 284.12550.

N..
o/w// OMe

i Me ;,O
MeO,C

1h (d.r. >20:1)
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1h was isolated as a colorless oil in 54% yield (78 mg) on a 1 mmol scale from 1h-11 and S11. R¢
= 0.5 (EtOAc/Hexane=1/5). 'H NMR (400 MHz, CDCls): & 7.68 (s, 1H), 7.58 (s, 1H), 4.91 (s,
2H), 3.97 (s, 2H), 3.94 (s, 3H), 3.89 (s, 3H), 1.95 (s, 3H), 1.55 (s, 3H). 3C NMR (100 MHz,
CDCls): 6 184.12, 165.88, 152.28, 151.54, 150.53, 138.62, 135.72, 118.17, 116.19, 73.63, 61.77,
52.63, 51.12, 22.99, 12.16. IR: v 2955, 1769, 1726, 1611, 1572, 1436, 1371, 1293, 1278, 1228,
1137, 1059, 900, 872, 774, 668, 601, 455 cm™; HRMS calcd. for [M+Na]*: 300.08420. Found:

300.08440.

N..
(@) ~ "OMe
Me O

Me 1i

6:1 mixture of E/Z isomers

1i was isolated as white solid in 72% vyield (167.5 mg) on a 2 mmol scale as an inseparable 6:1
mixture of E/Z isomers from 1i-11 and S11. R = 0.6 (EtOAc/Hexane=1/5). M.P.= 96-98 °C 'H
NMR (400 MHz, CDCls): & (major) 6.88 (s, 1H), 6.68 (s, 1H), 4.88 (s, 2H), 3.89 (s, 3H), 3.86 (s,
3H), 2.38 (s, 3H), 1.94 (s, 3H).23C NMR (100 MHz, CDCls): 6 184.10, 152.78, 151.76, 150.44,
149.77, 129.94, 116.66, 73.28, 61.70, 50.69, 22.49, 12.18. IR: v 2980, 2944, 1770, 1753, 1613,
1569, 1466, 1444, 1353, 1276, 1130, 1065, 911, 847, 600 cm™*; HRMS calcd. for [M+Na]*:

256.09440. Found: 256.09450.

N..
o/ﬁ// OMe
Me O

iPr 1j
>10:1 mixture of E/Z isomers

1j was isolated as a colorless oil in 87% yield (150 mg) on a 1 mmol scale as an inseparable >10:1

mixture of E/Z isomers from 1j-11 and S11. Rt = 0.5 (EtOAc/Hexane=1/5). 'H NMR (400 MHz,
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CDCI3): & (major) 7.28 —7.26 (m, 1H), 6.81 (dt, J = 8.5, 0.8 Hz, 1H), 4.88 (s, 2H), 3.93 (d, J =
0.9 Hz, 2H), 3.89 (s, 3H), 2.95 (hept, J = 6.9 Hz, 1H), 1.94 (s, 3H), 1.26 (s, 3H), 1.25 (s, 3H). 13C
NMR (100 MHz, CDCI3): 6 184.93, 152.92, 149.82, 147.17,136.01, 132.47,116.71, 77.19, 73.20,
61.72, 50.86, 31.13, 23.08, 12.21. IR: v 2962, 2936, 1763, 1621, 1569, 1492, 1458, 1420, 1290,
1213, 1143, 1048, 899, 840, 668, 606, 456 cm™; HRMS calcd. for [M+Na]*: 284.12570. Found:

284.12590.

N..
O ~ "OM
/YO e
Me

Me 1k

8:1 mixture of E/Z isomers

1k was isolated as a white solid in 83% vyield (242.4 mg) on a 2 mmol scale as an inseparable 8:1
mixture of E/Z isomers from 1k-11 and S11. R = 0.5 (EtOAc/Hexane=1/5). M.P. = 77-79 °C 'H
NMR (400 MHz, CDCls): & (major) 7.22 (dd, J = 8.4, 0.7 Hz, 1H), 6.78 (dd, J = 8.4, 1.0 Hz, 1H),
4.86 (s, 2H), 3.88 (s, 3H), 3.84 (s, 2H), 2.26 (s, 3H), 1.93 (s, 3H). 13C NMR (100 MHz, CDCl3):
0 184.46, 184.27, 154.83, 152.86, 149.88, 149.70, 148.85, 148.65, 138.72, 131.82, 131.70, 129.43,
12545, 125.29, 116.77, 116.39, 110.66, 73.60, 73.15, 72.57, 69.44, 67.36, 61.77, 61.69, 61.66,
50.16, 50.06, 17.86, 16.47, 16.46, 12.19, 11.80. IR: v 2937, 1764, 1621, 1576, 1492, 1268, 1063,

900, 838, 749, 436 cm™'; HRMS calcd. for [M+H]": 234.1130 . Found: 234.1127.

N..
07~ Y7 “OMe

Cl 11
>10:1 mixture of E/Z isomers
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11 was isolated as white solid in 83% yield (130.4 mg) on a 1 mmol scale from 1I-11 and S11. R¢=
0.6 (EtOAc/Hexane=1/5). *H NMR (400 MHz, CDCI3): 5 7.36 (d, J = 8.9 Hz, 1H), 6.84 (d, J =
8.8 Hz, 1H), 4.87 (s, 2H), 3.96 (d, J = 0.8 Hz, 2H), 3.89 (s, 3H), 1.94 (s, 3H). 13C NMR (100 MHz,
CDCI3): 6 152.31, 150.71, 147.27, 137.55, 120.29, 118.81, 77.20, 73.69, 61.81, 50.76, 12.23. IR:
v 2937, 1781, 1759, 1570, 1472, 1449, 1411, 1369, 1287,1266, 1051, 965, 901, 668 cm™’; HRMS

calcd. for [M+Na]*: 276.03980. Found: 276.04000.

Synthesis of 1m

MeO,C

. MeO,C N..

' €02 ~ “OMe
o Me O

E 1m

1m-l
racemic

1m-l was synthesized according to the reported procedure and matched the reported data®.
Following the general procedure, 1m was isolated as a colorless oil in 66% yield as a racemic
mixture from 1m-1 and S11. Rs= 0.3 (EtOAc/Hexane=1/5). 'H NMR (400 MHz, CDCls): § 7.45
(t, = 7.4 Hz, 1H), 7.42 — 7.39 (m, 1H), 7.34 — 7.31 (m, 1H), 4.21 (dd, J = 8.6, 6.6 Hz, 1H), 3.95
(t,J =0.8 Hz, 2H), 3.73 (s, 3H), 3.66 (s, 3H), 3.14 (ddd, J = 16.2, 8.6, 0.6 Hz, 1H), 2.73 (ddd, J =
16.2, 6.6, 0.5 Hz, 1H), 1.79 (s, 3H). 13C NMR (100 MHz, CDCls): & 187.47, 172.47, 153.95,
151.25, 146.13, 135.30, 134.19, 128.34, 122.46, 61.27, 52.24, 52.06, 45.25, 37.91, 14.68. IR: v
2952, 1750, 1739, 1581, 1437, 1162, 1051, 952, 893, 853, 783, 550, 436 cm™; HRMS calcd. for
[M+Na]*: 298.10500. Found: 298.10520.

2.4.6 Synthesis of substrates 1n
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N..
Cro (o
OH o
O 1) K,COs3, K, acetone, reflux 0
2) NH,OMe HCI, DCM; @j

4A MS, 60 °C

1a-ll 1n
10:1 mixture of diastereomers

1n was synthesized using the procedure shown above. Using the general procedure for substitution
as before, the ketone substrate was obtained. Then it was used without further purification to

condense with NH2OMe-HCI using the general procedure for route I.

S
O
pag

1n

10:1 mixture of E/Z isomers

1n was isolated as a colorless oil in 50% vyield as an inseparable 10:1 mixture of E/Z isomers for
two steps. Rf = 0.5 (EtOAc/Hexane=1/5). *H NMR (400 MHz, CDClz): & (major) 7.43 (dd, J =
8.5, 7.1 Hz, 1H), 7.01 (d, J = 6.8 Hz, 1H), 6.87 (d, J = 8.4 Hz, 1H), 5.35 (d, J = 5.5 Hz, 1H), 3.89
(d, J = 2.6 Hz, 2H), 3.79 (s, 3H), 2.83 — 2.70 (m, 1H), 2.54 — 1.59 (m, 7H). 3C NMR (100 MHz,
CDCl3): 6 184.71, 156.89, 151.03, 150.41, 137.61, 132.57, 116.55, 115.06, 78.38, 61.51, 51.09,
32.33, 25.18, 22.74, 21.05. IR: v 2937, 1762, 1601, 1570, 1469, 1269, 1127, 1046, 962, 870, 782,
668 cm™; HRMS calcd. for [M+Na]*: 282.11010. Found: 282.11040.

2.4.7 General procedure for C—C activation reactions

(reaction was usually performed at 0.1mmol scale at 0.05 M concentration)
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In a nitrogen filled glove box, a 8 mL vial was charged with the benzocyclobutenone substrates
(1ato 1n, 0.1 mmol), Rh(COD).BF4 (5 mol%, 0.005 mmol, 2.1 mg) or [Rh(CH3CN)2(COD)]BF
(5 mol%, 0.005 mmol, 1.9 mg) and ligand (6 mol%, 0.006 mmol). After adding 2 mL 1,4-dioxane,
the vial was capped and the solution was maintained at certain temperature for 24h before another
portion of same catalyst was added. After the reaction was maintained at the same temperature for

another 24h, it was cooled to room temperature and purified by silica gel flash chromatography.

O Me
_OMe

2a

2a (15.8 mg) was isolated as a colorless oil in 72% yield. Rh(COD)2BF4 (10 mol%, 0.01 mmol,
4.1 mg) (R)-xyl-SDP (6 mol %, 0.006 mmol, 4.2 mg), (S)-xyl-BINAP (6 mol%, 0.006 mmol, 4.4
mg) were used and the reaction was maintained at 110 °C. Rt = 0.6 (EtOAc/Hexane=1/1). *H NMR
(400 MHz, CDCl3): § 7.19 (t, J = 7.7 Hz, 1H), 6.78 — 6.68 (m, 2H), 4.60 (dd, J = 8.4, 0.9 Hz, 1H),
4.54 (d, J = 8.4 Hz, 1H), 3.90-3.85 (td, J = 20.5, 1.3 Hz, 1H), 3.87 (s, 3H), 3.69 (d, J = 20.6 Hz,
1H), 1.63 (d, J = 0.9 Hz, 3H). 13C NMR (100 MHz, CDCls): § 170.69, 157.55, 130.64, 128.77,
128.74, 118.68, 108.75, 83.32, 66.57, 64.34, 37.04, 22.65. IR: v 2972, 2933, 1691, 1639, 1612,
1473, 1279, 1047, 935, 771, 668, 633 cm™; HRMS calcd. for [M+Na]*: 242.0788. Found:
242.0789.

Chiral HPLC (Chiralpak IA, hexane:isopropanol = 97:3, 1 mL/min, 210 nm), tminor = 18.740 min,

tmajor= 16.271 min. [a]o%° = -53 (c=0.75, CH.Cl.) at 95 % e.e.

Racemic Sample 2a
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DAD1 B, Sig=210,4 Ref=360,100 (LIN\DL-B-59-1-RAC.D)
mAU o s q‘bﬁ; g
1754 9 :
150 \ e;fﬁ © ﬁ
1255 | ,‘?s |‘ \
100 ‘| | | |‘
g R
50 I I
25 . I
04 ) ~ —~
5 7‘5 1‘0 12I 5 1‘5 - 17‘.5 T 2‘0 22| 5 2‘5 27‘ 5 mir|
Peak RetTime Type Width Area Height Area
# [min] [min] [mAU*s] [mMAU] %
e R | == |~ |~ |
1 16.358 MM 0.3248 3759.64697 192.91611 49.768¢
2 18.817 BB 0.3399 3794.61060 171.681l66 50.2314

Enantiomeric Sample 2a

DAD1 B, Sig=210.4 Ref=360,100 (LIN\DL-B-59-1.D)
mAU x &
175 % _,_g)'\
150 ‘Fz"y
125 ‘ ‘
100 |
75 [ v
50 [ g &
25 [ P
0 — \ J_L,_V—"i
.“) T IT‘.S‘ o ‘1‘0‘ I‘ I1£.5I - ‘WIS‘ I‘ ‘17‘.5I ‘I ‘2|0‘ - I22‘.5‘ ‘I I2‘5‘ I‘ ‘27‘.5‘ I‘ ‘min
Peak RetTime Type Width Area Height Area
# [min] [min] [MAU*s] [MAU] %
e e | = |~ |~ |
1 l1e.271 MM 0.3287 3915.92285 198.56981 97.4087
2 18.740 MM 0.3535 104.17199 4.91210 2.5913
O\ ,Et
N/OMe
(6]
2b

2b (15.2 mg) was isolated as light yellow oil in 65% yield. Rh(COD).BF4 (10 mol%, 0.01 mmol,

4.1 mg) (R)-xyl-SDP (6 mol %, 0.006 mmol, 4.2 mg), (S)-xyl-BINAP (6 mol%, 0.006 mmol, 4.4
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mg) were used and the reaction was maintained at 130 °C. Rt = 0.6 (EtOAc/Hexane=1/1). 'H NMR
(400 MHz, CDCl3): & 7.18 (t, J = 7.8 Hz, 1H), 6.72 (d, J = 8.0 Hz, 2H), 4.62 — 4.52 (m, 2H), 3.92
(dt, J=20.7, 1.1 Hz, 1H), 3.84 (s, 3H), 3.64 (d, J = 20.8 Hz, 1H), 2.10 (d, J = 7.5 Hz, 2H), 0.86 (t,
J=7.5Hz, 3H). C NMR (100 MHz, CDCls): § 170.39, 158.31, 130.65, 129.85, 126.74, 118.63,
108.65, 82.57, 70.28, 64.20, 37.56, 30.24, 8.09. IR: v 2970, 2937, 2883, 1688, 1635, 1812, 1471,
1279, 1057, 943, 773 cm™t; HRMS calcd. for [M+Na]*: 256.0944. Found: 256.0947.

Chiral HPLC (Chiralpak 1A, hexane:isopropanol = 98:2, 1 mL/min, 210 nm): tminor =19.309 min,

tmajor=16.763 min. [a]o?° = -43 (c=0.63, CH2Cl,) at 92% e.e..

Racemic Sample 2b

DAD1 B, Sig=210,4 Ref=360,100 (LIN\DL-2B-RAC.D)

mAU
700
€00 " °
& S
0 2 &
300 F\? /9\‘?@
200 [\ \\
100 / \ \\
07 i T T T i i T T T S — T i i
10 12 14 16 18 20 min
Peak RetTime Type Width Area Height Area
# [min] [min] [MAU*s ] [mAU] %
e | === | = | = - | == = |
1 17.066 MM 0.4705 8932.69531 316.40082 48.8676
2 19.012 MM 0.5553 9346.68262 280.52795 51.1324

Enantiomeric Sample 2b

DAD1 B, Sig=210,4 Ref=360,100 (LIN\DL-2B-6.D)
mAU
700
>
600 Q«P
500 8 »
S
400 X
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200 AN g 8
100 S &
N 2
0Ff——— ‘ ‘ . . : —_— ;
10 12 14 16 18 20 mi
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Peak RetTime Type Width Area Height Area

¥ [min] [min] [MAU*s ] [mAU] %
B e | === | === | === |
1 16.763 MM 0.4836 9997.48438 344.55362 96.1787
2 19.309 MM 0.6114 397.21585 10.82889 3.8213

O OTBS
_OM
N e
o)

2c

2¢ (21.7 mg) was isolated as a colorless oil in 62% yield. Rh(COD).BF4 (10 mol%, 0.01 mmol,
4.1 mg) (R)-xyl-SDP (6 mol %, 0.006 mmol, 4.2 mg), (S)-xyl-BINAP (6 mol%, 0.006 mmol, 4.4
mg) were used and the reaction was maintained at 130 °C. Ry= 0.7 (EtOAc/Hexane=1/1). *H NMR
(400 MHz, CDCls): § 7.19 (dd, J = 7.4, 3.1 Hz, 1H), 6.72 (d, J = 8.1 Hz, 2H), 4.58 (d, J = 8.9 Hz,
1H), 4.40 (d, J = 9.0 Hz, 1H), 4.21 (d, J = 10.1 Hz, 1H), 4.02 (d, J = 20.4 Hz, 1H), 3.84 (s, 2H),
3.78 (d, J = 10.1 Hz, 1H), 3.56 (d, J = 20.4 Hz, 1H), 0.79 (s, 9H), -0.06 (d, J = 1.0 Hz, 6H). 13C
NMR (100 MHz, CDCIs3): 6 171.95, 158.03, 131.55, 130.63, 125.68, 118.51, 109.99, 108.28,
79.09, 71.25, 64.48, 64.14, 38.18, 25.75, 18.40, -5.76. IR: v 2955, 2930, 2857, 1762, 1698, 1612,
1471, 1361, 1254, 1124, 1093, 1058, 948, 840, 777, 662 cm™; HRMS calcd. for [M+Na]*:

372.16020. Found: 372.16040.

Chiral HPLC (Chiralpak IA, hexane:isopropanol = 98:2, 1 mL/min, 280 nm): tminor =9.877 min,

tmajor=7.710 min. [a]o® = -40 (c=0.82, CH2Cl>) at 90% e.e.

Racemic Sample 2¢c
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DAD1 E, Sig=280,16 Ref=360,100 (GANG\SDR_DIOL 2015-10-19 15-36-25\033-0201.D)
mAU
200—5 QA N
] N N
150 2 ze;-(ﬁo o ._’13’63
1 e g
o] A N
50% “ "
03— A \ _/“‘ AN ]
a 6 8 1 1 14 16 18 mir
Peak RetTime Type Width Area Height Area
# [min] [min] [MAU*s ] [MAU] %
———m |- R B |~ - | —= - | - |
1 7.537 MF 0.3421 2500.16699 121.80779 51.3880
9.523 MM 0.3576 2365.10986¢ 110.23833 48.6120

Enantiomeric Sample 2¢

DAD1 E, Sig=280,16 Ref=360,100 (GANG\SDR_DIOL 2015-10-19 15-36-25\034-0401.D)

\Q’1
150 2 @.'9
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100 N
75 R
50 ‘ o
25 i EVS@Q
04— N N -
-25
-50 T T T T T T T T
4 6 8 10 12 14 16 18 min
Peak RetTime Type Width Area Height Area
# [min] [min] [MAU* g ] [MAU] %
———m |- |- |- R R | === |
1 7.710 MM 0.3845 2716.70483 117.76103 94.9613
2 9.877 MM 0.3244 144.15134 7.40620 5.0387
O\ ,i-Pr
o]
2d

2d (12.4 mg) was isolated as a colorless oil in 50% yield. Rh(COD).BF4 (10 mol%, 0.01 mmol,
4.1 mg) (R)-xyl-SDP (6 mol %, 0.006 mmol, 4.2 mg), (S)-xyl-BINAP (6 mol%, 0.006 mmol, 4.4
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mg) were used and the reaction was maintained at 130 °C. Rt = 0.5 (EtOAc/Hexane=1/1). 'H NMR
(400 MHz, CDCls): 6 7.20 (t, J = 7.8 Hz, 1H), 6.72 (dd, J = 8.1, 4.6 Hz, 2H), 4.73 (d, J = 8.8 Hz,
1H), 4.62 (d, J = 8.8 Hz, 1H), 3.96 (dt, J = 20.7, 1.2 Hz, 1H), 3.85 (s, 3H), 3.61 (d, J = 20.8 Hz,
1H), 2.50 (hept, J = 6.9 Hz, 1H), 1.02 (d, J = 6.9 Hz, 3H), 0.91 (d, J = 6.8 Hz, 3H). 13C NMR (100
MHz, CDCls): 6 169.75, 158.94, 130.72, 130.49, 125.40, 118.74, 108.36, 81.04, 73.15, 64.25,
38.11, 36.81, 17.61, 16.87. IR: v 2970, 2936, 1687, 1470, 1279, 1116, 1057, 943, 773, 667 cm™
HRMS calcd. for [M+Na]*: 270.11010. Found: 270.11020.

Chiral HPLC (Chiralpak 1A, hexane:isopropanol = 98:2, 1 mL/min, 210 nm): tminor =19.218 min,

tmajor=16.621 min. [a]o?° = -11 (c=0.88, CH2Cl,) at 90% e.e.

Racemic Sample 2d

DAD1 B, Sig=210,4 Ref=360,100 (LIN\DL-C-27-RAC.D)

mAU 2 © s »

120 ] 4 2

100 | %a"" '?&""

80 |

60

40+

20

= - — L — | —

I R ' 14 i ' 15 i  »

Peak RetTime Type Width Area Height Area

# [min] [min] [MAU*s] [mAU] %

———m | | === === | == | == |-
1 16.461 MM 0.3840 3117.28613 135.29062 53.5221

2 18.812 MM 0.4075 2707.00903 110.72683 46.4779

Enantiomeric Sample 2d
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DAD1 B, Sig=210,4 Ref=360,100 (LIN\DL-C-27-2.D)
mAU 3 o 2
E g qgga@‘

300 [

250 |

2004 [

1504 | &

100 ‘ e ©

50 o

0- i
1‘0 12 1‘4 IIE IIE 20 2‘2 rrrrr
Peak RetTime Type Width Area Height Area
i (min] [min] [(MAU*s ] [mAU] %

1 1e6.621 MM 0.3928 8685.17773 368.51218 94.8747
2 19.218 MM 0.3981 469.19284 19.04262 5.1253

2e (7.6 mg) was isolated as light yellow oil in 37% yield. Rh(COD).BF4 (10 mol%, 0.01 mmol,
4.1 mg) (R)-xyl-SDP (12 mol %, 0.012 mmol, 8.2 mg) were used and the reaction was maintained
at 110 °C. Rr = 0.3 (EtOAc/Hexane=1/1). IH NMR (400 MHz, CDCls): 6 7.20 (t, J = 7.9 Hz, 1H),
6.73 (d, J = 7.5 Hz, 2H), 5.50 — 5.40 (m, 1H), 4.95 (dd, J = 8.8, 7.4 Hz, 1H), 4.49 (dd, J = 10.0,
8.8 Hz, 1H), 3.90 (dd, J = 20.5, 1.6 Hz, 1H), 3.87 (s, 3H), 3.70 (dd, J = 20.5, 1.6 Hz, 1H). 13C
NMR (100 MHz, CDCl3): 6 170.96, 158.51, 130.95, 129.87, 123.14, 118.47, 108.56,77.97, 63.71,
59.69, 37.86. IR: v 2927, 2854, 1691, 1640, 1612, 1471, 1266, 1072, 1041, 938, 770 cm™}; HRMS
calcd. for [M+Na]*: 228.0631. Found: 228.0631.

Chiral HPLC (Chiralpak 1B, hexane:isopropanol = 92:8, 1 mL/min, 210 nm): tminor =18.963 min,

tmajor=24.169 min. [a]o?° = -6 (c=0.48, CH2Cl,) at 92% e.e..

Racemic Sample 2e
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DAD1 G, Sig=280.4 Ref=360,100 (LIN\DL-B-70-RAC.D)

mAU g‘! <:»"§3 g @%
4 g g
35 [ s
3 | YS s
25 | “ [
2
1.5
1
0.5
0 T T T T T —_— U |7 — U _ U
10 12 14 16 18 20 22 24 26 mnl‘
Peak RetTime Type Width Area Height Area
i [min] [min] [MAU* 3] [mAU] %
e R | === |~ |~ |
1 18.9%02 MM 0.4723 124.53470 4.39498 50.2168
2 24.108 MM 0.5450 123.45930 3.77538 49.7832
Enantiomeric Sample 2e
DAD1 G, Sig=280,4 Ref=360,100 (LIN\DL-B-70-2-SDP-PURE-2.D)
mAU 7] a2 N
] Iy @f
24 ™ p
] s
1.5 g \
1 —i g -m«qq@
0.5+ 0@
] g L _
0 4 T T T T T T __' I_-“ T T . T ._I_- — T : T T “_ I_'_-'_ T T T T T T T T T T T
10 12 14 16 18 20 22 24 26 mir
Peak RetTime Type Width Area Height Area
# [min] [min] [MAU*s] [mAU] %
e | === - | === | === | === |
1 18.963 MM 0.4140 2.79983 1.12716e-1 3.7083

2 24.169 MM 0.5333 72.70095 2.27205 96.2917

_OMe

2f

2f (8.8 mg) was isolated as yellow oil in 40% yield. Rh(COD).BF4 (10 mol%, 0.01 mmol, 4.1 mg)

(R)-xyl-SDP (6 mol %, 0.006 mmol, 4.2 mg), (S)-xyl-BINAP (6 mol%, 0.006 mmol, 4.4 mg) were
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used and the reaction was maintained at 110 °C. Rs = 0.5 (EtOAc/Hexane=1/1). 'H NMR (400

MHz, CDCls): & 7.17 (t, J = 7.9 Hz, 1H), 6.74 (d, J = 8.3 Hz, 1H), 6.69 (d, J = 7.5 Hz, 1H), 4.83

(dd, J =115, 5.3 Hz, 1H), 4.52 (ddd, J = 11.6, 4.0, 2.5 Hz, 1H), 4.20 (ddd, J = 13.4, 11.7, 1.9 Hz,

1H), 3.89 (s, 3H), 3.78 — 3.63 (M, 2H), 2.65 — 2.59 (m, 1H), 2.20 — 2.07 (m, 1H). 3C NMR (100

MHz, CDCls): & 168.76, 152.76, 131.58, 129.63, 118.66, 116.75, 114.62, 77.30, 76.98, 76.66,

64.25, 64.06, 54.05, 38.12, 29.67, 26.49. IR: v 2926, 2654, 1688, 1596, 1475, 1462, 1263, 1082,

1052, 778 cm™t; HRMS calcd. for [M+Na]*: 242.07880. Found: 242.07870.

Chiral HPLC (Chiralpak 1B, hexane:isopropanol = 95:5, 1 mL/min, 210 nm): tminor =37.104 min,

tmajor=39.529 min. [a]o?° = -15 (c=0.78, CH2Cl,) at 81% e.e.

Racemic Sample 2f

mAU ]
-10]
15
20
25

DAD1 C, Sig=210,8 Ref=360,100 (RYOSUKE\RYOSUKE 2015-10-22 21-06-49\022-0401.D)

37471

0 : _ = ———————— — // _ // \7\: _
-35] - e e
R N 7 7 T 7 T 7
26 28 30 32 34 36 38 40 min
Peak RetTime Type Width Area Height Area
# [min] [min] [MAU*s] [MAU] %
e R B | === | === | === |
1 37.171 BB 0.6614 361.47104 ©.49435 48.9587
2 40.143 MM 0.9032 376.84689 ©.95430 51.0413

Enantiomeric Sample 2f
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DAD1 B, Sig=210,4 Ref=360,100 (LIN\DL-B-73.D)

mAUE o)
"
] \

104 5 \
Dé N S J\Q,_\ﬁ, -
o 40T T T T T T T T T s
Peak RetTime Type Width Area Height Area
# [min] [min] [MAU*s] [MAU] %
i P e | == | === | —m—m |
1 37.104 BB 0.8485 423.66238 7.19950 9.3731
2 39.529 BB 0.9368 4096.33301 63.48286 90.6269
0 Me
N/OMe
i-Pr O
2g

29 (13.8 mg) was isolated as a colorless oil in 53% yield. Rh(COD).BF4 (10 mol%, 0.01 mmol,
4.1 mg) (R)-xyl-SDP (6 mol %, 0.006 mmol, 4.2 mg), (S)-xyl-BINAP (6 mol%, 0.006 mmol, 4.4
mg) were used and the reaction was maintained at 130 °C. R¢= 0.6 (EtOAc/Hexane=1/1). *H NMR
(400 MHz, CDCls): § 6.62 (s, 1H), 6.60 (s, 1H), 4.59 (dd, J = 8.4, 0.8 Hz, 1H), 4.52 (d, ] = 8.4
Hz, 1H), 3.85 (s, 3H), 3.85 (td, 1H), 3.65 (d, J = 20.6 Hz, 1H), 2.87 (hept, J = 6.9 Hz, 1H), 1.62 (d,
J=0.8 Hz, 3H), 1.23 (d, J = 6.9 Hz, 6H). 3C NMR (100 MHz, CDClz): § 170.93, 157.88, 152.89,
128.31, 126.37, 116.77, 106.89, 83.61, 77.19, 66.44, 64.27, 37.18, 34.70, 24.14, 22.74. IR: v 2960,
1700, 1638, 1490, 1436, 1302, 1282, 1067, 1040, 969, 953, 847, 668, 651, 635 cm™*; HRMS calcd.

for [M+Na]*: 284.12570. Found: 284.12620.

Chiral HPLC (Chiralpak 1A, hexane:isopropanol = 97:3, 1 mL/min, 210 nm): tminor =16.687 min,

tmajor=12.655 min. [a]p%° = -28 (c=1.53, CHCl,) at 90% ee..
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Racemic Sample 2qg

DAD1 B, Sig=210,4 Ref=360,100 (LIN\DL-B-76-RAC.D)
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Peak RetTime Type Width Area Height Area
# [min] [min] [mMAU*s] [mAU] %
———— |-=== | ——————= | === | === | ———————= |
1 12.882 BB 0.2889 3893.11011 209.39294 52.3654
2 17.068 BB 0.3647 3541.40527 149.33739 47.6346
Enantiomeric Sample 29
DAD1 B, Sig=210,4 Ref=360,100 (LIN\DL-B-76-2.D)
mAU E ﬁ Q’b.
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Peak RetTime Type Width Area Height Area
4 [min] [min] [MAU*s ] [mAU] %
e EEEEEE | === | = | —=mmm - | = - |- |
1 12.655 MM 0.3078 ©797.84375 368.13293 95.4504
2 16.687 MM 0.3856 323.56555 13.98700 4,.5430

2h
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2h (18.8 mg) was isolated as yellow oil in 68% yield. Rh(COD)2BF4 (10 mol%, 0.01 mmol, 4.1
mg) (R)-xyl-SDP (6 mol %, 0.006 mmol, 4.2 mg), (S)-xyl-BINAP (6 mol%, 0.006 mmol, 4.4 mg)
were used and the reaction was maintained at 110 °C. Rs = 0.7 (EtOAc/Hexane=1/1). *H NMR
(400 MHz, CDCls): § 7.49 (s, 1H), 7.39 (t, J = 0.9 Hz, 1H), 4.64 (dd, J = 8.5, 0.7 Hz, 1H), 4.59
(d, J = 8.5 Hz, 1H), 3.90 (s, 3H), 3.87 (s, 4H), 3.73 (d, J = 20.7 Hz, 1H), 1.64 (d, J = 1.8 Hz, 3H).
13C NMR (100 MHz, CDCls): 6 170.13, 166.36, 157.58, 133.50, 133.15, 128.59, 120.92, 110.02,
83.66, 66.37, 64.43, 52.39, 36.78, 22.49. IR: v 2951, 2362, 1720, 1693, 1433, 1364, 1289, 1243,
1215, 1075, 1049, 989, 838, 770, 644cm™ HRMS calcd. for [M+Na]*: 300.08420. Found:

300.08480.

Chiral HPLC (Chiralpak 1A, hexane:isopropanol = 95:5, 1 mL/min, 210 nm): tminor =36.154 min,

tmajor=24.897 min. [a]o® = -23 (c=1.49, CH.Cl,) at 94% e.e.

Racemic Sample 2h

DAD1 C, Sig=210.8 Ref=360,100 (GANG\BOYOUNG 2015-10-20 22-39-581023-0201.D)
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Peak RetTime Type Width Area Height Area
# [min] [min] [MAU*s ] [mMAU] %
e R e | === | === | === |
1 25.449 BB 0.5494 2970.20825 82.62710 50.8815
2 36.665 MM 0.8960 2867.29541 53.33685 49.1185

Enantiomeric Sample 2h
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DAD1 C, Sig=210,8 Ref=360,100 (GANG\BOYOUNG 2015-10-20 22-39-58\024-0401.D)
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Peak RetTime Type Width Area Height Area
¥ [min] [min] [MAU*s] [mAU] %

e e | - |~ | -~ |

1 24.897 BB 0.5672 3.71310ed4 1000.04425 96.7187

2 36.154 BB 0.7647 1259.72637 24.54700 3.2813

0 Me
N/OMe

Me O

2i

2i (17.2 mg) was isolated as a colorless oil in 74% yield. Rh(COD).BF4 (10 mol%, 0.01 mmol, 4.1
mg) (R)-xyl-SDP (6 mol %, 0.006 mmol, 4.2 mg), (S)-xyl-BINAP (6 mol%, 0.006 mmol, 4.4 mg)
were used and the reaction was maintained at 110 °C. Rf= 0.6 (EtOAc/Hexane=1/1). 'H NMR
(400 MHz, CDCl3): § 6.56 (s, 2H), 4.58 (dd, J = 8.4, 0.8 Hz, 1H), 4.52 (d, J = 8.4 Hz, 1H), 3.85
(s, 3H), 3.84 (d, J = 20.5 Hz, 1H), 3.63 (d, J = 20.6 Hz, 1H), 2.33 (s, 3H), 1.61 (d, J = 0.7 Hz, 3H).
13C NMR (100 MHz, CDCls): 6 170.87, 157.86, 141.38, 128.33, 126.09, 119.23, 109.44, 83.60,
66.41, 64.30, 37.04, 22.76, 21.93. IR: v 2928, 1689, 1637, 1497, 1449, 1289, 1087, 1063, 1048,

972, 954, 923, 833, 654, 634 cm™; HRMS calcd. for [M+Na]*: 256.09440. Found: 256.09480.

Chiral HPLC (Chiralpak 1A, hexane:isopropanol = 98:2, 1 mL/min, 230 nm): tminor =26.361 min,

tmajor=16.095 min. [a]p?° = -33 (c=1.50, CHCl,) at 89% ee.

Racemic Sample 2i
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DAD1 D, Sig=230,4 Ref=360,100 (LIN\DEF_LC 2015-11-14 19-54-42\003-0401.D)
mAU ] % ’\60 A
250—E |E‘ TN\« . WQV”P
2007; ‘\ \?&0 'o\o @@}’o
] | \ [:WS
150 | N
100 f \ [\
50 ‘ \
0] AN e Y
10 1‘2 1‘4 1‘6 1‘8 2‘0 2‘2 2‘4 o 2‘6 o 2‘8 o mi
Peak RetTime Type Width Area Height Area
# [min] [min] [MAU*s ] [mAU] %
e e | === | === | === |
1 16.701 FM 0.4343 7171.55713 275.19339 53.6154
2 27.873 MM 0.6656 €204.37305 155.36742 46.3846
Enantiomeric Sample 2i
DAD1 D, Sig=230,4 Ref=360,100 (LIN\DL-2I-7.D)
mAU 4 Py 2
600% g .’i‘%@
500 [ &
400 ‘ “‘
300 [ ES
200 \‘ s O
100 [ r%v@@.
e / : \‘ — e T
10 1‘2 1‘4 1‘6 1‘8 2‘0 2‘2 2I4 2‘6 2‘8 mi
Peak RetTime Type Width Area Height Area
# [min] [min] [mAU* g ] [mMAU] %
=== | == P P | === | === |
1 16.095 MM 0.5090 2.12198e4 694.79749 94.5101
2 26.361 MM 0.6548 1232.60718 31.37551 5.4899
0 Me
_.OMe
N
o]
i-Pr 2j

2] (13.0 mg) was isolated as yellow oil in 50% yield. Rh(COD)2BF4 (10 mol%, 0.01 mmol, 4.1

mg) (R)-xyl-SDP (6 mol %, 0.006 mmol, 4.2 mg), (S)-xyl-BINAP (6 mol%, 0.006 mmol, 4.4 mg)
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were used and the reaction was maintained at 110 °C. Rs = 0.6 (EtOAc/Hexane=1/1). *H NMR

(400 MHz, CDCl3): 8 7.11 (d, J = 8.3 Hz, 1H), 6.72 (d, J = 9.1 Hz, 1H), 4.59 (dd, ] = 8.3, 0.8 Hz,

1H), 4.51 (d, J = 8.3 Hz, 1H), 3.87 (s, 3H), 3.83 — 3.67 (m, 2H), 2.91 (hept, J = 6.9 Hz, 1H), 1.61

(d, J=2.2 Hz, 3H), 1.21 (dd, J = 6.9, 3.0 Hz, 6H). 3C NMR (100 MHz, CDCl3): § 170.91, 155.32,

138.15, 128.57, 126.75, 125.76, 108.95, 83.13, 66.63, 64.30, 35.10, 28.73, 23.57, 23.23, 22.69. IR:

2961, 2928, 2360, 2342, 1691, 1487, 1459, 1277, 1154, 1067, 1037, 955, 935, 814, 668 v cm™

HRMS calcd. for [M+Na]*: 284.12570. Found: 284.12600.

Chiral HPLC (Chiralpak 1A, hexane:isopropanol = 98:2, 1 mL/min, 210 nm): tminor =13.680 min,

tmajor=16.734 min. [a]p%° = -45 (c=0.88, CHCl,) at 86% e.e..

Racemic Sample 2j

DAD1 B, Sig=210,4 Ref=360,100 (LIN\DEF_LC 2015-11-14 19-54-42\005-0601.D)

13937
16806

10 1 12
Peak RetTime Type Width Area Height Area
#  [min] [min] [MAU*s] [mAU] 3

1 13.937 BB
2 16.606 BB

Enantiomeric Sample 2j

0.3630 1762.46692
0.4284 2041.52405

76.43552
73.41205

46.3320
53.6680

94



DAD1 B, Sig=210,4 Ref=360,100 (LIN\DL-2J-3.D)
mAUE
3004

67

250
200
1503
100
50

Peak RetTime Type Width Area Height Area
# [min] [min] [MAU*s ] [mAU] %
e e |- |~ |-~ |
1 13.680 BB 0.4344 881.44708 31.70377 7.2612
2 1e6.734 BB 0.5146 1.12576e4 334.51941  92.7388
0 Me
N/OMe
0
Me 2k

2k (15.6 mg) was isolated as a colorless oil in 67% yield. Rh(COD)2BF4 (10 mol%, 0.01 mmol,
4.1 mg) (R)-xyl-SDP (6 mol %, 0.006 mmol, 4.2 mg), (S)-xyl-BINAP (6 mol%, 0.006 mmol, 4.4
mg) were used and the reaction was maintained at 130 °C. Rt = 0.4 (EtOAc/Hexane=1/1). *H NMR
(400 MHz, CDCl3): & 7.00 (dd, J = 8.1, 0.8 Hz, 1H), 6.65 (d, J = 8.1 Hz, 1H), 4.57 (dd, J = 8.3,
0.9 Hz, 1H), 4.51 (d, J = 8.3 Hz, 1H), 3.86 (s, 3H), 3.71 (s, 2H), 2.18 (d, J = 0.7 Hz, 3H), 1.61 (d,
J =0.9 Hz, 3H). 13C NMR (100 MHz, CDCls): § *C NMR (101 MHz, cdcls) & 170.85, 155.54,
131.11,128.70, 127.20, 126.92, 108.65, 83.23, 66.59, 64.27, 35.42, 22.71, 17.09. IR: v 2982, 2963,
2940, 1682, 1488, 1274, 1194, 1037, 936, 817, 659, 638 cm™; HRMS calcd. for [M+H]": 233.1052.
Found: 233.1049.

Chiral HPLC (Chiralpak IA, hexane:isopropanol = 97:3, 1 mL/min, 254 nm), tminor = 12.669 min,

tmajor= 15.409 min. [a]o%® = -25 (¢=1.22, CH,Cl.) at 90 % ee.

Racemic Sample 2k
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DAD1 B, Sig=254,16 Ref=360,100 (LIN\LIN 2015-09-15 18-13-231075-1001.D)

mAU
25
20
15 3 8
10 o ]
5
0
5
40—
10 11 12 13 14 15 16 17 18 19 min
Peak RetTime Type Width Area Height Area
# [min] [min] [MAU*s] [mAU] &
R | = | | = |~ |~ |
1 12.344 BB 0.2754 165.13733 9.11349 50.1464
2 15.093 BB 0.3043 164.17308 83.24353 49.8536

Enantiomeric Sample 2k

DAD1 B, Sig=254,16 Ref=360,100 (LIN\LIN 2015-09-15 18-13-23\076-1201.D)

mAU: %
25 =
204 [
15
10 2
5 o
04 Pha . .
5
10 T T T T T T T
10 1M 12 13 14 15 16 17 18 19 min
Peak RetTime Type Width Area Height Area
¥ [min] [min] [MAU*s] [mAU] %
——— |- R e | = | == | -————- |
1 12.669 BB 0.2658 31.48661 1.83901 5.2409

2 15.409 BB 0.3273 569.30206 26.64713 94.7591

O Me
_.OMe

Cl
2|

2l (18.2 mg) was isolated as yellow solid in 72% yield. Rh(COD)2BF4 (10 mol%, 0.01 mmol, 4.1
mg) (R)-xyl-SDP (6 mol %, 0.006 mmol, 4.2 mg), (S)-xyl-BINAP (6 mol%, 0.006 mmol, 4.4 mg)

were used and the reaction was maintained at 130 °C. Rs = 0.4 (EtOAc/Hexane=1/1). *H NMR
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(400 MHz, CDCls): § 7.18 (d, J = 8.5 Hz, 1H), 6.71 — 6.68 (m, 1H), 4.61 (dd, J = 8.4, 0.8 Hz, 1H),
455 (d, J = 8.4 Hz, 1H), 3.87 (d, J = 21.2 Hz, 1H), 3.86 (s, 3H), 3.71 (dd, J = 21.2, 0.9 Hz, 1H),
1.62 (d, J = 0.8 Hz, 3H). *C NMR (100 MHz, CDCls): 5 169.98, 156.07, 130.35, 126.77, 123.17,
110.31, 83.76, 66.61, 64.36, 35.23, 29.68, 22.76. IR: v 2924, 1684, 1472, 1457, 1274, 1100, 1042,

943, 817 cm™*; HRMS calcd. for [M+Na]*: 276.03980. Found: 276.04000.

Chiral HPLC (Chiralpak IA, hexane:isopropanol = 95:5, 1 mL/min, 210 nm), tminor = 10.463 min,

tmajor= 10.926 min. [a]o?° = -18 (c=1.69, CH.CI.) at 89 % ee.

Racemic Sample 2I

DAD1 B, Sig=254,16 Ref=360,100 (LIN\LIN 2015-09-15 18-13-23\073-0601.D)

mAU

w

o
11720
12.526

Peak RetTime Type Width Area Height Area
¥ [min] [min] [MAU*s] [mAU] %
e R | === = | —m—m - | == |- |
1 11.720 BV 0.2647 467.11456 27.15729 49.3527
2 12.526 VB 0.2670 479.36838 27.55320 50.6473

Enantiomeric Sample 2|

DAD1 B, Sig=254,16 Ref=360,100 (LIN\LIN 2015-09-15 18-13-23\074-0801.D)
mAU )

B o e oo
2
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Peak RetTime Type Width Area Height Area

# [min] [min] [MAU*s ] [MAU] %
e R | === | === | === mmmm- |
1 11.956 MM 0.2596 11.10922 7.13351e-1 5.6933
2 12.671 MM 0.2899 184.01852 10.57862 94.3067
MeOZC
Me
N/OMe
(@)
2m
3:1 mixture of two
diastereomers
trans is favored

2m (19.2 mg) was isolated as a colorless oil in 70% yield. d.r. = 3:1. Rh(COD).BF4 (10 mol%,
0.01 mmol, 4.1 mg) (R)-xyl-SDP (6 mol %, 0.006 mmol, 4.2 mg), (S)-xyl-BINAP (6 mol%, 0.006
mmol, 4.4 mg) were used and the reaction was maintained at 110 °C. Rf= 0.5 (EtOAc/Hexane=1/1).
IH NMR (400 MHz, CDCls): & (major) 7.34 (d, J = 7.6 Hz, 1H), 7.32 — 7.27 (t, J = 7.2 Hz, 1H),
7.07 (d, J = 7.2 Hz, 1H), 4.13 (d, J = 9.5 Hz, 0.79H), 3.90 (s, 2.4H), 3.85 (d, J = 20.5 Hz, 0.9H),
3.66 (d, J = 20.5 Hz, 0.9 H), 3.76 (s, 2.4H), 2.86 (dd, J = 13.0, 1.0 Hz, 0.84H), 2.72 (d, J = 10.0
Hz, 0.9H), 1.54 (d, J = 0.9 Hz, 2.56H). [major and minor E/Z isomers are inseparable in aromatic
region] & (minor) 4.26 (dd, J = 10.8, 6.4 Hz, 0.20H), 3.94 (d, J = 10.2 Hz, 0.35H), 3.92 (s, 0.7H),
3.83 (s, 0.7H), 3.73 (d, J = 10.2 Hz, 0.35H), 2.69 — 2.61 (m, 0.50H), 1.48 (d, J = 0.9 Hz, 0.64H).
13C NMR (100 MHz, CDCls): 6 172.87, 170.20, 143.32, 136.78, 129.33, 128.07, 125.61, 124.68,
69.28, 64.43, 52.47, 48.33, 41.54, 37.16, 24.49. IR: v 2925, 2852, 1735, 1686, 1436, 1325, 1261,
1199, 1174, 1061, 1032, 783, 762, 669, 623 cm™; HRMS calcd. for [M+Na]*: 298.10500. Found:

298.10430. The relative stereochemistry is also determined by 2D-NMR (See Data-2D NMR).
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2n (17.0 mg) was isolated as a colorless oil in 66% yield. d.r. > 20:1. [Rh(CH3CN)2(COD)]BF4
(20 mol%, 0.02 mmol, 7.6 mg), (R)-xyl-BINAP (25 mol%, 0.025 mmol, 18.4 mg) were used and
the reaction was maintained at 130 °C. Rf = 0.5 (EtOAc/Hexane=1/1). 'H NMR (400 MHz,
CDCls): 8 7.16 (t,J = 7.8 Hz, 1H), 6.71 (t, ] = 8.3 Hz, 2H), 4.85 (t, J = 2.7 Hz, 1H), 3.84 (s, 4H),
3.67 (d, J = 20.6 Hz, 1H), 2.45 — 1.51 (m, 8H). 13C NMR (100 MHz, CDCls): § 170.28, 156.49,
131.12, 130.08, 128.23, 118.37, 108.76, 89.04, 65.06, 64.20, 37.04, 34.34, 26.02, 20.56, 18.82, -
0.03. IR: v 2936, 1687, 1639, 1465, 1292, 1265, 1137, 1072, 1056, 1035, 934, 820, 776, 736, 638,
431 cm?; HRMS. calcd. for [M+Na]*: 282.11010. Found: 282.11050. The relative

stereochemistry is determined by both 2D-NMR and X-ray analysis (see attached data).
2.4.8 Synthetic applications
a) N-O bond cleavage reaction: synthesis of 3

0\ Me O™\ ,Me
\-OMe  Mo(CO)s, CHsCN/H0 N
110 °C
o o

0,
2a 86% 3

Compound 2a (100.0 mg, 0.45 mmol, 1 equiv., 95% e.e.) was dissolved in a 20 mL vial (with stir
bar) using acetonitrile (12 mL). Mo(CO)s (133.5 mg, 0.90 mmol, 2 equiv.) and H20 (4 mL) was
added to the stirring solution. Then the reaction was sealed and heated to 110 °C and stirred
overnight. When reaction was complete, the mixture was filtered with Celite pad, then

concentrated under reduced pressure. The residue was purified by silica gel flash column
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chromatography (EtOAc/Hexane=1/2 with 20% MeOH). Compound 3 was obtained as a white

solid in 86% vyield (75 mg).

Compound 3: Rt = 0.2 (EtOAc/Hexane=1/1). [a]po?° = -22 (¢=0.97, CHCl). 'H NMR (400 MHz,
CDCls): § 7.50 (s, 1H), 7.17 (t, ] = 7.8 Hz, 1H), 6.73 (ddt, J = 12.3, 8.1, 0.7 Hz, 2H), 4.50 (d, ] =
8.2 Hz, 1H), 4.32 (dd, J = 8.2, 0.9 Hz, 1H), 3.73 (dt, J = 19.4, 1.2 Hz, 1H), 3.46 (d, J = 19.5 Hz,
1H), 1.61 (d, J = 1.0 Hz, 3H). 3C NMR (100 MHz, CDCls): & 173.59, 157.13, 130.28, 129.86,
128.53, 119.08, 108.62, 84.59, 59.48, 35.37, 26.80. IR: v 3292, 2925, 2853, 1654, 1458, 1376,

1149, 1050, 972, 749, 648 cm™; HRMS. calcd. for [M+Na]*: 212.06820. Found: 212.06830.

b) Cu-catalyzed C-N bond formation: synthesis of 4

Br@COzEt CO,Et
0 Me 0 Me/©/

NH Cul, K,CO3, Tol
/ \ N
o Me—NH HN-Me o
3 59% 4

An 8 mL vial was charged with starting material compound 3 (10 mg, 0.05 mmol, lequiv.,
synthesized from 95% e.e. 2a) and another 8 mL vial was charged with aryl bromide (12.1 mg,
0.05 mmol, lequiv.), Cul (6.1 mg, 0.03 mmol, 0.6 equiv.), KoCOsz (175.5 mg, 1.3 mmol, 24 equiv.)
and Ni,N2-Dimethylethane-1,2-diamine (5.6 mg, 0.06 mmol, 1.2 equiv.). Both vials were
transferred to a nitrogen-filled glove box. Toluene (0.5 mL) was added to the second vial and the
solution was stirred for 2 mins. Using another 1 mL toluene to dissolve and transfer the compound
3 into the pre-stirred mixture of other components. The vial was sealed and took outside the
glovebox. The reaction was stirred at 130 °C overnight. After the reaction was complete, it was
concentrated and purified by silica gel flash chromatography. Compound 4 was obtained as a light

yellow oil in 59% yield (10.2 mg).
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Compound 4: Rs = 0.6 (EtOAc/Hexane=1/1). [a]p? = -2 (c=1.06, CH.Cl;). 'H NMR (400 MHz,
CDCls): §8.14 — 8.09 (m, 2H), 7.32 — 7.27 (m, 2H), 7.23 (d, J = 7.8 Hz, 1H), 6.84 — 6.81 (m, 1H),
6.75 (dt, J = 8.1, 0.7 Hz, 1H), 4.43 — 4.33 (m, 4H), 4.08 (d, J = 8.6 Hz, 1H), 4.00 — 3.91 (m, 1H),
3.76 (d, J = 19.4 Hz, 1H), 1.80 (d, J = 0.9 Hz, 3H), 1.40 (t, J = 7.1 Hz, 3H). 13C NMR (100 MHz,
CDCls): 6 170.84, 165.72, 156.65, 142.81, 130.90, 130.57, 130.08, 129.60, 128.79, 128.35, 118.92,
108.71, 83.25, 65.09, 61.23, 36.85, 25.61, 14.32. IR: v 2924, 2853, 1717, 1669, 1605, 1508, 1472,
1458, 1305, 1276, 1174, 1101, 1020, 958, 936, 768, 742, 713, 580 cm™; HRMS. calcd. for
[M+Na]*: 360.12060. Found: 360.12040.

c) Substitution reaction: synthesis of 5

o Me 0 Me
NH Cs,CO3, Mel N,Me
acetone
© 91% ©
3 5

Compound 3 (15.0 mg, 0.08 mmol, 1 equiv., synthesized from 95% e.e. 2a) was dissolved in a 20
mL vial (with stir bar) using acetone (10 mL). Cs2CO3z (172.2 mg, 0.53 mmol, 7 equiv.) and Mel
(67.5 mg, 29.6 uL, 0.048 mmol, 6 equiv.,) were added to the stirring solution. The reaction was
then sealed and heated to 40 °C with stirring for 36 h. Upon completion, the reaction mixture was
transferred to a separation funnel and 10 mL of NH4CI (sat.) solution was added to quench the
reaction. The mixture was further extracted with ethyl acetate (EA) (3x10 mL) and washed by
brine twice. The organic phase was then dried using Na2SOs and concentrated under reduced
pressure. The residue was purified by silica gel flash column chromatography
(EtOAc/Hexane=1/10) to obtain the compound 5 as a a colorless oil in 91% vyield (14.6 mg).

Compound 5: Rt = 0.5 (EtOAc/Hexane=1/1). [a]po?° = -12 (c=1.46, CH,Cl). 'H NMR (400 MHz,
CDCls): § 7.17 (t, J = 7.8 Hz, 1H), 6.74 (dd, J = 7.6, 0.6 Hz, 1H), 6.71 (d, J = 8.0 Hz, 1H), 4.45

(d, J = 8.0 Hz, 1H), 4.41 (dd, J = 8.1, 0.8 Hz, 1H), 3.71 (d, J = 19.4 Hz, 1H), 3.58 (d, J = 19.4 Hz,
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1H), 2.92 (s, 3H), 1.54 (d, J = 0.8 Hz, 3H). 3C NMR (100 MHz, CDCls): § 170.60, 156.94,
130.26, 130.12, 128.42, 118.79, 108.43, 83.36, 63.57, 36.01, 29.01, 22.76. IR: v 3205, 2964, 2923,
1655, 1473, 1356, 1305, 1242, 1164, 1026, 934, 751, 447 cm; HRMS. calcd. for [M+Na]*:

226.08380. Found: 226.08380.

d) a-arylation of 5: synthesis of 6

O™\ ,Me 1o PA(OAC),, BINAP
N7 p-Tol-Br, NaOBu
1,4-dioxane
o) 53%
5 d.r=3:1

Me
(x-ray obtained)

An 8 mL vial was charged with Compound 5 (10 mg, 0.044 mmol, 1 equiv.) and another 8 mL
vial was charged with aryl bromide (11.3 mg, 0.066 mmol, 1.5equiv.), Pd(OAc)2 (1.2 mg, 0.0044
mmol, 0.1 equiv.), NaO'Bu (12.7 mg, 0.132 mmol, 3 equiv.) and BINAP (2.7 mg, 0.0044 mmol,
0.1 equiv.). Both vials were transferred to a nitrogen filled glove box. 0.5 mL 1,4-dioxane was
added to the second vial and the solution was stirred for 2 mins. Using 1 mL of 1,4-dioxane to
dissolve and transfer the compound 5 into the pre-stirred mixture of other components. The vial
was sealed and took outside the glovebox. The reaction was stirred at 90 °C overnight. After the
reaction was complete, it was concentrated and purified by silica gel flash chromatography.
Compound 6 was obtained as a colorless oil in 53% yield as an inseperable 3:1 mixture of
diastereomers (6.6 mg). The structure was also confirmed by X-Ray analysis. In the crystal we
obtained, 17% of the hydrogen atom at carbon 8 was oxidized to OH.

Compound 6 (a 3:1 mixture of diastereomers): Rf= 0.6 (EtOAc/Hexane=1/1). 'H NMR (400 MHz,

CDCls): & (major) 7.54 (d, J = 0.7 Hz, 1H), 7.47 — 7.44 (m, 2H), 7.09 (td, J = 7.9, 5.3 Hz, 1H),

102



6.89 (dd, J = 8.6, 0.7 Hz, 2H), 6.70 (ddd, J = 8.0, 3.4, 0.7 Hz, 1H), 5.27 (s, 1H), 3.55 (dd, J = 12.8,
7.7 Hz, 1H), 3.45 — 3.38 (m, 1H), 2.35 (s, 3H), 1.99 (s, 3H), 0.70 (d, J = 1.0 Hz, 3H). 13C NMR
(100 MHz, CDCl3): & (major) 173.84, 157.13, 139.75, 138.32, 135.54, 130.72, 129.29, 127.86,
126.89, 118.18, 109.58, 84.19, 75.49, 62.95, 51.13, 29.70, 23.83, 21.25, 21.05. IR: v 3240, 2924,
1659, 1467, 1241, 1166, 954, 933, 788, 751, 450 cm™; HRMS. calcd. for [M+H]": 294.1494.
Found: 294.1486.

¢) a-alkylation of 3: synthesis of 7

o
M
1% Me °
NH  LDA, CH3CHyl INH
8
o 55% 0
3 d.r.>20:1 7 Et

(x-ray obtained)

To a 10 mL flamed-dried Schlenk flask equipped with a stir bar and a nitrogen-filled balloon was
added THF (2.3 mL) and freshly distilled i-ProNH (506.0 mg, 0.7 mL, 5.0 mmol, 1 equiv.). The
system was cooled to -78 °C with an acetone-dry ice bath before n-BuLi (2.5 M in hexane, 2.0 mL,
5 mmol, 1 equiv.) was added dropwise. Upon completion, the system was warmed to 0 °C and
stirred for 0.5 h under nitrogen atmosphere. Meanwhile, to another 10 mL flamed-dried flask
equipped with a stir bar and a nitrogen-filled balloon were added compound 3 (9.5 mg, 0.05 mmol,
1 equiv., synthesized from 95% e.e. 2a) and THF (5 mL). After cooled to -78 °C with an acetone-
dry ice bath, the newly made LDA solution as indicated above (1 M in THF/Hexane, 1.0 ml, 1.00
mmol, 20 equiv.) was added dropwise and the reaction was warmed up to -20 °C for 0.5 h. After
that, the reaction was cooled to -78 °C again and EtI (389.9 mg, 0.2 mL, 2.5 mmol, 50 equiv.) was
added dropwisely. The reaction was gradually warmed up to R.T. for 4h and was quenched by
adding NH4Cl (sat.) 5 mL. The mixture was extracted with ethyl acetate (10 mLx3), washed with

brine, and dried with Na>SOs. The combined organic extract was concentrated under reduced
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pressure and purified by silica gel flash column chromatography (EtOAc/Hexane=1/10) on silica
gel to afford compound 7 as a colorless oil in 55% yield (6.0 mg). The relative stereochemistry
was determined by X-ray analysis (see in X-Ray data). The sample used for X-Ray analysis was
synthesized from compound 3 with 40% e.e.

Compound 7: Rs = 0.5 (EtOAc/Hexane=1/1). [a]p?®® = 8(c=0.50, CH.Cl.). 'H NMR (400 MHz,
CDCl3): 6 7.18 (d,J=7.6 Hz, 1H), 6.73 (dd, J = 7.8, 2.8 Hz, 2H), 6.61 (d, J = 53.6 Hz, 1H), 4.44
(d, J=7.8 Hz, 1H), 4.25 (dd, J = 7.8, 1.0 Hz, 1H), 3.32 (m, 1H), 2.21 (dqd, J = 12.9, 7.5, 5.4 Hz,
1H), 1.81 (ddq, J = 13.2, 10.0, 7.3 Hz, 1H), 1.68 (d, J = 1.0 Hz, 3H), 1.18 (t, J = 7.4 Hz, 3H). 13C
NMR (100 MHz, CDCls): 6 176.05, 157.87, 134.42, 130.03, 127.99, 120.34, 108.62, 85.37, 59.12,
55.97, 48.45, 28.94, 28.92, 12.66.

.IR: v 3432,2923, 1654, 1473, 1365, 1242, 1088, 959, 864, 749 cm™; HRMS. calcd. for [M+Na]*:
240.0995. Found: 240.0993.

f) Rh-catalyzed hydrogenation: synthesis of 8

o 0
Me [Rh(1,5-hexadiene),Cll,  HyJ H\ ,Me
N-OMe ) (750 Psi), THS H N-OMe
o pH=7.6, r.t. Hexane o

2a 62% 8
as a single diastereomer

A 20 mL vial was charged with 2a (18.4 mg, 0.084 mmol, 1 equiv.), [Rh(1,5-pentadiene)Cl]2 (3.7
mg, 0.0084 mmol, 0.1 equiv.), tetrabutylammonium hydrogen sulfate (THS) (11.4 mg, 0.034 mmol,
0.4 equiv.), a buffer solution of pH=7.6 (2 mL), Et>O (0.5 mL) and hexane (5 mL). The vial was
put into a high-pressure hydrogenation reactor and H> gas was introduced and maintained at 850
psi. The vessel was sealed and stirred at r.t. for 24 h. Then H2 pressure was carefully released. The
solution was extracted with EtOAc (3 x 10 mL). The combined organic extract was dried over

anhydrous sodium sulfate, filtered, and concentrated under reduced pressure. The residue was
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purified by silica gel flash column chromatography (EtOAc/Hexane=1/10) to afford product
compound 8 (11.8 mg) as a colorless oil in 62% yield. The relative stereochemistry was determined

by 2D-NMR (see in NMR Sprectra).

Compound 8: Rt = 0.5 (EtOAc/Hexane=1/1). [a]p?° = -42 (c=1.18, CHCl). 'H NMR (400 MHz,
CDCls): 34.04 (d, ] =9.9 Hz, 1H), 3.95 (td, ] = 4.6, 2.2 Hz, 1H), 3.81 (s, 3H), 3.52 (d, ] =9.9 Hz,
1H), 2.78 (dd, J = 16.5, 10.5 Hz, 1H), 2.33 — 2.13 (m, 3H), 2.00 (dtd, J = 10.5, 4.1, 1.3 Hz, 1H),
1.75-1.55 (m, 2H), 1.53 (s, 3H), 1.46 — 1.32 (m, 1H), 0.91 — 0.79 (m, 2H). 3C NMR (100 MHz,
CDCls): 8173.05, 79.15, 69.96, 64.16, 49.50, 37.70, 27.71,27.08, 26.55, 25.24, 15.40. IR: v 2924,
1638, 1472, 1368, 1308, 1243, 1153, 1106, 1022, 957, 936, 793, 771, 601 cm™; HRMS. calcd. for

[M+Na]*: 248.1257. Found: 248.1260.

g) LAH reduction: synthesis of 92

% Me % Me
N-OMe LAH, THF, 0 °C N-OMe
o 65%

2a 9

To a suspension of LiAIH4 (17.4 mg, 0.45 mmol, 10 equiv.) in THF (0.5 mL) in 10 mL flamed-
dried Schlenk flask equipped with stir bar and a nitrogen-filled balloon was added Compound 2a
(12.3 mg, 0.056 mmol, 1 equiv., 95% e.e.) solution in 0.5 mL THF dropwise at 0 °C. The reaction
was then allowed to warm to r.t. and reflux overnight. When the reaction was complete, the flask
was cooled to 0 °C again and 0.3 mL water and 0.2 mL 15% NaOH was added to quench the
reaction. The mixture was then filtered through a silica pad and washed with acetone. The solution

was concentrated under reduced pressure and the residue was purified by silica gel flash column
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chromatography (EtOAc/Hexane=1/10) to afford product compound 9 (7.5 mg) as a colorless oil

in 65% yield.

Compound 9: Rt = 0.7 (EtOAc/Hexane=1/1). [a]po?° = -16 (c=0.51, CH>Cl). 'H NMR (400 MHz,
CDCls): § 7.18 (td, J = 7.9, 1.0 Hz, 1H), 6.72 (dd, J = 7.8, 1.0 Hz, 1H), 4.70 (dd, J = 9.6, 1.0 Hz,
1H), 4.06 (dd, J = 9.6, 1.0 Hz, 1H), 3.99 (dddd, J = 10.7, 5.4, 4.3, 1.0 Hz, 1H), 3.74 (dddd, J =
10.8, 9.5, 3.5, 1.1 Hz, 1H), 3.56 (s, 3H), 3.14 (dddd, J = 14.0, 9.5, 4.3, 1.0 Hz, 1H), 2.92 (dd, J =
14.1, 4.4 Hz, 1H), 1.71 (s, 3H). 23C NMR (100 MHz, CDCls): & 161.09, 138.66, 130.54, 126.40,
123.04, 108.66, 78.60, 67.57, 63.82, 62.84, 35.44, 20.46. IR: v 3347, 2928, 1654, 1591, 1466,
1446, 1264, 1046, 999, 785, 746, 416 cm™; HRMS. calcd. for [M+H]*: 206.1181. Found:
206.1185.

2.4.9 X-ray data

I. X-ray data for 2a

'S \o o Me
’ K N,OMe
P 2a
o

Table 2.10 Crystal Data and Structure Refinement for 2a

Empirical formula C12H13NO3
Formula weight 219.23
Temperature 100(2) K
Wavelength 1.54184 A
Crystal system monaclinic
Space group P21
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Table 2.10 Continued Crystal Data and Structure Refinement for 2a

Unit cell dimensions a=8.3112(15) A a=90°.
b = 7.2566(13) A B=95.146(2)°.
¢ =8.9068(17) A y =90°.

Volume 535.01(17) A3

4 2

Density (calculated) 1.361 Mg/m?3

Absorption coefficient 0.812 mm-!

F(000) 232

Crystal size 0.310 x 0.290 x 0.140 mm3
Theta range for data collection 4.986 to 74.282°.

Index ranges -10<=h<=10, -8<=k<=8, -11<=I<=10
Reflections collected 5543

Independent reflections 2019 [R(int) = 0.0140]
Completeness to theta = 67.684° 100.0 %

Absorption correction Semi-empirical from equivalents
Max. and min. transmission 1.00 and 0.909

Refinement method Full-matrix least-squares on F2
Data / restraints / parameters 2019/1/199

Goodness-of-fit on F2 1.064

Final R indices [I>2sigma(l)] R1 =0.0236, wR2 = 0.0632

R indices (all data) R1 =0.0236, wR2 = 0.0633
Absolute structure parameter -0.06(19)
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Table 2.10 Continued Crystal Data and Structure Refinement for 2a

Extinction coefficient

Largest diff. peak and hole

I1. X-ray data for 2I

Empirical formula
Formula weight
Temperature
Wavelength
Crystal system
Space group

Unit cell dimensions

Volume

Z

Density (calculated)
Absorption coefficient

F(000)

0.0129(17)

0.218 and -0.111 e. A3

_OMe
21

Cl

Table 2.11 Crystal Data and Structure Refinement for 2I

C12 H12 CIN 03

253.68

100(2) K

1.54184 A

monoclinic

P21

a=8.7567(12) A a=90°.

b = 7.2460(10) A B=96.915(7)°.
c=9.0118(14) A y = 90°.

567.65(14) A3

1.484 Mg/m3
2.964 mm-1

264
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Table 2.11 Continued Crystal Data and Structure Refinement for 21

Crystal size

Theta range for data collection
Index ranges

Reflections collected
Independent reflections
Completeness to theta = 67.684°
Absorption correction

Max. and min. transmission
Refinement method

Data / restraints / parameters
Goodness-of-fit on F2

Final R indices [I1>2sigma(l)]
R indices (all data)

Absolute structure parameter
Extinction coefficient

Largest diff. peak and hole

[11. X-ray data for 2n

0.24 x 0.15 x 0.12 mm3

4.943 10 74.278°.

-10<=h<=10, -8<=k<=9, -11<=I<=11
5799

2182 [R(int) = 0.0184]

99.9 %

Semi-empirical from equivalents
1.00 and 0.881

Full-matrix least-squares on F2
2182/103/203

1.063

R1 =0.0207, wR2 = 0.0547

R1 =0.0209, wR2 = 0.0550
0.008(12)

n/a

0.204 and -0.218 e.A3
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Table 2.12 Crystal Data and Structure Refinement for 2n

Identification code
Empirical formula
Formula weight
Temperature
Wavelength
Crystal system
Space group

Unit cell dimensions

Volume

Z

Density (calculated)
Absorption coefficient

F(000)

Crystal size

Theta range for data collection
Index ranges

Reflections collected
Independent reflections
Completeness to theta = 67.684°

Absorption correction

DL-C-59
C15H17 N 03

259.29

100(2) K

1.54184 A

Monoclinic

P21/c

a=9.6015(3) A a=90°.

b =14.9637(5) A B=104.171(3)°.
c=8.9947(3) A y=90°,

1252.98(7) A3

1.375 Mg/m3

0.780 mm-!

552

0.400 x 0.020 x 0.010 mm3

4.750 to 74.174°.

-11<=h<=11, -18<=k<=15, -10<=I<=10
9340

2497 [R(int) = 0.0432]

99.9 %

Semi-empirical from equivalents
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Table 2.12 Continued Crystal Data and Structure Refinement for 2n

Max. and min. transmission
Refinement method

Data / restraints / parameters
Goodness-of-fit on F2

Final R indices [I>2sigma(l)]
R indices (all data)
Extinction coefficient

Largest diff. peak and hole

IV. X-ray data for 6

0.992 and 0.732

Full-matrix least-squares on F2
2497/0/173

1.087

R1 =0.0520, wR2 = 0.2109
R1=0.0632, wR2 = 0.2144

n/a

0.379 and -0.331 e.A-3

Table 2.13 Crystal Data and Structure Refinement for 6

Empirical formula
Formula weight
Temperature
Wavelength
Crystal system
Space group

Unit cell dimensions

C19 H19 N 02.20
296.55

100(2) K

154184 A

orthorhombic

P212121
a=8.2495(3) A o= 90°.
b =12.0484(3) A B=90°.
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Table 2.13 Continued Crystal Data and Structure Refinement for 6

¢ = 14.9606(7) A y = 90°.
Volume 1486.98(10) A3
z 4
Density (calculated) 1.325 Mg/m3
Absorption coefficient 0.689 mm-!
F(000) 630
Crystal size 0.210 x 0.100 x 0.030 mm3
Theta range for data collection 4.712 to 74.417°.
Index ranges -10<=h<=10, -14<=k<=15, -18<=I<=15
Reflections collected 9736
Independent reflections 2909 [R(int) = 0.0376]
Completeness to theta = 67.684° 99.9 %
Absorption correction Semi-empirical from equivalents
Max. and min. transmission 1.00 and 0.849
Refinement method Full-matrix least-squares on F2
Data / restraints / parameters 2909/0/ 206
Goodness-of-fit on F2 1.050
Final R indices [I1>2sigma(l)] R1 =0.0410, wR2 = 0.1030
R indices (all data) R1 =0.0434, wR2 = 0.1049
Absolute structure parameter 0.13(17)
Extinction coefficient n/a
Largest diff. peak and hole 0.162 and -0.277 e. A3
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V. X-ray data for 7

Table 2.14 Crystal Data and Structure Refinement for 7

Empirical formula
Formula weight
Temperature
Wavelength
Crystal system
Space group

Unit cell dimensions

Volume

Z

Density (calculated)
Absorption coefficient
F(000)

Crystal size

Theta range for data collection

C13 H15N 02
217.26

100(2) K
1.54184 A
monoclinic

P21
a=17.5087(2) A
b =19.9025(6) A
¢ =11.5097(5) A

1717.26(10) A3

1.261 Mg/m3

0.685 mm-!

696

0.370 x 0.050 x 0.020 mm3

3.847 to 74.282°.
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Table 2.14 Continued Crystal Data and Structure Refinement for 7

Index ranges

Reflections collected
Independent reflections
Completeness to theta = 67.684°
Absorption correction

Max. and min. transmission
Refinement method

Data / restraints / parameters
Goodness-of-fit on F2

Final R indices [I>2sigma(l)]
R indices (all data)

Absolute structure parameter
Extinction coefficient

Largest diff. peak and hole
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Figure 2.1 H and 3C NMR spectrum of compound 1a
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Figure 2.2 'H and *3C NMR spectrum of compound 1b
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Figure 2.3 'H and 3C NMR spectrum of compound 1c
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Figure 2.4 'H and 3C NMR spectrum of compound 1d
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Figure 2.5 'H and 3C NMR spectrum of compound 1e
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Figure 2.6 *H and 3C NMR spectrum of compound 1f
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Figure 2.7 *H and **C NMR spectrum of compound 1g
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Figure 2.8 'H and 3C NMR spectrum of compound 1h
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Figure 2.9 'H and 3C NMR spectrum of compound 1i
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Figure 2.10 *H and *C NMR spectrum of compound 1j
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Figure 2.11 H and 3C NMR spectrum of compound 1k
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Figure 2.12 H and 3C NMR spectrum of compound 11
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Figure 2.13 H and 3C NMR spectrum of compound 1m
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Figure 2.14 H and *C NMR spectrum of compound 1n
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Figure 2.15 H and 3C NMR spectrum of compound 2a
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Figure 2.16 H and *3C NMR spectrum of compound 2b
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Figure 2.17 H and 3C NMR spectrum of compound 2¢

90 "0- - e €876
mo.owv 009 | 5 92 "6
w0
rs
6L°0 =176
o
S or 81—
GLge—
o
- 8188 —
e
S
e
G g LS PO,
G 6 @ 8% 79
SZ 1L
. e
: . ° — 10T b
. / = 0T 60 6L
- ) [ .
’ 0°€ | o
: - O/ O = KNo1l[~
N > 0'T
: - o T feot
5 -~ (] = ®z0'1 L°
a 70T |5
i - — Q 1 “eot|
22T o~ ~
- O S
: b 82 '801 —
L= 1811 —
89 "6zl —
- £9°0€T
Fo ssIer —
1209
1279 .
1209 L
€L°9 ©
€279 — == F86'T
€279 o
JASTEN [~
612 — == 0T €0 86T —
61 NN S
1272 e
66 TLT —
o
]
o
o
o
ro
o
ro
°
re
o

30 20 10

40

100 90 80 70 60

110
£1 (ppm)

210 200 190 180 170 160 150 110 130 120

220

230



Figure 2.18 H and 3C NMR spectrum of compound 2d

160
060 V
017

€0'T

ST
9T
8b'T
0S'C—%¢
x4
€S°T
SS'T

85°E ~
£9€ =~
S8'E~_
£6'€ ~
66'€ —

«o.v/

£€9b —
wUv-—r
E.v\

0z9
0s9
o0s9
79
19
79
wo
w9
e
€9
€09
€9
81°L
0L~
L W
9TL

PROTON_01
DL-B-92-P

=

e’

9L

T T T T T T T T T
7.0

7.3

7.4

6.9 6.8 6.7 6.6 6.5

f1 (ppm)

7.1

7.2

e
E60°€

Feot

ot

=50'¢
ot

00T
01

00T

4.5
f1 (ppm)

5.0

89T~
1901

78'9€ ~
TrseE "

9994~

86'9L
0€°LL W
€0'18

9€°80T —
YL8IT —
s —

8b°0ET
TL0ET V

£6'8ST —

$L'69T —

CARBON_01
DL-B-92-P-C

50

70

T
110 100
f1 (ppm)

T
120

T
220 210

T
230

134



Figure 2.19 H and 3C NMR spectrum of compound 2e
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Figure 2.20 *H and *C NMR spectrum of compound 2f
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Figure 2.21 H and 3C NMR spectrum of compound 2g
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Figure 2.22 H and *C NMR spectrum of compound 2h
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Figure 2.23 H and 3C NMR spectrum of compound 2i
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Figure 2.24 H and *C NMR spectrum of compound 2j
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Figure 2.25 H and 3C NMR spectrum of compound 2k
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Figure 2.26 H and 3*C NMR spectrum of compound 2l
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Figure 2.27 H and 3C NMR spectrum of compound 2m
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Figure 2.28 H and *C NMR spectrum of compound 2n
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Figure 2.29 H and 3C NMR spectrum of compound 1j-11
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Figure 2.30 H and 3C NMR spectrum of compound 1k-11
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Figure 2.31 H and 3C NMR spectrum of compound 1I-11
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Figure 2.32 H and 3C NMR spectrum of compound 1k-111
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Figure 2.33 *H and 3C NMR spectrum of compound 1k-1V
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Figure 2.34 H and *C NMR spectrum of compound 3
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Figure 2.35 H and 3C NMR spectrum of compound 4
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Figure 2.36 H and 3*C NMR spectrum of compound 5
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Figure 2.37 H and *C NMR spectrum of compound 6
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Figure 2.38 H and 3C NMR spectrum of compound 7
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Figure 2.39 H and 3C NMR spectrum of compound 8
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Figure 2.40 H and 3C NMR spectrum of compound 9
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Figure 2.41 2D NMR spectra of compound 2m
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Figure 2.41 Continued 2D NMR spectra of compound 2m
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Figure 2.42 2D NMR spectra of compound 2n
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Figure 2.43 2D NMR spectra of compound 8
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Figure 2.43 Continued 2D NMR spectra of compound 8
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Figure 2.43 Continued 2D NMR spectra of compound 8
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Figure 2.43 Continued 2D NMR spectra of compound 8
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Figure 2.43 Continued 2D NMR spectra of compound 8
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Figure 2.43 Continued 2D NMR spectra of compound 8
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Figure 2.43 Continued 2D NMR spectra of compound 8
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Figure 2.43 Continued 2D NMR spectra of compound 8
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Figure 2.43 Continued 2D NMR spectra of compound 8
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CHAPTER 3

Concise Synthesis of (—)-Cycloclavine and (—)-5-epi-Cycloclavine via Asymmetric C—C

Activation

3.1 Introduction

With the rapid development of transition metal (TM)-catalyzed carbon—carbon bond (C—C)
activation,! new bond disconnection strategies have been made possible to access complex ring
structures. However, beyond intriguing methodology development, the potential synthetic utility
of these new C—C activation methods remains unexplored. Arguably, one of the most attractive
ways to examine the efficacy and scope of new synthetic methods is to use them in the context of
complex molecule syntheses. On the other hand, the potential challenges in complex molecule
synthesis would provide valuable feedbacks and insights for further development of methodology.
To date, only a handful of examples have been reported on using C—C activation as the key strategy
in total synthesis of natural products,? particularly in an asymmetric manner.?" The namely “Cut-
and-Sew” strategy developed over past decades by our group and others provides new
opportunities for the construction of bridged and fused rings through intramolecular insertion of

an unsaturated unit into o C—C bond of a cyclic ketone. !¢

(Scheme 3.1). As discussed in previous
chapter, we successfully achieved a highly enantioselective carboacylation of C=N bonds. Apart

from aiming to tackle the challenge of applying polarized C=X bonds in “Cut-and-Sew” reactions,

we also envision the synthetic significance of N-containing heterocycles and the potential
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application of this type of transformation in atom-economical total synthesis of related natural
products. In this chapter, we will describe a complete story on the concise total synthesis of indole
alkaloid (—)-cycloclavine and its unnatural analogue enabled by a highly enantioselective “Cut-

and-Sew” transformation*>® with nitrogen-tethered benzocyclobutenones and olefins.

Scheme 3.1 The “Cut-and-Sew” Approach for Bridged and Fused Ring Synthesis

0
2: 4_” B bridged
R ,"l A rings

"Cut” "Sew"”

0 / A fused
$ \ rings
R -

As an indole alkaloid, cycloclavine was first isolated from the seeds of Ipomoea

S

hildebrandtii by Hofmann and co-workers in 19697 and later from Aspergillus japonicas in 1982
(Scheme 3.2).8 It represents the only member in the ergot alkaloid family that contains a
cyclopropane ring. During the past decade, ergot alkaloids have attracted significant attention of
synthetic chemists due to their striking polycyclic fused scaffolds as well as a broad spectrum of
biological activities for potential pharmaceutical and agrichemical applications.’ While the full
biological profile of cycloclavine remains to be disclosed, a recent study showed that cycloclavine

exhibits promising insecticidal and antiparasitic properties.'?

Scheme 3.2 Structures of Representative Ergot Alkaloids

CO,H

(-)-cycloclavine (+)-lysergic acid (-)-ergovaline o \ H
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Scheme 3.3 Prior Strategies towards Total Synthesis of Cycloclavine

a. Szantay's approach
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Distinct from other members in the ergot alkaloids family, cycloclavine possesses a penta-
cyclic core with a unique [3.1.0] structural motif.> The sterically congested cyclopropane ring
along with three contiguous stereogenic centers including two adjacent quaternary carbons
presents a considerable challenge for asymmetric total synthesis. The first total synthesis of (£)-
cycloclavine was described in 2008 by Szantay.!! In this seminal work, the [3.1.0] fused ring was
constructed in the late stage through cyclopropanation of the tetrasubstituted olefin (Scheme 3.3),
which unfortunately gave only 18% yield (32% based on recovered starting material) likely owing
to the steric hindrance of the olefin as well as the presence of nucleophilic indole and pyrrolidine
moieties in the substrate. Subsequently, a number of formal syntheses of cycloclavine have been
reported utilizing such a late-stage cyclopropanation strategy.'? In contrast, a unique and elegant
approach was developed by Wipf in 2011, in which cyclopropane was introduced at the very
beginning of the synthesis followed by two intramolecular Diels-Alder cycloaddition to furnish

the fused 6-5-6-5 ring systems (Scheme 1b).* In 2017, the Wipf group reported the first

asymmetric total synthesis of (—)-cycloclavine.* Despite the high novelty and step-efficiency of
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the synthetic route, the moderate enantioselectivity initially obtained from the asymmetric
cyclopropanation step and a low overall yield still leave room for developing an alternative

enantioselective synthesis of cycloclavine.

Scheme 3.4 Retrosynthetic Analysis for the Synthesis of (—)-Cycloclavine: a C—C Activation

Strategy
cyclopro-
reductive panation
— eam/nat/on ' O/
(-)-cycloclavine (1) Boc asymmetric
N Rh-catalyzed

C—C activation

tandem ’
C-N/C-C O‘
—_ o

coupling

OTf  vie BooN N / 3 N,
- +
©:|LOM9 ————— i 70 \:
Me X
6 5 4

From a retrosynthetic viewpoint (Scheme 3.4), we envisioned that the pyrrolidine D ring
could be installed in the end through an intramolecular reductive amination, and the
tetrasubstituted cyclopropane E ring could be constructed via a diastereoselective
cyclopropanation between a less bulky 1,1-disubstituted olefin 4 with aryl a-diazoketone 3. The
indoline-fused tricycle (A/B/C rings) in intermediate 3 is expected to be synthesized from an
enantioselective  nitrogen-tethered “Cut-and-Sew” reaction via C—C activation of

benzocyclobutenone 5, which could be conveniently prepared from the known aryl triflate 6.1

3.2 Results and Discussion

3.2.1 Rh-catalyzed enantioselective “cut-and-sew ” reactions to construct fused indolines
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To explore the proposed synthetic strategy, the key “Cut-and-Sew” reaction was
investigated first. In 2012, we reported a highly enantioselective Rh-catalyzed carboacylation of
olefins through cleavage of benzocyclobutenone C—C o-bonds.>® This reaction is atom-economical
and operates under pH- and redox-neutral conditions. While a range of substrates have been
demonstrated in this preliminary report, including different substitution patterns on
benzocyclobutenones and olefins, the tethering structure has nevertheless been largely restricted
to a more flexible oxygen linker.>**>" Thus, to enable the synthesis of cycloclavine, the key
questions are 1) whether high efficiency and enantioselectivity could be obtained for the “Cut-and-
Sew” reaction with a more rigid nitrogen-tethered substrate (Scheme 3.5), and 2) whether a rapid
and efficient route could be established for preparing such nitrogen-substituted

benzocyclobutenones.

Scheme 3.5 Challenges for “Cut-and-Sew” Reactions
rigid linker

3 2
R N /ﬁ( R N R?
Mo ?
I R i T T R
R efficiency?
6]

enantioselectivity?

In a forward manner, following a reported procedure by Hosoya,'® the ketal-protected OTf-
substituted benzocyclobutenone (6) was prepared with an excellent overall yield from
commercially available 2-iodoresorcinol through a sequence of triflation and benzyne-mediated
[2+2] cycloaddition (Scheme 3.6). Attempts to directly couple Boc-protected allylamine with
triflate 6 were unfruitful likely owing to the steric hindrance of both substrates. However, a Pd-
catalyzed C—N bond coupling'® between triflate 6 and fert-butyl carbamate, followed by an allylic
alkylation catalyzed by the same Pd species and then acidic workup, provided the nitrogen—

tethered benzocyclobutenone 5 in an excellent yield. Hence, this three-step route offers a rapid and
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high-yielding entry to substrate 5 for the subsequent C—C activation, which otherwise would take

around 6 steps using the prior preparation routes.>’

Scheme 3.6 Synthesis of the Nitrogen-Tethered Benzocyclobutenone Substrate

OMe
OH OTf - OMe
I TfHO, NEt I TMSCH,MgCI .
0°C,DbCM Et,0, -30 °C
OH OTf
98% 7 92%
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BocHN
o Xy
| ¥
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oTf OMe Xantphos (15 mol%) BocN/\/
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then allyl acetate;
then 1M HCI
6
92% 5
C-N H+T
coupling
7N\
Boc P P Boc,_ =
“NH w “Pd N

OMe N OMe
OMe — OMe
J allylic alkylation

With substrate 5 in hand, the key “Cut-and-Sew” reaction was explored (Table 3.1).
Unsurprisingly, under the previous optimal (racemic® and asymmetric>®) conditions for the ether-
linked substrates, the desired tricycle product was only obtained in low yields (Table 3.1, entries 1
and 2) and moderate enantioselectivity (Table 3.1, entry 2). We hypothesized that the reduced
reactivity was likely due to the increased bulkiness and rigidity of the nitrogen linkage, thus use
of a less bulky and more electron-deficient Rh catalyst might enhance the binding with the olefin
moiety thereby promoting the subsequent 2x insertion. Indeed, the combination of a monodentate
phosphine ligand, i.e. PMe;Ph, with n-acidic [Rh(CO)2Cl]; afforded indoline product 8 in an
excellent yield (Table 3.1, entry 3). Interestingly, [Rh(CO)2Cl]2 as a precatalyst alone still gave

49% yield (Table 3.1, entry 4). However, developing enantioselective transformations based on
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the [Rh(CO)2Cl]2 system proved to be challenging due to the limitation of using monodentate

electron-rich ligands. On the other hand, while a promising level of enantioselectivity could be

achieved using chloro-Rh(I)/olefin precatalysts, the yield was difficult to be improved (Table 3.1,

entries 5-7).

Table 3.1 Selected Optimization Study for the Rh-Catalyzed Asymmetric “Cut-and-Sew”

Reaction”
Boc
Boc.
N/\HI/ conditions N H
O
O 1 1,4-dioxane
8
o
5 8
Entry Precatalyst/ Ligand Temperature (°C) Yield®? ee’
1 5 mol% [Rh(cod)Cl],/ 10 mol% dppb 130 18%9-h N/A
2 5 mol% [Rh(cod)Cl],/ 10 mol% (R)-DTBM-segphos 130 12% (57%) 75%
3 5 mol% [Rh(CO),Cl],/ 10 mol% PMe,Ph 120 86% N/A
44 5 mol% [Rh(CO),Cl], 120 49%9 N/A
5 5 mol% [Rh(cod)Cl],/ 10 mol% (R)-DM-segphos 130 22% (71%) 26%
6 5 mol% [Rh(cod)Cl],/ 10 mol% (R)-tol-binap 130 7% (37%) 72%
7 5 mol% [Rh(coe),Cl]»/ 10 mol% (R)-DTBM-segphos 110 12% (44%) 85%
8 10 mol% Rh(nbd),BF,/ 12 mol% (R)-DTBM-segphos 100 61% 97.5%
9 10 mol% Rh(cod),BF4/ 12 mol% (R)-DTBM-segphos 120 22% 98%
10¢€ 10 mol% Rh(cod),BF4/ 12 mol% (R)-DTBM-Segphos 920 95% 97%
11¢ 5 mol% Rh(cod),BF4/ 6 mol% (R)-DTBM-segphos 90 96% 97.5%
12¢8f 3 mol% Rh(cod),BF,/ 3.6 mol% (R)-DTBM-segphos 90 95% 97.5%

2 Unless otherwise mentioned, the reaction was run on a 0.1 mmol scale at specified temperature for 24 h. ? Isolated
yield; numbers in parenthesis are yields based on recovered starting material (brsm). ¢ Determined by chiral HPLC.
9 Reaction time was 72 h. © Reaction time was 12 h. f Reaction scale was 2.0 mmol. 9 NMR yields using 1,1,2,2-
tetrachloroethane as internal standard. " Tetrahydrofuran (THF) was used as solvent.

Finally, we turned our attention to cationic Rh(I) precatalysts, because the olefin

coordination would likely be enhanced due to the cationic nature of the metal. To our delight, using

Rh(nbd).BF4 and DTBM-segphos as the metal/ligand combination, 61% yield and 97.5% ee were

achieved (Table 3.1, entry 8). The Rh(cod).BF4 was found to be more reactive than Rh(nbd).BFa,

and a 95% yield was reached at a lower reaction temperature (90 °C) with the same ee (Table 3.1,

entry 10); in contrast, at 120 °C significant catalyst decomposition was observed leading to a much
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lower yield (Table 3.1, entry 9). Remarkably, with this new catalyst system, the catalyst loading
and reaction time could be further reduced. For example, using 3 mol% Rh, tricycle 8 was isolated

in 95% yield and 97.5% ee in 12 h on a 2.0 mmol scale.

Comparing with our first-generation conditions for the ether-linked benzocyclobutenones,
the current one shows several advantages: first, the reaction temperature is signifi-cantly lower (90
vs 130 °C); second, the loading of the rhodium catalyst could be reduced to 3 mol% (previously,

10 mol%); and finally, the reaction is much faster (12 vs 48 h).

3.2.2 Substrate scope for the Rh-catalyzed synthesis of tricyclic indolines via C—C activation

After obtaining the optimal conditions for the Rh-catalyzed carboacylation of olefins with
nitrogen-tethered benzocyclobutenones, the substrate scope was further investigated (Table 3.2).
First, alkyl substituents on the olefin with various steric properties all underwent the desired

carboacylation reaction giving excellent enantioselectivity (= 97% ee, Table 3.2, entries 1-4). It

is not surprising that with increased bulkiness around the olefin, the yield of the reaction slightly
decreased from methyl to cyclopentyl to isopropyl, while the enantioselectivity remained the same.
Given the pH and redox-neutral reaction conditions, the TBS-protected primary alcohol is well
tolerated (Table 3.2, entry 4). Both electron-rich and poor aryl substituents are compatible, giving

good yields and excellent enantioselectivity (Table 3.2, entries 5-7).

In addition, C5 and C6-substituted benzocyclobutenones are competent substrates (Table
3.3, entries 1 and 2). Furthermore, besides the Boc moiety, other protecting groups at the nitrogen,
such as acyl or tosyl group, are also suitable for this reaction, providing products in 80-91% yields
and 99% ee (Table 3.3, entries 3-5). Gratifyingly, 1,2-disubstituted and trisubstituted olefins
undergo the desired transformation with good yields and ee, which were not viable substrates for
our first generation condition (Table 3.3, entries 6 and 7).
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Table 3.2 Substrate Scope 12

Entry Substrate Product Yield®? eell

Boc. Me Boc,

N o N Me
1 t /- 5a 8a 88% 98%
@)
5b 8b 78% 98%
(6]
Boc\N i-Pr N '
o i-Pr
5¢c 8c 71% 98%
3
(6]
Boc
BOC‘N/\H/\OTBS \N
(0] OTBS
4 5d 8d 71% 97%
(0]
Boc\N \
/\Wo T\ Ph
5 5e 8e 78% 97%
F (@)

8

f

OMe OMe
Boc,
Boc..
oc N N
o)
7 5g O‘ 8g 76% 99%
o)

@ Reaction conditions: [Rh(cod),]BF,4 (5 mol %), (R)-DTBM-segphos (6 mol%),
1,4-dioxane, 90 °C, 12 h. ? Isolated yield. ¢ Determined by chiral HPLC.

93% 98%

In summary, the improved catalytic conditions show a general feature for the nitrogen-
tethered substrates, giving high yields and excellent enantioselectivity. The reaction conditions do
not contain strong acids/bases or stoichiometric oxidants/reductants, which could be the key for
the good functional group tolerance. Thus, this method is expected to be useful for enantioselective

synthesis of various indole or indoline-containing complex target molecules.
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Table 3.3 Substrate Scope 112

Entry Substrate Product Yield? e.e’
Boc\N/\”/Me BOC\N
o) Me
1 5h 8h 95% 98%
6 o
Me
Boc.. Me Boc,
N N
2 /\H/O Me
8i 76% 98%
5
Cl Cl (0]
0 O
Me Me/(
Me N/\”/ N e
3 o ) 90% 99%
5j 8j
(@]
0 O
)k /\/ Me
N

Me N H
4 O 5K i % 8k 80% 99%
o)

T N Ts
[ / N u
f Sj g 91% 99%
o
Boc\ - BOC\N_
©:/|/ ©i)\\ 8m  75% 94%
o

\ .Boc N— /ﬁ
k/ m 8n 82% 98%
®)

@ Reaction conditions: [Rh(cod),]BF4 (5 mol %), (R)-DTBM-segphos (6 mol%), 1,4-
dioxane, 90 °C, 12 h. ? Isolated yield. ¢ Determined by chiral HPLC. 9 Run with 10
mol% [Rh(cod),]BF4 and 12 mol% (R)-DTBM-segphos at 90 °C for 12 h and then
110 °C for 12 h. ® Run with 10 mol% [Rh(cod),]BF,; and 12 mol% (R)-DTBM-
segphos. f Compound 5m is an inseparable 4:1 mixture of trans/cis isomers. From
our control experiment, cis isomer cannot undergo the desired reaction, so the
product obtained was generated exclusively from the trans isomer. The yield was
calculated based on the amount of frans starting material.

3.2.3 Rh-catalyzed diastereoselective cyclopropanation
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With a reliable route to access key intermediate 8, we continued to explore the forward
synthesis of (—)-cycloclavine. First, the diazo-transfer reaction proceeded smoothly to afford
compound 3 in 92% yield (Scheme 3.7). Clearly, the next formidable challenge is to construct the
tetra-substituted cyclopropane E ring in an efficient and diastereoselective fashion. While
cyclopropanation with donor-acceptor carbenoids, pioneered by the Davies group,'® has been
extensively developed, the use of ketone-derived diazo compounds is less common compared to
the widely used ester-derived ones.'? In particular, the a-diazoketone-based cyclopropanation with
1,1-disubstituted olefins to construct tetrasubstituted cyclopropanes diastercoselectively remains

elusive.

Scheme 3.7 Synthesis of Compound 3 as the Substrate for Cyclopropanation

H
TsNa, DBU_ A P
CHGCN. it )
92% © >\j

8 3 4

Boc.
N

Scheme 3.8 Potential Side Reaction for Cyclopropanation

eemm- el Ar
- _— Wolff
0 i = >::O rearrangement
R

A
r\H)LR

N
2 C/' AFXkR cyclopropanation

One potential side reaction with a-diazoketones could be the Wolff rearrangement,?® which
would possibly lead to ring contraction (Scheme 3.8). However, due to the low temperature of the
dirhodium-catalyzed cyclopropanation, the Wolff rearrangement was expected to be unlikely to
happen. Thus, the reactions with racemic a-diazoketone 3 were tested initially under various
dinuclear Rh(II)-catalyzed cyclopropanation conditions (Table 3.4, entries 1-4). Davies’ DOSP

catalyst?* was found to give higher reactivity than other commercially available Rh(II) catalysts.
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While the use of protected allyl amine 4a could indeed provide the desired cyclopropane product
9a, the efficiency was not satisfying, likely owing to the bulkiness or chelating effect of the
carbamate moiety. Hence, less sterically hindered 2-methylallyl chloride 4b was then employed as
the olefin substrate. To our delight, 4b exhibited significantly enhanced reactivity and could even
yield the desired cyclopropane product 9b at —60 °C using Rh2(R-DOSP)s as the catalyst (Table
3.4, entry 5). After a further survey of the reaction temperature and solvent (Table 3.4, entries 6-
8), —40 °C and hexane/toluene as a mixed solvent proved to be more efficient; cyclopropane 9b
could be isolated in 78-80% yield and ~6:1 d.r favoring the desired diastereomer with either
enantiopure or racemic catalyst (Table 3.4, entries 7 and 8). It is noteworthy that both diastereomers
are easily separable, and the relative stereochemistry of the major diastereomer 9b was confirmed

by X-ray crystallography (Scheme 3.9).

The optimal reaction conditions have also been applied to compound 3 with 97.5% e.e.
using 1 mol% Rh2(R-DOSP)4 as the catalyst (Table 3.4, entry 9). On a larger scale the desired
product 9b was still isolated in 85% yield with satisfactory diastereoselectivity. Interestingly, use
of the other enantiomer of the Rh catalyst, i.e. Rh2(S-DOSP)s, gave diminished diastereoselectivity,
suggesting a mismatched situation (Table 3.4, entry 10). Given that both enantiomers of the Rh
catalysts gave the same major diastereomer of the product, it indicates that the diastereoselectivity
was majorly controlled by the substrate. Finally, as a control experiment, the achiral Du Bois’
Rha(esp)2?? catalyst was also found to be effective under the optimized conditions (Table 3.4, entry

11), though the yield was lower than the DOSP one.

180



Table 3.4 Selected Condition Optimization for the Cyclopropanation Step*

Boc,
N—/\ ,H
Me conditions
+ X—
}\/ hexane/ DCM
o slow addition of 3
N2
3 X=MeNBoc, 4a X=MeNBoc, 9a
X=Cl, 4b X=Cl, 9b

Entry X Catalyst (1 mol%)  T[°C] Yield? d.r?
1 MeNBoc Rh,(OAc), 40 <10% N/D
2 MeNBoc Rhy(esp), r.t. trace N/D
3 MeNBoc Rh,(R-DOSP), r.t. 25% N/D
4 MeNBoc Rhy(R-DOSP), -40 trace N/D
5 cl Rh,(R-DOSP), -60 27% 5:1
6 cl Rhy(R-DOSP), -40 45% 6:1
7° cl Rh,(R-DOSP), -40 80% 5.9:1
ged Cl Rh,(R/S-DOSP), -40 78% 5.8:1
goef Cl Rhy(R-DOSP), -40 85% 5.8:1
100¢ o Rhy(S-DOSP), -40 52% 4.3:1
110 cl Rh,(esp), -40 67% 6.3:1

@ Unless otherwise mentioned, the reaction was run on a 0.1 mmol scale at
specified temperature for 6 h using racemic compound 3; compound 3 was added
to the stirring solution of catalyst and 4a or 4b with a speed of 2 mL/ h. ? Yield and
d.r. were determined based on isolated compounds. ¢ Using hexane/toluene (10:1)
as a mixed solvent. ¢ 0.5 mol% of Rh,(R-DOSP), and 0.5 mol% of Rh,(R-DOSP),
were mixed to provide the racemic catalyst. ¢ Starting material 3 was prepared
from compound 8 with 97.5% ee. fReaction was run on a 0.7 mmol scale.

Scheme 3.9 X-ray Structures of Compound 9b (Racemic)

Me' 8 Tl ¢
9b (racemic)

X-Ray bt

A plausible model has been proposed to explain the observed diastereoselectivity (Scheme
3.10). According to Davies’ model on the cyclopropanation with donor-accepter carbenoids,? the

aryl group is generally considered as a larger group and the accepter part is considered as a smaller
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group. Thus, we rationalized that during the transition state for the cyclopropanation, first, the
olefin would approach to the less bulky convex face of the tricycle; second, the smaller methyl
substituent of the olefin would prefer to stay at the more sterically hindered side (the aryl side) of
the carbenoid and the bulkier chloromethyl group of the olefin would favor the less sterically
hindered side (the ketone side). The minor diastereomer likely comes from the other olefin
orientation relative to the carbenoid due to the moderate steric difference between methyl and

chloromethyl groups.

Scheme 3.10 Stereochemical Model for the Cyclopropanation Step

olefin approaches
Boc, from the less bulky
N H "front” convex face
larger smaller
side — ' side
[Rh]
Cl Cl
Me Me
[Rh] Vs [Rh]

major diastereomer minor diastereomer

3.2.4 End game

The stage is now set for closing of the last D ring. A SN2 reaction between alkyl chloride
9b and sodium azide went smoothly to deliver azido compound 10 in an excellent yield (Scheme
3.11). The subsequent one-pot aza-Wittig, imine reduction and reductive amination sequence®*
furnished the pyrrolidine ring and N-methyl substitution in a high overall efficiency and complete

diastereoselectivity. However, the C5 stereocenter was found to be opposite from the one of natural

cycloclavine 1. Nevertheless, removal of the Boc protecting group with TFA, followed by a
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selenium-mediated dehydrogenation,? accomplished the synthesis of (—)-5-epi-cycloclavine 12,
which spectroscopically matched the one reported by Wipf and coworkers.!? It is noteworthy that

indole was added as a scavenger to avoid oxidative decomposition of product 12 formed.?

Scheme 3.11 Synthesis of (—)-5-epi-Cycloclavine

NaN3
DMF, 60 °C
5h

93%

NaBH;CN, AcOH; ;
(PhSe0),0

then HCHO, NaBH,CN
2) DCM/ TFA THE. 55°C |
83% (2 steps) indole
89% : Me 12

d.r. > 20:1

E ( —)-5-epi—cyc/oclavinei

.....................

We postulated that the undesired diastereoselectivity during the imine reduction step is
likely influenced by the remote C3 stereocenter. As depicted from the X-ray crystal structure
(Scheme 3.9) of 9b, the cyclohexanone C ring is highly twisted, which forces the C8 quaternary
center pointing to the same face as the C3 hydrogen. Thus, we hypothesized that removing the C3
stereocenter might significantly alter the conformation of the imine intermediate, thereby
providing a different stereochemical outcome for the reduction. To test this hypothesis, the indoline
moiety in azide 10 was then converted to a flat indole structural motif through Boc-deprotection
and then dehydrogenation (Scheme 3.12). Using indole 2 as the substrate, to our delight, the same
aza-Wittig reduction/reductive amination sequence indeed provided (—)-cycloclavine in 78% yield

as a single diastereomer, which is spectroscopically identical to the reported natural sample.”*

183



Scheme 3.12 Total Synthesis of (—)-Cycloclavine

1) TFA/ DCM

2) (PhSe0),0
indole, THF, 55 °C
79% (2 steps)

then NaBH;CN, AcOH
then HCHO, NaBH3CN

78%
d.r. >20:1

© (-)-cycloclavine (1) E

3.3 Conclusion

In summary, concise enantioselective total synthesis of (—)-cycloclavine has been
accomplished in 10 steps with 30% overall yield (Scheme 3.13). The high efficiency of the
synthetic strategy is enabled by a number of transition metal-catalyzed transformations. First, a
Pd-catalyzed tandem C—N bond coupling/allylic alkylation offers a rapid and high-yielding route
to access nitrogen-tethered benzocyclobutenone substrates. Second, an asymmetric Rh-catalyzed
“Cut-and-Sew” reaction has been employed to build the fused A/B/C core structure in a highly
enantioselective manner. Third, a diastereoselective Rh-catalyzed cyclopropanation between a-
diazoketone and 1,1-substituted olefin effectively constructs two adjacent quaternary centers,
which addresses the “late-stage cyclopropanation challenge” in cycloclavine synthesis.** In
particular, the C—C activation method has served as the key strategy in this total synthesis, which
could have further implications beyond this work. It is anticipated that the unique “Cut-and-Sew”
strategy may inspire future development of novel bond disconnections for the syntheses of other

natural products and bioactive compounds that contain complex bridged or fused rings.
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Scheme 3.13 A Summary of the Synthetic Efforts towards (—)-Cycloclavine

Pd-catalyzed = Rh-catalyzed Boc,

OH tandem BocN/\/ enantioselective N H
| coupling 0) "Cut-and-Sew"
———
950/0, 97.5% ee
OH 3 steps 0
2-iodoresorcinol 5 8

Rh-catalyzed
diastereoselective 2 steps
cyclopropanation

aza-Wittig
imine reduction
reductive amination

BocN

78%
d.r. >20:1

(-)-cycloclavine (1) 2 9b

10 total steps
30% overall yield

3.4 Experimental
3.4.1 General information

Unless otherwise noted, all screening reactions were carried out in 4-mL vial sealed with PTFE
lined caps. Solvents for the rhodium catalyzed C—C bond activation reaction were distilled over
corresponding drying agents then freeze-pump-thawed three times before use. Methyl acetate was
distilled over phosphorus pentoxide and freeze-pump-thawed three times before use. Rhodium
precatalysts were purchased from Strem. All commercially available substrates were used without
further purification. Thin layer chromatography (TLC) analysis was run on silica gel plates
purchased from EMD Chemical (silica gel 60, F254). Infrared spectra were recorded on a Nicolet
iS5 FT-IR Spectrometer using neat thin film technique. High-resolution mass spectra (HRMS)
were obtained on an Agilent 6224 TOF-MS spectrometer and are reported as m/z. Nuclear
magnetic resonance spectra (*H NMR and *C NMR) were recorded with a Bruker Model DMX

400 (400 MHz, *H at 400 MHz, 13C at 101 MHz). For CDCls solutions, the chemical shifts were
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reported as parts per million (ppm) referenced to residual protium or carbon of the solvents: CHCIs
O H (7.26 ppm) and CDCl3 6 C (77.00 ppm). Coupling constants were reported in Hertz (Hz). Data
for 1H NMR spectra were reported as following: chemical shift (8, ppm), multiplicity (br = broad,
s = singlet, d = doublet, t = triplet, q = quartet, dd = doublet of doublets, td = triplet of doublets,
ddd = doublet of doublet of doublets, m = multiplet), coupling constant (Hz), and integration.
Analytical HPLC was carried out on an Angilent 1260 infinity HPLC with DAD, Chiralpak IA-IF,

served as columns, and mixtures of n-hexane and i-PrOH were used for elution.
3.4.2 Synthetic routes for substrate synthesis

The substrates for the C—C activation reactions were synthesized following the route shown below:

For compound 6:
OMe

OH OTf - i OTf
OMe OMe
I Tf,0, NEt; ' TMSCH,MgCI OMe
0°C, DCM Et,0, -30 °C
OH OTf
98% 7 92% 6
For compound 6h and 6i:
OH oTf
O OMe
e 1) Tf,0, NEt;, DCM, 0 °C OMe
2) (MeO)sCH, p-TsOH, MeOH, rt. R
S1 and S2 6h and 6i
One-pot Procedure
BocNH,
OTf [Pd(allyl)Cl],, Xantphos, BocN/\/
OMe ;
OMe Cs,CO3, 1,4-dioxane, 100 °C o
then allyl acetate, 100 °C;
then 1M HCI, r.t.
6 92% 5
Stepwise Procedure o
(0} '
OTf R ,
BocN R
O'\é?vlen BocNH, or MeANH2 2) NaH, R'X, DMF, rt. ~0C o Me)kN
O
R [Pd(ally)Cl], Xantphos,  3) 1M HCI/ THF, r.t. or
Cs,COg3, 1,4-dioxane
6a to 6k 100 °C 5a to 5k
For5l 5m and 5n
OTf Ts < = Ts < %
OMe N/\gM N
OMe TsNH» OeM 1M HCI/ THF, r.t. Ie)
[Pd(allyl)Cl],, Xantphos, e 98%
Cs,CO3, 1,4-dioxane ?
6 100 °C; then allyl acetate 51-1 51
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Compound 6 was synthesized according to the reported procedure®. Compounds 6h and
6i were synthesized in two steps from literature known benzocyclobutenone precursors® S1 and
S2. For the following C—N bond coupling reaction, alkylation and deprotection sequence, substrate
5 was synthesized using a one-pot procedure!®®, while substrates 5a-5k and 5m to 5n were
synthesized following the stepwise procedure. For compound 5I, because the C—N bond coupling
was not efficient enough, we purified the intermediate 5I-1 and subjected it to the following

reactions.

3.4.2.1 Synthesis of intermediates and substrates 5 to 5n

a) Synthesis of known compounds 6, S1 and S2:

OTf OH
OMe 0 OH o
Cl
6 Me S1 S2

Compounds 6, S1 and S2 were synthesized according to the reported procedure, Their

spectroscopic data match those reported in literature">.

b) Synthesis of compounds 6h and 6i:

OH oTf
O OMe
R 1) Tf,O, NEt3, DCM, -78 °C OMe
2) (MeO)3CH, p-TsOH, MeOH, r.t. R
S1 or S2 6h and 6i

Representative procedure:

To a 100 mL flamed-dried Schlenk flask equipped with a stir bar and a nitrogen-filled balloon was
added S1 (843.7 mg, 5.7 mmol, 1.0 equiv.) in dichloromethane (30 mL). The system was cooled

to -78 °C with a dry ice-acetone bath before NEts (1.58 mL, 11.4 mmol, 2.0 equiv.) and Tf.O (1.15
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mL, 6.84 mmol, 1.2 equiv.) were added dropwisely. Upon completion of the addition, the system
was kept at -78 °C and stirred for 1 h under nitrogen atmosphere. After the starting material was
fully consumed, the reaction mixture was quenched with saturated aqueous NH4ClI solution (20
mL) and warmed to room temperature. The mixture was extracted with ethyl acetate (3x20 mL),
washed with brine, and dried over Na.SOa. The combined organic extract was concentrated under
reduced pressure and subjected to next step without further purification. The crude product was
dissolved in MeOH (20 mL) before (MeO)3CH (5.61 mL, 51.3 mmol, 9.0 equiv.) and p-TsOH
(108.4 mg, 0.57 mmol, 0.1 equiv.) were added to the stirring solution. The reaction was stirred at
room temperature overnight. The reaction was quenched by saturated aqueous NaHCO3 solution
(20 mL) and the mixture was extracted with ethyl acetate (3x20 mL), washed with brine, and dried
over NaSO4. The crude product was purified by silica gel flash column chromatography

(EtOAc/Hexane=1/10) to afford compound 6h as a colorless oil in 96% yield over two steps (1.78

9)-

Compound 6h was isolated as a colorless oil in 96% yield over two steps (1.78 g). Rr = 0.6
(EtOAc/Hexane=1/5). *H NMR (400 MHz, CDCl3): § 7.17 (dd, J = 8.6, 0.9 Hz, 1H), 7.05 (d, J =
8.5 Hz, 1H), 3.45 (s, 6H), 3.31 (s, 2H), 2.23 (s, 3H). 3C NMR (101 MHz, CDCls): 5 143.1, 138.6,
135.6, 134.6, 132.5, 120.1, 120.0, 117.0, 104.5, 51.8, 42.4, 16.4. IR: v 3446, 2065, 1635, 1423,
1256, 1211, 860, 750, 618 cm™; HRMS calcd. For [M+Na]*: 349.0328 Found: 349.0323.

¢) Synthesis of compound 5:
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BocNH,

oTf [Pd(allyl)Cl],, Xantphos, BocN/\/
O'\(")e'vle Cs,CO3, 1,4-dioxane, 100 °C o
then allyl acetate, 100 °C;
then 1M HCI, r.t.
6 92% 5
Procedure:

To a 20 mL flamed-dried vial equipped with a stir bar was added 6 (312.3 mg, 1 mmol, 1.0 equiv.),
BocNH: (175.8 mg, 1.5 mmol, 1.5 equiv.), [Pd(allyl)Cl]2 (18.3 mg, 0.05 mmol, 5 mol%), Xantphos
(86.8 mg, 0.15 mmol, 15 mol%) and Cs2CO3 (975 mg, 3.0 mmol, 3.0 equiv.). Then the vial was
loosely capped and transferred into a nitrogen-filled glovebox and 1,4-dioxane (10 mL) was added
to the mixture before the vial was tightly capped and transferred out. The system was heated to
100 °C overnight. The reaction was then cooled down to room temperature and allyl acetate (0.54
mL, 5 mmol, 5.0 equiv.) was added to the mixture inside glovebox. The mixture was stirred at 100
°C for another 10 min. After cooling the reaction back to room temperature, 1M HCI (6 mL) was
added dropwisely to the vial and the mixture was stirred for 1 h at room temperature. The reaction
was then quenched by saturated aqueous NaHCOs solution (30 mL) and the mixture was extracted
with ethyl acetate (3x20 mL), washed with brine, and dried over Na>SO4. The crude product was
purified by silica gel flash column chromatography (EtOAc/Hexane=1/10) to afford compound 5

as a colorless oil in 92% yield (252 mg).

BocN/\/
O

Compound 5 was isolated as a colorless oil in 92% vyield in one pot (252 mg). R = 0.4
(EtOAc/Hexane=1/5). *H NMR (500 MHz, CDCls): § 7.52 (d, J = 8.4 Hz, 1H), 7.48 — 7.41 (m,

1H), 7.18 (d, J = 7.1 Hz, 1H), 5.80 (ddt, J = 17.5, 10.4, 5.3 Hz, 1H), 5.13 — 5.01 (m, 2H), 4.57 (d,
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J=5.1 Hz, 2H), 3.89 (s, 2H), 1.49 (s, 9H). 13C NMR (101 MHz, CDCls): 5 185.4, 153.1, 150.5,
139.0, 135.9, 135.7, 133.8, 123.4, 118.5, 116.0, 81.7, 51.2, 51.1, 28.1. IR: v 2977, 2929, 1765,
1707, 1599, 1478, 1367, 1239, 1147, 976, 787, 575 cm™; HRMS calcd. For [M+Na]*: 296.1257.
Found: 296.1256.

d) Synthesis of compounds 5a to 5k and 5m to 5n:

0
0 \
oTf R ok
BocN .R
O'\é?we” BocNH, or Me)LNHz 2) NaH, R'X, DMF, rit. o Me N
0
R [Pd(allyl)Cllz, Xantphos,  3) 1M HCI/ THF, r.t. or
Cs,COg3, 1,4-dioxane
0,
6, 6h or 6i 100°C 5a to 5k and 5m to 5n

Procedure (using 5a as an example):

To a 20 mL flamed-dried vial equipped with a stir bar was added 6 (665.2 mg, 2.13 mmol, 1.0
equiv.), BocNH2 (391.9 mg, 3.34 mmol, 1.5 equiv.), [Pd(allyl)Cl]2 (38.9 mg, 0.11 mmol, 5 mol%),
Xantphos (184.9 mg, 0.32 mmol, 15 mol%) and Cs>COz (2.08 g, 6.4 mmol, 3.0 equiv.). Then the
vial was loosely capped and transferred into a nitrogen-filled glovebox and 1,4-dioxane (10 mL)
was added to the mixture before the vial was tightly capped and transferred out. The system was
then heated to 100 °C overnight. Upon completion, the reaction was cooled to room temperature
and filtered through a pad of celite. The filtrate was concentrated under reduced pressure and the
crude product was dissolved in DMF (10 mL). NaH (74.88 mg, 3.12 mmol, 1.5 equiv.) was added
to the mixture, followed by 3-chloro-2-methyl-1-propene (0.42 mL, 3.12 mmol, 1.5 equiv.). The
mixture was stirred overnight at room temperature. Upon completion, the reaction was quenched
with water and extracted with ethyl acetate (3x20 mL), washed with brine, and dried over Na;SOa.
The crude product was dissolved in 6 mL tetrahydrofuran and transferred to a 20 mL vial charged

with a stir bar. While stirring, 2 mL of 1M HCI aqueous solution was added to the mixture. After
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stirring for 1 h at room temperature, saturated NaHCOs3 aqueous solution was added dropwisely to
quench the reaction. The mixture was extracted with ethyl acetate (3x20 mL), washed with brine,
and dried over Na2SOa. The crude product was purified by silica gel flash column chromatography
(EtOAc/Hexane=1/5) to afford compound 5a as a colorless oil in 94% yield (575 mg) over 3 steps.

[All the R’X used in substrate preparation were literature known compounds®*¥]

M
BocN/\H/ ©
x4

5a

Compound 5a was isolated as a colorless oil in 94% vyield over 3 steps. Rf = 0.5
(EtOAc/Hexane=1/5). *H NMR (500 MHz, CDCls): & 7.51 (d, J = 8.4 Hz, 1H), 7.48 — 7.42 (m,
1H), 7.18 (d, J = 7.0 Hz, 1H), 4.76 — 4.73 (m, 1H), 4.70 (s, 1H), 4.51 (s, 2H), 3.88 (s, 2H), 1.68 (s,
3H), 1.49 (s, 9H). 3C NMR (101 MHz, CDCls): § 185.4, 153.3, 150.5, 141.3, 139.2, 135.9, 135.7,
123.5, 118.5, 110.7, 81.6, 53.9, 51.1, 28.1, 19.9. IR: v 3080, 2976, 2931, 1766, 1708, 1599, 1478,

1367, 1240, 1159, 975, 788, 576 cm™*; HRMS calcd. For [M+Na]*: 310.1414. Found: 310.1414.

5d

5b

Compound 5b was isolated as a colorless oil in 86% vyield over 3 steps. Rf = 0.6
(EtOAc/Hexane=1/5). *H NMR (500 MHz, CDCls): & 7.52 (d, J = 8.4 Hz, 1H), 7.49 — 7.42 (m,
1H), 7.18 (d, J = 7.0 Hz, 1H), 4.78 (s, 1H), 4.68 (s, 1H), 4.55 (s, 2H), 3.89 (s, 2H), 2.35 (p, J = 8.5
Hz, 1H), 1.82 (td, J = 11.2, 6.8 Hz, 2H), 1.72 — 1.62 (m, 2H), 1.61 — 1.52 (m, 2H), 1.49 (s, 9H),
1.44 — 1.34 (m, 2H). *C NMR (101 MHz, CDClz): 4 185.3, 153.2, 150.4, 148.5, 139.1, 136.0,

135.8, 123.3, 118.4, 106.3, 81.5, 52.8, 51.0, 43.6, 31.2, 28.0, 24.8. IR: v 2955, 2869, 1766, 1708,
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1599, 1478, 1367, 1243, 1157, 981, 787, 575 cm™; HRMS calcd. For [M+Na]*: 364.1883. Found:

364.1880.

i-Pr
BocN/A\H/
i

5¢c

Compound 5c was isolated as a colorless oil in 97% vyield over 3 steps. Rf = 0.6
(EtOAc/Hexane=1/5). *H NMR (500 MHz, CDCls): & 7.51 (d, J = 8.4 Hz, 1H), 7.48 — 7.42 (m,
1H), 7.18 (d, J = 7.0 Hz, 1H), 4.76 (s, 1H), 4.67 (s, 1H), 4.56 (s, 2H), 3.88 (s, 2H), 2.23 (hept, J =
6.4 Hz, 1H), 1.48 (s, 9H), 1.03 (d, J = 7.0 Hz, 6H). 13C NMR (101 MHz, CDCls): & 185.4, 153.3,
151.1, 150.5, 139.2, 136.0, 135.9, 123.4, 118.5, 106.6, 81.6, 52.1, 51.1, 31.6, 28.1, 21.6. IR: v
3435, 2965, 2930. 1766, 1708, 1599, 1478, 1367, 1243, 1155, 981, 786 cm™; HRMS calcd. For

[M+H]": 316.1907. Found: 316.1906.

BocN /\H/\OTBS
O

5d

Compound 5d was isolated as a colorless oil in 91% vyield over 3 steps. Rf = 0.7
(EtOAc/Hexane=1/5). *H NMR (500 MHz, CDCls): § 7.49 (d, J = 8.3 Hz, 1H), 7.45 (dd, J = 8.3,
6.8 Hz, 1H), 7.18 (d, J = 6.8 Hz, 1H), 5.05 (d, J = 1.5 Hz, 1H), 4.83 (d, J = 1.4 Hz, 1H), 4.58 (s,
2H), 4.09 (s, 2H), 3.88 (s, 2H), 1.48 (s, 9H), 0.87 (s, 9H), 0.02 (s, 6H). *C NMR (101 MHz,
CDCls): 6 185.4, 153.2, 150.5, 144.3, 139.4, 135.9, 135.6, 123.5, 118.6, 109.7, 81.7, 64.1, 51.2,
50.7,28.1, 25.8, 18.3, -5.5. IR: v 2929, 2856, 1766, 1711, 1600, 1478, 1367, 1257, 1158, 977, 838,

765 cm™; HRMS calcd. For [M+H]": 418.2408. Found: 418.2410.
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BocN/\”/
O

5e

Compound 5e was isolated as a colorless oil in 30% vyield over 3 steps. Rf = 0.5
(EtOAc/Hexane=1/5). *H NMR (500 MHz, CDCl3): § 7.40 (dd, J = 8.4, 7.1 Hz, 1H), 7.35 — 7.24
(m, 6H), 7.18 (d, J = 7.1 Hz, 1H), 5.25 (s, 1H), 5.05 (s, 1H), 5.02 (s, 2H), 3.90 (s, 2H), 1.47 (s,
9H). °C NMR (101 MHz, CDCls): 6 185.5,153.1, 150.4, 144.5,139.5, 139.1, 135.8, 135.2, 128.2,
127.7,126.4,124.1,118.7,112.7,81.7,51.9,51.2, 28.0. IR: v 2977, 2926, 1766, 1707, 1599, 1478,

1368, 1241, 1157, 981, 750, 704 cm™; HRMS calcd. For [M+H]*: 350.1751. Found: 350.1761.

F
BOCN/\H/©/
e

5f

Compound 5f was isolated as a light yellow solid in 75% yield over 3 steps. Melting Point: 91-92
°C. Rt = 0.4 (EtOAc/Hexane=1/5). 'H NMR (500 MHz, CDCls): § 7.40 (t, J = 7.7 Hz, 1H), 7.34
—7.26 (M, 3H), 7.19 (d, J = 7.1 Hz, 1H), 6.97 (t, J = 8.5 Hz, 2H), 5.18 (s, 1H), 5.03 (s, 1H), 5.00
(s, 2H), 3.90 (s, 2H), 1.47 (s, 9H). 13C NMR (101 MHz, CDCls): § 185.6, 162.4 (d, J = 246.7 Hz),
153.1, 150.4, 143.6, 139.4, 135.8, 135.2 (d, J = 3.4 Hz), 135.1, 128.1 (d, J =8.0 Hz), 124.2, 118.8,
115.0 (d, J =21.4 Hz), 112.9, 81.8,51.8, 51.2, 28.0. 1°F NMR (470 MHz, CDCl3): § -68.4. IR: v
3435, 2930, 1764, 1707, 1600, 1510, 1368, 1234, 1157, 981, 841, 750 cm™; HRMS calcd. For

[M+Na]*: 390.1476. Found: 390.1483.
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OMe
BOCN/\H/©/
o

Sg

Compound 5g was isolated as a colorless oil in 37% vyield over 3 steps. Rf = 0.4
(EtOAc/Hexane=1/5). *H NMR (500 MHz, CDCls): § 7.40 (t, J = 7.7 Hz, 1H), 7.31 (d, J = 8.3
Hz, 1H), 7.29 — 7.25 (m, 2H), 7.18 (d, J = 7.1 Hz, 1H), 6.83 (d, J = 8.6 Hz, 2H), 5.18 (s, 1H), 4.96
(s, 1H), 4.99 (s, 2H), 3.89 (s, 2H), 3.80 (s, 3H), 1.47 (s, 9H). 3C NMR (101 MHz, CDCls): &
185.5, 159.2, 153.2, 150.4, 143.7, 139.5, 135.7, 135.2, 131.6, 127.4, 124.2, 118.7, 113.5, 111.2,
81.7,55.2,51.8, 51.2, 28.1. IR: v 3454, 2978, 2932, 1763, 1706, 1600, 1513, 1368, 1249, 1156,

1033, 981, 836, 749, 576 cm™*; HRMS calcd. For [M+Na]*: 402.1676 Found: 402.1669.

Me
BocN/\W
0

Me Sh

Compound 5h was isolated as a colorless oil in 87% vyield over 3 steps. Rf = 0.6
(EtOAc/Hexane=1/5). 'H NMR (400 MHz, CDCls): 6 7.39 (d, J = 8.3 Hz, 1H), 7.24 (d, J = 8.4
Hz, 1H), 4.74 (s, 1H), 4.70 (s, 1H), 4.49 (s, 2H), 3.82 (s, 2H), 2.30 (s, 3H), 1.67 (s, 3H), 1.48 (s,
9H). 13C NMR (101 MHz, CDCl3): 8 185.3,153.4,149.2, 141.4,138.9, 136.8, 133.2, 128.8, 124.7,
110.8, 81.4, 53.9, 50.0, 28.1, 19.9, 16.9. IR: v 2976, 2922, 1761, 1706, 1577, 1497, 1389, 1366,

1242, 1154, 1088, 979, 764 cm™; HRMS calcd. For [M+H]*: 302.1751 Found: 302.1749.

BocN/\H/NIe
o

5i

Cl
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Compound 5i was isolated as a colorless oil in 60% vyield over 3 steps. R = 0.4
(EtOAc/Hexane=1/5). 1H NMR (400 MHz, CDCls): & 7.67 (s, 1H), 7.17 (d, J = 1.3 Hz, 1H), 4.80
—4.71 (m, 1H), 4.67 (s, 1H), 4.53 (s, 2H), 3.86 (s, 2H), 1.69 (s, 3H), 1.50 (s, 9H). 13C NMR (101
MHz, CDCls): 6 183.6, 152.9, 151.2, 141.8, 141.0, 137.0, 136.7, 123.6, 118.9, 110.6, 82.3, 54.0,
50.7, 28.0, 19.9. IR: v 2977, 2930, 1766, 1713, 1594, 1446, 1366, 1275, 1155, 1071, 980, 764,

749 cm™t; HRMS calcd. For [M+Na]*: 344.1024 Found: 344.1028.

]

“ T
P

5]

Compound 5j was isolated as a colorless oil in 78% vyield over 3 steps. R = 0.4
(acetone/Hexane=1/5). *H NMR (400 MHz, CDCls): § 7.53 (dd, J = 8.1, 7.3 Hz, 1H), 7.36 (d, J
= 7.3 Hz, 1H), 7.30 (s, 1H), 4.76 (s, 1H), 4.72 (s, 1H), 4.50 (s, 2H), 3.97 (s, 2H), 2.15 (s, 3H), 1.67
(s, 3H). 3C NMR (101 MHz, CDCls): § 185.5, 170.0, 151.4, 140.5, 136.3, 135.1, 125.7, 121.0,
112.2,53.9, 51.8, 22.5, 20.0. IR: v 3005, 1762, 1665, 1596, 1477, 1377, 1275, 1260, 764, 750 cm"

1 HRMS calcd. For [M+H]*: 230.1176 Found: 230.1179.

Compound 5k was isolated as a colorless oil in 85% vyield over 3 steps. Rf = 0.4
(acetone/Hexane=1/5). *H NMR (400 MHz, CDCls): § 7.54 (dd, J = 8.1, 7.3 Hz, 1H), 7.38 (d, J
=7.3 Hz, 1H), 7.29 (s, 1H), 5.78 (ddt, J = 17.2, 10.6, 5.5 Hz, 1H), 5.18 — 5.03 (m, 2H), 4.53 (d, J

= 5.5 Hz, 2H), 3.99 (s, 2H), 2.13 (s, 3H). 3C NMR (101 MHz, CDCls): 5 185.5, 169.8, 151.6,
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136.3, 135.1, 133.0, 126.0, 121.3, 117.1, 51.9, 51.3, 22.6. IR: v 2922, 1762, 1668, 1596, 1478,

1375, 1275, 1139, 970, 750, 570 cm™; HRMS calcd. For [M+H]*: 216.1019 Found: 216.1015.

BocN/\%\Me
O

5m
(inseperable 4:1 mixture of trans/cis isomers)

Compound 5m was isolated as a colorless oil in 88% yield over 3 steps. R = 0.6
(EtOAc/Hexane=1/5). *H NMR (400 MHz, CDCls): § (reported as a E/Z mixture) 7.53 —7.40 (m,
2H), 7.19 (td, J = 7.1, 1.4 Hz, 1H), 5.59 — 5.29 (m, 2H), 4.63 — 4.57 (m, 0.4H), 4.48 (dt, J = 5.6,
1.3 Hz, 1.6H), 3.93 — 3.85 (m, 2H), 1.64 — 1.57 (m, 3H), 1.49 (s, 9H). 13C NMR (101 MHz,
CDCls): & (reported as a E/Z mixture) 185.52, 185.46, 153.2, 150.6, 150.5, 139.5, 139.1, 135.9,
135.84, 135.82, 135.7, 127.8, 126.6, 126.51, 126.48, 124.1, 123.6, 118.7, 118.4, 81.6, 81.5, 51.2,
51.1, 50.7, 46.2, 28.2, 28.1, 17.7, 13.0. IR: v 2975, 2927, 1763, 1704, 1599, 1580, 1477, 1366,

1308, 1232, 1159, 1138, 974 cm™; HRMS calcd. For [M+H]*: 288.1594; Found: 288.1591.

S

5n

Compound 5n was isolated as a colorless oil in 80% vyield over 3 steps. Rf = 0.6
(EtOAc/Hexane=1/5). *H NMR (400 MHz, CDCls): & 7.45 (d, J = 4.4 Hz, 2H), 7.22 — 7.16 (m,
1H), 5.45 —5.37 (m, 1H), 4.43 (s, 2H), 3.89 (s, 2H), 1.94 — 1.82 (M, 4H), 1.56 — 1.50 (m, 2H), 1.48
(s, 9H), 1.47 — 1.43 (m, 2H). 13C NMR (101 MHz, CDCl3): 5 185.6, 153.5, 150.5, 139.6, 135.8,
135.8, 133.7, 123.8, 122.6, 118.5, 81.4, 54.3, 51.2, 28.1, 26.0, 24.9, 22.5, 22.3. IR: v 3450, 2976,
2928, 1764, 1704, 1634, 1478, 1366, 1234, 1157, 1137, 980 cm™; HRMS calcd. For [M+H]":

328.1907; Found: 328.1903.
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e) Synthesis of compound 5I:

oTf oMo Ts\N/\/ Ts P
OMe TsNH, OMe 1M HCI/ THF, r.t. o
©:|L [Pd(allyl)Cl],, Xantphos, @:‘401\/@ - @j
Cs,CO0g3, 1,4-dioxane
6 100 °C; then allyl acetate 5]-1 51

Procedure (step 1):

To a 8 mL flamed-dried vial equipped with a stir bar was added 6 (156.2 mg, 1 mmol, 1.0 equiv.),
TsNH: (205.4 mg, 1.2 mmol, 2.4 equiv.), [Pd(allyl)Cl]2 (36.6 mg, 0.10 mmol, 20 mol%), Xantphos
(173. mg, 0.30 mmol, 60 mol%) and Cs>COs (488.7 mg, 1.5 mmol, 3.0 equiv.). Then the vial was
loosely capped and transferred into a nitrogen-filled glovebox and 1,4-dioxane (4 mL) was added
to the mixture before the vial was tightly capped and transferred out. The system was then heated
to 100 °C overnight. Upon completion, the reaction was cooled to room temperature and filtered
through a pad of celite. The filtrate was concentrated under reduced pressure and the crude product
was dissolved in DMF (10 mL). NaH (20.0 mg, 0.5 mmol, 2 equiv.) was added to the mixture,
followed by allyl bromide (121.0 mg, 1.0 mmol, 2.0 equiv.). The mixture was stirred overnight at
room temperature. Upon completion, the reaction was quenched with water and extracted with
ethyl acetate (3x20 mL), washed with brine, and dried over Na,SO4. The crude product was was
purified by silica gel flash column chromatography (EtOAc/Hexane=1/3) to afford compound 5I-

I as a colorless oil in 47% yield (88 mQ).

T ~
S N/\/
OMe
OMe

51-1

Compound 5I-1 was isolated as a colorless oil in 47% vyield. Rt = 0.4 (EtOAc/Hexane=1/3). H

NMR (500 MHz, CDCla): & 7.60 (d, J = 8.3 Hz, 2H), 7.20 (d, J = 7.7 Hz, 2H), 7.15 (d, J = 7.6
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Hz, 1H), 7.10 (d, J = 7.3 Hz, 1H), 6.82 (d, J = 7.8 Hz, 1H), 5.41 (t, J = 6.7 Hz, 1H), 5.37 (s, 1H),
5.27 (d, J = 1.3 Hz, 1H), 4.09 (d, J = 6.7 Hz, 2H), 3.33 (s, 6H), 3.32 (s, 2H), 2.41 (s, 3H). 13C
NMR (101 MHz, CDCls): 6 142.8, 142.8, 141.5, 141.2, 137.6, 133.6, 130.5, 129.3, 127.1, 126.4,
123.0,117.2,106.1, 52.0, 47.6, 41.5, 21.5. IR: v 3278, 2935, 2831, 1639, 1599, 1451, 1328, 1238,
1160, 1104, 1061, 1034, 850, 791, 664, 550 cm™; HRMS calcd. For [M+H]*: 374.1421; Found:
374.1417.

Procedure (step 2):

Compound 5I-1 (136 mg, 0.36 mmol, 1.0 equiv.) was dissolved in 6 mL tetrahydrofuran and
transferred to a 20 mL vial charged with a stir bar. While stirring, 2 mL of 1M HCI aqueous
solution was added to the mixture. After stirring for 1 h at room temperature, saturated NaHCO3
aqueous solution was added dropwisely to quench the reaction. The mixture was extracted with
ethyl acetate (3x20 mL), washed with brine, and dried over Na,SO4. The crude product was
purified by silica gel flash column chromatography (EtOAc/Hexane=1/5) to afford compound 5l

as a colorless oil in 98% yield (117.5 mg).

Ts~N"NF
o
51
Compound 5l was isolated as a colorless oil in 98% yield from 5I-1. Rf = 0.3 (EtOAc/Hexane=1/3).
IH NMR (400 MHz, CDCls): 6 7.64 (dd, J = 8.2, 0.8 Hz, 1H), 7.54 (dd, J = 8.2, 7.2 Hz, 1H), 7.42
(d, J = 8.4 Hz, 2H), 7.33 (dd, J = 7.2, 0.7 Hz, 1H), 7.21 (d, J = 7.8 Hz, 2H), 5.69 (ddt, J = 17.1,
10.3, 5.8 Hz, 1H), 5.09 (dg, J = 17.2, 1.6 Hz, 1H), 5.00 (dg, J = 10.3, 1.4 Hz, 1H), 4.49 (dt, J =

5.8, 1.6 Hz, 2H), 3.80 (s, 2H), 2.39 (s, 3H). 13C NMR (101 MHz, CDCls): & 184.4, 150.8, 144.0,

141.2, 136.3, 134.4, 132.9, 132.6, 129.5, 128.0, 127.3, 121.1, 118.3, 52.2, 51.2, 21.6. IR: v 2924,
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1766, 1595, 1473, 1354, 1164, 1090, 973, 814, 748, 662, 545 cm™; HRMS calcd. For [M+H]*:
328.1002 Found: 328.1003.

3.4.3 Procedure for C—C bond activation and characterization of compounds 8 to 8l

Procedure:

In a nitrogen filled glove box, a 4 mL vial was charged with the benzocyclobutenone substrates (5
to 51, 0.1 mmol), Rh(COD)2BF4 (5 mol%, 0.005 mmol, 2.1 mg) and (R)-DTBM-segphos (6 mol%,
0.006 mmol, 7.1 mg). After adding 1 mL 1,4-dioxane, the vial was capped and the solution was
maintained at certain temperature (90 °C or 110 °C) for 12h. Upon completion, it was cooled to
room temperature and the solvent was removed by rotavap under reduced pressure. The crude

product was directly purified by silica gel flash chromatography to yield 8 to 8l.

8 (518.2 mg) was isolated as a white solid in 95% yield. Melting Point: 115-116 °C. Rh(COD).BF4
(3 mol%, 0.06 mmol, 24.4 mg) and (R)-DTBM-segphos (3.6 mol%, 0.072 mmol, 84.9 mg) were
used and the reaction was maintained at 90 °C. Rf = 0.4 (EtOAc/Hexane=1/3). *H NMR (400 MHz,
CDCls): § 7.72 — 7.20 (m, 1H), 7.18 (t, J = 7.7 Hz, 1H), 6.77 (d, J = 7.6 Hz, 1H), 4.41 (s, 1H),
3.79 - 3.63 (M, 1H), 3.63 — 3.54 (m, 1H), 3.52 (s, 2H), 2.95 (dd, J = 16.2, 5.3 Hz, 1H), 2.30 (dd, J
=16.2, 12.3 Hz, 1H), 1.57 (s, 9H). 3C NMR (101 MHz, CDCl3): & 208.7, 152.4, 130.3, 129.1,
121.0,112.9, 81.1, 55.3, 44.0, 42.2, 34.0, 28.4. IR: v 2975, 1700, 1462, 1389, 1351, 1252, 1161,
1135, 948, 856, 784, 762, 735 cm™; HRMS calcd. For [M+Na]*: 296.1257. Found: 296.1254.
Chiral HPLC (Chiralpak IF, hexane:isopropanol = 98:2, 1 mL/min, 254 nm), tminor = 24.8 min,
tmajor= 29.0 min. [a]p?!® = -139 (c= 2.20, CHCIls) at 97.5 % e.e.
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Racemic Sample 8

DAD1 A, Sig=254,4 Ref=360,100 (LIN\DEF_LC 2018-04-04 16-43-40\003-0301.D)

mAU 3 8 2 g C3
60~ S &) _@\rﬁb.
50 ‘?‘Q\’\@ \}:@?'
30 1 \' \ | \
20_2 | ‘\\ \\
10 / \\\ \
Oé 7J_,/“ S [—— — e o
20 2 26 8 3 2 m % 38 mi
Peak RetTime Type Width Area Height Area
# [min] [min] [MAU*s] [mMAU] %
S R | == |~ |~ |
1 23.633 MM 1.1375 5061.79883 74.16519 49.6656
2 29.395 MM 1.2159 5129.969241 70.31551 50.3344
Enantiomeric Sample 8
DADT A, Sig=254,4 Ref=360,100 (LIN\DEF_LC 2018-04-04 16-43-401004-0401.D)
mAU - E\
120 R\
100 Fo
80~ AN
60 o | \
40 > | \
] N |
207_ «© Q)’Z}‘ ‘:‘
I "N .
20 P A % 0 3 34 36 38 mi
Peak RetTime Type Width Area Height Area
i [min] [min] [mMAU*s | [mAU ] %
e EEEEEE e | == [ | —=——--
1 24.82¢ MM 1.4330 134.24211 1.56128 1.2608
2 29.057 BB 1.1122 1.05130e4 139.02695 98.7392
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8a (25.0 mg) was isolated as a white solid in 88% yield. Melting Point: 154-156 °C. Rh(COD).BF4
(5 mol%, 0.005 mmol, 2.1 mg) and (R)-DTBM-segphos (6 mol%, 0.006 mmol, 7.1 mg) were used
and the reaction was maintained at 90 °C. Rs = 0.4 (EtOAc/Hexane=1/3). 'H NMR (400 MHz,
CDCls): & 7.73 — 7.20 (m, 1H), 7.18 (t, J = 7.8 Hz, 1H), 6.77 (d, J = 7.5 Hz, 1H), 3.99 (s, 1H),
3.71 (d, J = 10.8 Hz, 1H), 3.60 (d, J = 21.7 Hz, 1H), 3.50 (d, J = 21.7 Hz, 1H), 2.80 (d, J = 15.6
Hz, 1H), 2.52 (d, J = 15.6 Hz, 1H), 1.58 (s, 9H), 1.26 (s, 3H). 1*C NMR (101 MHz, CDCls): &
208.8, 152.6, 140.5, 129.5, 129.0, 121.3, 113.1, 81.7, 62.3, 50.9, 40.7, 39.7, 28.4, 25.8. IR: v 3444,
2975, 1700, 1621, 1475, 1389, 1337, 1162, 1136, 855, 750 cm™; HRMS calcd. For [M+Na]":
310.1414. Found: 310.1415.

Chiral HPLC (Chiralpak IF, hexane:isopropanol = 98:2, 1 mL/min, 254 nm), tminor = 18.4 min,

tmajor= 14.1 min. [a]p?*® = -91.2 (c= 1.04, CHCIs) at 98 % e.e.

Racemic Sample 8a

DAD1 A, Sig=254,4 Ref=360,100 (LIN\DEF_LC 2018-04-03 15-47-39\001-0101.D)

25 8 o
2- a |
15 | ““ |
10—; | “
5 ﬁ
03 T N . N R o
10 ‘ 1 ‘2 1‘4 1|6 1 ‘8 ‘ 2‘0 2‘2 2‘4 2‘6 2|8
Peak RetTime Type Width Area Height Area
# [min] [min] [MAU*s ] [mAU] %
S R | ==m=m = | =mm e | === |
1 14.917 EB 0.4215 838.23456 30.22814 49.6893
2 19.108 BB 0.5101 848.71851 25.38437 50.3107

Enantiomeric Sample 8a
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DAD1 A, Sig=254,4 Ref=360,100 (LIN\DEF_LC 2018-04-02 23-29-34\001-0101.D)

mAUé ’ﬁ
1400 &
1200 I
1000 |
800 [
600 B
400 [ @
0 / \‘\' F‘ ‘
10 12 14 16 18 20 2 24 2 28 mi
Peak RetTime Type Width Area Height Area
i [min] [min] [MAU*s ] [mMAU] %
e | === | == | == | —m—m - |-~ |
1 14.157 BB 0.3958 4.36475e4 1654.24170 98.9617
2 18.418 BB 0.4994 457.95563 14.08207 1.0383
BocN
8b ©

8b (26.6 mg) was isolated as a colorless oil in 78% yield. Rh(COD).BF4 (5 mol%, 0.005 mmol,
2.1 mg) and (R)-DTBM-segphos (6 mol%, 0.006 mmol, 7.1 mg) were used and the reaction was
maintained at 90 °C. R = 0.4 (EtOAc/Hexane=1/3). *H NMR (400 MHz, CDCls): § 7.75 - 7.19
(m, 1H), 7.18 (s, 1H), 6.77 (d, J = 7.6 Hz, 1H), 4.13 (m, 1H), 3.65 (d, J = 21.9 Hz, 1H), 3.57 (d, J
= 11.4 Hz, 1H), 3.45 (d, J = 22.0 Hz, 1H), 2.92 (d, J = 15.7 Hz, 1H), 2.46 (d, J = 15.7 Hz, 1H),
1.88 (d, J = 8.4 Hz, 1H), 1.77 (dtd, J = 11.0, 7.3, 3.0 Hz, 1H), 1.66 — 1.49 (m, 12H), 1.44 — 1.29
(m, 2H), 1.28 — 1.10 (m, 2H). 3C NMR (101 MHz, CDCls): § 209.4, 152.0, 140.5, 129.9, 129.0,
121.4,120.9,113.0,81.8,57.0,50.2,48.3,45.5,41.1,28.4,28.4,27.6,27.2,25.1,24.8. IR: v 3442,
2957, 1699, 1618, 1461, 1388, 1275, 1162, 1137, 750, 521 cm™; HRMS calcd. For [M+H]":

342.2064. Found: 342.2062.
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Chiral HPLC (Chiralpak IF, hexane:isopropanol = 98:2, 1 mL/min, 254 nm), tminor = 12.9 min,

tmajor= 14.2 min. [a]p?*® = -68.4 (c= 0.70, CHCIs) at 98% e.e.

Racemic Sample 8b

DAD1 A, Sig=254,4 Ref=360,100 (LIN\DEF_LC 2018-05-12 14-20-38\001-0201 D)
mAU g E
100 ﬁ 3
3 A
80 | “‘ | \1
40 JI “l \“
03— B N S
6 8 10 12 14 6 18 2 22 24 mi
Peak RetTime Type Width Area Height Area
# [min ] [min] [MAU*s ] [mAU] %
e | === | = | == | = - |- - |
1 12.916 BB 0.3328 2595.53271 121.70525 49.6854
2 14.573 BB 0.3905 2628.40674 103.41245 50.3146
Enantiomeric Sample 8b
DADT A, Sig=254.4 Ref=360,100 (LIN\DEF_LC 2018-05-12 14-20-38002-0301 D)
mAU A ©
1000 E
sooé l\‘ ‘\
600 !
400 |
200 % | \
04 = o N — —
6 8 A 44 16 18 30 o2 24 mi
Peak RetTime Type Width Area Height Area
# [min] [min] [mAU*s] [mAU] %
e | === | == | = | = | |
1 12.907 BB 0.3278 206.30048 9.79096 0.6215
2 14.256 BB 0.4024 3.29901ed 1224.24268 99.3785
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8¢ (22.0 mg) was isolated as a white solid in 71% yield. Melting Point: 122-124 °C. Rh(COD).BF4

(5 mol%, 0.005 mmol, 2.1 mg) and (R)-DTBM-segphos (6 mol%, 0.006 mmol, 7.1 mg) were used

and the reaction was maintained at 90 °C. Rs = 0.4 (EtOAc/Hexane=1/3). 'H NMR (400 MHz,

CDCl3): 5 7.71 — 7.16 (m, 1H), 7.19 (s, 1H), 6.78 (d, J = 7.6 Hz, 1H), 4.17 (m, 1H), 3.63 (d, J =

22.0 Hz, 1H), 3.54 — 3.38 (M, 2H), 3.03 (d, J = 15.7 Hz, 1H), 2.41 (d, J = 15.7 Hz, 1H), 1.71 (dg,

J=13.6, 6.8 Hz, 1H), 1.59 (m, 9H), 0.97 (d, J = 6.7 Hz, 3H), 0.77 (d, J = 6.8 Hz, 3H). 3C NMR

(101 MHz, CDCls): 6 209.3, 152.0, 130.1, 129.0, 121.5, 112.9, 80.9, 55.8, 48.8, 46.2, 41.0, 34.4,

28.4,17.5,16.8. IR: v 3441, 1699, 1635, 1457, 1386, 1275, 1260, 1139, 750 cm™; HRMS calcd.

For [M+Na]": 338.1727. Found: 338.1716.

Chiral HPLC (Chiralpak IF, hexane:isopropanol = 99:1, 1 mL/min, 254 nm), tminor = 12.6 min,

tmajor= 13.5 min. [a]o?*® = -63.5 (c= 0.95, CHClIs) at 98% e.e.

Racemic Sample 8c

mAU
1000—3
800
600;
4005

200

DAD1 A, Sig=254,4 Ref=360,100 (LIN\DEF_LC 2018-04-25 15-10-48\001-0101.D)

13645

—
24  mi
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Peak RetTime Type Width Area Height Area

# [min] [min] [mAU* s | [mAU ] %
e B | === - R | = R |
1 12.497 BV 0.3366 2.57255e4 1178.75208 49.7820
2 13.645 VB 0.4073 2.59508e4 948.21454 50.2180

Enantiomeric Sample 8c

DAD1 A, Sig=254.4 Ref=360,100 (LIN\DEF_LC 2018-04-25 15-10-48\002-0201 D)

mAU o
1400 E
1200 M
1000 A
800
600 |
400
200

0_77 N

| 112.644

Peak RetTime Type Width Area Height Area
# [min] [min] [MAU* s ] [mMAU] %
=== |- | === —====== | === | —————=—=== | ==—=—=—= |
1 12.644 BV 0.3301 304.48911 14.20492 0.7134
2 13.481 VB 0.4005 4.2378led 1552.24231 99.2866

BocN
f Bj OTBS
(0]

8d

8d (28.5 mg) was isolated as a white solid in 71% yield. Melting Point: 95-97 °C. Rh(COD).BF4
(5 mol%, 0.005 mmol, 2.1 mg) and (R)-DTBM-segphos (6 mol%, 0.006 mmol, 7.1 mg) were used
and the reaction was maintained at 90 °C. R = 0.5 (EtOAc/Hexane=1/3). *H NMR (400 MHz,
CDCls): § 7.74 — 7.19 (m, 1H), 7.20 (t, J = 7.7 Hz, 1H), 6.76 (d, J = 7.6 Hz, 1H), 4.07 (m, 1H),
3.70 — 3.54 (m, 4H), 3.40 (d, J = 21.6 Hz, 1H), 2.96 (d, J = 16.1 Hz, 1H), 2.40 (d, J = 16.1 Hz,

1H), 1.57 (s, 9H), 0.81 (s, 9H), -0.06 (d, J = 3.0 Hz, 6H). 3C NMR (101 MHz, CDCla): § 208.1,
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152.5, 131.5, 129.4, 121.2, 112.9, 80.9, 68.3, 58.3, 46.6, 41.4, 28.4, 25.8, 18.3, -5.7, -5.9. IR: v

2929, 2885, 2856, 1705, 1459, 1388, 1347, 1256, 1163, 1137, 1099, 838, 782 cm™*; HRMS calcd.

For [M+K]": 456.1967. Found: 456.1980.

Chiral HPLC (Chiralpak IF, hexane:isopropanol = 99:1, 0.3 mL/min, 210 nm), tminor = 51.7 min,

tmajor= 54.0 min. [a]p?*® = -28.2 (c= 1.31, CHCIs) at 97% e.e.

Racemic Sample 8d

DAD1 B, Sig=210,4 Ref=360,100 (LIN\DEF_LC 2018-04-09 11-31-09\001-0101.D)
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Enantiomeric Sample 8d

[mAT ]

DAD1 B, Sig=210,4 Ref=360,100 (LIN\DEF_LC 2018-04-09 11-31-09\002-0201.D)

mAU
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30 35 40 45
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Peak RetTime Type Width Area Height Area
# [min] [min] [MAU*s ] [mAU] %
B R | ====mmmm - | ====mmm | —==—=m-- |
1 51.667 BB 0.8834 2295.71265 40.49353 1.4071
2 53.971 BBA 1.2752 1.60853eb 1802.44165 98.5929

BOCNE Ph
¢}

8e

8e (26.8 mg) was isolated as a colorless oil in 78% yield. Rh(COD).BF4 (5 mol%, 0.005 mmol,
2.1 mg) and (R)-DTBM-segphos (6 mol%, 0.006 mmol, 7.1 mg) were used and the reaction was
maintained at 90 °C. Rs = 0.4 (EtOAc/Hexane=1/3). H NMR (400 MHz, CDCls): & 7.88 — 7.30
(m, 1H), 7.34 — 7.24 (m, 3H), 7.24 — 7.16 (m, 1H), 7.03 (d, J = 6.3 Hz, 2H), 6.85 (d, J = 7.6 Hz,
1H), 4.28 (m, 1H), 4.07 (d, J = 10.9 Hz, 1H), 3.48 (d, J = 16.2 Hz, 1H), 3.41 (d, J = 21.0 Hz, 1H),
3.24 (d, J = 21.0 Hz, 1H), 2.75 (d, J = 16.2 Hz, 1H), 1.66 — 1.43 (m, 9H). 3C NMR (101 MHz,
CDCls): 6208.1, 152.3, 143.3, 140.9, 132.5, 130.8, 129.7, 129.0, 127.3, 126.1, 121.4, 113.2, 81.1,
64.5, 51.0, 47.1, 41.8, 28.4. IR: v 3443, 1699, 1634, 1474, 1385, 1275, 1162, 1137, 750, 701 cm"
1 HRMS calcd. For [M+H]": 350.1751. Found: 350.1745.

Chiral HPLC (Chiralpak IF, hexane:isopropanol = 98:2, 1 mL/min, 254 nm), tminor = 16.5 min,

tmajor= 24.0 min. [a]p?® = -118.9 (c= 0.95, CHCls) at 97% e.e.

Racemic Sample 8e
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DAD1 A, Sig=254,4 Ref=360,100 (LIN\DEF_LC 2018-04-05 23-55-37\001-0101.D)

mAU [N
1 I
2004 a o
150 R &
] [ AN
100 ‘ J‘
50 “ .“‘ \
o YR | B ) N R
10 12 14 16 18 20 2 24 % 28 mi
Peak RetTime Type Width Area Height Area
# [min] [min] [mAU*s] [mAU] %
e e | = | = | |
1 16.472 BB 0.4282 6509.98535 234.23973 49.3598

2 24.696 BB 0.7025 6546.60889 139.75941 50.1402

Enantiomeric Sample 8e

DADT A, Sig=254,4 Ref=360,100 (LIN\DEF_LC 2018-04-05 23-55-37\002-0201.D)
mAU
350
300
250
200
150 | \
100 3 ‘ \
503

24002

11)16.545
Ve

04
10 12 14 16 18 20

Peak RetTime Type Width Area Height Area
i [min] [min] [mAU*s ] [MATU] %
1 16.545 BB 0.4256 371.59622 13.39684 1.6909

2 24.002 BB 0.7812 2.16053e4 398.07251 98.3091

8f (34.0 mg) was isolated as a colorless oil in 93% yield. Melting Point: 97-99 °C. Rh(COD).BF4

(5 mol%, 0.005 mmol, 2.1 mg) and (R)-DTBM-segphos (6 mol%, 0.006 mmol, 7.1 mg) were used
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and the reaction was maintained at 90 °C. Rs = 0.3 (EtOAc/Hexane=1/3). 'H NMR (400 MHz,
CDCls): & 7.90 — 7.25 (m, 1H), 7.31 (t, J = 7.8 Hz, 1H), 7.07 — 6.90 (m, 4H), 6.86 (d, J = 7.5 Hz,
1H), 4.22 (m, 1H), 4.05 (d, J = 10.9 Hz, 1H), 3.45 (s, 1H), 3.40 (d, J = 5.7 Hz, 1H), 3.22 (d, J =
21.1 Hz, 1H), 2.76 (d, J = 16.1 Hz, 1H), 1.64 — 1.42 (m, 9H). 13C NMR (101 MHz, CDCls): &
207.8, 161.8 (d, J = 247.0 Hz), 152.3, 139.0, 129.9, 127.9 (d, J = 8.2 Hz), 121.6, 115.9 (d, J = 21.4
Hz), 113.3, 64.2,51.1, 46.2, 41.7, 28.4. *F NMR (470 MHz, CDCl3): § -68.4. IR: v 3442, 1635,
1507, 1474, 1386, 1337, 1275, 1161, 1138, 750, 516 cm™*; HRMS calcd. For [M+Na]*: 390.1476.
Found: 390.1464.

Chiral HPLC (Chiralpak IF, hexane:isopropanol = 98:2, 1 mL/min, 254 nm), tminor = 17.7 min,

tmajor= 21.5 min. [a]o?° = -89.9 (c= 0.88, CHCls) at 98% e.e.

Racemic Sample 8f

DAD1 A, Sig=254,4 Ref=360,100 (LIN\DEF_LC 2018-04-02 23-26-34\005-0501.D)
| [re]
mAU 3 & 2
120 5 ¥
] I o~
100 a n
80 [ I
1 | [\
60 | [
| | | \
40 I / \
20 L / \
e - VAN R N~ .
- - —
10 12 14 16 18 20 2 24 26 28 m
Peak RetTime Type Width Area Height Area
#+ [min] [min] [MAU*s ] [MAU] %

e R | === . | = |
1 17.228 BB 0.4557 4224.91748 141.76109 50.1852

2 22.253 BB 0.62368 4193.74316 101.54588 49.8148

Enantiomeric Sample 8f
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DAD1 A, Sig=254,4 Ref=360,100 (LIN\DEF_LC 2018-04-02 23-29-34\006-0601.D)

mAUE §
7003 M\
6005 I
5003
4004 I\
3003 | \
200 - N | \
100 N ,“ AN
O: | . . _‘7‘ , . | . “ . i i i i T . L ! | ! ‘\‘ . . . I‘ | .
10 12 14 16 18 20 2 24 26 28 mi
Peak RetTime Type Width Area Height Area
# [min] [min] [MAU*s ] [mAU] %
———m |- R e | —m— - | —mmmm - | —————-- |
1 17.671 BB 0.6837 401.00906 7.90668 0.9663
2 21.490 BB 0.6845 4.10976e4 861.54816¢ 99.0337

OMe
BocN ‘
L,

8g

89 (31.3 mg) was isolated as a colorless oil in 76% yield. Rh(COD)2BF4 (5 mol%, 0.005 mmol,
2.1 mg) and (R)-DTBM-segphos (6 mol%, 0.006 mmol, 7.1 mg) were used and the reaction was
maintained at 90 °C. Rs = 0.3 (EtOAc/Hexane=1/3). H NMR (400 MHz, CDCls): & 7.85 — 7.23
(m, 1H), 7.29 (t, J = 7.7 Hz, 1H), 6.93 (d, J = 8.3 Hz, 2H), 6.84 (d, J = 7.6 Hz, 1H), 6.79 (d, J =
8.8 Hz, 2H), 4.24 (m, 1H), 4.03 (d, J = 10.9 Hz, 1H), 3.75 (s, 3H), 3.53 — 3.33 (m, 2H), 3.24 (d, J
= 21.0 Hz, 1H), 2.73 (d, J = 16.1 Hz, 1H), 1.62 — 1.36 (m, 9H). 3C NMR (101 MHz, CDCls): §
208.2,158.6, 152.3,141.0, 135.3, 132.8, 130.8, 129.6, 127.3,121.4, 114.3, 113.2, 81.0, 64.6, 55.2,
51.1, 46.3, 41.8, 28.4. IR: v 3442, 2056, 1699, 1621, 1511, 1474, 1386, 1337, 1275, 1256, 1162,
1137, 1029, 833, 750 cm™*; HRMS calcd. For [M+Na]*: 402.1676. Found: 402.1673.

Chiral HPLC (Chiralpak 1D, hexane:isopropanol = 98:2, 1 mL/min, 254 nm), tminor = 36.2 min,

tmajor= 43.5 min. [a]p?® = -104.9 (c= 1.06, CHCl5) at 99% e.e.

Racemic Sample 8qg
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DAD1 A, Sig=254,4 Ref=360,100 (LIN\DEF_LC 2018-04-08 16-08-17\001-0101.D)

. - -
mAU ] B @Q 3 gﬁ
8| ““g “.\ . '\'\ ;@\‘ . N
/ ?‘sefb\ ?\SQ?”
6 \ [
\ \
\ \
\
4 \ \
\
\

20 25 30 35 40 45 50
Peak RetTime Type Width Area Height Area
# [min] [min] [MAU*s] [mAU] %
e e I I |
1 35.973 MM 1.9547 1152.81665 9.82926 49.948¢
2 46.261 MM 2.1657 1155.18762 8.89003 50.0514
Enantiomeric Sample 8q
DAD1 A, Sig=254,4 Ref=360,100 (LIN\DEF_LC 2018-04-08 16-08-17\002-0201.D)
e 7 % q@%
F\
100 L
80 | \
60 ‘ \
q° \
40 o & | \
20 i | AN
oI - xR , —
20 25 30 B 40 45 50
Peak RetTime Type Width Area Height Area
1 [min] [min] [MAU*s] [mAU] %
e R ] | —mmmm
1 36.228 MM 2.2703 152.02570 1.11607 0.6875
2.4780 2.19603e4 147.70340 99.3125

2 43.464 MM

BocN

Me 8h
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8h (28.5 mg) was isolated as a white solid in 95% yield. Melting Point: 140-142 °C. Rh(COD).BF4
(5 mol%, 0.005 mmol, 2.1 mg) and (R)-DTBM-segphos (6 mol%, 0.006 mmol, 7.1 mg) were used
and the reaction was maintained at 90 °C. Rs = 0.4 (EtOAc/Hexane=1/3). 'H NMR (400 MHz,
CDCls): & 7.64 — 7.11 (m, 1H), 7.02 (d, J = 8.0 Hz, 1H), 3.98 (m, 1H), 3.69 (d, J = 10.7 Hz, 1H),
3.48 (d, J = 22.0 Hz, 1H), 3.40 (d, J = 22.1 Hz, 1H), 2.78 (d, J = 15.1 Hz, 1H), 2.54 (d, J = 15.1
Hz, 1H), 2.18 (s, 3H), 1.57 (s, 9H), 1.23 (s, 3H). 13C NMR (101 MHz, CDCls): § 208.9, 152.6,
129.5, 127.8, 112.8, 80.8, 62.0, 50.8, 39.5, 38.9, 29.7, 28.4, 25.9, 17.7. IR: v 3443, 2974, 1699,
1626, 1484, 1387, 1369, 1338, 1257, 1159, 1137, 816, 751 cm™*; HRMS calcd. For [M+H]*:
324.1570. Found: 324.1568.

Chiral HPLC (Chiralpak IF, hexane:isopropanol = 99:1, 1 mL/min, 214 nm), tminor = 19.5 min,

tmajor= 17.6 min. [a]p?*® = -88.7 (c= 1.19, CHCIs) at 98% e.e.

Racemic Sample 8h

DADT C, Sig=214,4 Ref=360,100 (LIN\DEF_LC 2018-04-04 16-43-40\001-0101.D)
mAU 3 [=2) 3
E ) >
700 = B
600 [ I
500 ] B
400 ]
R
200 o
100 \_J .
03— S I\‘/%\l( — - —
10 12 14 16 18 2 2 24 mi
Peak RetTime Type Width Area Height Area
# [min] [min] [MAU*s] [mAU] %
e e | —===mmm | === | === |
1 17.549 BV 0.4790 2.51541e4 795.31250 49.2640
2 18.964 VB 0.5527 2.59057e4 708.27655 50.7360

Enantiomeric Sample 8h
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DAD1 C, Sig=214.4 Ref=360,100 (LIN\DEF_LC 2018-04-04 16-43-40\002-0201 D)

mAU 3
2000 5
17504 =
1500 4
1250 ‘
1000 |
7505 ‘

500 4 J \ 9
2505 /‘;‘ \\ ;
0 ‘ ——
10 12 14 16 18 20 22 24 mi
Peak RetTime Type Width Area Height Area
# [min] [min] [MAU*s] [mAU] %
S R | === | === | === |
1 17.578 VV 0.5570 8.0434%9e4 2157.27026 98.7408
2 19.505 VB 0.6250 1025.72388 23.88517 1.2592
BOCNE Me
Cl 8i o)

8i (24.0 mg) was isolated as a colorless oil in 76% yield. Rh(COD)2BF4 (5 mol%, 0.005 mmol, 2.1
mg) and (R)-DTBM-segphos (6 mol%, 0.006 mmol, 7.1 mg) were used and the reaction was
maintained at 90 °C. Rs = 0.4 (EtOAc/Hexane=1/3). 'H NMR (400 MHz, CDCls): & 7.80 — 7.19
(m, 1H), 6.78 (d, J = 1.2 Hz, 1H), 3.98 (m, 1H), 3.73 (d, J = 10.8 Hz, 1H), 3.57 (d, J = 21.8 Hz,
1H), 3.45 (d, J = 21.8 Hz, 1H), 2.80 (d, J = 15.6 Hz, 1H), 2.50 (d, J = 15.6 Hz, 1H), 1.58 (s, 9H),
1.25 (s, 3H). *C NMR (101 MHz, CDClg): 8 207.7, 166.8, 152.4, 141.6, 121.1, 113.8, 109.6,
50.7, 40.4, 29.7, 28.4, 25.8. IR: v 3400, 2975, 1705, 1618, 1479, 1437, 1371, 1337, 1275, 1157,
1139, 859, 751, 592 cm™!; HRMS calcd. For [M+Na]*: 344.1024. Found: 344.1027.

Chiral HPLC (Chiralpak IF, hexane:isopropanol = 99:1, 1 mL/min, 254 nm), tminor = 15.8 min,

tmajor= 14.2 min. [a]p?*® = -69.8 (c= 0.43, CHCI3) at 98% e.e.

Racemic Sample 8i
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DAD1 A, Sig=254,4 Ref=360,100 (LIN\DEF_LC 2018-04-28 12-00-07\001-0101.D)

mAU | w0 ©
40 R I
a0 5& A
20 n |
10- L)
N Y N N A ]
6 8 o 12 e 18 2 2 24 m
Peak RetTime Type Width Area Height Area
# [min] [min] [MAU*s ] [mAU] %
el EEEEEEE R R B e B |
1 14.485 BB 0.3618 1377.60852 59.13932 49.7598
2 15.945 BB 0.3870 1320.90991 55.76566 50.2402
Enantiomeric Sample 8i
DADT A, Sig=254,4 Ref=360,100 (LIN\DEF_LC 2018-04-28 12-00-07\002-0201.D)
mAU 1 q
300% B
200 I
100 | g
Oé\/“ww‘H/\“‘.*‘\‘\%‘.ﬁ“”.“‘l‘
6 8 M0 12 14 18 18 20 2 24 mi
Peak RetTime Type Width Area Height Area
# [min] [min] [mAU*s] [mAU] %
——mm | | === | |- e It
1 14.226 BB 0.3681 1.26037e4 528.79913 98.8756
2 15.832 BB 0.3521 143.32492 6.38088 1.1244

(2.8:1 mixture of rotamer)
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8j (20.7 mg, 2.8:1 mixture of rotamer) was isolated as a colorless oil in 90% yield. Rh(COD)2BF4
(5 mol%, 0.005 mmol, 2.1 mg) and (R)-DTBM-segphos (6 mol%, 0.006 mmol, 7.1 mg) were used
and the reaction was maintained at 90 °C. Rs = 0.4 (acetone/Hexane=1/3). 'H NMR (400 MHz,
CDCls): & (major rotamer) 7.95 (d, J = 8.0 Hz, 1H), 7.22 (t, J = 7.8 Hz, 1H), 6.86 (d, J = 7.6 Hz,
1H), 3.96 (d, J = 9.9 Hz, 1H), 3.90 (d, J = 10.0 Hz, 1H), 3.66 — 3.57 (m, 1H), 3.52 (d, J = 21.8 Hz,
1H), 2.83 (d, J = 15.5 Hz, 1H), 2.55 (d, J = 15.6 Hz, 1H), 2.24 (s, 3H), 1.30 (s, 3H). 13C NMR
(101 MHz, CDClgs): 6 (all the peaks observed) 208.3, 168.8, 140.3, 134.4, 131.0, 129.32, 129.27,
128.97, 126.7, 122.8, 122.5, 115.4, 112.8, 63.8, 62.5, 50.7, 50.6, 40.7, 40.6, 39.0, 25.9, 25.3, 24.1,
23.9. IR: v 3442, 2064, 1636, 1472, 1399, 1276, 750, 569 cm™; HRMS calcd. For [M+H]":
230.1176. Found: 230.1176.

Chiral HPLC (Chiralpak IF, hexane:isopropanol = 85:15, 1 mL/min, 260 nm), tminor = 24.1 min,

tmajor= 25.7 min. [a]p?® = -135.3 (c= 0.91, CHCl5) at 99% e.e.

Racemic Sample 8j

DADT E, Sig=260,4 Ref=360,100 (LIN\DEF_LC 2018-04-22 17-58-361003-0301 D)
mAU & ® B o~
600 < l‘ ;@@' y\{r@
500 A |
400 n |
300 i |
1005 N BN
E Jo ) A
T T - -
Peak RetTime Type Width Area Height Area
# [min] [min] [mMAU*s] [mMAU] %
——mm |- R |- |- |- - |
1 23.423 MF 0.7142 3.41538e4 796.97180 49.5674
2 26.053 FM 0.8927 3.47500e4 648.80408 50.4326
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Enantiomeric Sample 8j

DAD1 E, Sig=260,4 Ref=360,100 (LIN\DEF_LC 2018-04-22 17-58-36\004-0401 D)
mAU — cg
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] 5 &Q:& |
O; ‘ ‘ ‘ : ‘ ‘ ‘ : ‘ ‘ ‘ \‘c‘:'?.\ / ‘ I\ — ‘ ‘ : ‘ ‘
10 15 20 25 30 35 mi
Peak RetTime Type Width Area Height Area
i [min] [min] [MAU*s ] [mAU] %
e | === | | == | == | =
1 24.115 MM 0.5411 56.56469 1.7423¢6 0.1032
2 25.748 BB 0.7927 5.47543e4 993.96942 99.8968

Me NE H
6}
8k
(2.9:1 mixture of rotamer)

8k (17.2 mg, 2.9:1 mixture of rotamer) was isolated as a white solid in 80% yield. Melting Point:
154-156 °C. Rh(COD)2BF4 (5 mol%, 0.005 mmol, 2.1 mg) and (R)-DTBM-segphos (6 mol%,
0.006 mmol, 7.1 mg) were used and the reaction was maintained at 90 °C. R = 0.4
(acetone/Hexane=1/3). *H NMR (400 MHz, CDCIs): 8 (major rotamer) 7.94 (d, J = 8.0 Hz, 1H),
7.22 (t, J = 7.8 Hz, 1H), 6.86 (d, J = 7.6 Hz, 1H), 4.41 (t, J = 9.1 Hz, 1H), 3.88 — 3.78 (m, 1H),
3.74 (t, J = 9.6 Hz, 1H), 3.55 (s, 2H), 2.97 (dd, J = 16.1, 5.3 Hz, 1H), 2.33 (dd, J = 16.1, 12.0 Hz,
1H), 2.24 (s, 3H). 13C NMR (101 MHz, CDClI3): § (all the peaks observed) 208.2, 168.5, 141.1,

131.7, 130.4, 130.2, 129.3, 129.0, 122.4, 122.1, 115.2, 112.5, 56.4, 55.6, 43.8, 43.7, 42.1, 35.0,
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33.6, 29.7, 24.2, 23.9. IR: v 3440, 2050, 1635, 1472, 1416, 1275, 749, 578 cm™; HRMS calcd.

For [M+H]*: 216.1019. Found: 216.1010.
Chiral HPLC (Chiralpak IF, hexane:isopropanol = 85:15, 1 mL/min, 254 nm), tminor = 44.6 min,

tmajor= 51.4 min. [a]p?*® = -177.9 (c= 0.95, CHCls) at 99% e.e.

Racemic Sample 8k

DADT A, Sig=254,4 Ref=360,100 (LIN\DEF_LC 2018-04-22 17-58-36\001-0101.D)
mAU E g ©
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80 |\
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20 J \ / \
0 f S— L/ ~—
- 40 45 s s 60 mi
Peak RetTime Type Width Area Height Area
# [min] [min] [mMAU*s] [mAU] %
SRR R | === | === | ======= |
1 43.109 BB 1.2759 1.21946e4 136.54861 49.9805
2 53.318 BB 1.6252 1.22041e4 106.79595 50.0195
Enantiomeric Sample 8k
DAD1 A, Sig=254,4 Ref=360,100 (LIN\DEF_LC 2018-04-22 17-58-36002-0201 D)
mAU ’i §\ %Q@
3 NN
300 A
250 Bl
200 [\
150 4 | \
E ) | \
100 . &% J N\
] 8 N | N
50 3 e @’D' \\
0 iy - —
3 40 45 50 55 | 60 mi
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Peak RetTime Type Width Area Height Area

#* [min] [min] [MAU* s ] [mAU] %
- |- [—— === |——————— | ————————= |-~ I
1 44.620 MM 1.0347 107.93900 1.73873 0.2210
2 51.406 MM 2.2181 4.87306e4 366.16602 99.7790

8l (32.0 mg) was isolated as white solid in 91% yield. Melting Point: 127-129 °C. Rh(COD).BF4
(10 mol%, 0.01 mmol, 4.2 mg) and (R)-DTBM-segphos (12 mol%, 0.012 mmol, 14.2 mg) were
used and the reaction was maintained at 90 °C for 12 h then at 110 °C for 12 h. Rf = 0.2
(EtOACc/Hexane=1/3). 1H NMR (400 MHz, CDCls): § 7.71 (d, J = 8.4 Hz, 2H), 7.47 (dd, J = 8.1,
0.8 Hz, 1H), 7.26 (d, J = 1.4 Hz, 2H), 7.25 — 7.18 (m, 1H), 6.81 (dd, J = 7.6, 0.9 Hz, 1H), 4.40 (dd,
J=9.9, 8.4 Hz, 1H), 3.55 — 3.47 (m, 1H), 3.46 — 3.44 (s, 2H), 3.38 (dd, J = 10.7, 10.0 Hz, 1H),
2.85 (dd, J = 16.1, 5.4 Hz, 1H), 2.38 (s, 3H), 2.11 (dd, J = 16.1, 12.1 Hz, 1H). 13C NMR (101
MHz, CDCls): 6 207.7, 144.4, 140.6, 133.7, 130.9, 129.8, 129.4, 127.3, 122.5, 113.3, 57.8, 43.6,
41.8,34.7,21.6. IR: v 3441, 2064, 1707, 1635, 1456, 1353, 1275, 1165, 1095, 750, 660, 581, 543
cmt; HRMS calcd. For [M+H]*: 328.1002. Found: 328.1002.

Chiral HPLC (Chiralpak IF, hexane:isopropanol = 85:15, 1 mL/min, 254 nm), tminor = 50.6 min,

tmajor= 41.6 min. [a]p?® = -134.5 (c= 0.62, CHCl5) at 99% e.e.

Racemic Sample 8l
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DAD1 A, Sig=254,4 Ref=360,100 (LIN\DEF_LC 2018-04-30 12-03-35\001-0101.D)
mAU 7 I 3
= ?3*‘ e
120 ‘%‘ 7
100 [ [
80 I -
GO—f | \\ cj’ ‘\\
40 [\ /A
20 N J \_
20 T T " " 50 - 55 mi
Peak RetTime Type Width Area Height Area
# [min] [min] [MAU*s ] [mAU] %
e I e ] I A |
1 42.720 BB 1.1037 9729.44531 134.22519 50.1079
2 51.100 BB 1.3663 9687.53711 110.55894 49,8921
Enantiomeric Sample 8l
DAD1 A, Sig=254.4 Ref=360,100 (LIN\DEF_LC 2018-04-30 12-03-35\002-0201.D)
mAU E § ,\r\@
2507 P
| |\
2007 ‘ %f
150 J \
100 | \\ \ﬁ
50 [\ g W
] J AN Sl
O — : e — — — ——— :
20 25 30 35 40 45 50 55 mi
Peak RetTime Type Width Area Height Area
# [min] [min] [MAU*s] [mAU] %
e R L ] |
1 41.c46 MM 1.3625 2.41115e4 294.94385 99.4169
1.77458 0.5831

2 50.593 MM 1.3283 141.42949
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8m (17.1 mg) was isolated as a white solid in 75% yield. Melting Point: 155-159 °C. Rh(COD).BF4

(20 mol%, 0.01 mmol, 4.2 mg) and (R)-DTBM-segphos (12 mol%, 0.012 mmol, 14.2 mg) were

used and the reaction was maintained at 90 °C for 12 h. Rs = 0.6 (EtOAc/Hexane=1/5). *H NMR

(400 MHz, CDCl3): § 7.76-7.20 (m, 1H), 7.18 (t, J = 7.7 Hz, 1H), 6.88 — 6.69 (m, 1H), 4.38 (br,

1H), 3.64 (t, J = 10.5 Hz, 1H), 3.57 (s, 2H), 3.40 — 3.24 (m, 1H), 2.35 (dg, J = 12.0, 6.6 Hz, 1H),

1.58 (s, 9H), 1.23 (d, J = 6.7 Hz, 3H). 13C NMR (101 MHz, CDCls): § 210.0, 152.4, 130.4, 129.0,

120.9, 112.8, 81.0, 54.7, 48.4, 41.8, 40.6, 28.4, 12.4. IR: v 2966, 2925, 2853, 1702, 1475, 1462,

1389, 1354, 1162, 1136, 776 cm™*; HRMS calcd. For [M+Na]*: 310.1414. Found: 310.1406.

Chiral HPLC (Chiralpak IF, hexane:isopropanol = 98:2, 1 mL/min, 254 nm), tminor = 22.9 min,

tmajor= 31.2 min. [o]o?5 = -114.8 (c= 1.08, CHCl3) at 94% e.e.

Racemic Sample 8m

DAD1 A, Sig=254,4 Ref=360,100 (LIN\DL-J-9-RAC.D)

53226
33264

Peak RetTime Type Width Area Height Area
# [min] [min] [MAU* s ] [mAU] %
SRl R | === | === | === == | === | === |
1 23.226 BB 1.2728 819.87750 9.17241 49.9569
2 33.264 BB 1.2774 821.29224 8.66851 50.0431

Enantiomeric Sample 8m
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DAD1 A, Sig=254,4 Ref=360,100 (LIN\DL-J-9-E2.D)
mAU*: 8\
120 ;'/g
100 [\
60 L\
60 .“‘ \
40 3 |
20 S \\
- s
15 2‘0 2‘5 3‘0 3‘5 4b mil
Peak RetTime Type Width Area Height Area
# [min] [min] [MAU*s ] [mAU] %
e R | === | === == | === |
1 22.944 BB 1.2073 581.18683 6.73112 3.1409
2 31.200 BB 1.8371 1.79224e4 137.27806 96.8591

8n (26.7 mg) was isolated as a colorless oil in 82% yield. Rh(COD).BF4 (10 mol%, 0.01 mmol,
4.2 mg) and (R)-DTBM-segphos (12 mol%, 0.012 mmol, 14.2 mg) were used and the reaction was
maintained at 90 °C for 12 h. Rf = 0.6 (EtOAc/Hexane=1/5). *H NMR (400 MHz, CDCls): 6 7.76
—7.21(m, 1H), 7.17 (t, J = 7.8 Hz, 1H), 6.76 (d, J = 7.6 Hz, 1H), 4.47 — 4.08 (m, 1H), 3.65 — 3.47
(m, 3H), 2.55 — 2.42 (m, 1H), 2.41 — 2.33 (m, 1H), 1.82 — 1.73 (m, 1H), 1.71 — 1.64 (m, 1H), 1.60
(s, 9H), 1.55 — 1.48 (m, 1H), 1.41 — 1.19 (m, 3H). 13C NMR (101 MHz, CDCls): § 210.1, 152.6,
139.9, 135.3, 129.8, 128.8, 121.1, 112.9, 80.9, 58.7, 52.9, 42.6, 41.2, 32.4, 28.4, 22.6, 22.0, 21.2.
IR: v 2924, 2853, 1705, 1620, 1460, 1387, 1351, 1162, 1138, 1081, 777 cm™*; HRMS calcd. For

[M+Na]*: 350.1727. Found: 350.1722.
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Chiral HPLC (Chiralpak 1A, hexane:isopropanol = 99:1, 1 mL/min, 254 nm), tminor = 10.4 min,

tmajor= 9.1 min. [a]p?*® = -97.6 (c= 2.67, CHCIs) at 98% e.e.

Racemic Sample 8n

DAD1 A, Sig=254 4 Ref=360,100 (LIN\DEF_LC 2018-06-19 20-54-32\001-0101.D)
mAU
400
350
300
250
200
150
100 | \ | \
50 \

44:_ 9185
;.“j‘->10_352

mi

Peak RetTime Type Width Area Height
# [min] [min] [MAU*s ] [MAU]

1 9.165 BB 0.2130 6234.80469 446.14462
2 10.352 BB 0.2606 6175.20605 366.40610

Enantiomeric Sample 8n

50.2401
49.7599

DAD1 A, Sig=254 4 Ref=360,100 (LIN\DL-J-8-E2.D)
mAU J
1400
1200
1000 |
800
600 3
400
200

9105

1110.375

mi

# [min] [min] [MAU*s | [mAU]

1 9.105 BB 0.2165 2.27470ed4 1613.47388
2 10.375 BB 0.2537 163.69363 10.06678
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3.4.4 Procedure and characterization data for the total synthesis of (—)-cycloclavine

Boc Boc,
\

N/ H N/ H
TsN 3, DBU
—_—
@21 CH4CN, r.t.

O 929 o

8 3

Procedure:

A 20 mL vial with a stir bar was charged with 8 (672 mg, 2.46 mmol, 1.0 equiv.) and TsN3 (581.9
mg, 2.95 mmol, 1.2 equiv.) in CH3CN (10 mL). After adding DBU (441 pL, 2.95 mmol, 1.2 equiv.)
at 0 °C, the vial was capped and the mixture was stirred at 0 °C for 2 h. Upon completion, it was
warmed up to room temperature and the solvent was removed by rotavap under reduced pressure.
The crude product was purified by silica gel flash chromatography (heaxane:ethyl acetate= 10:1)

to yield the desired product 3.

Compound 3 was isolated as a bright yellow solid in 92% yield (670 mg). Melting Point: 148-150
°C (decomposed). Rs = 0.5 (EtOAc/Hexane=1/5). *H NMR (400 MHz, CDCl3): § 7.64 — 7.02 (m,
1H), 7.23 (t, J = 7.9 Hz, 1H), 6.61 (d, J = 7.9 Hz, 1H), 4.40 (m, 1H), 3.74 — 3.49 (m, 2H), 2.93 (dd,
J=15.6,5.3 Hz, 1H), 2.50 (dd, J = 15.5, 13.1 Hz, 1H), 1.57 (s, 9H). 13C NMR (101 MHz, CDCl3):
0 192.3,152.3, 130.0, 124.5, 122.0, 113.2, 111.5, 81.2, 70.3, 55.4, 42.1, 34.2, 28.4. IR: v 3453,
2084, 1698, 1651, 1475, 1459, 1391, 1356, 1275, 1261, 1163, 1141, 859, 750 cm™*; HRMS calcd.

For [M+H]*: 300.1343. Found: 300.1339. [0]p?*® = -167.8 (c= 1.57, CHClI3).
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Boc Boc,
N/ H H
Me 1 mol% Rhy(R-DOSP),
s
-40 °C, hexane/ DCM o)
0 ©
slow addition
N2 Mé  Cli
3 9b
Procedure?:

To a 50 mL flamed-dried Schlenk flask equipped with a stir bar and a nitrogen-filled balloon was
added Rh2(R-DOSP)4 (12.7 mg, 0.0068 mmol, 1 mol%) and 3-chloro-2-methyl-1-propene (604.9
mg, 6.68 mmol, 10 equiv.) in hexane (15 mL). The system was cooled to -40 °C before 3 (200 mg,
0.67 mmol, 1.0 equiv.) in hexane/toluene (4 mL/ 2 mL) was added using slow-addition pump with
a speed of 2 mL/ h. After the addition of 3 was finished, the system was kept at -40 °C for another
20 min. After the starting material was fully consumed, the reaction solution was directly loaded
to a silica gel column while the temperature was still below 0 °C. The crude product was purified
by silica gel flash column chromatography (EtOAc/Hexane=1/50) to afford compound 9b as a
white solid in 85% yield. Two diastereomers of compound 9b were isolated through silica gel

chromatography, with a ratio of 5.8:1. The relative stereochemistry of the major isomer was

determined by X-ray crystallagraphy.

BocN H

Me  CI
9b
(major diastereomer)

Compound 9b (major diastereomer) was isolated as a white solid in 73% yield (175.8 mg). Melting
Point: 183-184 °C (decomposed). Rs = 0.4 (EtOAc/Hexane=1/5). 'H NMR (400 MHz, CDCls): §

7.74 —7.22 (m, 1H), 7.19 (t, J = 7.8 Hz, 1H), 6.55 (d, J = 7.8 Hz, 1H), 4.46 (s, 1H), 3.93 (d, J =
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8.0 Hz, 1H), 3.75 (d, J = 11.4 Hz, 1H), 3.68 — 3.55 (m, 2H), 3.07 (dd, J = 17.7, 5.8 Hz, 1H), 2.29
(dd, J = 17.7, 11.9 Hz, 1H), 2.12 (d, J = 5.4 Hz, 1H), 1.67 (d, J = 5.4 Hz, 1H), 1.57 (s, 9H), 1.06
(s, 3H). 3C NMR (101 MHz, CDCls): § 206.7, 152.4, 141.1, 133.7, 128.5, 118.9, 113.0, 81.5,
54.9,48.8,44.7,43.0,39.9, 32.7, 28.4,22.9, 17.2. IR: v 3444, 2977, 2098, 1694, 1617, 1462, 1390,
1350, 1258, 1142, 750 cm™:; HRMS calcd. For [M+H]": 362.1517. Found: 362.1513. [a]p?"® = -

132.3 (c= 1.10, CHCla).

9b
(minor diastereomer)

Compound 9b (minor diastereomer) was isolated as a colorless oil in 12% yield (30.3 mg). The
stereochemistry was tentatively assigned based on preliminary experimental results. After
subjecting this minor diastereomer to further deprotection and oxidation of the indoline to the
indole, we found the compound obtained is likely the diastereomer of compound 2 according to
the *H-NMR spectrum. This experiment suggested that the diastereomer observed here should
arise from the stereocenter close to the methyl and methylene chloride group. Ry = 0.3
(EtOAc/Hexane=1/5). *H NMR (400 MHz, CDCls): & 7.77 — 7.25 (m, 1H), 7.20 (t, J = 7.8 Hz,
1H), 6.59 (d, J = 7.7 Hz, 1H), 4.42 (s, 1H), 3.93 — 3.75 (m, 1H), 3.60 (dd, J = 13.9, 10.3 Hz, 2H),
3.21 (d, J = 11.3 Hz, 1H), 3.00 (dd, J = 17.8, 5.1 Hz, 1H), 2.35 (dd, J = 18.1, 11.9 Hz, 1H), 1.99
(d, J = 5.6 Hz, 1H), 1.64 (d, J = 5.6 Hz, 1H), 1.57 (s, 9H), 1.33 (5, 3H). 13C NMR (101 MHz,
CDCls): 6 206.0, 152.4, 134.1, 131.0, 128.8, 118.4, 113.2, 80.8, 54.8, 50.5, 44.9, 44.1, 37.3, 33.2,
28.4,21.1, 16.5. IR: v 2976, 2930, 1698, 1477, 1462, 1391, 1351, 1322, 1256, 1166, 1143, 736

cm; HRMS calcd. For [M+H]": 362.1517. Found: 362.1516.
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NaN3
DMF, 60 °C
X © 5h
/ 93%
Me Cl
9b
Procedure:

A 20 mL vial with a stir bar was charged with 9b (150 mg, 0.41 mmol, 1.0 equiv. the major
diastereomer) and NaN3 (161.7 mg, 2.49 mmol, 6.0 equiv.) in DMF (10 mL). The vial was capped
and the mixture was stirring at 60 °C for 5 h. Upon completion, it was cooled down to room
temperature and the reaction mixture was quenched with brine (10 mL). The mixture was extracted
with ethyl acetate (3x20 mL), washed with brine, and dried over Na>SOs. The combined organic
extract was concentrated under reduced pressure. The crude product was purified by silica gel flash

chromatography (heaxane:ethyl acetate= 20:1) to yield the desired product 10.

Compound 10 was isolated as a white solid in 93% yield (140 mg). Melting Point: 116-118 °C. Rs
= 0.6 (EtOAc/Hexane=1/5). *H NMR (400 MHz, CDCls): § 7.75 — 7.22 (m, 1H), 7.18 (t, J = 7.7
Hz, 1H), 6.54 (d, J = 7.8 Hz, 1H), 4.47 (s, 1H), 3.96 — 3.76 (m, 1H), 3.63 (dd, J = 11.3, 8.9 Hz,
1H), 3.55 (d, J = 12.7 Hz, 1H), 3.39 (d, J = 12.8 Hz, 1H), 3.04 (dd, J = 17.6, 5.3 Hz, 1H), 2.29 (dd,
J=17.6,12.0 Hz, 1H), 2.00 (d, J = 5.5 Hz, 1H), 1.58 (d, J = 5.6 Hz, 9H), 1.54 (d, J = 5.5 Hz, 1H),
0.99 (s, 3H). ¥C NMR (101 MHz, CDCls): § 206.9, 152.4, 133.5, 131.7, 128.5, 118.9, 112.9,

80.8,55.1,44.8,42.2,37.8,32.8,28.4,21.1, 17.8. IR: v 3439, 2096, 1694, 1635, 1462, 1390, 1259,
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1166, 1139, 1079, 749 cm™*; HRMS calcd. For [M+H]*: 369.1921. Found: 369.1922. [a]p?!® = -

167.8 (c= 0.87, CHCla).

1) TFA/ DCM
_—m

0 2)(PhSe0),0
indole, THF, 55 °C
Me N3 79% (2 steps)

Procedure?°:

A 20 mL vial with a stir bar was charged with 10 (36.8 mg, 0.1 mmol, 1.0 equiv.) in
dichloromethane (5 mL). TFA (1 mL) was added dropwisely to the stirring solution and the
mixture was stirred at room temperature for 1 h. The reaction mixture was then quenched with
saturated aqueous NaHCOs solution (10 mL) and extracted with dichloromethane (3x10 mL),
washed with brine, and dried over Na,SO4. The combined organic extract was concentrated under
reduced pressure. The crude product was transferred to a flame-dried 8 mL vial and (PhSe0O).0
(18.0 mg, 0.05 mmol, 0.5 equiv.) and indole (23.4 mg, 0.2 mmol, 2.0 equiv.) was added. The vial
was loosely capped and transferred into a nitrogen-filled glovebox, where anhydrous THF (2 mL)
was used to dissolve the mixture. After stirring at 55 °C for 2 h, the vial was cooled down to room
temperature and the solvent was removed under reduced pressure. The crude product was purified
by silica gel flash chromatography (dichloromethane:methanol= 100:0 to 100:1) to yield the
desired product 2. Compound 2 is unstable even under nitrogen atmosphere at low temperature,
normally directly subjected to the next step right after purification. Here we provide *H-NMR and

13C-NMR data for compound 2.
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Compound 2 was isolated as a colorless oil in 79% yield over 2 steps (21.2 mg). Rf = 0.5
(DCM/MeOH=20/1). *H NMR (500 MHz, CDCls): 5 8.10 (s, 1H), 7.25 — 7.13 (m, 2H), 6.96 (s,
1H), 6.57 (d, J = 6.6 Hz, 1H), 4.03 (d, J = 19.5 Hz, 1H), 3.87 (d, J = 19.6 Hz, 1H), 3.59 (d, J =
12.8 Hz, 1H), 3.30 (d, J = 12.7 Hz, 1H), 2.21 — 2.12 (m, 1H), 1.56 — 1.44 (m, 1H), 1.28 (s, 3H).
13C NMR (101 MHz, CDCls): § 204.0, 133.4, 128.5, 126.8, 123.0, 118.0, 114.8, 109.4, 108.7,

56.4,41.8, 39.2, 36.8, 21.6, 16.6.

PPh,, THF, Ny, 65 °C

o then NaBH3CN, AcOH, MeOH
then HCHO, NaBH3;CN
Me N, 78%
d.r.: >20:1
2 (-)-cycloclavine (1)

Procedure:

An 8 mL vial was charged with 2 (35.0 mg, 0.13 mmol, 1.0 equiv.) and PPh3(103.4 mg, 0.39 mmol,
3.0 equiv.). After adding THF (1 mL) inside a nitrogen-filled glovebox, the vial was capped and
the mixture was stirred at 65 °C for 2 h. After that, MeOH (5 mL) was added to the solution as
well as NaBH3CN (10.3 mg, 0.16 mmol, 1.3 equiv.) and AcOH (100 pL). The mixture was then
stirred for 30 min at room temperature, before HCHO (37 wt% solution in water, 270 pL) and
another portion of NaBH3CN (10.3 mg, 0.16 mmol, 1.3 equiv.) was added. The mixture was further
stirred for 30 min. Upon completion, the reaction was quenched by brine (10 mL). The mixture

was extracted with dichloromethane (3x10 mL), washed with brine, and dried over Na;SOs. The
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crude product was purified by silica gel flash chromatography (dichloromethane:methanol= 100:0
to 50:1) to yield the desired natural product 1. The characterization data of compound 1 matches

the reported data®314,

Compound 1 was isolated as a white solid in 78% yield (24.3 mg). Melting Point: 158-160 °C. Rt
= 0.4 (DCM/MeOH=20/1). 'H NMR (400 MHz, CDClz): & 7.92 (br, 1H), 7.14 (d, J = 8.0 Hz,
1H), 7.09 (t, J = 7.6 Hz, 1H), 6.90 (s, 1H), 6.83 (d, J = 6.9 Hz, 1H), 3.17 (d, J = 9.0 Hz, 1H), 3.14
(dd, J = 14.2, 3.2 Hz, 1H), 2.79 (dd, J = 11.5, 3.7 Hz, 1H), 2.61 (t, J = 12.2 Hz, 1H), 2.41 (d, J =
8.6 Hz, 1H), 2.37 (s, 3H), 1.69 (s, 3H), 1.61 (d, J = 3.4 Hz, 1H), 0.46 (d, J = 3.5 Hz, 1H). 13C
NMR (101 MHz, CDCls): 6 135.4, 133.6, 128.7, 122.9, 118.1, 113.2, 110.4, 107.9, 69.6, 65.6,
39.9, 34.4, 27.8, 24.9, 24.2, 16.5. IR: v 3416, 2076, 1634, 1448, 1276, 749, 616 cm™; HRMS
calcd. For [M+Na]*: 261.1362. Found: 261.1360. [a]o?® = -45.3 (c= 0.86, CHClIs). [Reported
[a]o?%® = -58.9 (c= 0.23, CHCI3)]

Comparison of the NMR Data between Synthesized 1 and Reported 11314

H-NMR of Synthesized 1 H-NMR of Reported 1 BC-NMR of | C-NMR of
Synthesized 1 | Reported 1

7.92 (br, 1H) 7.92 (br, 1 H) 135.4 135.4

714 (d, J= 8.0 Hz, 1H) 7.15 (d, ] = 8.4 Hz, 1H) 133.6 133.5

7.09 (t,J = 7.6 Hz, 1H) 7.10 (app t, J = 7.7 Hz, 1H) 128.7 128.7

6.90 (s, TH) 6.91 (s, 1 H) 122.9 122.9

6.83 (d, J = 6.9 Hz, 1H) 6.84 (d, ] = 7.0 Hz, 1H) 118.1 118.1

3.17(d, J=9.0 Hz, 1H) 3.17(d, ] =9.1 Hz, 1H) 1132 113.2

3.14 (dd, /= 14.2, 3.2 Hz, 1H) 3.15(dd, J =14.0,4.2 Hz, 110.4 110.3
1H)

2.79 (dd, J=11.5, 3.7 Hz, 1H) 2.79 (dd, J=11.2, 3.5 Hz, 107.9 107.9
1H)

261 (,J= 122 Hz, 1H) 261 (t,J = 12.6 Hz, 1H) 69.6 69.6
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2.41(d, J= 8.6 Hz, 1H) 242 (d,J=8.4 Hz, 1H) 65.6 65.6
2.37 (s, 3H) 2.37 (s, 3 H) 39.9 39.9

1.69 (s, 3H) 1.70 (s, 3 H) 344 343

1.61 (d, J=3.4 Hz, 1H) 1.61 (d,J = 2.8 Hz, 1H) 27.8 27.8
0.46 (d, J= 3.5 Hz, 1H) 0.46 (d, J = 3.5 Hz, 1H) 24.9 24.9
242 242

16.5 16.5

3.4.5 Procedure and characterization data of total synthesis of (—)-5-epi-cycloclavine

1) PPh,, THF, Ny, 65 °C

then NaBH3;CN, AcOH, MeOH
then HCHO, NaBH3;CN

2) DCM/ TFA
3

83%, d.r. >20:1
(2 steps)

Procedure:

An 8 mL vial was charged with 10 (51.4 mg, 0.14 mmol, 1.0 equiv.) and PPh; (109.8 mg, 0.42
mmol, 3.0 equiv.). After adding THF (1 mL) inside a nitrogen-filled glovebox, the vial was capped
and the mixture was stirred at 65 °C for 2 h. After that, MeOH (5 mL) was added to the solution
as well as NaBH3CN (13.2 mg, 0.21 mmol, 1.5 equiv.), AcOH (97 puL, 1.68 mmol, 12 equiv.). The
mixture was then stirred for 30 min at room temperature, before HCHO (37 wt% solution in water,
240 pL) and another portion of NaBH3CN (13.2 mg, 0.21 mmol, 1.5 equiv.) was added. The
mixture was further stirred for 30 min. Upon completion, the reaction was quenched by brine (10
mL). The mixture was extracted with dichloromethane (3x10 mL), washed with brine, and dried
over Na;SOs. The crude product was dissolved in 5 mL dichloromethane and 1 mL of
trifluoroacetic acid was added dropwisely to the stirring solution. After the mixture was stirred for
1 h, the reaction was quenched by saturated NaHCO3 aqueous solution (10 mL). The mixture was

extracted with dichloromethane (3%x10 mL), washed with brine, and dried over Na,SO4. The crude
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product was purified by silica gel flash chromatography (dichloromethane:methanol= 100:0 to

20:1) to yield the desired product 11.

Compound 11 was isolated as a white solid in 83% yield (28.0 mg). Melting Point: 119-120 °C. R¢
= 0.2 (DCM/MeOH=20/1). *H NMR (400 MHz, CDCls): & 6.97 (td, J = 7.7, 0.9 Hz, 1H), 6.49 (d,
J=7.6Hz, 1H), 6.24 (d, J = 7.7 Hz, 1H), 3.83 (t, J = 8.4 Hz, 1H), 3.34 (ddd, J = 12.1, 8.5, 4.4 Hz,
1H), 3.23 (dd, J = 10.9, 8.4 Hz, 2H), 2.51 (d, J = 4.5 Hz, 1H), 2.33 (d, J = 9.5 Hz, 1H), 2.29 — 2.23
(m, 4H), 1.58 (d, J = 4.8 Hz, 1H), 1.39 (ddd, J = 13.2, 11.9, 4.8 Hz, 1H), 1.03 (s, 3H), 0.91 (d, J =
4.9 Hz, 1H). *C NMR (101 MHz, CDClz3): 6 149.4, 133.4, 133.3, 127.1, 113.7, 106.1, 72.5, 67.3,
55.1, 39.5, 38.8, 35.2, 34.4, 33.2, 30.7, 17.3. IR: v 3443, 2065, 1635, 1275, 1260, 764, 750, 566

cm™; HRMS calcd. For [M+H]*: 241.1699. Found: 241.1704. [a]p?"® = -138 (c= 0.71, CHCI5).

(PhSe0),0

THF, 55 °C
indole

89%

(-)-5-epi-cycloclavine (12)

Procedure:

To a flame-dried 8 mL vial charged with 11 (14.4 mg, 0.06 mmol, 1.0 equiv.) was added
(PhSe0)20 (10.8 mg, 0.03 mmol, 0.5 equiv.) and indole (21.1 mg, 0.18 mmol, 3.0 equiv.). The

vial was loosely capped and transferred into a nitrogen-filled glovebox, where anhydrous THF (1
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mL) was used to dissolve the mixture. After stirring at 55 °C for 2 h, the vial was cooled down to
room temperature and the solvent was removed by rotavap under reduced pressure. The crude
product was purified by silica gel flash chromatography (dichloromethane:methanol= 100:0 to
20:1) to yield the desired product 12. The characterization data of compound 12 matches the

reported data®®.

Compound 12 was isolated as a white solid in 89% vyield (12.7 mg). Melting Point: 175-176 °C
(decomposed). Rs = 0.4 (DCM/MeOH=20/1). *H NMR (400 MHz, CDCls): § 7.92 (br, 1H), 7.20
—7.13 (m, 2H), 6.90 (t, J = 1.9 Hz, 1H), 6.62 (dd, J = 5.1, 2.7 Hz, 1H), 3.54 (dd, J = 11.0, 5.6 Hz,
1H), 3.08 — 2.97 (m, 2H), 2.67 (d, J = 8.8 Hz, 1H), 2.62 (ddd, J = 14.5, 11.0, 1.8 Hz, 1H), 2.51 (s,
3H), 1.59 (d, J = 4.4 Hz, 1H), 1.15 (d, J = 6.3 Hz, 4H). ). *H NMR (400 MHz, CD2Cl.): § 8.05
(br, 1H), 7.18 — 7.07 (m, 2H), 6.92 (t, J = 1.8 Hz, 1H), 6.58 (dd, J = 6.4, 1.4 Hz, 1H), 3.47 (dd, J
=10.8, 5.6 Hz, 1H), 3.01 (dd, J = 14.6, 5.6 Hz, 1H), 2.98 (d, J = 8.8 Hz, 1H), 2.66 (d, J = 8.8 Hz,
1H), 2.60 (ddd, J = 14.5, 11.0, 1.8 Hz, 1H), 2.49 (s, 3H), 1.60 — 1.52 (m, 1H), 1.12 (s, 3H), 1.11
(d, J = 4.5 Hz, 1H). 3C NMR (101 MHz, CDClz3): & 133.3, 130.4, 127.4, 122.9, 118.1, 112.9,
111.6, 107.6, 62.9,59.7, 35.8, 35.4, 33.2, 20.1, 18.6, 14.9. IR: v 3420, 1635, 1275, 1260, 764, 749,
528 cm™; HRMS calcd. For [M+H]*: 239.1543. Found: 239.1550. [a]p?®° = -42 (c= 0.64, CHCIs).

Comparison of the NMR Data between Synthesized 12 and Reported 1213

H-NMR of Synthesized H-NMR of Reported 12 BC-NMR of | *C-NMR of
12 (in CD2Cl) (in CD2Cl) Synthesized 12 | Reported 12
(in CDCly) (in CDCl3)
8.05 (br, 1H) 8.04 (brs, 1 H) 133.3 133.3
7.18 —7.07 (m, 2H) 7.15-7.10 (m, 2 H) 130.4 130.5

232



6.92 (t, J= 1.8 Hz, 1H) 6.92 (dd, ] = 1.8 Hz, 1H) 1274 1274
6.58 (dd,J=6.4, 1.4 Hz, | 6.58(dd,J = 6.6, 0.6 Hz, 1H) 122.9 122.9
1H)
3.47(dd, J=10.8,5.6 Hz, | 3.47(dd,J=10.8, 6.0 Hz, 1H) 118.1 118.1
1H)
3.01 (dd, J=14.6,5.6 Hz, | 3.01(dd,J = 14.4, 6.0 Hz, 1H) 112.9 112.9
1H)
2.98 (d,J = 8.8 Hz, 1H) 2.98 (d, ] = 8.4 Hz, 1H) 111.6 111.7
2.66 (d, J= 8.8 Hz, 1H) 2.66 (d,J=9.0 Hz, 1H) 107.6 107.6
2.60 (ddd, J=14.5, 11.0, | 2.59 (ddd, J = 16.2, 11.4, 1.8 Hz, 62.9 62.9
1.8 Hz, 1H) 1H)
2.49 (s, 3H) 2.48 (s, 3 H) 59.7 59.8
1.60 — 1.52 (m, 1H) 1.57 (4,7 = 3.0 Hz, 1H) 35.8 35.8
1.12 (s, 3H) 1.12 (s, 3 H) 354 354
1.11 (d,J=4.5 Hz, 1H) .11 (d,J=42Hz, 1H) 332 332
20.1 20.1
18.6 18.6
14.9 14.9

3.4.6 X-ray data

Table 3.5 Crystal Data and Structure Refinement for 12 (Racemic)

Empirical formula
Formula weight
Temperature/K
Crystal system
Space group

a/A

12 (racemic)

C20H24CINO3
361.85
100(2)
orthorhombic
P21212;

9.2522(8)
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Table 3.5 Continued Crystal Data and Structure Refinement for 12

b/A

c/A

a/°

B/

y/°
Volume/A?
Z

Pealeg/cm’
w/mm’!

F(000)

Crystal size/mm?

Radiation

20 range for data collection/°
Index ranges

Reflections collected
Independent reflections
Data/restraints/parameters
Goodness-of-fit on F?

Final R indexes [[>=2c ()]
Final R indexes [all data]

Largest diff. peak/hole / e A~

Flack parameter

(Racemic)

10.3247(9)
19.5321(16)

90

90

90

1865.8(3)

4

1.288

0.223

768.0

0.04 x 0.03 x 0.03
MoK (A = 0.71073)

4.17 to 56.626

-12<h<8,-13<k<10,-26<1<26

13956

4589 [Ring = 0.0471, Ryjgma = 0.0647]

4589/0/230

1.041

R1=10.0485, wR> =0.1097
R;=0.0689, wR>=0.1175
0.36/-0.36

-0.09(5)
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3.6 NMR Spectra

Figure 3.1 *H and 3C NMR spectrum of compound 6h
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Figure 3.2 'H and 3C NMR spectrum of compound 5
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Figure 3.3 *H and *3*C NMR spectrum of compound 5a
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Figure 3.4 'H and *3C NMR spectrum of compound 5b
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Figure 3.5 'H and *3C NMR spectrum of compound 5¢
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Figure 3.6 *H and *3C NMR spectrum of compound 5d
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Figure 3.7 *H and *3C NMR spectrum of compound 5e
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Figure 3.8 H, 13C NMR and °F-NMR spectrum of compound 5f
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Figure 3.8 Continued *H, *C NMR and **F-NMR spectrum of compound 5f
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Figure 3.9 *H and *C NMR spectrum of compound 5g
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Figure 3.10 H and 3C NMR spectrum of compound 5h
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Figure 3.11 *H and 3C NMR spectrum of compound 5i
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Figure 3.12 H and *C NMR spectrum of compound 5j
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Figure 3.13 H and 3C NMR spectrum of compound 5k
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Figure 3.14 H and 3C NMR spectrum of compound 5I-1
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Figure 3.15 H and *C NMR spectrum of compound 5I
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Figure 3.16 H and 3C NMR spectrum of compound 5m
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Figure 3.17 H and 3C NMR spectrum of compound 5n
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Figure 3.18 H and 3C NMR spectrum of compound 8
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Figure 3.19 H and 3C NMR spectrum of compound 8a
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Figure 3.20 H and 3C NMR spectrum of compound 8b
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Figure 3.21 H and 3C NMR spectrum of compound 8c

€10a0

LL "
6L
61"
1
92 "

9"

SRR RS R

R R R R R ]

|

ﬁw /
\ ~
> ~
3 -
¥ =
\ \
7

/

\
/

i-Pr

BocN

f1 (ppm)

€8 9T~ _ _
.FH\

6

as

10
80

L2

‘el —

T
G 9V ™ —.

28 "8% ™~ -

.g "gc — —

9 9L

err T

6T
0€T

761 — -

602 — -

210 200 190 180 170 160 150 140 130 120 110 100 90 80 70 60 50 10 30 20 10 0 10 -20
f1 (ppm)

220

259



Figure 3.22 H and *C NMR spectrum of compound 8d
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Figure 3.23 H and 3C NMR spectrum of compound 8e
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Figure 3.24 'H, *3C NMR and °F NMR spectrum of compound 8f
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Figure 3.24 Continued *H, 3C NMR and **F NMR spectrum of compound 8f
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Figure 3.25 H and 3C NMR spectrum of compound 8g
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Figure 3.26 H and 3C NMR spectrum of compound 8h
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Figure 3.27 H and 3C NMR spectrum of compound 8i
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Figure 3.28 H and *C NMR spectrum of compound 8j
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Figure 3.29 H and 3C NMR spectrum of compound 8k
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Figure 3.30 *H and 3C NMR spectrum of compound 8|
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Figure 3.31 H and 3C NMR spectrum of compound 8m
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Figure 3.32 H and *C NMR spectrum of compound 8n
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Figure 3.33 *H and 3C NMR spectrum of compound 3
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Figure 3.34 H and 3C NMR spectrum of compound 9b (major)
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Figure 3.35 H and 3C NMR spectrum of compound 9b (minor)
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Figure 3.36 H and 3C NMR spectrum of compound 10
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Figure 3.37 H and 3C NMR spectrum of compound 2
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Figure 3.38 H and *C NMR spectrum of compound 1
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Figure 3.39 H and 3C NMR spectrum of compound 11
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Figure 3.40 'H (in CDCl; and CDCl,) and *3C NMR spectrum of compound 12
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Figure 3.40 Continued *H (in CDCIl3 and CDCl) and *3C NMR spectrum of compound 12
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CHAPTER 4

Fused-Ring Formation via an Intramolecular “Cut-and-Sew” Reaction between

Cyclobutanones and Alkynes

4.1 Introduction

Among various endeavor in transition metal (TM)-catalyzed carbon—carbon bond (C—C)
activation, people have explored different activation strategies to develop intriguing
transformations. In particular, oxidative addition of TM into C—C & bonds followed by 2n-
insertion, namely a “cut-and-sew” process, has been demonstrated to be effective for construction
of complex ring scaffolds.!” Apart from the benzocyclobutenones discussed in previous chapters,
cyclobutanone derivatives are of special interest for this type of transformations due to their easy
access and high reactivity towards C—C activation.'"!™1:191" To date, significant progress has been
achieved for construction of bridged rings via intramolecular “cut-and-sew” reactions, in which
cyclobutanones are coupled with an unsaturated unit tethered at the C3 position (Scheme 4.1a).2
However, using such a strategy to synthesize fused-ring systems remains an unmet challenge

(Scheme 4.1b).2
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One main difficulty associated with fused-ring formation arises from the need for C—C
cleavage/coupling at the more hindered C2 (proximal) position (Scheme 4.2a), as the selectivity
typically favors the less hindered C4 (distal) position (Scheme 4.2b).?¢ In addition, decarbonylation
of cyclobutanones is always a competing reaction pathway.?>?¢2" As illustrated in Scheme 4.2a, to
obtain rhodacycle A, which is the reactive intermediate for subsequent 2n-insertion, the key would
be to promote equilibrium between the two rhodacycles (A and B). Learned from our prior work
on benzocyclobutenone activation, one solution is to enable a facile and reversible

decarbonylation/CO-reinsertion®, in which rhodacyclopentanone B can be converted first to a

Scheme 4.1 “Cut and Sew” Reactions with Cyclobutanones

a) Bridged-ring formation (literature known)

X 0 0
- i
A RS S
3 B < ; R? : A
R “---7 R -7 L

b) Fused-ring formation (this chapter)

B (0] B\\ 0
o) P ~ A B
2 A m @f x .
igz R R
R

>

rhodacyclobutane intermediate C and then to A via CO-reinsertion.

a) Selectivity challenge

R

B KEY: promoting equilibrium between the two rhodacycles

h_O pathb O patha
[Rh] [Rh] Rh
- R ~~""o- > \L
B R favored 4 2 less favored

Scheme 4.2 Challenge for Fused Ring Formation

b) Previous example

i only T
SR

CO-deinsertion

~

s’

|
35% 17% Ts
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We anticipate that the choice of the ligand would be critical for this transformation, because
it should promote decarbonylation/reinsertion rather than further reductive elimination of C to give
cyclopropane, which represents a major difference from the benzocyclobutenone system.® In this
chapter, we will discuss our development of an effective catalytic system for fused-ring formation
via an intramolecular “cut and sew” reaction between cyclobutanones and alkynes (Scheme 4.3).°
The transformation is enabled by use of an electron-rich, less bulky phosphine ligand, offering a

rapid access to cyclohexenone-fused rings.

Scheme 4.3 “Cut-and-Sew” with Cyclobutanones to Form Fused Rings

1
R o)

1
\ R
(0] \If [Rh]/L R2
—_— >
X Y
2 (4+2)
R2< %5—/ RS X
R3

It should be noted that similar structures could also be obtained through a (3+2+1)
cycloaddition reactions among cyclopropanes, CO and alkynes.**” The coupling of simple
cyclopropanes, CO and alkynes was first reported by Narasaka,® albeit with a low catalyst turnover
and limited substrate scope (Scheme 4.4). Use of more reactive vinyl cyclopropanes and
cyclopropanes with a directing group were recently developed by Yu® and Bower!'? respectively,
both of which exhibit excellent reactivity and selectivity (Scheme 4.4). Hence, methods that
directly activate simple cyclobutanones should offer a complementary approach to the prior

(3+2+1) reactions without the external CO gas or auxiliary DGs (Scheme 4.3).
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Scheme 4.4 Precedents of Cyclohexenone-Fused Ring Formation via C—C Activation

Narasaka (1999)

_ _ o
Rl—= RI— CO.Et
COEL 20 mol% [Rh] ! 2 co O COLEt
COEt — > Rh CO,Et —_— 2
CO,Et
L J 41%
Yu (2010)
_ . _ R2
RZ—= R— NT: (0]
— \ S
0,
NTs 10 mol% [Rh] m TSN
Rh.
« co o) S N
- - 60% to 92% vyield
Bower (2013)
_ _ RS
3 S
R — R>—= o
4 R*
R 7 mol% [Rh] R4
D - . N -
N co Rh }/—NMe N
NM o) 2
O>_ €2 \o O)\NMGZ

30% to 74% yield

4.2 Results and Discussion

4.2.1 Condition optimization for “cut-and-sew” reactions between cyclobutanones and alkynes
To explore the proposed “cut-and-sew” reaction, cyclobutanone 1a was employed as the
initial substrate, and the ligand effect was examined first using [Rh(CO)2Cl]2 as the pre-catalyst
(Table 4.1). According to aforementioned challenges, we proposed that ligand is crucial for this
transformation. First, we tested the monodentate phosphine ligands with differed electronic and
steric properties (Table 4.1, entries 1-11). A range of them was found effective, and generally,
higher conversion was obtained with more electron-rich ligands. For alkyl substituted phosphine
ligands (Table 4.1, entries 1-4), the product 2a was observed in all cases. PMes and P(¢-Bu)s, which
varies significantly in steric properties, gave better yields, which can be explained by that PMes
promoted the oxidative addition step while P(z-Bu); promoted the reductive elimination step. As
the ligand became less electron-rich and more bulky from PMe2Ph to PPhs, the yield of 2a

decreased continuously (Table 4.1, entries 5-7) and PMe2Ph gave the optimal yield of 82%, as well
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as the conversion. Varying the electronic property of the aryl substituted phosphine ligands gave

comparable yields with trialkylphosphines and there is no clear relation between the electronic

property and reactivity (Table 4.1, entries 7-11). Phosphite ligands cannot yield any product (Table

4.1, entries 12 and 13). Bidentate ligands were able to facilitate this transformation, albeit with

lower yield compared with PMe>Ph (Table 4.1, entries 14-19).

Table 4.1 Selected Ligand Screening

Ph s 5 mol% [Rh(CO),Cll; Q  Ph Ph
o 16 mol% [P] A
1,4-dioxane, 125 °C %O +
0.1 M, 4 mL vial
1a 60 h 2a 2a’
Entry Ligands Yield (2a: 1a: 2a")
1@ PMej 57%: trace: 10%
24 PCy; 37%: 23%: 18%
32 PBus 39%: 6%: 15%
44 P(t-Bu)s 65%: trace: 16%
52 PMe,Ph 82%: trace: 13%
6 PMePh, 50%: 22%: 8%
74 PPh3 35%: 50%: 12%
84 P(tol)s 47%: 12%: 19%
94 P(4-FPh)3 64%: 16%; 22%
107 P(4-MeOPh)3 53%: trace: 17%
118 P(3,5-CF3CgHa)s 50%: 25%: 10%
120 P(OMe); 0%: 0%: 0%
130 P(OPh), 0%: 70%: trace
142 dppb 45%: 40%: 9%
159 dppe 67%: 8%: trace
16° dppbz 9%: 77%: 10%
17b binap 48%: 33%: trace
180 biphep 31%: 52%: trace
190 L, 17%: 70%: trace
Ph,P  PPhy!
(

@ |solated yield. ® NMR yield using mesitylene as internal standard

Surprisingly, one important factor was the ligand/metal ratio, with 1.6:1 being optimal

(Table 4.2). When less ligand was employed (P/Rh=1:1), the reaction still gave a complete

conversion albeit with more cyclopropane side product 2a’ (Table 4.2, entry 1); however,

increasing the P/Rh ratio to 2:1 completely shut down the reactivity (Table 4.2, entry 8), which
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could be attributed to the generation of inactive trans-Rh(CO)(L)2Cl species. We reason that the
active catalytic species likely contains only one phosphine ligand, but it is relatively unstable in
the absence of extra PMe2Ph. This rationale was furthered confirmed by our mechanistic study
which would be discussed later.

Table 4.2 Screening of the [Rh]/P Ratio”

Ph 5 mol% [Rh(CO),Cll,

Q  ph Ph
o y mol% PMe,Ph Q A
1,4-dioxane, 125 °C .O .
0.1 M, 4 mL vial
2a

Y4

1a 60 h 2a’

Entry y Yield (2a: 1a: 2a’)

1 10 mol% 64%: trace: 24%

2 13 mol% 71%: trace: 20%

3 14 mol% 73%: trace: 20%

4 15 mol% 76%: trace: 18%

5 16 mol% 82%: trace: 13%

6 17 mol% 77%: 5%: 15%

7 18 mol% 53%: 30%: 8%

8 20 mol% trace: 92%: trace

@ All the yields are NMR yield using mesitylene as internal standard

In addition, use of the more m-acidic [Rh(CO)2Cl]2 as a precatalyst is also crucial to
generate the active species; in contrast, use of more electron-rich Rh-olefin complexes gave almost
no conversions of cyclobutanone 1a (Table 4.3, entries 2 and 3). Dioxane was found to be the best
solvent (Table 4.3, entries 4-5). At lower temperature, yield decreased significantly to 67% (Table
4.3, entry 6). In the absence of precatalyst or ligand, no desired product was observed (Table 4.3,
entries 7 and 8). Interestingly, when we added one equivalent of 2-amino-3-methylpyridine as a
cofactor, no reaction was observed (Table 4.3, entry 9).%° This result suggests that the dynamic

nature of carbonyl group in cyclobutanone could be important for this transformation.
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Table 4.3 Precatalyst/solvent Screening and Control Experiments
Ph 5 mol% [Rh(CO),Cll;

O Ph Ph
o N 16 mol% PMe,Ph A
1,4-dioxane, 125 °C %O +
0.1 M, 4 mL vial
2a

1a 60 h 2a'
"standard conditions"

Entry Variations from standard condition ~ 2a® Conversion® 2a'?
1 none 82% >95% 13%
2¢ [Rh(C,H4)Cl], instead of [Rh(CO),Cl], trace <5% trace
3¢ [Rh(cod)Cl], instead of [Rh(CO),Cl]» trace <5% trace
in THF 57% 90% 1%
5 in toluene 77% >95% 14%
6 at 115 °C 67% >95% 18%
7° without PMe,Ph 0% >95% 0%
8°  without [Rh(CO),Cl], 0% <5% 0%
9 with 100 mol% of C1 0% <5% 0%

@ Unless otherwise mentioned, the reaction was run with 10 mol % rhodium complex (based on
the metal) and 16 mol % ligand (based on phosphine) on a 0.1 mmol scale at 125 °C for 60 h. ?
Isolated yield/conversion. ¢ Based on crude NMR.

4.2.2 Substrate scope for “cut-and-sew” reactions between cyclobutanones and alkynes

With the optimized conditions in hand, the substrate scope was next investigated (Table
4.4). First, different aryl-substituted alkynes all underwent the “cut and sew” sequence to give the
corresponding tricycle products (2a-2e). Alkyl-substituted alkynes are also competent coupling
partners; primary, secondary and tertiary alkyl substituents are all tolerated. Unsurprisingly,
increasing the bulkiness on the substituent from propyl (2g) to isopropyl (2h) to z-butyl (2i) groups
reduced the yield. It is noteworthy that the reaction conditions are both pH and redox neutral. The
acid-labile TBS ether is compatible and 89% yield of product 2j was isolated. In addition,
cycloalkyl-substituted alkynes can be effectively coupled; the generated vinyl cyclopropane
moiety (2m) remained intact. Moreover, substitution on the arene (2n) or the methylene bridge
(20) (between the arene and cyclobutanone) is tolerated. The reduced yield for product 20 is due
to the increasing cyclopropane formation; it is likely that the substitution hindered the migratory

insertion to certain extent. Interestingly, the aniline linkage provided an indoline scaffold (2p).
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Table 4.4 Substrate Scope”

R1
R [Rh(CO),Cl], (5 mol%) o R S
BN PMe,Ph (16 mol%) \Y
O Y |
| 1,4-dioxane (0.1 M), 125 °C Y X
% ; X | > \/
X 2
R? R? R
1a-t 2a-t 2a'-t'
(0]
Ar Me OMe Cl F
Q 2a, 82% 2b, 82% 2c, 65% 2d, 76% 2e, 78%

2a', 13% 2b', 18% 2c¢', trace 2d', 17% 2e', trace

o o

2f, 77% (85% brsm) 29, 80% 2h, 70% 2| 49%
2f', trace 2g’, trace 2h' 8% 33%

2j, 89% 2k, 61% 2m, 60%
2j', trace 2k', 17% 2m’, trace
n-Bu
2n, 75% 20, 33% (39% brsm) 2p, 42%
2n', 8% 20', 28% 2p', trace
9 Ph O Ph O  Et O  TMS
S ;% Me
NTs g :NTs g :NTs g :NTS
29, 73% 2r, 70% 2s,71% 2t, 37%
2q', trace 2r', trace 2s', trace 2t', trace

@ all the yields of 2a-t and 2a'-t' are isolated yields obtained after column purification.
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On the other hand, the nitrogen linker was also found efficient. With such a linker, coupling
with aryl, alkyl and even silyl-substituted alkynes has been achieved, and the corresponding 6H-
isoindole products (2q-2t) can potentially serve as valuable synthetic building blocks.°

Scheme 4.5 Scope for Disubstituted Cyclobutanones

a) trans-disubstitued cyclobutanone

[Rh CO0),Cl], (5 mol%)
PMe,Ph (16 mol%) j>
1,4-dioxane (0.1 M), 140 °C ,/ BnO
60 h

>20:1 d.r. 40% vyield 33% yield
>20:1d.r.
1u(t) 2u(t) 2u'(1)
b) diastereomeric cyclobutanone
(0] Ph
[Rh(CO),Cl], (5 mol%)
Vo /) PMesPh (16 mol%) ‘
1,4-dioxane (0.1 M), 140 °C .
60 h
1.5:1d.r 46% yield, 72% BRSM yield 6% vyield
2.5:1d.r.
1v 2v(+) 2v'(1)

On addition, both a and P substituted cyclobutanones can be employed albeit in moderate
yields (Scheme 4.5), probably caused by the increased steric hindrance in the substrates.

Finally, there are a handful of unsuccessful substrates for this transformation under
standard condition (Scheme 4.6). We screened many conditions for substrate 1w and 1x to generate
6,6-fused ring systems with one more carbon on the linkage. However, under those conditions, the
only product we observed is the decarbonylation product 2w’ and 2x’. The dimethyl substituents
on the 3 position of cyclobutanone are not tolerated despite of different linkage and substituents
on the alkyne tested, which could be attributed to the significantly increased steric bulkiness (1y-
laa). Oxygen linkage (1ab) is not viable substrate and it might be caused by the conformation

flexibility of the linkage. Amine functional group (1ac) which can possibly coordinated to the
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catalyst is not tolerated. Ester substitution on the alkyne (1ad) and free alkyne (1ae) would lead to
decomposition.

Scheme 4.6 Unsuccessful Substrates

2o,

Ph 1w 1x
decarbonylation decarbonylation
& decomposition & low conversion
% n-Pr Ph
Me Me ¢/ \ MW Me Me
1aa
low conversion Iow conversion low conversion

0 o} 0 0
o e
1ab \ Me,N 1? 1Tas; \ 1T:/e \

decomposition  Ph decomposition decomposition CO,Me  decomposition

4.2.3 Mechanistic study for “cut-and-sew” reactions between cyclobutanones and alkynes

With regard to the plausible reaction mechanism, there are two major questions. One is
whether this (4+2) cycloaddition shares the same catalytic pathway as the (3+2+1) reaction
involving cyclopropane ring opening.'” The other one is whether the reaction pathway involves the
cleavage of the less hindered distal C—C bond. To address the first question, control experiments
with cyclopropane side product 2a’ were conducted (Scheme 4.7). Subjecting 2a’ to the standard
(4+2) reaction conditions in the presence of CO gas or to the optimal conditions developed by
Narasaka® or Bower!® for the (3+2+1) reaction gave no desired 2a product. This result suggests
that cyclopropane formation during the (4+2) reaction is probably irreversible and 2a’ should not
be an intermediate towards product formation. This observation is also consistent with the fact that

coupling of unactivated cyclopropanes in the absence of DGs is rather difficult.® We then tested
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the control substrate 1af (Scheme 4.7). In the absence of alkyne group, we still observed aldehyde
1af’ as major product, which proves that alkyne did not serve as a directing group for C—C bond

cleavage in our catalytic system.

Scheme 4.7 Control Experiments

Ph
(0]
| | Ph conditions results
__conditions Q A 2
2 .O B decomposition
C 2a'
2a' 2a

condition A: "standard conditions" with 1 atm CO
condition B: [Rh(CO),Cl],, 1,2-dichlorobenzene, 160 °C, 48 h, 1 atm CO (ref 7)
condition C: [Rh(cod)Cl],, P(3,5-CF3CgH3)3, PNCN, Na,S0Oy,, 130 °C, 72 h, 1 atm CO (ref 9)

(27%) 13C

Q [Rh('3CO),Cl], (5 mol%) O{/\/@
PMe,Ph (16 mol%) X

1af 1,4-dioxane, 125 oC 1af'

22% yield and decomposition

To explore the second question, *C labeling study was conducted (Scheme 4.8). We
hypothesized that, if the reaction involved cleavage of the less hindered distal C—C bond, a CO
de-insertion and re-insertion into the less hindered alkyl group would have to occur (vide supra,
Scheme 4.2). Thus, if this were the case, use of the Rh catalyst containing *3CO ligands would
introduce C-labeled carbonyl moiety into the product. Indeed, replacement of [Rh(CO).Cl]2 with
[Rh(**CO).Cl]2 under the standard reaction conditions afforded product 2a in 82% yield with 21%
13C incorporation. Give that only 5 mol% [Rh(**C0).Cl]. was used, 86% *3CO from the Rh
complex has been transferred into product. When we terminated the reaction at an earlier stage,
there is higher 3C incorporation (34%) observed and no significant *C incorporation was
observed in starting material. We also did a series of monitoring on the *3C incorporation ratio at

different conversion. The observation is similar to what we mentioned above, with increasing
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conversion the 3C incorporation ratio decreases and there is no 3C incorporation in recovered
starting material (Scheme 4.9).
Scheme 4.8 1*CO Exchange Experiment

(21%) 3c
O4  Ph

82% yield, 100% conversion .O %(13CO) 21% x 0.82 - 86%
= < 0

incorporation 5% X 2 x2

Ph

4

jmmm e an 2a
+ [Rh("*C0O),Cl], (5 mol%) 5

PMe,Ph (16 mol%) ! (34%) 3C
1,4-dioxane, 125°C |

T L LR O{ Ph Ph %
1a o
49% vyield, 52% conversion .O + /—\

2a no significant 3C  1a

CO exchange

g0 o o'%c. o 9 N
Rh 13¢ 1
. =—— [Rh ' R:
[Rh]\:éfR R [ ]|\)—R !

These observations suggested that (i) decarbonylation/CO-reinsertion must have occurred
in this reaction (Scheme 4.2), (ii) the exchange between the coordinated CO on Rh and the free
CO is faster the subsequent steps and (iii) the reductive elimination back to starting material is
significantly slower than migratory insertion once the CO exchange happened. Hence, this
observation is consistent with the hypothesis that the reaction may involve cleavage of the less
hindered distal C—C bond, followed by a decarbonylation/CO reinsertion process, though the
pathway initiated from direct activation of the bulkier proximal C—C bond cannot be completely

ruled out at this stage.
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Table 4.5 Series of 2*CO Exchange Experiment

ratio of 13C
Ph
A [Rh('3C0),Cl], (5 mol%)
o] PMe,Ph (16 mol%) Q
1,4-dioxane, 125 °C .
1a
conversion 10% 15% 30% 36% 52% 67% 79% 100%
yield of 2a 9% 13% 29% 32% 46% 52% 67% 82%

13C incorporation  60% 53% 45% 39% 34% 28% 24% 21%

We noticed from our condition screening that the ratio between rhodium precatalyst and
ligand plays an important role in this transformation. To shed some light into this observation, we

want to first figure out the catalyst’s resting state in this transformation at different [Rh]/P ratios

(Scheme 4.9).
Scheme 4.9 Resting State Study
entry 1 OC. PMe,Ph OC,  PMe,Ph
Rh, RN
oc” <¢I PhMe,P”  ClI
d®-toluene, 125 °C c1 c2
[Rh(CO),Cll, + 2 PMe,pPh ———
30 min
oc,_ _cl,_ co
/Rh\ /Rh\

PhMe,P”  “cI” “co
.- S
entry 2

d®toluene, 125°C  OC.  PMe,Ph OC_ PMe,Ph
[Rh(CO),Cll, + 3.2PMeyPh ———— > R 2 RH, 2
30 min oc i PhMe,P”  CI
c1 c2
entry 3
d®-toluene, 125 °C OC_ PMe,Ph
[Rh(CO),Cll, + 4 PMe,Ph —————— RH
30 min PhMe,P”  ClI

C2

When rhodium precatalyst and ligands were mixed in different ratios, we observed
different square planar rhodium species (their structures were assigned by comparing the 'P-NMR

with literature known spectrum)'!. The mixture of entry 2 was added 3 equiv. of substrate 1a and
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kept at 125 °C for 10 h and 2a was generated in 21% yield. The 3'P-NMR suggested that rhodium

complexes stay the same as those before the reaction. According to these results, we proposed that

C1 and C2 are likely the resting state.

Scheme 4.10 Kinetic Study with Different [Rh]/P Ratio
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Following that, we did kinetic monitoring with different rhodium/phosphine ratio (Scheme
4.10). When Rh:P equals 1:1, the initial rate is significantly higher than the 1:1.6, because of higher
concentration of the active catalyst. However, in this case, the catalyst died quicker than the 1:1.6
entry and led to increased yield of the 2a’ side product. When Rh:P equals 1:2, there is no 2a or

2a’ generation, which suggests that C2 is inactive species. From these observations, we propose

C1 to be the active catalyst for this transformation.
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4.2.4 Synthetic applications for “cut-and-sew” reactions between cyclobutanones and alkynes
The intriguing cyclohexanone-fused ring structures generated from this “cut-and-sew”
reaction can be conveniently derivatized (Scheme 4.11). Excellent diastereoselectivity was
obtained in most cases possibly driven by forming less strained 5-6 cis-fused rings. First,
dissolving metal reduction, followed by alkylation or oxidation, afforded the a-disubstituted
cyclohexanone products 3 (X-ray structure obtained) and 4 (stereochemistry tentatively assigned),
respectively.? Moreover, enolate-based alkylation occurred site- and diastereoselectively at the
C6-position of the cyclohexenone moiety. Pd/C-catalyzed hydrogenation took place at the syn side
to the methine hydrogen and directly gave the corresponding saturated alcohol. Treatment of
product 2a with base and hydrogen peroxide unexpectedly led to a y-hydroxylation product (7).13
Finally, iodine/DMSO oxidation* converted the tricycle into a functionalized fluorene, and a Pd-
catalyzed aerobic oxidation®® surprisingly gave 9-fluorenone 9 as the dominant product.

Scheme 4.11 Synthetic Applications

HO Me

e} Mﬁ R= Me R= Me
o Li, NHz () Li, NH3 ()
B t-BuOH, Mel
H
3

93% 59%
>20:1 d.r. 12:1d.r.

Ph R=Ph

R
! : : X' H
0 O LDA, Etl | 0 ; H,, PdIC
- —2
Et— . 60% . L 64%

H >20:1 dor. ! 2aor2f ! >20:1dr H g
(X-ray obtained)

Iy 65 °C
DMSO | 66%

HO
1 atm O, Ph
O e Xe
. 54% cat. NMe,Py .O
HO
529 /
! “ g O 9

Ph R= Ph R=Ph

4.3 Conclusion
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In summary, we have developed a novel catalyst system utilizing electron-rich phosphine
with small steric hindrance, which can efficiently catalyze the C—C bond activation of
cyclobutanones and enable the site-selective insertion of C=C bond. This transformation provides
the insertion product at the more hindered C—C bond and forges various fused ring scaffolds. The
reaction condition is very concise, pH and redox neutral, which provides a good functional group
tolerance. Through our mechanistic investigation, we found both proximal C—C bond can be
readily cleaved and that led to the same intermediate through a reversible decarbonylation-
reinsertion process. We foresee this discovery to open up more possibilities in diverse ring system

formation through “cut-and-sew” process.

4.4 Experimental

4.4.1 General information

Unless noted otherwise, all solvents were dried by filtration through a Pure-Solv MD-5
Solvent Purification System (Innovative Technology). The solvents for the C—C Activation
reactions were distilled freshly over sodium or calcium hydride and carefully freeze-pump-thawed.
All the C—C Activation reactions were carried out under nitrogen atmosphere with a stir bar in a
sealed vial. Reaction temperatures were reported as the temperatures of the bather surrounding the
flasks or vials. Sensitive ligands and rhodium catalysts and solvents were transferred under
nitrogen into a nitrogen-filled glovebox with standard techniques. Analytical thin-layer
chromatography (TLC) was carried out using 0.2 mm commercial silica gel plates (silica gel 60,
F254, EMD chemical). Vials (17 x 60 mm (7.5mL) with PTFE lined cap attached) were purchased
from Qorpak and flame-dried or put in an oven overnight. High-resolution mass spectra (HRSM)
were obtained on a Agilent 6224 Tof-MS and are reported as m/z (relative intensity). Accurate

masses are reported for the molecular ion [M+Na]*, [M+H]". Infrared spectra were recorded on a
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Nicolet 380 FTIR using neat thin film technique. Nuclear magnetic resonance spectra (*H NMR
and C NMR) were recorded with a Bruker Avance 500 instrument (500 MHz, *H at 500 MHz,
13C at 126 MHz) and Bruker Avance 400 instrument (400 MHz, *H at 400 MHz, *C at 100 MHz).
Unless otherwise noted, all spectra were acquired in CDCls. Chemical shifts are reported in parts
per million (ppm, d), downfield from tetramethylsilane (TMS, 6=0.00ppm) and are referenced to
residual solvent (CDCls, §=7.26 ppm (*H) and 77.00 ppm (*3C); CD2Clz, 6=5.32 ppm (*H) and
53.84 ppm (C)). Coupling constants were reported in Hertz (Hz). Data for *H NMR spectra were
reported as follows: chemical shift (ppm, referenced to protium; s = singlet, d = doublet, t = triplet,
g = quartet, hept=heptuplet, dd = doublet of doublets, td = triplet of doublets, ddd = doublet of

doublet of doublets, m = multiplet, coupling constant (Hz), and integration).

4.4.2 General information about substrate synthesis
The substrates for the C—C Activation reactions were synthesized through two different routes.

Svynthetic route I for substrates with benzene linkage'®

| P R’ _ R?
= 7
OH , — g Pd(PPh3),Cl,, Cul PBr3, ether
toluene/piperidine, r.t. OH -10°C Br
Tadto 1ol 1a-ll to 10-1l
R* R*
1
NMez R nuLi, THF
l R 0°Ctort. O
" Br oo R?= H or OBn
R4 then 2M HCI, r.t. 3
) s \\ R3=H or n-butyl
R R3 R R4_ H
2 1 = H or methoxy
R2=H, 10 R3= H or n-butyl R R

R?= OBn, 11 R*= H or methoxy

Substrates 1a to 1o and 1u were synthesized through Route I.
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Svynthetic route II for substrates with N-Ts linkage!’

R2
EtO OH TsNH __ gt 1)DIAD, PPh;, THF, 0°Ctort. O
EtO\‘:(\ * 72/ 2) 1 M HyS0,, CHyCN, rt. 0.5 h b/\N)\
R Ts R!
12
R'= Et, R%= H, 1s-l R'= Et, R%= H, 1s 59% over 2 steps
R'= Ph, R?= H, 1g-l R'= Ph, R2= H, 1q 74% over 2 steps
R'= Ph, R?= Me, 1r-I R'= Ph, R?= Me, 1r 27% over 2 steps

Substrates 1q to 1s were synthesized through route I1. 1g-1, 1r-1 and 1s-1 are known compounds.

4.4.3 Synthesis of precursors

a) Synthesis of unknown precursors:

Cl

I OTBS

O Br Br Br Br

1d-1l 1j-ll 11- 1m-Il

® e

l A

I I
O Br
MeO O Br
OMe OBn
1n-ll 10-l1 1u-l

Apart from what are reported here, all other alkyl bromide precursors are known
compound.'® Compound 1d-11, 1j-11, 1I-11, Im-11 and 1n-11 were synthesized using the previously
reported procedure as shown in route | and the alcohol precursor 1d-1, 1j-1, 1I-1, Im-1 and 1n-I

are known compounds.*®* Compound 1o-11 was synthesized from the corresponding alcohol 1o-I
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(literature known).'® Because of the instability of compound 1o-1l towards column, it was

subjected directly to the alkylation reaction.

Br

=)

1d-ll

Compound 1d-11 was obtained as a white solid (M.P.: 74-75 °C) in 55% yield (1.65 g) over two
steps. Rf = 0.8 (EtOAc/Hexane=1/5). H NMR (500 MHz, CDCls): § 7.56 — 7.50 (m, 3H), 7.45
(dd, J = 7.3, 1.6 Hz, 1H), 7.37 — 7.28 (m, 4H), 4.72 (s, 2H). 13C NMR (126 MHz, CDCls): §
139.22, 134.67, 132.81, 132.48, 129.75, 128.99, 128.80, 128.56, 122.98, 121.52, 94.06, 87.41,
31.94. IR: v 3065, 3028, 1492, 1450, 1397, 1220, 1090, 1013, 949, 827, 758, 606 532, 515 cm™;

HRMS calcd. For [M+H]": 304.9727. Found: 304.9707.

Br

TBSO m

Compound 1j-11 was obtained as a colorless oil in 37% yield (1.1 g). Rf = 0.8 (EtOAc/Hexane=1/5).
IH NMR (400 MHz, CDCls): § 7.44 —7.36 (m, 2H), 7.23 (td, J = 7.0, 1.6 Hz, 2H), 4.66 (s, 2H),
3.86 (t, J = 7.1 Hz, 2H), 2.69 (t, J = 7.1 Hz, 2H), 0.92 (s, 9H), 0.10 (s, 6H). 3C NMR (101 MHz,
CDCls): 6 139.13, 132.48, 129.61, 128.33, 128.19, 123.66, 93.31, 78.70, 61.84, 32.21, 25.92,
24.10, 18.35, -5.23. IR: v 2954, 2928, 2856, 1485, 1471, 1275, 1258, 1221, 1106, 1057, 916, 837,

750 cmt; HRMS calcd. For [M+H]*: 353.0931. Found: 353.0940.

=0

11-11
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Compound 1I-11 was obtained as a light yellow oil in 68% vyield (1.43 g). R+ = 0.8
(EtOAc/Hexane=1/5). IH NMR (400 MHz, CDCls): § 7.40 — 7.37 (m, 2H), 7.25 — 7.21 (m, 2H),
4.65 (s, 2H), 2.90 (dt, J = 10.9, 7.2 Hz, 1H), 2.05 — 1.98 (m, 2H), 1.84 — 1.76 (m, 4H), 1.67 — 1.60
(m, 2H). 1*C NMR (100 MHz, CDClz): 6 138.98, 132.33, 129.53, 128.37, 127.92, 124.16, 101.00,
77.29, 33.88, 32.44, 31.02, 25.06. IR: v 2961, 2868, 1485, 1499, 1275, 1260, 1220, 750, 607 cm"

1 HRMS calcd. For [M+H]*: 263.0430. Found: 263.0435.

Br

e

1m-ll

Compound 1m-11 was obtained as a light yellow oil in 36% yield (1.0 g) over two steps. Rf = 0.8
(EtOAc/Hexane=1/5). *H NMR (400 MHz, CDCls): § 7.38 (dt, J = 6.8, 2.2 Hz, 2H), 7.23 (ddd, J
= 6.1, 3.3, 1.8 Hz, 2H), 4.63 (s, 2H), 1.55 — 1.46 (m, 1H), 0.96 — 0.86 (m, 4H). 3C NMR (101
MHz, CDCls): 6 139.08, 132.45, 129.52, 128.34, 127.89, 123.94, 99.75, 72.78, 32.38, 8.86, 0.42.
IR: v 3013, 2923, 2850, 1221, 1028, 955, 842, 809, 758, 607, 542 cm™*; HRMS calcd. For [M+H]*:

235.0117. Found: 235.0120.

Ph

A\
Br OMe

OMe
1n-ll

Compound 1n-11 was obtained as a white solid (M.P.: 89-92 °C) in 74% yield (2.56 g) from
corresponding alcohol. R = 0.4 (EtOAc/Hexane=1/3). 'H NMR (400 MHz, CDCls): 6 7.62 — 7.53
(m, 2H), 7.42 — 7.31 (m, 3H), 7.01 (s, 1H), 6.92 (s, 1H), 3.92 (s, 3H), 3.90 (s, 3H). 3C NMR (101
MHz, CDCls): 6 149.49, 148.93, 132.38, 131.45, 128.40, 128.36, 123.15, 115.55, 114.35, 112.30,

93.76, 86.57, 56.05, 56.00, 32.79. IR: 3003, 2961, 2935, 2851, 2832, 1595, 1516, 1463, 1352,
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1251, 1225, 1091, 1027, 863, 756, 691, 577, 529 cm™. HRMS calcd. For [M+H]*: 331.0328.

Found: 331.0328.

N%>—\

Me,N OBn
1u-l

Compound 1u-1 was obtained as a light yellow oil in 23% yield (335 g) over 5 steps. R = 0.6
(EtOAc/Hexane=1/1). *H NMR (400 MHz, CDCls): 5 7.38 — 7.27 (m, 5H), 4.54 (s, 2H), 3.59 —
3.44 (m, 2H), 3.12—2.93 (M, 2H), 2.78 — 2.60 (M, 3H), 2.59 (s, 6H). 3C NMR (101 MHz, CDCls):
0 156.90, 138.26, 128.42, 127.69, 127.67, 73.59, 73.18, 46.83, 38.22, 27.92. IR: v 2955, 2855,
2776, 1782, 1682, 1453, 1364, 1097, 1027, 988, 738, 698, 606 cm™; HRMS calcd. For [M+H]":

233.1648. Found: 233.1634.

4.4.4. Synthesis of substrates

a) Synthesis of substrates with benzene linkage (In Route 1):

The procedure for the alkylation reaction is as follows (using substrate 1a as an example):

n-BuLi (2.5 M in hexane, 0.9 mL, 1.1 equiv.) was added to a solution of known compound 10
(228.8 mg, 2.04 mmol, 1 equiv.) in freshly distilled THF (5 mL). The reaction mixture was stirred
for 1 h at 0 °C until a yellow suspension was generated. After that, a solution of 1a-11 (608.9 mg,
2.25 mmol, 1.1 equiv.) in THF (2 mL) was added dropwise to the stirring mixture at -78 °C. The
mixture was further stirred for 15 min at -78 °C, then overnight at room temperature. 2 M HCI (3.6
mL) was then added to the reaction system and the reaction was stirred vigorously for 1 h at room
temperature. A mixture of diethyl ether (25 mL) and water (10 mL) was added to the reaction
mixture. The aqueous phase was extracted by diethyl ether (2x25 mL). Then the organic phase

was washed with brine (2x10 mL) and dried using Na>SO4 and concentrated under reduced
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pressure. The residue was purified by silica gel flash column chromatography
(EtOAc/Hexane=1/10) to obtain the desired substrate 1a (457.3 mg) as a light yellow oil in 86%

yield.

Compound la was obtained as a light yellow oil in 86% yield (457.3 mg). Rt = 0.5
(EtOAc/Hexane=1/5). *H NMR (500 MHz, CDCls): & 7.53 (ddd, J = 7.2, 3.6, 1.7 Hz, 3H), 7.41
—7.31 (m, 3H), 7.32 — 7.18 (m, 3H), 3.79 (tdd, J = 9.9, 7.4, 5.8 Hz, 1H), 3.35 (dd, J = 14.0, 5.7
Hz, 1H), 3.11 - 3.01 (m, 1H), 3.05 - 2.97 (m, 1H), 2.93 (dddd, J = 17.6, 9.7, 5.1, 2.7 Hz, 1H), 2.21
—2.09 (m, 1H), 1.84 (ddt, J = 11.2, 9.6, 7.8 Hz, 1H). 3C NMR (100 MHz, CDCl3): & 210.70,
140.93, 132.31, 131.52, 129.24, 128.58, 128.48, 128.42, 126.43, 123.24, 122.89, 93.76, 87.91,
60.58, 44.55, 34.04, 16.80. IR: v 3059, 2922, 1777, 1599, 1479, 1443, 1089, 1071, 757, 691, 553

cmt; HRMS caled. For [M+H]*: 261.1274. Found: 261.1283.

<

1b

e =)

Compound 1b was obtained as light yellow oil in 27% vyield (1189 mg). Rf = 0.6

(EtOACc/Hexane=1/5). *H NMR (500 MHz, CDClz): & 7.51 (dd, J = 7.5, 1.4 Hz, 1H), 7.45 — 7.39
(m, 2H), 7.30 — 7.14 (m, 5H), 3.78 (dtq, J = 12.6, 8.2, 2.7 Hz, 1H), 3.34 (dd, J = 14.0, 5.7 Hz, 1H),
3.10 - 3.00 (M, 1H), 3.04 — 2.97 (m, 1H), 2.92 (dddd, J = 17.5, 9.6, 5.1, 2.7 Hz, 1H), 2.38 (s, 3H),
2.14 (qd, J = 10.5,5.1 Hz, 1H), 1.83 (ddt, J = 11.2, 9.6, 7.7 Hz, 1H). 3C NMR (126 MHz, CDCls):

0 210.73, 140.80, 138.55, 132.20, 131.38, 129.20, 129.18, 128.34, 126.37, 123.11, 120.16, 93.92,
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87.23, 60.60, 44.51, 34.01, 21.52, 16.76, 6.96. IR: v 2922, 2853, 1778, 1510, 1448, 1393, 1073,

817, 757, 522 cm™; HRMS calcd. For [M+H]*: 275.1430. Found: 275.1438.

O

1c

o y=-0)

Compound 1c was obtained as colorless oil in 68% vyield (246.7 mg). R+ = 0.5

(EtOAc/Hexane=1/3). *H NMR (400 MHz, CDCls): § 7.53 — 7.42 (m, 3H), 7.30 — 7.16 (m, 3H),
6.93 - 6.85 (M, 2H), 3.83 (s, 3H), 3.82 — 3.73 (m, 1H), 3.35 (dd, J = 14.0, 5.6 Hz, 1H), 3.12 — 2.85
(m, 3H), 2.14 (dtd, J = 11.3, 10.2, 5.2 Hz, 1H), 1.90 — 1.76 (m, 1H). 3C NMR (101 MHz, CDCls):
§210.98, 159.70, 140.62, 132.94, 132.05, 129.14, 128.17, 126.36, 123.18, 115.30, 114.09, 93.76,
86.55, 60.55, 55.33, 44.51, 34.03, 16.76. IR: v 3062, 2997, 2954, 2837, 1777, 1606, 1510, 1442,
1287, 1249, 1175, 1029, 832, 757, 532 cm; HRMS calcd. For [M+H]*: 291.1380. Found:

291.1384.

<

1d

=4

Compound 1d was obtained as colorless oil in 48% vyield (2255 mg). Rf = 0.6

(EtOAc/Hexane=1/5). 'H NMR (400 MHz, CDCl): & 7.51 (ddd, J = 7.5, 1.5, 0.6 Hz, 1H), 7.48
— 7.43 (m, 2H), 7.37 — 7.32 (m, 2H), 7.32 — 7.26 (m, 1H), 7.26 — 7.20 (m, 2H), 3.84 — 3.69 (m,
1H), 3.35 (dd, J = 14.0, 5.6 Hz, 1H), 3.13 — 2.86 (m, 3H), 2.15 (dtd, J = 11.3, 10.3, 5.2 Hz, 1H),
1.82 (ddt, J = 11.2, 9.7, 7.8 Hz, 1H). 3C NMR (101 MHz, CDCl3): § 210.69, 140.93, 134.40,

132.69, 132.30, 129.21, 128.79, 128.76, 126.45, 122.52, 121.68, 92.57, 88.78, 60.51, 44.56, 34.02,
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16.82. IR: v 3059, 2923, 2852, 1778, 1492, 1447, 1397, 1090, 1014, 828, 757, 520 cm™*; HRMS

calcd. For [M+H]": 295.0884. Found: 295.0893.

<

1e

~HO—=

Compound 1e was obtained as colorless oil in 67% yield (277.2mg). Rt = 0.5 (EtOAc/Hexane=1/5).

IH NMR (400 MHz, CDCl): § 7.54 (ddt, J = 8.5, 5.3, 3.1 Hz, 3H), 7.35 — 7.19 (m, 3H), 7.13 -
7.01 (m, 2H), 3.79 (dtg, J = 12.7, 8.1, 2.8 Hz, 1H), 3.38 (dd, J = 14.1, 5.6 Hz, 1H), 3.08 (dddd, J
= 18.3, 10.6, 8.0, 2.7 Hz, 1H), 3.05 — 2.90 (m, 2H), 2.17 (ddt, J = 15.7, 10.6, 5.5 Hz, 1H), 1.85
(ddt, J=11.3, 9.6, 7.8 Hz, 1H). 13C NMR (101 MHz, CDCls): 5 210.74, 162.56 (d, J = 249.8 Hz),
140.85, 133.37 (d, J = 8.4 Hz), 132.24, 129.19, 128.60, 126.43, 122.68, 119.29 (d, J = 3.5 Hz),
115.75 (d, J = 22.1 Hz), 92.64, 87.51 (d, J = 1.5 Hz), 60.52, 44.54, 34.03, 16.82. IR: v 3065, 2924,
2853, 1778, 1597, 1508, 1229, 1156, 1092, 836, 757, 525 cm!; HRMS calcd. For [M+H]":

279.1180. Found: 279.1190.

Me——=

1f

Compound 1f was obtained as a light yellow oil in 63 % vyield (850 mg). Rf = 0.6
(EtOAc/Hexane=1/5). 'H NMR (400 MHz, CDCls): § 7.41 — 7.35 (m, 1H), 7.23 — 7.11 (m, 3H),
3.77 — 3.65 (m, 1H), 3.24 (dd, J = 14.1, 5.7 Hz, 1H), 3.04 (dddd, J = 17.6, 10.6, 8.0, 2.7 Hz, 1H),
2.97 — 2.84 (m, 2H), 2.18 — 2.04 (m, 1H), 2.08 (s, 3H), 1.78 (ddt, J = 11.2, 9.6, 7.7 Hz, 1H). 13C

NMR (100 MHz, CDCls): § 211.15, 140.61, 132.33,128.91, 127.73, 126.23, 123.70,90.11, 78.17,
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60.47, 44.47, 33.73, 16.72, 4.50. IR: v 3063, 2971, 2851, 1778, 1485, 1446, 1091, 1073, 758 cm"

1 HRMS calcd. For [M+H]*: 199.1117. Found: 199.1122.

0}

n-Pr——

19

Compound 1g was obtained as a colorless oil in 70% yield (420 mg). R = 0.6 (EtOAc/Hexane=1/5).
IH NMR (500 MHz, CDCls): & 7.38 (dd, J = 7.5, 1.4 Hz, 1H), 7.23 — 7.11 (m, 3H), 3.78 — 3.67
(m, 1H), 3.24 (dd, J = 14.0, 5.8 Hz, 1H), 3.10 — 2.98 (m, 1H), 2.97 — 2.85 (m, 2H), 2.42 (t, J = 7.0
Hz, 2H), 2.15 — 2.06 (m, 1H), 1.79 (ddt, J = 11.3, 9.6, 7.7 Hz, 1H), 1.64 (q, J = 7.2 Hz, 2H), 1.06
(t, J = 7.4 Hz, 3H). 3C NMR (126 MHz, CDCls): & 210.91, 140.56, 132.30, 128.96, 127.68,
126.22, 126.20, 123.74, 94.64, 79.17, 60.54, 60.54, 44.43, 33.83, 22.29, 21.55, 16.65, 13.60. IR:
v 3064, 2962, 2832, 1779, 1484, 1448, 1091, 1073, 758 cm™*; HRMS calcd. For [M+H]*: 227.1430.

Found: 227.1435.

1h

Compound 1h was obtained as a colorless oil in 74% vyield (566 mg). Rf = 0.5
(EtOAc/Hexane=1/5). *H NMR (500 MHz, CDCls): § 7.37 (dd, J = 7.5, 1.4 Hz, 1H), 7.23 - 7.11
(m, 3H), 3.72 (dg, J = 8.0, 2.8 Hz, 1H), 3.23 (dd, J = 13.9, 5.7 Hz, 1H), 3.09 — 2.97 (m, 1H), 2.91
(dd, J=13.8, 9.5 Hz, 2H), 2.81 (p, J = 6.9 Hz, 1H), 2.09 (dt, J = 10.5, 5.2 Hz, 1H), 1.85 — 1.75 (m,
1H), 1.28 (d, J = 6.9 Hz, 6H). *C NMR (126 MHz, CDCls): § 210.92, 140.61, 132.13, 129.01,

127.70, 126.20, 123.59, 100.24, 78.26, 60.57, 44.43, 33.89, 23.09, 21.31, 16.65. IR: v 2975, 2930,
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1777, 1485, 1448, 1362, 1174, 963, 912, 759 cm™*; HRMS calcd. For [M+Na]*: 249.1250. Found:

249.1254.

t-Bu——
1i

Compound 1i was obtained as white solid (M.P.: 63-64 °C) in 77% vyield (885 mg). Rt = 0.5
(EtOAc/Hexane=1/5). M. P.= . *H NMR (500 MHz, CDCls): § 7.39 (dd, J = 7.6, 1.3 Hz, 1H),
7.26 — 7.13 (m, 3H), 3.82 — 3.68 (m, 1H), 3.25 (dd, J = 13.8, 5.7 Hz, 1H), 3.11 — 3.00 (m, 1H),
3.00 — 2.88 (m, 2H), 2.12 (qd, J = 10.5, 5.2 Hz, 1H), 1.84 (ddt, J = 11.3, 9.8, 7.7 Hz, 1H), 1.36 (s,
9H). 13C NMR (126 MHz, CDClz): 8 210.91, 140.59, 132.03, 129.05, 127.67, 126.19, 123.59,
103.03, 60.60, 44.41, 33.97, 31.04, 28.19, 16.61. IR: v 3065, 2968, 2867, 1780, 1474, 1448, 1291,

1203, 1089, 1072, 757 cm™*; HRMS calcd. For [M+H]*: 241.1587. Found: 241.1596.

0]

TBSO

1j

Compound 1j was obtained as a colorless oil in 33% yield (288 mg). Rt = 0.6 (EtOAc/Hexane=1/5).
IH NMR (500 MHz, CDCls): 6 7.38 (dd, J = 7.5, 1.4 Hz, 1H), 7.24 — 7.12 (m, 3H), 3.82 (t, J =
7.1 Hz, 2H), 3.77 — 3.65 (m, 1H), 3.22 (dd, J = 14.1, 5.7 Hz, 1H), 3.03 (dddd, J = 18.3, 10.5, 8.0,
2.7 Hz, 1H), 2.97 — 2.84 (m, 2H), 2.66 (t, J = 7.1 Hz, 2H), 2.10 (qd, J = 10.6, 5.1 Hz, 1H), 1.84 —
1.71 (m, 1H), 0.91 (s, 9H), 0.10 (s, 6H). 2*C NMR (126 MHz, CDCls): 5 210.76, 140.70, 132.35,
128.96, 127.88, 126.20, 123.43, 91.47, 80.03, 61.99, 60.51, 44.46, 33.78, 25.90, 25.90, 24.00,
18.33, 16.70, -5.25, -5.48. IR: v 2927, 2855, 1779, 1485, 1390, 1254, 1098, 1055, 837, 758, 668

cmt; HRMS calcd. For [M+H]*: 343.2088. Found: 343.2102.
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1k

Compound 1k was obtained as a light yellow oil in 54% vyield (603 mg). Rr = 0.6
(EtOAc/Hexane=1/5). *H NMR (500 MHz, CDCl3): & 7.41 — 7.36 (m, 1H), 7.23 — 7.10 (m, 3H),
3.81 - 3.67 (m, 1H), 3.23 (dd, J = 13.9, 5.8 Hz, 1H), 3.03 (dddd, J = 18.4, 10.6, 8.0, 2.8 Hz, 1H),
2.96 — 2.86 (M, 2H), 2.64 (dt, J = 9.7, 5.2 Hz, 1H), 2.16 — 2.03 (m, 1H), 1.95 — 1.69 (m, 5H), 1.60
— 1,51 (m, 3H), 1.37 (s, 3H). 3C NMR (100 MHz, CDCl3): & 211.04, 140.56, 132.19, 129.01,
127.64, 126.19, 123.71, 98.89, 78.97, 60.55, 44.43, 33.90, 32.73, 29.78, 25.91, 24.87, 16.61. IR:
v 2929, 2853, 1779, 1484, 1447, 1072, 953, 886, 757 cm™t; HRMS calcd. For [M+H]*: 267.1743.

Found: 267.1753.

Compound 1l was obtained as a light yellow oil in 34% vyield (315 mg). Rt = 0.6
(EtOAc/Hexane=1/5). *H NMR (400 MHz, CDCls): § 7.37 (ddd, J = 7.4, 1.5, 0.7 Hz, 1H), 7.24
—7.09 (M, 3H), 3.79 — 3.64 (m, 1H), 3.22 (dd, J = 13.9, 5.7 Hz, 1H), 3.09 — 2.98 (m, 1H), 2.96 —
2.82 (m, 3H), 2.09 (dtd, J = 11.3, 10.3, 5.2 Hz, 1H), 2.04 — 1.92 (m, 2H), 1.88 — 1.56 (m, 7H). 13C
NMR (100 MHz, CDCls3): 6 211.02, 140.55, 132.11, 129.00, 127.62, 126.19, 123.73, 99.09, 78.57,
60.55, 44.43, 34.00, 33.98, 33.90, 30.95, 24.99, 16.63. IR: v 2958, 2869, 1777, 1484, 14448, 1353,

1177, 1072, 994, 919, 758 cm™; HRMS calcd. For [M+H]*: 253.1587. Found: 253.1595.
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1m

Compound 1m was obtained as a light yellow oil in 47% vyield (411.4 mg). Rf = 0.6
(EtOAc/Hexane=1/5). 1H NMR (400 MHz, CDCls): § 7.38 — 7.34 (m, 1H), 7.22 — 7.09 (m, 3H),
3.69 (ddd, J = 9.5, 5.6, 2.7 Hz, 1H), 3.21 (dd, J = 14.0, 5.6 Hz, 1H), 3.10 — 2.97 (m, 1H), 2.97 —
2.83 (m, 2H), 2.10 (dtd, J = 11.2, 10.2, 5.2 Hz, 1H), 1.84 — 1.72 (m, 1H), 1.47 (it, J = 8.2, 5.0 Hz,
1H), 0.93—0.77 (M, 4H). 13C NMR (100 MHz, CDCls): §211.05, 140.71, 132.27, 128.94, 127.63,
126.20, 123.53,97.93, 77.33, 74.10, 60.49, 44.45, 33.84, 16.69, 8.82, 8.78, 0.31. IR: v 3010, 2923,
2852, 1778, 1485, 1447, 1392, 1178, 1087, 1072, 954, 757 cm™; HRMS calcd. For [M+H]":

225.1274. Found: 225.1285.

Ph

A\

(0] OMe

OMe

1n

Compound 1n was obtained as a light yellow solid (M.P.: 91-92 °C) in 66% yield (695 mg). R¢ =
0.4 (EtOAc/Hexane=1/3). 'H NMR (500 MHz, CDCl3): § 7.54 — 7.48 (m, 2H), 7.38 — 7.30 (m,
3H), 7.01 (s, 1H), 6.77 (s, 1H), 3.90 (d, J = 4.6 Hz, 6H), 3.78 — 3.68 (m, 1H), 3.24 (dd, J = 14.0,
6.1 Hz, 1H), 3.09 — 2.97 (m, 2H), 2.95 — 2.83 (m, 1H), 2.15 (qd, J = 10.6, 5.1 Hz, 1H), 1.86 (ddlt,
J=11.1,9.5,7.7 Hz, 1H). ¥ C NMR (126 MHz, CDCl3): $210.97, 149.45, 147.26, 134.43, 131.31,
128.41, 128.10, 123.45, 114.59, 114.52, 112.45, 92.12, 88.17, 60.97, 56.00, 55.95, 44.55, 33.57,
16.48. IR: v 3004, 2360, 1775, 1512, 1464, 1349, 1275, 1260, 1091, 913, 764, 750, 691 cm™.

HRMS calcd. For [M+H]*: 321.1485. Found: 321.1485.
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Bu

Ph——=
10

unseperable mixture
d.r. 10:1

Compound 1o was obtained as a light yellow oil in 32% vyield (64 mg). Rf = 0.5
(EtOAc/Hexane=1/5). *H NMR (500 MHz, CDCl3): & (major) 7.57 — 7.50 (m, 3H), 7.40 — 7.32
(m, 3H), 7.32 — 7.18 (m, 3H), 3.71 (dd, J = 6.8, 3.6 Hz, 2H), 2.92 (dddd, J = 17.8, 10.3, 7.6, 2.9
Hz, 1H), 2.74 (dddd, J = 17.9, 10.0, 5.3, 2.6 Hz, 1H), 2.19 — 2.02 (m, 1H), 1.99 — 1.83 (m, 2H),
1.78 (tdd, J = 13.5, 5.9, 4.4 Hz, 1H), 1.41 — 1.08 (m, 4H), 0.84 (t, J = 7.2 Hz, 3H). 13C NMR (100
MHz, CDCI3): 6 (major) 210.99, 144.30, 132.40, 131.47, 128.61, 128.41, 128.27, 126.75, 126.18,
123.56, 123.41, 93.61, 88.18, 65.51, 44.58, 42.50, 32.00, 29.49, 22.67, 14.60, 13.99. IR: v 3059,
2956, 2928, 2859, 1777, 1599, 1493, 1443, 1072, 913, 756, 690 cm™*; HRMS calcd. For [M+H]":

317.1900. Found: 317.1900.

d.r. >20:1

Compound 1u was obtained as a light yellow oil in 66% yield (361.5 mg) from 11. R = 0.6
(EtOAc/Hexane=1/5). *H NMR (400 MHz, CDCls): § 7.54 — 7.48 (m, 3H), 7.37 — 7.31 (m, 3H),
7.31-7.26 (m, 2H), 7.25 — 7.14 (m, 6H), 4.34 (td, J = 12.4, 8.2 Hz, 2H), 3.62 (ddd, J = 9.1, 7.3,
5.9 Hz, 1H), 3.44 (dd, J = 9.5, 4.5 Hz, 1H), 3.34 (dd, J = 13.8, 6.0 Hz, 1H), 3.30 (dd, J = 9.50, 6.27
Hz, 1H), 3.03 (dd, J = 13.8, 9.1 Hz, 1H), 2.95 (d, J = 8.3 Hz, 2H), 2.52 — 2.41 (m, 1H). 3C NMR

(101 MHz, CDCls): 6 208.85, 140.68, 138.11, 132.31, 131.49, 129.44, 128.58, 128.44, 128.39,
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128.32, 127.54, 127.45, 126.44, 123.14, 122.74, 93.63, 87.88, 72.94, 71.93, 61.78, 47.42, 33.15,
30.81. IR: v 3060, 3030, 2922, 2851, 1776, 1494, 1451, 1364, 1097, 914, 757, 691 cm™; HRMS
calcd. For [M+Na]*: 403.1669. Found: 403.1671. The diastereomer was assigned by characteristic
J coupling constant (7.3) of H? and HY at four-membered ring®’.

b) Synthesis of substrate 1v:

_NMe, Ph MeoNN n-BuLi, THF, Mel 0
N Z n-BuLi, THF 0°C to rt.
°C to rt. then 2M HCI, rt.  Me
<> Br 0°Ctor = F
Ph Ph
10 1a-ll 1v-1, 50% 1v, 74% (d.r. 1.5:1)

The Procedure for the synthesis of 1v-I:

n-BuLi (2.5 M in hexane, 3.8 mL, 1.1 equiv.) was added to a solution of known compound 10
(977.7 mg, 8.7 mmol, 1 equiv.) in freshly distilled THF (10 mL). Then the reaction mixture was
stirred for 1 h at 0 °C until a yellow suspension was generated. After that, a solution of 1a-11 (2.6
g, 9.6 mmol, 1.1 equiv.) in THF (10 mL) was added dropwise to the stirring mixture at -78 °C. The
mixture was stirred at -78 °C for 15 min before warmed up to room temperature and stirred
overnight. The reaction was quenched with a mixture of diethyl ether (25 mL) and water (10 mL)
and the aqueous phase was extracted by diethyl ether (2x25 mL). Then the organic phase was
washed with brine (2x10 mL) and dried over Na.SO4 and concentrated under reduced pressure.
The residue was purified by silica gel flash column chromatography (EtOAc/Hexane=1/10 to 1/5
to 1/2) to obtain the desired product 1v-1 with a small amount of impurity due to its instability. 1v-
I was subjected to the next step without further purification.

The procedure for the synthesis of 1v:

n-BuLi (2.5 M in hexane, 0.73 mL, 1.1 equiv.) was added to a solution of compound 1v-I (500 mg,

1.65 mmol, 1 equiv.) in freshly distilled THF (10 mL). Then the reaction mixture was stirred for 1
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h at 0 °C until a yellow suspension was generated. After that, Mel (258.1 mg, 1.82 mmol, 1.1
equiv.) was added dropwise to the stirring mixture at -78 °C. The mixture was stirred at -78 °C for
15 min before warmed up to room temperature. After starting material was fully converted as
shown by TLC, 2 M HCI (1 mL) was added to the reaction system and the reaction was stirred
vigorously for 1 h at room temperature. A mixture of diethyl ether (10 mL) and water (10 mL) was
added to the reaction mixture. The aqueous phase was extracted by diethyl ether (2x25 mL). Then
the organic phase was washed with brine (2x20 mL) and dried over Na,SO4 and concentrated
under reduced pressure. The residue was purified by silica gel flash column chromatography
(EtOAc/Hexane=1/10) to obtain the desired substrate 1v (335 mg) as a light yellow oil in 74%

yield.

Me

Ph——

1v

3:2 mixture of diastereomers

Compound 1v was obtained as a yellow oil in 74% yield (335 mg). R = 0.6 (EtOAc/Hexane=1/5).
IH NMR (500 MHz, CDCls): § 7.53 (ddt, J = 9.2, 4.5, 2.6 Hz, 3H), 7.36 (td, J = 4.9, 2.9 Hz, 3H),
7.31-7.26 (m, 1H), 7.26 — 7.17 (m, 2H), 3.73 (ddd, J = 9.4, 6.3, 3.2 Hz, 1H), 3.34 (ddd, J = 14.0,
12.4, 5.8 Hz, 1H), 3.30 — 3.17 (m, 1H), 3.05 (dd, J = 14.0, 9.5 Hz, 0.6H), 2.97 (dd, J = 14.0, 9.1
Hz, 0.4H), 2.38 (d, J = 10.5 Hz, 0.4H), 2.10 (ddd, J = 11.5, 10.0, 6.1 Hz, 0.6H), 1.73 (ddd, J =
11.4,9.7, 6.3 Hz, 0.6H), 1.41 (dt, J = 10.7, 8.4 Hz, 0.4H), 1.19 (d, J = 7.6 Hz, 1.8H), 1.12 (d, J =
7.3 Hz, 1.2H). 3°C NMR (126 MHz, CDCls): § 214.63, 212.92, 141.25, 140.95, 132.32, 132.25,
131.50, 131.48, 129.28, 129.16, 128.53, 128.44, 128.37, 128.35, 126.43, 126.30, 123.26, 122.98,

122.83, 93.69, 93.62, 87.97, 87.90, 57.88, 57.81, 52.11, 51.57, 34.46, 33.78, 25.91, 25.19, 24.93,
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14.86, 13.51. IR: v 3059, 2960, 2867, 1772, 1599, 1493, 1443, 1372, 1101, 1070, 914, 756, 690
cm; HRMS calcd. For [M+Na]*: 297.1250. Found: 297.1258.

¢) Synthesis of substrates with NTs linkage (In Route I1):

The procedure for Mitsunobu reaction and deprotection cascade is as follows (using substrate 19

as an example):

A solution of 12 (174.2 mg, 1.0 mmol, 1 equiv.) and DIAD (208.3 mg, 1.03 mmol, 1.03 equiv.) in
THF (5 mL) was added to a solution of known® compound 1g-1 (313.9 mg, 1.1 mmol, 1.1 equiv.)
and triphenylphosphine (270.0 mg, 1.03 mmol, 1.03 equiv.) in THF (5 mL) at 0 °C. Then the
reaction mixture was warmed up to room temperature and stirred overnight. After the reaction
finished, solvent was removed by rotavap and the residue was dissolved in 5 mL acetonitrile and
3 mL 1M H2S0O4 was added to the solution. The resulting mixture was stirred at room temperature
for 0.5 h and the progress of the reaction was monitored by TLC. When the starting material was
fully consumed, the reaction mixture was diluted with ether and washed by water, saturated
NaHCOs solution and brine successively. Then the organic phase was dried over magnesium
sulfate, then filtered and concentrated. The residue was purified by silica gel flash column
chromatography (EtOAc/Hexane=1/10 to 1/5) to obtain the desired substrate 1q (258.3 mg) as a

white solid in 74% yield.

Compound 1q was obtained as a white solid (M.P.: 102-104 °C) in 74% yield (258.3 mg). Rt = 0.4
(EtOAc/Hexane=1/5). *H NMR (400 MHz, CDCls): & 7.76 (d, J = 8.3 Hz, 2H), 7.31 — 7.20 (m,

5H), 7.05 (dd, J = 8.2, 1.5 Hz, 2H), 4.44 (dd, J = 18.7, 0.8 Hz, 1H), 4.31 (dd, J = 18.7, 0.6 Hz, 1H),
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3.72 - 3.61 (m, 1H), 3.58 — 3.40 (m, 2H), 3.19 — 3.06 (M, 1H), 3.05 — 2.93 (m, 1H), 2.33 (s, 3H),
2.32-2.22 (m, 1H), 2.02 (ddt, J = 11.5, 9.7, 7.9 Hz, 1H). 3C NMR (100 MHz, CDCls): & 208.48,
143.71, 135.59, 131.50, 129.59, 128.48, 128.12, 127.80, 121.99, 85.90, 81.58, 59.13, 45.39, 45.06,
38.31, 21.42, 15.49. IR: v 2960, 2923, 2858, 1778, 1597, 1490, 1442, 1348, 1162, 1090, 1024,

903, 815, 758, 658, 571, 544 cm™; HRMS calcd. For [M+H]*: 368.1315. Found: 368.1319.

unseperable mixture
d.r. 4:3

Compound 1r was obtained as an oil in 79% yield (53.1 mg). Rt = 0.4 (EtOAc/Hexane=1/3). *H
NMR (400 MHz, CDCls): § 7.76 (dd, J = 9.8, 8.1 Hz, 2H), 7.27 (dd, J = 7.5, 3.6 Hz, 3H), 7.26 —
7.20 (m, 2H), 7.09 — 7.02 (m, 2H), 5.10 — 4.98 (m, 1H), 4.01 (s, 0.42H), 3.77 — 3.63 (M, 0.56H),
3.55 — 3.37 (m, 1.58H), 3.28 (dd, J = 15.5, 9.6 Hz, 0.44H), 3.14 — 3.00 (m, 1H), 3.01 — 2.85 (m,
1H), 2.35 (d, J = 3.3 Hz, 3H), 2.34 — 2.26 (m, 1H), 2.24 — 2.10 (m, 0.60H), 1.99 — 1.85 (m, 0.43H),
1.52 (d, J = 7.1 Hz, 1.77H), 1.47 (d, J = 7.0 Hz, 1.32H) . 33C NMR (100 MHz, CDCl3): & 208.71,
208.53, 143.75, 143.67, 135.47, 135.23, 131.51, 131.49, 129.63, 129.61, 128.50, 128.18, 128.16,
127.88,127.79, 121.98, 86.25, 86.00, 85.25, 84.96, 61.34, 61.15, 47.27, 46.58, 44.50, 43.53, 43.40,
22.50, 22.04, 21.48, 21.47, 16.95, 16.28. IR: v 2968, 2863, 1777, 1275, 1165, 1121, 913, 748, 658

cm™; HRMS calcd. For [M+H]": 382.1471. Found: 382.1472.
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Compound 1s was obtained as a colorless oil in 59% vyield (396.7 mg). Rf = 0.3
(EtOAc/Hexane=1/3). 'H NMR (400 MHz, CDClz3): § 7.75 — 7.69 (m, 2H), 7.29 (dg, J = 8.0, 0.6
Hz, 2H), 4.24 — 4.12 (m, 1H), 4.02 (dtd, J = 18.3, 2.2, 0.6 Hz, 1H), 3.72 — 3.55 (m, 1H), 3.50 —
3.30 (m, 2H), 3.10 (dddd, J = 18.6, 10.6, 8.2, 2.5 Hz, 1H), 2.98 (dddd, J = 17.7, 9.7, 5.2, 2.6 Hz,
1H), 2.24 (dtd, J = 11.5, 10.3, 5.2 Hz, 1H), 1.99 (ddt, J = 11.5, 9.7, 7.9 Hz, 1H), 1.90 (qt, J = 7.5,
2.3 Hz, 2H), 0.94 - 0.82 (m, 3H). 3C NMR (100 MHz, CDCls): 5 208.67, 143.47, 135.75, 129.38,
127.83, 87.89, 71.61, 59.03, 45.07, 45.02, 37.81, 21.50, 15.52, 13.42, 12.10. IR: v 2977, 2923,
1778, 1597, 1442, 1347, 1161, 1089, 1014, 903, 815, 750, 656, 569, 544 cm™; HRMS calcd. For
[M+H]*: 342.1134. Found: 342.1151.

Svynthesis of substrate 1t

EtO ot o)
EtO_OEt / .
OH + / DIAD, PPh; 1) nBuLi, TMSCI
_—
é—/ HN THF, 0 °C to r.t. 78 °C, THF
Ts = N-p MS—=  N-7s
=~ 'S 2)CH;CN, H,S0, =
12 1t-1 1t 1t
63% 39%

The procedures for synthesis of 1t-1:

A solution of 6 (261.3 mg, 1.5 mmol, 1 equiv.) and DIAD (313.4 mg, 1.55 mmol, 1.03 equiv.) in
THF (5 mL) was added to a solution of known?% compound 1t-11 (345.3 mg, 1.65 mmol, 1.1
equiv.) and triphenylphosphine (406.2 mg, 1.55 mmol, 1.03 equiv.) in THF (5 mL) at 0 °C. Then
the reaction mixture was warmed up to room temperature and stirred overnight. After the reaction
finished, solvent was removed by rotavap and the residue was purified by silica gel flash column
chromatography (EtOAc/Hexane=1/15 to 1/10) to obtain the desired coumpound 1t-1 (346 mg) as

a colorless oil in 63% vyield.
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EtO OEt

NTs

1t-1

Compound 1t-1 was obtained as a colorless oil in 63% vyield (346 mg). R+ = 0.6
(EtOAc/Hexane=1/5). 1H NMR (400 MHz, CDCls): & 7.74 (d, J = 8.3 Hz, 2H), 7.29 (dt, J = 8.0,
0.7 Hz, 2H), 4.27 (ddd, J = 18.4, 2.5, 1.0 Hz, 1H), 4.09 (dd, J = 18.4, 2.5 Hz, 1H), 3.48 — 3.31 (m,
5H), 3.24 (dd, J = 14.2, 6.7 Hz, 1H), 2.74 (ddd, J = 8.7, 6.8, 1.4 Hz, 1H), 2.42 (s, 3H), 2.19 (dddd,
J=12.2,10.0, 4.6, 1.0 Hz, 1H), 2.04 — 1.94 (m, 2H), 1.91 — 1.80 (m, 1H), 1.46 (ddt, J = 11.3, 10.2,
7.7 Hz, 1H), 1.18 (td, J = 7.1, 1.2 Hz, 6H). 13C NMR (100 MHz, CDCls): § 143.35, 135.97, 129.38,
127.81, 102.10, 77.11, 73.33, 56.62, 56.28, 46.76, 43.71, 37.19, 29.42, 21.54, 16.76, 15.28, 15.24.
IR: v 3271, 2976, 1930, 2883, 1598, 1445, 1348, 1260, 1162, 1049, 911, 749, 660, 580, 545 cm"
1 HRMS calcd. For [M+Na]*: 388.1553. Found: 388.1560.

The procedures for synthesis of 1t:

A 10 mL Schlenk flask charged with solution of 1t-1 (185 mg, 0.51 mmol, 1 equiv.) in THF (5
mL) was cooled to -78 °C by acetone-dry ice bath, then n-BuLi (2.5 M, 0.34 mL, 1.05 equiv.) was
added to the mixture. The mixture was stirred at -78 °C for 1.5 h before TMSCI (60.5 mg, 0.56
mmol, 1.1 equiv.) was added to the reaction. The mixture was further stirred for 15 min at -78 °C,
then overnight at room temperature. The reaction was quenched with a mixture of diethyl ether
(15 mL) and water (10 mL) and the aqueous phase was extracted by diethyl ether (2x15 mL). Then
the organic phase was washed with brine (2x10 mL) and dried over Na>SO4 and concentrated
under reduced pressure. The residue was dissolved in 5 mL acetonitrile and 3 mL 1M H>SO4 was
added to the solution. The resulting mixture was stirred at room temperature for 0.5 h and the

progress of the reaction was monitored by TLC. When the starting material was fully consumed,
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reaction mixture was diluted with ether and washed with water, saturated NaHCO3 solution and
brine successively. Then the organic phase was dried over MgSOs, then filtered and concentrated.
The residue was purified by silica gel flash column chromatography (EtOAc/Hexane=1/10 to 1/5)

to obtain the desired substrate 1t (258.3 mg) as a white solid in 60% yield (70 mg).

Compound 1t was obtained as a light yellow oil in 60% vyield (70 mg) from 1t-1. R = 0.5
(EtOAc/Hexane=1/5). *H NMR (500 MHz, CDCls): § 7.77 — 7.70 (m, 2H), 7.30 (d, J = 8.1 Hz,
2H), 4.30 — 4.20 (m, 1H), 4.10 (d, J = 18.7 Hz, 1H), 3.71 — 3.57 (m, 1H), 3.46 (dd, J = 14.0, 8.8
Hz, 1H), 3.38 (dd, J = 14.0, 5.9 Hz, 1H), 3.12 (dddd, J = 18.7, 10.6, 8.2, 2.5 Hz, 1H), 3.00 (dddd,
J=17.7,9.7,5.1, 2.7 Hz, 1H), 2.43 (s, 3H), 2.32 — 2.19 (m, 1H), 2.06 — 1.93 (m, 1H), -0.00 (s,
9H). 3C NMR (100 MHz, CDCls): § 208.35, 143.54, 135.53, 129.53, 127.72, 97.63, 91.23, 58.96,
45.08, 44.96, 38.22, 21.48, 15.46, -0.50. IR: v 2959, 2923, 2853, 1780, 1598, 1445, 1349, 1250,
1162, 1090, 1027, 991, 845, 759, 665, 546 cm™; HRMS calcd. For [M+Na]*: 386.1217. Found:
386.1217.

d) Synthesis of substrate 1p:

NaH DMF
.. o~ O Q\
Br + rt. to 40 °C NTs Ph
NHTs

1p-lI 1p, 34%

Substrates 1p were synthesized through alkylation of 1p-11 as shown above. 1p-1 and 1p-11 are

known compounds.?:
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Procedure:

NaH (86.4 mg, 3.6 mmol, 1.2 equiv.) was added to a 20 mL vial with solution of known compound
1p-11 (978.6 mg, 3 mmol, 1 equiv.) in DMF (10 mL) at room temperature. After the mixture was
stirred for 30 min at room temperature, 1p-1 (536.4 mg, 3.6 mmol, 1.2 equiv.) in DMF (2 mL) was
added. Then the reaction mixture was heated to 40 °C for 5 h. The progress of the reaction was
monitored by TLC. When the starting material was fully consumed, reaction mixture was diluted
with ether and water was added slowly to the vial. The organic phase was dried over MgSQg,
filtered and concentrated. The residue was purified by silica gel flash column chromatography

(EtOAc/Hexane=1/10 to 1/5) to obtain the desired substrate 1p (400 mg) as an orange oil in 34%

yield.
S
S
O? NTs Ph
1p

Compound 1p was obtained as a light yellow oil in 34% yield (400 g) from known compound. Rt
= 0.4 (EtOAc/Hexane=1/3). *H NMR (400 MHz, CDCls): § 7.69 (d, J = 8.3 Hz, 2H), 7.54 (d, J =
7.4 Hz, 1H), 7.52 — 7.45 (m, 2H), 7.39 — 7.26 (m, 6H), 7.15 (d, J = 8.5 Hz, 2H), 5.34 (s, 1H), 2.82
—2.70 (m, 1H), 2.70 — 2.56 (m, 1H), 2.48 (qd, J = 10.5, 4.6 Hz, 1H), 2.30 (m, 1H), 2.30 (s, 3H).
13C NMR (101 MHz, CDCls): § 204.65, 143.53, 138.24, 137.43, 133.25, 132.27, 131.78, 129.38,
129.07, 128.91, 128.58, 128.28, 127.83, 125.95, 122.91, 94.43, 86.08, 72.63, 40.23, 21.52, 19.40.
IR: v 3063, 2968, 2255, 2219, 1793, 1598, 1494, 1444, 1346, 1161, 1091, 912, 758, 669, 544 cm"

1 HRMS calcd. For [M+H]": 416.1315. Found: 416.1316.

4.4.5 Rh-catalyzed intramolecular coupling between cyclobutanones and alkynes

General procedure:
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In a nitrogen-filled glove box, a 4 mL vial was charged with the cyclobutanone substrates (0.1
mmol), followed by 800 pL 1,4-dioxane. 100 uL of PMe2Ph stock solution (22.1 mg/1000 uL ,
2.21 mg, 0.016 mmol, 16 mol%) and 100 puL of [Rh(CO)2Cl]2 stock solution (19.4 mg/1000 uL,
1.94 mg, 0.005 mmol, 5 mol%) were added sequentially to the vial. After stirring to a
homogeneous solution, the vial was capped and the reaction was maintained at 125 °C (1a to 1t)
and 140 °C (1u and 1v) for 60 h. After the reaction was complete, solvent was removed by rotavap

and the residue was directly purified by silica gel flash chromatography.

Compound 2a was isolated as a white solid (M.P.: 118-120 °C) in 82% vyield. Ry = 0.4

(EtOAc/Hexane=1/2). *H NMR (500 MHz, CDCl3): 8 7.39 (q, J = 9.9, 7.2 Hz, 3H), 7.31 (d, J =
7.6 Hz, 1H), 7.28 — 7.21 (m, 1H), 7.15 (s, 2H), 6.91 (t, J = 7.6 Hz, 1H), 6.41 (d, J = 7.9 Hz, 1H),
3.37 — 3.22 (m, 2H), 2.86 — 2.73 (m, 2H), 2.61 (ddd, J = 17.3, 14.3, 5.0 Hz, 1H), 2.43 (dtd, J =
12.0, 4.7, 2.2 Hz, 1H), 2.06 (dtd, J = 16.4, 12.5, 4.2 Hz, 1H). 13C NMR (100 MHz, CDCl3): &
198.28, 162.69, 148.84, 138.46, 135.34, 132.51, 130.72, 129.67, 128.70, 127.66, 126.62, 125.14,
43.13, 38.44, 37.31, 29.14. IR: v 3057, 2938, 2860, 1654, 1620, 1593, 1463, 1359, 1326, 1182,

1002, 910, 829, 732, 699, 578 cm™*; HRMS calcd. For [M+Na]*: 283.1093. Found: 283.1094.
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Compound 2b was isolated as a white solid (M.P.: 168-172 °C) in 82% vyield. R = 0.4
(EtOAc/Hexane=1/2). 'H NMR (400 MHz, CDCls): & 7.30 (d, J = 7.5 Hz, 1H), 7.28 — 7.18 (m,
3H), 7.04 (s, 2H), 6.98 — 6.89 (m, 1H), 6.50 (d, J = 8.0 Hz, 1H), 3.38 — 3.21 (m, 2H), 2.87 — 2.72
(m, 2H), 2.59 (ddd, J = 17.1, 14.2, 5.0 Hz, 1H), 2.41 (m, 4H), 2.11 — 1.98 (m, 1H). 13C NMR (100
MHz, CDCls): 6 198.47, 162.51, 148.78, 138.58, 137.25, 132.46, 132.19, 130.63, 129.47, 129.35,
126.65, 126.59, 125.10, 43.10, 38.46, 37.30, 29.15, 21.40. IR: v 3023, 2922, 2859, 1657, 1597,
1510, 1462, 1358, 1335, 1206, 1092, 980, 811, 773, 734, 678, 518 cm™*; HRMS calcd. For [M+H]*:

297.1250. Found: 297.1255.

Compound 2c was isolated as a white solid (M.P.: 132-135 °C) in 65% yield. Rt = 0.4
(EtOAc/Hexane=1/3). 1H NMR (400 MHz, CDCls): § 7.34 — 7.29 (m, 1H), 7.28 — 7.23 (m, 1H),
7.21 - 6.89 (m, 5H), 6.56 — 6.50 (m, 1H), 3.86 (s, 3H), 3.36 — 3.20 (m, 2H), 2.87 — 2.71 (m, 2H),
2.60 (ddd, J = 17.2, 14.2, 5.0 Hz, 1H), 2.47 — 2.36 (m, 1H), 2.12 — 1.96 (m, 1H). 13C NMR (100
MHz, CDCls): 6 198.71, 162.84, 159.05, 148.81, 138.59, 132.02, 130.84, 130.66, 127.37, 126.63,
126.62, 125.13, 114.23, 55.24, 43.16, 38.45, 37.32, 29.11. IR: v 2934, 1655, 1603, 1509, 1463,
1334, 1245, 1174, 1030, 979, 823, 774, 734, 578 cm™!; HRMS calcd. For [M+H]": 291.1380.

Found: 291.1395.
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Compound 2d was isolated as a white solid (M.P.: 145-147 °C) in 76% vyield. R = 0.4
(EtOAc/Hexane=1/3). H NMR (400 MHz, CDCls): 6 7.40 (d, J = 7.8 Hz, 2H), 7.35 — 7.26 (m,
2H), 7.11 (s, 2H), 7.00 — 6.93 (m, 1H), 6.50 (d, J = 8.0 Hz, 1H), 3.38 — 3.21 (m, 2H), 2.87 — 2.72
(m, 2H), 2.60 (ddd, J = 17.2, 14.2, 5.0 Hz, 1H), 2.48 — 2.38 (m, 1H), 2.12 — 1.98 (m, 1H). 13C
NMR (100 MHz, CDCls): 6 198.04, 163.20, 149.02, 138.12, 133.76, 133.65, 131.27, 131.16,
131.03, 128.99, 126.76, 126.51, 125.31, 43.26, 38.35, 37.29, 29.01. IR: v 3010, 2922, 1657, 1588,
1489, 1335, 1183, 1069, 816, 734, 578 cm™; HRMS calcd. For [M+Na]*: 317.0704. Found:

317.0710.

Compound 2e was isolated as a white solid (M.P.: 120-121 °C) in 78% vyield. R = 0.3
(EtOAc/Hexane=1/3). 1H NMR (400 MHz, CDCls): § 7.38 — 7.33 (m, 1H), 7.33 — 7.27 (m, 1H),
7.15 (s, 4H), 6.98 (dd, J = 8.2, 7.0 Hz, 1H), 6.49 (d, J = 7.9 Hz, 1H), 3.40 — 3.23 (m, 2H), 2.90 —
2.75 (m, 2H), 2.63 (ddd, J = 17.2, 14.2, 4.9 Hz, 1H), 2.46 (ddt, J = 12.6, 5.1, 2.1 Hz, 1H), 2.07
(dddd, J=14.3,12.8, 11.9, 4.3 Hz, 1H). 13C NMR (100 MHz, CDClz3): § 198.36, 163.32, 162.39

(d, J = 246.2 Hz), 148.98, 138.23, 131.33, 131.08 (d, J = 3.5 Hz), 130.94, 126.58 (d, J = 21.6 Hz),
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125.28, 115.76 (d, J = 21.3 Hz), 43.21, 38.35, 37.29, 29.02. IR: v 2943, 1656, 1597, 1507, 1335,

1223, 1182, 911, 826, 773, 733, 584 cm™t; HRMS calcd. For [M+Na]*: 301.0999. Found: 301.1000.

Compound 2f was isolated as a colorless oil in 77% yield. Rf = 0.5 (EtOAc/Hexane=1/5). *H NMR

(400 MHz, CDCl3): § 7.74 (d, J = 7.4 Hz, 1H), 7.39 — 7.34 (m, 2H), 7.34 — 7.29 (m, 1H), 3.25 —
3.11 (M, 2H), 2.79 — 2.69 (m, 1H), 2.66 (ddd, J = 17.1, 4.2, 2.3 Hz, 1H), 2.46 (ddd, J = 17.1, 14.4,
4.9 Hz, 1H), 2.32 (dtd, J = 12.5, 4.5, 2.3 Hz, 1H), 2.13 (d, J = 2.2 Hz, 3H), 1.88 (dddd, J = 14.4,
12.5,11.7, 4.2 Hz, 1H). 3C NMR (100 MHz, CDCl3): § 199.76, 161.02, 148.55, 139.71, 130.24,
127.10, 126.92, 126.78, 125.32, 43.26, 37.95, 37.64, 29.27, 11.12. IR: v 3304, 2954, 1720, 1632,
1463, 1330, 1276, 1205, 1070, 925, 849, 749, 580 cm™’; HRMS calcd. For [M+H]*: 199.1117.

Found: 199.1121.

Oi n-Pr
29

Compound 2g was isolated as a colorless oil in 80% yield. Rf = 0.5 (EtOAc/Hexane=1/3). H

NMR (500 MHz, CDCls): §7.64 (d, J = 7.6 Hz, 1H), 7.39 — 7.27 (m, 3H), 3.26 — 3.09 (m, 2H),
2.77 — 2.59 (m, 3H), 2.52 — 2.38 (m, 2H), 2.37 — 2.26 (m, 1H), 1.87 (dd, J = 14.5, 4.1 Hz, 1H),
1.59 (dd, J = 9.4, 3.8 Hz, 1H), 1.50 — 1.38 (m, 1H), 1.03 (t, J = 7.3 Hz, 3H). 3C NMR (100 MHz,
CDCl3): § 199.49, 160.65, 148.53, 139.18, 132.50, 130.23, 127.08, 126.29, 125.35, 43.28, 38.15,
37.69, 29.40, 27.00, 22.08, 14.33. IR: v 2956, 2868, 1665, 1598, 1462, 1362, 1327, 1183, 1114,

770, 733 cm™*; HRMS calcd. For [M+H]*: 227.1430. Found: 227.1442.
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Oi i-Pr
2h

Compound 2h was isolated as an oily solid (M.P.: 63-65 °C) in 70% vyield. R = 0.6

(EtOAc/Hexane=1/3). *H NMR (500 MHz, CDCls): § 7.69 — 7.64 (m, 1H), 7.35 (dd, J = 5.6, 1.1
Hz, 2H), 7.31 — 7.26 (m, 1H), 3.31 (hept, J = 6.9 Hz, 1H), 3.19 — 3.01 (m, 2H), 2.74 (dd, J = 14.9,
7.3 Hz, 1H), 2.55 (ddd, J = 17.6, 4.4, 2.2 Hz, 1H), 2.35 (ddd, J = 17.6, 14.4, 4.9 Hz, 1H), 2.27 —
2.18 (m, 1H), 1.82 (dddd, J = 14.4, 12.5, 11.7, 4.4 Hz, 1H), 1.43 (d, J = 7.1 Hz, 3H), 1.25 (d, J =
6.8 Hz, 3H). 1*C NMR (100 MHz, CDClz3): § 199.39, 159.77, 148.41, 139.27, 137.11, 130.09,
126.73, 126.46, 125.31, 44.32, 38.90, 37.88, 28.47, 28.01, 20.80, 20.70. IR: v 2952, 2869, 1658,
1598, 1461, 1357, 1325, 995, 771, 733 cm™; HRMS calcd. For [M+H]*: 227.1430. Found:

227.1444.

Compound 2i was isolated as a light yellow oil in 49% vyield. Rf = 0.6 (EtOAc/Hexane=1/3). 'H

NMR (400 MHz, CDCls): § 7.67 (d, J = 7.5 Hz, 1H), 7.30 — 7.26 (m, 2H), 7.26 — 7.19 (m, 1H),
3.11 - 2.93 (m, 2H), 2.76 (dd, J = 14.4, 7.9 Hz, 1H), 2.51 (ddd, J = 18.7, 5.7, 1.6 Hz, 1H), 2.31
(ddd, J = 18.7, 13.8, 5.6 Hz, 1H), 2.15 — 2.06 (m, 1H), 1.84 — 1.71 (m, 1H), 1.38 (s, 9H). 3C NMR
(100 MHz, CDCl3): § 201.70, 157.81, 148.62, 143.12, 140.15, 129.41, 129.28, 125.58, 124.62,
48.19, 38.49, 38.34, 34.91, 30.61, 27.23. IR: v 2957, 2863, 1660, 1576, 1461, 1362, 1318, 1203,

991, 768, 737 cm™t; HRMS calcd. For [M+H]*: 241.1587. Found: 241.1601.
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Compound 2j was isolated as a colorless oil in 89% yield. Ri = 0.6 (EtOAc/Hexane=1/3). *H NMR
(400 MHz, CDCls): § 8.00 (d, J = 7.7 Hz, 1H), 7.39 — 7.26 (m, 3H), 3.85 (ddd, J = 9.9, 8.0, 5.2
Hz, 1H), 3.72 (dt, J = 9.9, 7.5 Hz, 1H), 3.24 — 3.12 (m, 2H), 2.99 — 2.80 (m, 2H), 2.72 (d, J = 8.3
Hz, 1H), 2.63 (ddd, J = 16.9, 4.1, 2.4 Hz, 1H), 2.44 (ddd, J = 16.9, 14.4, 4.9 Hz, 1H), 2.37 — 2.26
(m, 1H), 1.96 — 1.80 (m, 1H), 0.84 (s, 9H), 0.03 (d, J = 0.3 Hz, 3H), 0.00 (d, J = 0.7 Hz, 3H). 13C
NMR (100 MHz, CDCl3): 6 199.57, 162.98, 148.38, 139.05, 130.51, 128.36, 127.05, 126.90,
125.14, 61.97, 43.56, 38.07, 37.74, 29.29, 28.78, 25.94, 18.32, -5.28, -5.31. IR: v 2882, 1659,
1600, 1471, 1360, 1337, 1254, 1100, 1076, 928, 836, 774, 732 cm™*; HRMS calcd. For [M+Na]*:

365.1907. Found: 365.19009.

O
(1)

2k

Compound 2k was isolated as a white solid (M.P.: 103-105 °C) in 61% vyield. Rf = 0.6
(EtOAc/Hexane=1/3). 'H NMR (400 MHz, CDCls): § 7.60 (d, J = 7.6 Hz, 1H), 7.32 (dd, J = 26.6,
4.0 Hz, 3H), 3.14 (dd, J = 15.2, 8.0 Hz, 1H), 3.06 (ddt, J = 11.7, 7.8, 3.8 Hz, 1H), 2.88 (td, J =
10.3, 8.6, 6.0 Hz, 1H), 2.74 (dd, J = 15.2, 7.6 Hz, 1H), 2.59 — 2.49 (m, 1H), 2.41 — 2.29 (m, 1H),
2.29 — 2.17 (m, 2H), 2.17 — 2.03 (m, 1H), 1.92 — 1.66 (m, 5H), 1.49 — 1.31 (m, 3H), 1.24 — 1.09
(m, 1H). 1*3C NMR (100 MHz, CDClz): 6 199.55, 160.23, 148.49, 139.38, 136.71, 130.07, 126.78,

126.42, 125.30, 44.36, 39.18, 38.87, 37.90, 30.41, 29.92, 28.43, 27.27, 26.90, 25.97. IR: v 2933,
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2862, 1655, 1598, 1450, 1325, 1276, 1181, 986, 769, 733 cm™; HRMS calcd. For [M+Na]*:

289.1563. Found: 289.15774.

e
(1)

2|

Compound 2l was isolated as a colorless oil in 74% yield. Rf = 0.6 (EtOAc/Hexane=1/3). 'H NMR
(400 MHz, CDCls): §7.66 (dd, J = 7.8, 1.0 Hz, 1H), 7.37 — 7.31 (m, 2H), 7.31 — 7.24 (m, 1H),
3.45 — 3.31 (m, 1H), 3.19 — 3.02 (m, 2H), 2.80 — 2.71 (m, 1H), 2.56 (ddd, J = 17.5, 4.3, 2.3 Hz,
1H), 2.42 — 2.31 (m, 1H), 2.23 (ddt, J = 10.1, 4.3, 2.3 Hz, 1H), 2.03 — 1.88 (m, 5H), 1.71 — 1.52
(m, 4H). ¥C NMR (100 MHz, CDCls): 8 199.12, 160.93, 148.41, 139.53, 134.75, 130.09, 126.69,
126.20, 125.30, 44.58, 38.93, 38.52, 37.94, 31.24, 30.79, 28.35, 27.05, 26.91. IR: v 2938, 2863,
1658, 1597, 1462, 1326, 1274, 1153, 943, 769, 733 cm™; HRMS calcd. For [M+H]*: 253.1587.

Found: 253.1602.

josy

Compound 2m was isolated as a colorless oil in 58% yield. Ry = 0.6 (EtOAc/Hexane=1/3). *H
NMR (400 MHz, CDCls): & 8.02 (d, J = 7.8 Hz, 1H), 7.40 — 7.26 (m, 3H), 3.22 — 3.08 (m, 2H),
2.78 — 2.66 (m, 1H), 2.58 (ddd, J = 17.6, 4.4, 2.3 Hz, 1H), 2.41 (ddd, J = 17.6, 14.2, 5.0 Hz, 1H),
2.29 - 2.21 (m, 1H), 1.79 (dddd, J = 14.2, 12.6, 11.8, 4.5 Hz, 1H), 1.61 (ddt, J = 8.5, 5.6, 2.9 Hz,
1H), 1.13 — 1.02 (m, 1H), 0.86 (dddd, J = 9.1, 7.9, 6.1, 4.5 Hz, 1H), 0.49 — 0.42 (m, 1H), 0.35 —

0.26 (m, 1H). 3C NMR (100 MHz, CDClz): 3 199.80, 164.00, 148.67, 138.66, 131.93, 130.47,
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127.91, 126.35, 124.94, 43.98, 38.41, 37.56, 28.54, 9.59, 8.05, 7.91. IR: v 2925, 2855, 1657, 1597,
1462, 1306, 1204, 1027, 997, 770, 734 cm™; HRMS calcd. For [M+H]*: 225.1274. Found:

225.1290.

O  Ph
OMe
2n

Compound 2n was isolated as a colorless oil in 75% vyield. Rf = 0.3 (EtOAc/Hexane=1/3). 'H

NMR (400 MHz, CDCla): § 7.57 — 7.27 (m, 4H), 7.05 (s, 1H), 6.78 (s, 1H), 5.85 (s, 1H), 3.87 (s,
3H), 3.38 — 3.26 (m, 1H), 3.31 (s, 3H), 3.20 (dd, J = 15.8, 7.9 Hz, 1H), 2.78 (dd, J = 6.5, 2.3 Hz,
1H), 2.74 (dd, J = 4.4, 2.2 Hz, 1H), 2.60 (ddd, J = 17.2, 14.0, 4.9 Hz, 1H), 2.39 (dtd, J = 12.0, 4.7,
2.4 Hz, 1H), 2.02 (dtd, J = 13.7, 12.4, 4.4 Hz, 1H). 3C NMR (100 MHz, CDCl3): 5 198.05, 163.76,
152.01, 147.88, 142.99, 135.74, 130.55, 130.36, 129.74, 128.70, 127.50, 108.16, 106.92, 55.96,
55.17, 43.42, 38.42, 37.04, 29.12. IR: v 2937, 2835, 2250, 1647, 1590, 1490, 1464, 1322, 1293,

1220, 1189, 977, 750, 701 cm™; HRMS calcd. For [M+H]": 321.1485. Found: 321.1487.

Q  Ph
Bu 20

unseperable mixture
d.r. 6.3:1

Compound 20 was isolated as a colorless oil in 33% yield. Ry = 0.5 (EtOAc/Hexane=1/5). *H
NMR (500 MHz, CDCls): & 7.50 — 7.34 (m, 3H), 7.28 (dd, J = 13.8, 7.4 Hz, 2H), 7.14 (s, 2H),
6.90 (t, J = 7.5 Hz, 1H), 6.38 (d, J = 7.8 Hz, 1H), 3.45 — 3.24 (m, 0.21H), 3.04 — 2.84 (m, 1.87H),
2.82 —2.69 (M, 1H), 2.59 (ddd, J = 17.4, 14.2, 4.9 Hz, 1H), 2.52 — 2.36 (m, 1H), 2.26 — 2.14 (m,

0.23H), 2.11 — 1.92 (m, 1.88H), 1.80 — 1.63 (m, 1H), 1.54 — 1.35 (m, 3.94H), 1.35 — 1.18 (m,
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0.83H), 0.96 (t, J = 7.1 Hz, 2.78H), 0.88 (t, J = 6.9 Hz, 0.41H). 13C NMR (100 MHz, CDCls): &
(major) 198.46, 161.95, 152.42, 137.91, 135.41, 132.23, 130.80, 129.75, 128.75, 127.67, 126.68,
126.45, 123.97, 49.41, 48.05, 38.49, 33.19, 29.23, 28.97, 23.20, 14.09. IR: v 2928, 2858, 1661,
1594, 1463, 1330, 1274, 1179, 750, 700 cm™; HRMS calcd. For [M+H]*: 317.1900. Found:

317.1900.

Ts
2p

Compound 2p was isolated as a light yellow oil in 42% yield. Rt = 0.5 (EtOAc/Hexane=1/5). ‘H
NMR (400 MHz, CDCls): & 8.20 (dt, J = 8.5, 0.8 Hz, 1H), 7.73—7.65 (m, 2H), 7.29 (ddd, J = 8.4,
7.2, 1.2 Hz, 1H), 7.26 — 7.22 (m, 5H), 7.15 — 7.11 (m, 2H), 7.09 (ddd, J = 8.2, 7.3, 1.0 Hz, 1H),
6.93 — 6.84 (m, 1H), 4.74 — 4.69 (m, 1H), 3.77 (dddd, J = 17.6, 7.5, 3.5, 0.8 Hz, 1H), 3.34 (dddd,
J=18.1,10.0, 6.5, 1.9 Hz, 1H), 2.89 (ddd, J = 13.9, 10.0, 7.8 Hz, 1H), 2.55 (dddd, J = 13.9, 6.5,
3.5, 1.1 Hz, 1H), 2.38 (s, 3H). 13C NMR (100 MHz, CDCls): & 207.24, 145.18, 137.45, 136.74,
135.72, 134.49, 130.06, 128.85, 128.42, 128.01, 127.65, 126.40, 124.93, 123.72, 119.22, 118.58,
114.82, 53.23, 35.14, 24.64, 21.65. IR: v 3028, 2921, 1718, 1597, 1451, 1371, 1247, 1170, 1149,

1090, 910, 746, 707, 659, 576, 541 cm™*; HRMS calcd. For [M+H]": 416.1315. Found: 416.1315.

Compound 2qg was isolated as a white solid (M.P.: 158-160 °C) in 73% vyield. Rf = 0.3
(EtOAc/Hexane=1/3). *H NMR (400 MHz, CDCls): § 7.65 (d, J = 8.2 Hz, 2H), 7.39 — 7.29 (m,

5H), 7.03 (d, J = 8.1 Hz, 2H), 4.32 (dd, J = 17.6, 1.6 Hz, 1H), 3.95 (dd, J = 9.5, 8.2 Hz, 1H), 3.65
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(dd, J = 17.6, 2.2 Hz, 1H), 3.19 — 3.05 (m, 1H), 2.71 (dd, J = 10.5, 9.5 Hz, 1H), 2.65 (ddd, J =
17.3, 4.4, 2.5 Hz, 1H), 2.52 — 2.43 (m, 4H), 2.43 (5, 4H), 2.24 (ddt, J = 12.8, 4.9, 2.5 Hz, 1H), 1.72
(dddd, J = 14.7, 12.9, 11.6, 4.4 Hz, 1H). 3C NMR (100 MHz, CDCla): & 195.98, 158.93, 144.05,
134.48,133.32, 132.91, 129.91, 129.01, 128.34, 128.11, 127.64, 127.35, 53.12, 51.13, 40.86, 36.93,
26.37, 21.59. IR: v 3056, 2950, 2869, 1674, 1598, 1493, 1443, 1346, 1272, 1163, 1094, 1038, 912,

816, 733, 701, 679, 596, 550 cm™; HRMS calcd. For [M+Na]*: 390.1134. Found: 390.1143.

Ph
Q Me
NTs

2r

unseperable mixture
d.r. 1.3:1

Compound 2r was isolated as a colorless oil in 70% yield. Rt = 0.5 (EtOAc/Hexane=1/5). *H NMR
(400 MHz, CDCls): § (major) 7.65 (d, J = 8.3 Hz, 2H), 7.39 — 7.34 (m, 5H), 6.83 — 6.74 (m, 2H),
4.24 (qd, J = 6.6, 1.9 Hz, 1H), 3.92 (dd, J = 9.2, 8.3 Hz, 1H), 3.24 (ddd, J = 8.1, 4.8, 2.5 Hz, 1H),
2.73 (dd, J = 10.4, 9.3 Hz, 1H), 2.60 — 2.49 (m, 2H), 2.48 (s, 3H), 2.30 — 2.22 (m, 1H), 1.64 — 1.48
(m, 1H), 1.23 (d, J = 6.6 Hz, 3H). & (minor) *H NMR (400 MHz, Chloroform-d) & 7.80 — 7.73 (m,
2H), 7.41—7.29 (m, 5H), 7.07 — 6.99 (m, 2H), 4.97 (g, J = 6.8 Hz, 1H), 3.98 (dd, J = 12.1, 8.3 Hz,
1H), 3.05 (t, J = 11.8 Hz, 1H), 2.65 (ddd, J = 17.7, 4.5, 2.2 Hz, 1H), 2.45 (s, 3H), 2.44 — 2.30 (m,
2H), 2.13 (dtd, J = 12.1, 5.0, 2.2 Hz, 1H), 1.71 (dtd, J = 14.5, 12.4, 4.5 Hz, 1H), 0.87 (d, J = 6.8
Hz, 3H). 3C NMR (100 MHz, CDCls): & (mixture) 196.74, 196.67, 165.85, 162.51, 144.10,
143.90, 136.56, 134.72, 133.97, 133.68, 133.18, 132.94, 130.07, 129.78, 129.18, 129.00, 128.49,
128.48, 128.05, 128.01, 127.82, 127.02, 58.52, 58.48, 54.11, 50.55, 42.07, 37.84, 36.97, 36.61,
26.56, 26.45, 22.19, 21.63, 21.60, 18.89. IR: v 2931, 2869, 1675, 1597, 1493, 1344, 1275, 1162,
1093, 915, 817, 751, 701, 659, 575, 550 cm™; HRMS calcd. For [M+H]*: 382.1471. Found:

382.1475.
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Compound 2s was isolated as a colorless oil in 71% yield. R = 0.3 (EtOAc/Hexane=1/3). *H NMR
(400 MHz, CDCl3): 6 7.74 (d, J = 8.3 Hz, 2H), 7.37 (d, J = 7.9 Hz, 2H), 4.26 (d, J = 16.6 Hz, 1H),
3.89 (dd, J = 9.2, 7.9 Hz, 1H), 3.82 (dd, J = 16.9, 2.5 Hz, 1H), 2.96 (g, J = 11.7 Hz, 1H), 2.59 (dd,
J=10.9,9.2 Hz, 1H), 2.49 (ddd, J = 17.1, 4.3, 2.3 Hz, 5H), 2.45 (s, 4H), 2.30 (ddd, J = 17.2, 14.6,
4.9 Hz, 1H), 2.23 — 2.08 (m, 2H), 2.03 (qd, J = 7.5, 6.1 Hz, 1H), 1.55 (dddd, J = 14.5, 12.6, 11.7,
4.4 Hz, 1H), 0.91 (t, J = 7.5 Hz, 3H). 3C NMR (100 MHz, CDCl3): § 196.95, 156.63, 144.11,
134.63, 132.56, 129.92,127.73, 53.42, 50.11, 40.57, 36.73, 26.54, 21.60, 19.58, 12.89. IR: v 2965,
2872, 1667, 1598, 1453, 1346, 1164, 1094, 1041, 913, 815, 732, 675, 593, 550 457 cm™; HRMS

calcd. For [M+Na]*: 320.1315. Found: 320.1308.

Compound 2t was isolated as a white solid (M.P.: 138-140 °C) in 37% vyield. Ry = 0.4
(EtOAc/Hexane=1/5). *H NMR (400 MHz, CDCl3): § 7.72 (d, J = 8.2 Hz, 2H), 7.37 (dd, J = 8.6,
0.7 Hz, 2H), 4.30 (dd, J = 17.3, 1.3 Hz, 1H), 3.87 (dd, J = 9.0, 8.1 Hz, 1H), 3.81 (dd, J = 17.3, 2.4
Hz, 1H), 2.86 (dd, J = 12.3, 6.6 Hz, 1H), 2.51 (dd, J = 11.0, 9.3 Hz, 1H), 2.46 (s, 3H), 2.45 — 2.40
(m, 1H), 2.27 (ddd, J = 17.2, 14.4, 5.2 Hz, 1H), 2.12 (dtd, J = 12.4, 5.0, 2.3 Hz, 1H), 1.54 (dtd, J
=14.4,12.3, 4.6 Hz, 1H), 0.15 (s, 9H). *C NMR (100 MHz, CDClz): 4 201.09, 170.41, 144.14,

134.08, 132.34, 129.92, 127.80, 52.42, 52.22, 42.05, 36.75, 25.99, 21.61, 0.39. IR: v 2924, 2852,
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1659, 1600, 1453, 1349, 1262, 1165, 1094, 875, 841, 665, 597, 550 cm™; HRMS calcd. For

[M+Na]*: 364.1397. Found: 364.1400.

BnO

2u
d.r. >20:1

Compound 2u was isolated as a colorless oil in 40% vyield (d.r. >20:1). Ry = 0.3
(EtOAc/Hexane=1/4). *H NMR (500 MHz, CDClz3): § 7.55 — 7.27 (m, 9H), 7.23 (m, 3H), 6.91 (t,
J=7.6 Hz, 1H), 6.41 (d, J = 7.9 Hz, 1H), 4.62 (d, J = 12.0 Hz, 1H), 4.57 (d, J = 12.1 Hz, 1H), 3.69
—3.58 (m, 2H), 3.27 (ddt, J = 30.5, 15.5, 7.9 Hz, 2H), 2.84 (ddd, J = 21.2, 16.2, 5.4 Hz, 2H), 2.64
(dd, J=16.9, 13.3 Hz, 1H), 2.52 — 2.39 (m, 1H). 3C NMR (100 MHz, CDCls): & 198.40, 162.04,
148.43, 138.26, 138.23, 135.23, 132.40, 130.75, 129.62, 128.72, 128.45, 127.69, 127.52, 126.60,
125.14,73.32,72.20, 45.31, 41.76, 41.62, 35.86. IR: v 3060, 2856, 1657, 1594, 1463, 1313, 1108,
1073, 776, 737, 699 cm™; HRMS calcd. For [M+H]": 381.1849. Found: 381.1848. The

stereochemistry was tentatively assigned according to the stereochemistry of starting material 1v.
Q  Ph
Me—“
2v

Compound 2v (major) was isolated as a white solid (M.P.: 123-125 °C) in 33% yield and 2v (minor)

was isolated as a white solid in 13% (d.r. =2.5:1 based on isolated yield). Rf = 0.4
(EtOAc/Hexane=1/4). *H NMR (500 MHz, CDCls): § (major) 7.49 — 7.33 (m, 3H), 7.30 (d, J =
7.6 Hz, 1H), 7.25 — 6.96 (m, 3H), 6.91 (t, J = 7.6 Hz, 1H), 6.44 (d, J = 7.9 Hz, 1H), 3.41 — 3.32

(m, 1H), 3.24 (dd, J = 15.8, 8.1 Hz, 1H), 2.80 (dd, J = 15.8, 7.3 Hz, 1H), 2.59 (dqd, J = 13.5, 6.7,
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4.3 Hz, 1H), 2.44 (dt, J = 12.5, 4.4 Hz, 1H), 1.85 (q, J = 12.6 Hz, 1H), 1.27 (d, J = 6.8 Hz, 3H). &
(minor) 7.48 — 7.35 (m, 3H), 7.34 — 7.27 (m, 2H), 7.25 — 7.08 (m, 2H), 6.91 (t, J = 7.6 Hz, 1H),
6.40 (d, J = 7.9 Hz, 1H), 3.56 — 3.42 (m, 1H), 3.24 (dd, J = 15.8, 8.0 Hz, 1H), 2.85 — 2.71 (m, 2H),
2.35 - 2.15 (m, 2H), 1.38 (d, J = 7.6 Hz, 3H). 3C NMR (100 MHz, CDCls): & (major) 200.66,
161.82, 148.52, 138.56, 135.61, 132.05, 130.54, 129.73, 128.59, 127.50, 126.55, 126.46, 125.10,
43.03, 42.25, 37.66, 37.34, 16.20. IR: v 3020, 2928, 2852, 1658, 1595, 1462, 1372, 1330, 1179,
1093, 774, 731, 699 cm*; HRMS calcd. For [M+Na]*: 297.1250. Found: 297.1253. The major

diastereomer’s stereochemistry was assigned according to 2-D NMR (see in 2-D NMR spectra).

4.4.6 Procedures and data for synthetic applications

a) Dissolving metal reduction followed by alkylation of 2f: synthesis of 3

o Me Mﬁ
Li, NH3
‘.O t-BuOH, Mel
THF, -78 °C H

3
93%
>20:1d.r.

Procedure:?

1 mL liquid ammonia was condensed in a 10 mL Schlenk flask at -78 °C and nitrogen atmosphere
was introduced after condensation. A solution of 2f (20.0 mg, 0.1 mmol, 1 equiv.) and t-BuOH
(8.2 mg, 0.11 mmol, 1.1 equiv.) in anhydrous tetrahydrofuran (1 mL) was added dropwise to the
stirring liqguid ammonia at -78 °C. Under N2 flow, the rubber stopper of Schlenk flask was removed
and pieces of lithium (6.9 mg, 1.0 mmol, 10 equiv.) was added to the stirring mixture. After stirring
at -78 °C for 3 h, iodomethane (851.3 mg, 6 mmol, 60 equiv.) was injected into the flask and stirred
for another 3 h. 1 mL of saturated aqueous ammonia chloride solution was injected to the flask
and the system was opened and slowly warmed up to room temperature. After the ammonia was

removed, the reaction was diluted with ether (10 mL) and washed with sat. NH4Cl (ag.) solution
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(20 mL) and brine (20 mL). The combined organic extract was dried by MgSO4 and concentrated
under reduced pressure. The crude product was purified with silica gel flash column
chromatography (EtOAc/Hexane= 1/10 to 1/5) to afford compound 3 as a white solid in 93% yield
(20.0 mg).

Compound 3 was isolated as a white solid (M.P.: 70-72 °C) in 93% yield (d.r. >20:1). Rf = 0.6
(EtOAc/Hexane=1/5). 'H NMR (500 MHz, CDCls3): § *H NMR (400 MHz, Chloroform-d) & 7.30
—7.26 (m, 1H), 7.25 — 7.14 (m, 3H), 3.30 (d, J = 8.7 Hz, 1H), 3.16 — 3.02 (m, 1H), 2.98 — 2.81 (m,
2H), 2.60 (ddd, J = 15.7, 6.2, 4.4 Hz, 1H), 2.41 (ddd, J = 15.7, 11.4, 5.2 Hz, 1H), 2.26 (dddd, J =
13.7,7.4,6.1, 5.1 Hz, 1H), 1.98 (dddd, J = 14.0, 11.5, 7.9, 4.4 Hz, 1H), 1.28 (s, 3H), 0.81 (s, 3H).
13C NMR (100 MHz, CDCls): 6 217.10, 144.29, 143.28, 127.11, 126.13, 125.74, 124.78, 53.78,
48.12, 39.59, 38.03, 36.68, 26.37, 24.90, 22.63. IR: v 2969, 2932, 1707, 1458, 1378, 1319, 1224,
1177, 1098, 940, 754, 735 cm™; HRMS calcd. For [M+H]*: 215.1430. Found: 215.1430.

b) Dissolving metal reduction followed by oxidation of 2f: synthesis of 4

HO
o Me o} Mg
Li, NH3 (1)
e ¥
_ 0,
THF, -78 °C H
2f 4
59%
12:1d.r.

Procedure:?®

1 mL liquid ammonia was condensed in a 10 mL Schlenk flask at -78 °C and nitrogen atmosphere
was introduced after condensation. A solution of 2f (12.0 mg, 0.06 mmol, 1 equiv.) in anhydrous
tetrahydrofuran (1 mL) was added dropwise to the stirring liquid ammonia at -78 °C. Under N
flow, the rubber stopper of Schlenk flask was removed and pieces of lithium (1.8 mg, 0.27 mmol,
4.4 equiv.) was added to the stirring mixture. After stirring at -78 °C for 3 h, 1 mL of saturated

aqueous ammonia chloride solution was injected to the flask and the system was opened and slowly
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warmed up to room temperature. After the ammonia was removed, the reaction was diluted with
ether (10 mL) and washed with sat. NH4Cl (ag.) solution (20 mL) and brine (20 mL). The combined
organic extract was dried by MgSQO4 and concentrated under reduced pressure. The crude product
was purified with silica gel flash column chromatography (EtOAc/Hexane= 1/10 to 1/5) to afford
compound 4 as a colorless oil in 59% yield (7.7 mg). (note: The d.r. of 4 decreased if being kept
in chloroform).

Compound 4 was isolated as a colorless oil in 59% vyield (d.r.=12:1). Rs = 0.4 (EtOAc/Hexane=1/5).
IH NMR (400 MHz, CDCls): § 9.37 — 9.22 (m, 1H), 7.44 — 7.38 (m, 1H), 7.26 — 7.19 (m, 3H),
4.00 (d, J = 9.6 Hz, 1H), 3.18 (dd, J = 15.7, 8.7 Hz, 1H), 3.07 — 2.94 (m, 1H), 2.87 (dd, J = 15.7,
8.9 Hz, 1H), 2.68 (ddd, J = 16.8, 6.6, 5.1 Hz, 1H), 2.49 (ddd, J = 16.7, 10.2, 5.4 Hz, 1H), 2.23
(ddd, J = 13.8, 6.8, 1.4 Hz, 1H), 2.02 (ddd, J = 10.3, 8.5, 5.0 Hz, 1H), 1.02 (s, 3H). 13C NMR (100
MHz, CDCls): 6 214.20, 143.31, 141.09, 127.50, 126.72, 126.61, 124.51, 88.91, 48.99, 38.87,
37.11, 36.74, 26.43, 18.25. IR: v 3300, 2934, 1717, 1458, 1275, 1260, 913, 764, 749 cm™*; HRMS
calcd. For [M+H-(H20)]*: 199.1117. Found: 199.1114.

¢) a-alkylation of 2a: synthesis of 5

LDA, CH5CH,l ‘ O
—_—
‘.O THEHMPA  © .
-78° H
2a 78 °C to r.t. 5
60%
>20:1 d.r.
Procedure:

To a 10 mL flamed-dried Schlenk flask equipped with a nitrogen-filled balloon was added THF
(2.3 mL) and freshly distilled i-Pr2NH (506.0 mg, 0.7 mL, 5.0 mmol, 1 equiv.). The reaction
mixture was cooled to -78 °C with an acetone-dry ice bath and n-BuLi (2.5 M in hexane, 2.0 mL,

5 mmol, 1 equiv.) was added dropwise. Upon completion, the system was warmed to 0 °C and
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stirred for 0.5 h under nitrogen atmosphere. Meanwhile, to another 10 mL flamed-dried flask
equipped with a nitrogen-filled balloon were added compound 2a (26 mg, 0.1 mmol, 1 equiv.) and
THF (5 mL). After cooling to -78 °C with an acetone-dry ice bath, the newly made LDA solution
as indicated above (1 M in THF/Hexane, 2.0 ml, 2.00 mmol, 20 equiv.) was added dropwise and
the reaction was warmed up to -20 °C for 0.5 h. After that, the reaction was cooled to -78 °C again
and EtI (779.9 mg, 0.4 mL, 5 mmol, 50 equiv.) was added dropwise. The reaction was gradually
warmed up to room temperature for 3 h and was quenched by adding NH4Cl (sat.) 5 mL. The
mixture was extracted with diethyl ether (10 mLx3), washed with brine, and dried with Na;SOa.
The combined organic extract was concentrated under reduced pressure and purified by silica gel
flash column chromatography (EtOAc/Hexane=1/10) on silica gel to afford compound 5 as a
colorless oil in 60% yield (d.r. >20:1). The relative stereochemistry was determined by 2-D NMR
(see in 2-D NMR spectra).

Compound 5 was isolated as a colorless oil in 60% vyield (d.r. >20:1). Ry = 0.6
(EtOAc/Hexane=1/5). *H NMR (400 MHz, CDCls): § 7.48 — 7.34 (m, 3H), 7.33 — 7.29 (m, 1H),
7.23 (td,J=7.5,1.2 Hz, 1H), 7.14 (s, 2H), 6.95 - 6.88 (m, 1H), 6.41 (dt, J = 8.0, 0.9 Hz, 1H), 3.43
(ddt, J =12.3, 7.7, 3.9 Hz, 1H), 3.22 (dd, J = 15.7, 8.0 Hz, 1H), 2.80 (dd, J = 15.7, 7.5 Hz, 1H),
2.51 (dtt, J = 6.7, 4.9, 2.5 Hz, 1H), 2.38 (ddd, J = 13.1, 4.6, 2.0 Hz, 1H), 2.26 — 2.12 (m, 1H), 1.93
—1.68 (m, 2H), 1.09 (t, J = 7.4 Hz, 3H). 13C NMR (100 MHz, CDCls): 4 201.10, 161.14, 148.74,
138.54, 135.64, 131.73, 130.53, 129.82, 128.65, 127.56, 126.57, 126.56, 125.08, 47.45, 38.38,
37.54, 32.18, 23.05, 12.39. IR: v 2930, 1654, 1462, 1337, 1275, 1260, 1177, 764, 749, 699 cm™;
HRMS calcd. For [M+H]*: 289.1587. Found: 289.1589.

d) H/ (Pd/C) reduction of 2a: synthesis of 6
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HO H ph
- ™ H

0 Ph 1atm H, H
Pd/C
0.0 tol/DCM, 1.
2a H 6

64%
>20:1d.r.
(X-ray confirmed)

Procedure:

A 10 mL Schlenk flask was charged with 2a (26 mg, 0.1 mmol, 1 equiv.) and Pd/C (26.0 mg, 0.24
mmol, 2.4 equiv.) before it was degassed and backfilled with hydrogen three times. After that,
toluene (1 mL) and dichloromethane (1 mL) were injected into the flask. A balloon of hydrogen
was kept on top of the flask. After stirring at room temperature overnight, the reaction was diluted
with dichloromethane (10 mL) and filtered through a filtration paper. The resulting solution was
concentrated under reduced pressure and purified by silica gel flash column chromatography
(EtOAc/Hexane= 1/10 to 1/5) to afford compound 6 as a bright yellow oil in 64% yield (17.0 mg).
The stereochemistry was determined by X-ray crystallography.

Compound 6 was isolated as a white solid (M.P.: 110-112 °C) in 64% vyield (d.r.>20:1). Rf = 0.6
(EtOAc/Hexane=1/5). 'H NMR (400 MHz, CDCls): & 7.77 (dt, J = 8.4, 1.1 Hz, 2H), 7.42 (dd, J
= 8.4, 7.0 Hz, 2H), 7.30 (td, J = 7.5, 1.0 Hz, 1H), 7.20 (t, J = 6.6 Hz, 1H), 7.08 — 7.02 (m, 1H),
6.88 — 6.82 (m, 1H), 6.48 (d, J = 7.6 Hz, 1H), 4.72 — 4.62 (m, 1H), 3.97 (t, J = 5.7 Hz, 1H), 3.34
(d, J = 4.3 Hz, 1H), 3.08 — 2.77 (m, 1H), 2.69 — 2.57 (m, 1H), 2.59 (d, J = 15.5 Hz, 1H), 1.95 (dq,
J =136, 3.5 Hz, 1H), 1.65 (tdd, J = 13.5, 4.6, 2.2 Hz, 1H), 1.56 — 1.42 (m, 3H). 13C NMR (100
MHz, CDCls): 6 144.16, 143.77, 142.35, 128.58, 127.66, 126.48, 126.16, 126.14, 125.74, 125.46,
68.36, 47.01, 45.13, 40.95, 38.60, 32.89, 21.50. IR: v 3580, 3022, 2926, 2854, 1456, 1275, 973,
913, 763, 748, 698 cm™*; HRMS calcd. For [M+H-(H20)]*:247.1481. Found: 247.1484.

e) Epoxidation of 2a: synthesis of 7
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Ph o Ph
(e O
_—

. EtOH, 45 °C .

2a HO 7

o)

Procedure:

A 20 mL vial was charged with 2a (26 mg, 0.1 mmol, 1 equiv.) in 10 mL anhydrous ethanol, NaOH
(12 mg, 0.3 mmol, 3.0 equiv.) and H2O> (28 L, 1 mmol, 10 equiv.). After stirring at 45 °C overnight,
the reaction was diluted with dichloromethane and filtered through a pad of silica gel and MgSOa.
The combined organic extract was concentrated under reduced pressure and purified by silica gel
flash column chromatography (EtOAc/Hexane=1/5 to 1/1) to afford compound 7 as a colorless oil
in 54% yield.

Compound 7 was isolated as a colorless oil in 54% yield (14.9 mg). Rf = 0.2 (EtOAc/Hexane=1/1).
'H NMR (400 MHz, CDCls): & 7.52 — 7.37 (m, 3H), 7.38 — 7.23 (m, 2H), 7.16 (s, 2H), 7.00 —
6.92 (m, 1H), 6.47 (d, J = 7.9 Hz, 1H), 3.24 (d, J = 16.6 Hz, 1H), 3.18 (d, J = 16.6 Hz, 1H), 3.09
(ddd, J =17.7,13.3, 5.4 Hz, 1H), 2.66 (ddd, J = 17.7, 4.9, 1.9 Hz, 1H), 2.55 (ddd, J = 13.6, 5.4,
1.9 Hz, 1H), 2.36 (td, J = 13.4, 4.9 Hz, 1H), 2.29 — 2.09 (m, 1H). 1*C NMR (100 MHz, CDCls):
0 198.30, 158.52, 146.11, 136.32, 134.40, 133.35, 131.36, 129.30, 128.80, 128.05, 127.56, 127.17,
125.95, 77.21, 46.43, 33.65, 33.53. IR: v 3404, 3058, 2924, 2245, 1647, 1595, 1463, 1442, 1331,
1275, 1192, 1064, 1004, 960, 906, 750, 733, 699 cm™; HRMS calcd. For [M+H]*: 277.1223.
Found: 277.1225.

f) Oxidation of 2a: synthesis of 8

Ph P

Qo200

2a

0

66%
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Procedure:*

A 4 mL vial was charged with 2a (20 mg, 0.077 mmol, 1 equiv.) in 0.5 mL anhydrous DMSO and
I2 (4.9 mg, 0.038 mmol, 0.5 equiv.) under nitrogen atmosphere. After stirring at 65 °C overnight,
the reaction was diluted with ethyl acetate (10 mL) and washed with saturated Na»S>Oz aqueous
solution (10 mL). Then the organic phase was washed with brine (10 mL) and dried by a pad of
MgSOQOs. The combined organic extract was concentrated under reduced pressure and purified by
silica gel flash column chromatography (EtOAc/Hexane=1/10 to 1/5) to afford compound 8 as a
light yellow oil in 66% yield (13.2 mg).

Compound 8 was isolated as a colorless oil in 66% yield (13.2 mg). Rf = 0.6 (EtOAc/Hexane=1/5).
IH NMR (400 MHz, CDCls): & 7.65 — 7.53 (m, 3H), 7.52 — 7.41 (m, 4H), 7.19 (td, J = 7.4, 1.1
Hz, 1H), 7.03 — 6.96 (m, 2H), 6.51 (dt, J = 7.9, 0.9 Hz, 1H), 4.82 (t, J = 0.8 Hz, 1H), 3.88 (s, 2H).
13C NMR (100 MHz, CDCls): 6 152.04, 144.71, 141.52, 140.03, 135.52, 134.44, 130.45, 129.90,
128.88, 126.33, 126.23, 125.11, 124.84, 122.92, 122.33, 113.66, 36.22. IR: v 3511, 3050, 2887,
1595, 1478, 1444, 1424, 1276, 1231, 1170, 912, 763, 747, 701 cm™; HRMS calcd. For [M+H]*:
259.1117. Found: 259.1117.

g) Aerobic Oxidation of 2a: synthesis of 9

1 atm O, HO

Q.Q epr 0.0

DMSO, 80 °C
52%
Procedure:*
A 8 mL rubber-head test tube was charged with 2a (26 mg, 0.1 mmol, 1 equiv.) in 0.5 mL

anhydrous DMSO, Pd(TFA)2 (1.7 mg, 0.005 mmol, 5 mol%), 2-Me>NPy (1.2 mg, 0.01 mmol, 10

mol%) and TsOH (3.8 mg, 0.02 mmol, 20 mol%) before purging oxygen through the solution for
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5 min. A balloon of oxygen was kept on top of the test tube through the rubber. After stirring at
80 °C overnight, the reaction was diluted with ethyl acetate (10 mL) and washed with brine (10
mL) and dried by a pad of MgSO.. The combined organic extract was concentrated under reduced
pressure and purified by silica gel flash column chromatography (EtOAc/Hexane= 1/5) to afford
compound 9 as a bright yellow oil in 52% yield (13.5 mg).

Compound 9 was isolated as a yellow oil in 52% yield (13.5 mg). Rt = 0.3 (EtOAc/Hexane=1/5).
'H NMR (400 MHz, CDCl3): § 7.68 — 7.57 (m, 5H), 7.45 (dd, J = 7.7, 1.7 Hz, 2H), 7.17 (td, J =
7.4,1.1 Hz, 1H), 7.10 (td, J = 7.6, 1.3 Hz, 1H), 6.88 (d, J = 8.1 Hz, 1H), 6.27 (dt, J = 7.5, 0.9 Hz,
1H), 5.53 (s, 1H) . 3C NMR (100 MHz, CDCls): 5 192.61, 159.14, 144.11, 143.32, 135.55, 133.86,
132.63, 130.16, 130.11, 129.57, 128.86, 127.30, 125.90, 124.28, 123.80, 122.60, 114.91. IR: v
3246, 1685, 1603 ,1575, 1420, 1380, 1275, 1184, 1097, 942, 903, 834, 763, 749, 699 cm™*; HRMS
calcd. For [M+H]*: 273.0910. Found: 273.0914.

4.4.7 Mechanistic study

1. Subjecting 2a’ to carbonylative (3+2+1) conditions

2a’ was obtained as a side product from the key reaction of 1a.

Ph

2a'

Compound 2a’ was isolated as a colorless oil. R = 0.8 (EtOAc/Hexane=1/5). *H NMR (400 MHz,
CDCls): 6 7.53 (ddd, J = 6.6, 5.2, 1.9 Hz, 3H), 7.40 — 7.33 (m, 4H), 7.32 — 7.27 (m, 1H), 7.21 (dd,
J=175,1.4Hz 1H), 2.81 (d, J =6.9 Hz, 2H), 1.20 — 1.07 (m, 1H), 0.58 — 0.49 (m, 2H), 0.29 (dt,

J = 6.0, 45 Hz, 2H). 3C NMR (100 MHz, CDCls): & *C NMR (101 MHz, Chloroform-d) &
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144.19, 132.06, 131.46, 128.55, 128.40, 128.36, 128.16, 125.81, 123.56, 122.54, 92.91, 88.45,
38.79, 11.27, 4.67. IR: v 3060, 3000, 2923, 1599, 1492, 1442, 1016, 754, 689 cm™; HRMS calcd.
For [M+H]": 233.1325. Found: 233.1311.

a) Utilizing “standard conditions” with 1 atm CO

Ph 0

"standard conditions” Ph
/[ WL ( .
.O 2a' only
2a
2a' not observed
Procedure:

In a nitrogen-filled glovebox, a flame dried reaction tube, containing a magnetic stirrer, was
charged with 2a’ (19.0 mg, 0.082 mmol, 1 equiv.) in FPT 1,4-dioxane (0.8 mL). PMe,Ph (1.81
mg, 0.0131 mmol, 16 mol%) and [Rh(CO)2Cl]. (1.6 mg, 0.0041 mmol, 5 mol%) were added as a
stock solution to the system. The tube was sealed with a rubber septum and the reaction mixture
was sparged with CO for 2 minutes, then heated at 125 °C under a CO atmosphere (1 atm.) for 60
h. The mixture was cooled to room temperature and filtered through a pad of silica gel to afford >90%
recovery of 2a’ indicated by crude *H-NMR.

b) Narasaka’s (3+2+1) condition

Ph
Q  Ph
Il [Rh(CO),Cl], Q
........................... >
1,2-dichlorobenzene .O
160 °C, 48 h
1 atm CO 2a
2a' not observed

Procedure:®
A flame-dried reaction tube, fitted with a magnetic stirrer, was charged with [Rh(CO).Cl]2 (3.0

mg, 0.0075 mmol, 10 mol%) in a nitrogen-filled glovebox. Compound 2a’ (18.0 mg, 0.077 mmol,
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1 equiv.) in a nitrogen sparged anhydrous 1,2-dichlorobenzene (300 puL) was added via syringe.
The reaction mixture was sparged with CO for 2 minutes, and then heated at 160 °C under a CO
atmosphere (1 atm.) for 48 h. The mixture was cooled to r.t. and filtered through a pad of silica gel
to afford a crude mixture which has no NMR signal from 2a’ or 2a indicated by crude NMR.

c¢) Bower’s (3+2+1) condition

Ph

(@)
o
=

Il Rhcod)Cn,, P(3,5-CF3CeHa)s Q
--------------------------- > ,
PhCN, Na,SO,, 130 °C, 72 h .O 2a" only
1 atm CO
2a
2a' not observed

Procedure: '’
An oven-dried reaction tube, fitted with a magnetic stirrer, was charged with [Rh(cod)Cl]2 (1.0 mg,
0.002 mmol, 3.75 mol%), P(3,5-(CF3)2Ph)s (5.5 mg, 0.0082 mmol, 15 mol%) and Na2SO4 (1.6 mg,
0.011, 20 mol%). The tube was fitted with a rubber septum and purged with nitrogen. Compound
2a’ (12.8 mg, 0.055 mmol, 1 equiv.) in a nitrogen sparged anhydrous benzonitrile solution (0.07
M) was added via syringe. The reaction mixture was sparged with CO for 2 minutes, and then
heated at 130 °C under a CO atmosphere (1 atm.) for 72 h. The mixture was cooled to r.t. and
filtered through a pad of silica gel to afford >90% recovery of 2a’ indicated by crude NMR.
11. Subjecting Iw to standard conditions
w "standard conditions” OI/\/@
with [Rh('3CO),Cl], X
1af 1af"
22% yield, full conversion

Compound laf was synthesized according to literature known procedure and matched the reported

characterization data?*. Adopting the aforementioned standard procedure for C-C activation
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reaction, 1af” was isolated as the only characterizable product and its spectra matched the reported
data®.
&0
1af
Compound laf was isolated as a colorless oil in 56% yield from compound 10 and benzyl bromide.
Rf = 0.7 (EtOAc/Hexane=1/5). *H NMR (500 MHz, CDCls): 6 7.29 (dd, J = 8.2, 6.8 Hz, 2H),
7.22 (s, 1H), 7.20-7.16 (m, 2H), 3.71 - 3.53 (m, 1H), 3.11 - 2.98 (m, 2H), 2.89 (ddd, J = 9.7, 5.1,

2.8 Hz, 1H), 2.81 (dd, J = 14.4, 9.0 Hz, 1H), 2.23 — 2.10 (m, 1H), 1.75 (ddt, J = 11.2, 9.6, 7.6 Hz,

1H).

Ox
N

1af'

Compound 1af> was isolated as a colorless oil in 22% vyield from laf. Rf = 05
(EtOAc/Hexane=1/5). *H NMR (400 MHz, CDClz):  9.83 (s, 1H), 7.38 — 7.28 (m, 3H), 7.21 (t,
J =8.7 Hz, 2H), 6.44 (d, J = 15.9 Hz, 2H), 6.21 (dt, J = 15.4, 6.4 Hz, 2H), 2.70 — 2.60 (t, J = 7.1
Hz, 2H), 2.61 - 2.53 (t, J = 7.0 Hz, 2H).

I11. >CO labeling study

[Rh('3CO),Cl]> was prepared according to literature procedure (using '*CO atmosphere instead of
CO) and its characterization matched the reported data.?

The reaction below adopted the standard procedure of C— C activation and 2a (**CO incorporated)
was isolated in 82% yield. Using this entry as an example to demonstrate how we measure the

13CO incorporation ratio.
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(21%) 3c
Ph

AN [Rh('3C0),Cl], (5 mol%) '/
(0] PMe,Ph (16 mol%) ‘
1,4-dioxane, 125 °C .O

1a 2a 82%

Method A: Quantitative *C-NMR experiment:?’

The BC NMR spectra were acquired on a Bruker AVANCE Il HD 500 MHz; 11.7 Tesla NMR
spectrometer (126 MHz for 3C, CDCls) at 295 K with inverse-gated decoupling. T1 values of
enriched carbon (marked with diamond shape in the spectra below) and the reference carbon
(marked with oval shape in the spectra below) were determined to be 5.7 second and 8.7 second
prior to the acquisitions, and delays of 50 s (50 s > 5 x T1) were utilized between scans. The
reaction was repeated twice and the spectra are shown below. 21% *C was found to be

incorporated as an average of two experiments (Exp 1 and Exp 2).

—198.33

—148.82
77.26
77.01
76.76

/7
\

NI Ll

R1.19-

i
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o
o
o

T T T T T T T T T T T T T T T T T
50 140 130 120 110 100 90 8 70 60 50 40 30 20 10 0 -10 -20
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Method B: Using high resolution mass spectroscopy to determine the incorporation ratio of *3C
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For compound 2a without *3CO incorporation, the native isotope peak can be calculated according
to the natural abundance of $3C. We obtained this ratio from chemdraw as [M+H+1]" (262.1307)
equals 20.5% when setting the [M+H]* (261.1274) as 100%. From this ratio, we can derive a
function between the experimental [M+H+1]* (y) and incorporation ratio (x). The function is y =
(20.5 4 0.795x) /(100 — x) X 100

Using Agilent TOF LCMS, we acquired the mass spectrum of column purified product 2a at
different conversion and obtained the experimental [M+H+1]* (y), then the incorporation ratio can
be calculated accordingly.

10% conversion:

Sample Name dl-i-45-e1-pd Position P1-F-03 Instrument Name Instrument 1 User Name Lin Deng
1Inj Vol 0.5 InjPosition SampleType Sample IRM Calibration Status Success
Data Filename  122217-dl--45-el-pd ACQ Method FIA_P_M-APCI_No-Wate Comment Acquired Time 12/22/2017 6:37:09 PM

10 6 [+APCI Scan (0.108-0.175 min, 5 Scans) Frag=70.0Vv 122217-dl-i-45-e1-pd-...
& \
3.4 &
262.1302
e 3090777.76
3

2.8
2.6
2.4
2.2
21 261.1266
1814524.65
1.8 ‘
1.6
1.4 3 :
99 D
1.2 (097 ol
§
0.8 263.1336
595089.80
0.6
0.4-
0.2
o

260.5 261 261.5 262 _ .2625 _ __263., 2635 264

15% conversion:
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Sample Name dl-i-15-e2-pd Position P1-F-04 Instrument Name Instrument 1 User Name Lin Deng
Inj Vol 0.5 InjPosition SampleType Sample IRM Calibration Status Success
Data Filename  122217-015-45-e2-pd  ACQ Method FIA P M-APCI No-Wate Comment Acquired Time 12/22/2017 6:41:27 PM

+APCI Scan (0.189-0.222 min, 3 Scans) Frag=70.0Vv 122217-dl-i-45-e2-pd-...

x10 6

21 262.1302
91 1869170.17
.8 |

7
.6 i
5 261.1269
% 1410609.67
= |

PO e QT (Gl T U (O St ¢

11 ‘
00 ,57'; &
= [ oo I /.

263.1337
0.4+ | ‘ 334263.41

0.2 { [l
0.1 Y I ’ I\

260 261 262 _ ., 263, __, 268 265

30% conversion:

Sample Name dl-i-45-e3-pd Position P1-F-05 Instrument Name Instrument 1 User Name Lin Deng
Inj Vol 0.5 InjPosition SampleType Sample IRM Calibration Status Success
Data Filename  122217-dl--45-e3-pd ~ ACQ Method FIA_P_M-APCI_No-Wate Comment Acquired Time 12/22/2017 6:42:53 PM

+APCI Scan (0.119-0.253 min, 9 Scans) Frag=70.0V 122217-dl-i-45-e3-pd-...

x10 6
3.2

3 262.1300
261.1266 2905210.36
2.8 2755566.33 |

2.6
2.4
22
24
1.8
1.64 [9079 (05-\{%‘
1.4
1.2
.

0.8
263.1335
0.6 1 523492.73

0.4 1
0.2
(¢]

260 260.5 ___ 261 _ ,.2615 ., 262 _, 2625 263

36% conversion:
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Sample Name

Inj Vol

Data Filename

+APCIV Scan (0.106-0.356 min, 16 Scans) Frag=70.0Vv 122217-dl-i-45-e4-p...

x10 &

2.6

dl-i-45-e4-pd Position P1-F-06
0.5 InjPosition
ACQ Method FIA_P_M-APCI_No-Wate

122217-dl-i-45-e4-pd

User Name
IRM Calibration Status
Acquired Time

Lin Deng
Success
12/22/2017 6:45:45 PM

Instrument 1
Sample

Instrument Name
SampleType
Comment

261.1268
2416624 .81

2.4 |

2.2

24

.8

52% con

Sample Name
Inj Vol
Data Filename

.6

4]

W‘Z

262.1302
2097762.34

SURYA

263.1335
366404.77
260.5 261 261.5 _ .262 . ~,.2625_,., 263 263.5
dl-h-90-e1-pd Position P2-A-04 Instrument Name Instrument 1 User Name Lin Deng
0.5 InjPosition SampleType Sample IRM Calibration Status Success
ACQ Method FIA_P_M-APCI_No-Wate Comment Acquired Time 12/23/2017 3:34:14

122317-dI-h-90-e1-pd

x10 6
4.5
4.25/
4]
3.75-
3.5
3.25-
3_
2.75
2.5
2.25
2,
1.75
1.5
1.25
o
0.75
0.5
0.25

+APCI Scan (0.110-0.410 min, 19 Scans) Frag=70.0Vv 122317-d|-h—9b—e1—p...

261.1266
4114497.56

262.1299
3031592.18

\&\.74

=
j_'\
o

263.1331
526696.12

(o}

261

67% conversion:

261.5 .. ..2Q2 __ . ~.26295 ..

263
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Sample Name dl-i-45-e5-pd Position P1-F-07 Instrument Name Instrument 1 User Name Lin Deng
Inj Vol 0.5 InjPosition SampleType Sample IRM Calibration Status Success
Data Filename = 122217-dl--45-e5-pd ~ ACQ Method FIA_P_M-APCI_No-Wate Comment Acquired Time 12/22/2017 6:50:06 PM

+APCI Scan (0.184-0.351 min, 11 Scans) Frag=70.0V 122217-dl-i-45-e5-p...

x10 ©

261.1271

4

- 2293660.34
|

2.2 3
2 [
1.8
1.6 ‘
I 262.1305
1.4 1379947.21
1420 1 |

14 DA | 6oy
0.8 1
0.6+ || i
0.4+ | , 263.1337

|\ 218341.54
0.2 ) )

\

o = \h./\_.,, ) = %
. .262,..262.5,, 263 ,.263.5 264 264.5

260 260.5

79% conversion:

Sample Name dl-i-45-e6-pd Position P2-A-03 Instrument Name Instrument 1 User Name Lin Deng
Inj Vol 0.5 InjPosition SampleType Sample IRM Calibration Status Success
Data Filename  122317-dl--45-e6-pd ~ ACQ Method FIA_P_M-APCI_No-Wate Comment Acquired Time 12/23/2017 3:31:20 PM

<10 6 | *APCI Scan (0.122-0.322 min, 13 Scans) Frag=70.0V 122317-dl-i-45-e6-p...

4.75
45| 261.1272
4.05| 432660531

4
3.75]
3.5
3.25
3-
2.75
2.54 262.1302
2.25 | 00 2179291.24
2
1.75

Cx

263.1337
0.51 340166.13

261 261.5 e DL s N D - s 2 DD 263.5

346



Shown below are the calculated incorporation ratio we obtained from this study.

conversion 10% 36% 52% 67% 79% 100%
yield of 2a 9% 32% 46% 52% 67% 82%
13C incorporation | 60% 39% 34% 28% 24% 21%

Starting material was also recycled at 10% and 52% conversion. Both of them did not show
significant '3C incorporation compared with the original starting material from comparing their

isotope peaks in mass spectroscopy.

Original starting material:

Sample Name dl-i-45-sm Position
1Inj Vol 0.5 InjPosition
Data Filename  122317-dl-i-45-sm-b.  ACQ Method

Instrument Name Instrument 1 User Name
SampleType Sample IRM Calibration Status
Comment Acquired Time

Lin Deng
Success
12/23/2017 3:25:33 PM

x10 6

4 261.1276
3.8 3702502.62
3.6
3.4-

D2

(697

+APCI Scan (0.122-0.339 min, 14 Scans) Frag=70.0V 122317-dI-i-45-sm-b...

262.1307
823696.38

“z/

261 261.2

Recycled starting material at 10% conversion:

262 262.2
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Sample Name dl-i-45-e1-resm Position P2-A-02 Instrument Name Instrument 1 User Name Lin Deng
Inj Vol 0.5 InjPosition SampleType Sample IRM Calibration Status Success

Data Filename  122317-dl-i-45-el-te  ACQ Method FIA_P_M-APCI_No-Wate Comment Acquired Time 12/23/2017 3:28:28 PM

<10 & [*APCI Scan (0.120-0.353 min, 15 Scans) Frag=70.0V 122317-dl-i-45-e1-re...

261.1278

- 5804535.46

5.5
S
4.5
4
3.5 A
. <
2.5
=
262.1307
1.51 1361785.58
1

. 925/, .

o} - . s - b
260 260.5 . 261 . 261.5 . 262 _ 2625 263 263.5

Recycled starting material at 52% conversion:

Sample Name dl-h-30-sm Position P1-F-02 Instrument Name Instrument 1 User Name Lin Deng
Inj Vol 0.5 InjPosition SampleType Sample IRM Calibration Status Success

Data Filename  122217-dl-h-30-sm-a. ACQ Method FIA_P_M-APCI_No-Wate Comment Acquired Time 12/22/2017 6:34:15

<10 6 +APCI Scan (0.106-0.390 min, 18 Scans) Frag=70.0VvV 122217-dI-h-30-sm-...
5.25
5
4.75
4.5
4.25
4. 4
3.75
3.5
3.25
31
2: 754
2.5
2.254
2
1.751
1.51 262.1309
1.25+ 23.36
14
0.751
0.5
0.25-1 -
(o]

2611275
100.00

260.5 281 L WRBLS A 262 262.5
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Measurement of *3CQO incorporation in 1af’:

1af' 1af"

For compound 1af without *CO incorporation, the native isotope peak can be calculated
according to the natural abundance of 3C. Because of the weak aldehyde C-H bond under the mass
spectroscopy condition, 1w will cyclize to form carbocation 1af*” as shown. In mass spectrum, the
m/z we observed is 1af>’(m/z=159.0804). We obtained the ratio for 1af*> from chemdraw as
[M+1]* equals 11.9% when setting the [M]" as 100%. From this ratio, we can derive a function
between the experimental [M+1]* (y) and incorporation ratio (x). The function isy = (11.9 +
0.88x)/(100 — x) x 100

Using Agilent TOF LCMS, we acquired the mass spectrum of column purified product 1w’ and
obtained the experimental [M+1]" (y) equals 49%, then the incorporation ratio can be calculated
as 27%.

Sample Name di-i-44-new-s3 Position P2-C-02 Instrument Name Instrument 1 User Name Lin Deng
Inj Vol 05 InjPosition SampleType Sample IRM Calibration Status Success
Data Filename 122717-dH-44-new-s  ACQ Method FIA_P_M-APCI_No-Wate Comment Acquired Time 12/27/2017 1:40:59 PM

<10 5 |*APCI Scan (0.261-0.395 min, 9 Scans) Frag=130.0V 122717-dl-i-44-new-...

3
2.8

2.6

2.4/ 159.0801
229554.87
2.2

2
1.84
1.6 [9VZ
1.4

1.2 160.0835

112364.84
1

0.8 4(1%

0.6

0.4

0.2-
o

158.8 159 159.2._159.4_ ,159.6. 159.8 , 160 160.2 160.4
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1V. Resting state study

a) When catalyst [Rh(CO)2Cl]2 (10 mg, 0.0257 mmol, 1 eq) was mixed with PMe2Ph (7.1 mg,
0.0514 mmol, 2 eq) at 1:1 ratio in d®-toluene at 125 °C for 30 min, the 3!P-NMR spectrum (at 294
K) is shown below. The three sets of signals are assigned to be C1 (6 -0.54 (d, J = 120.3 Hz)), C2

(6-0.83 (d, J = 118.9 Hz)) and C3 (5 17.66 (d, J = 162.1 Hz)) according to literature.!

d’-toluene, 125°C ~ OC,_ PMe,Ph OC,_ PMeyPh oc,_ _ci_ co
[Rh(CO),Cll, + 2 PMe,Ph ———————  Rh{ JRA JRh " RH,
30 min oc Tl PhMe,P”  ClI PhMe,P cl” co
c1 c2 c3
R
Ve

A (d)
17.66
1(162.14)

T T T T T T T T T T T T T T T T T T T T T T T T T
120 110 100 90 80 70 60 50 40 30 20 10 0 -10 -20 -30 —40 -50 ~60 -70 -80 -90 -100 ~-110 -120
1 (ppm)

b) When catalyst [Rh(CO).Cl]> (10 mg, 0.0257 mmol, 1 eq) was mixed with PMezPh (11.4 mg,
0.0822 mmol, 3.2 eq) at 1:1.6 ratio in d®-toluene at 125 °C for 30 min, the 3!P-NMR spectrum (at
294 K) is shown below. The two sets of signals are assigned to be C1 (6 -0.53 (d, J = 121.8 Hz)),

C2 (6 -0.82 (d, J = 118.8 Hz)) according to literature.!
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d®-toluene, 125 °C
[Rh(CO),Cll, + 3.2PMe,Ph ——— ——— >

30 min

B (d)
-0.82
J(118.83)|

A (d)
-0.53
J(121.80)

ocC,
oc’

Rh

C1

_PMe,Ph
“cl

ocC.
PhMe,P’

Rh

C2

_PMe,Ph
Cl

0
£1 (ppm)

c) When catalyst [Rh(CO)2Cl]> (10 mg, 0.0257 mmol, 1 eq) was mixed with PMe,Ph (14.2 mg,
0.103 mmol, 4 eq) at 1:2 ratio in d8-toluene at 125 °C for 30 min, the 3P-NMR spectrum (at 200

K) is shown below. The one set of signal are assigned to be C2 (6-0.31 (d, J = 116.6 Hz)) according

to literature.?

d®-toluene, 125 °C

[Rh(CO),Cl], + 4 PMe,Ph ———— >
30 min

351

PhMe,P”

oc,

RK,
o]

C2

80 90

_PMe,Ph



N o
ow
Ss

N4

A(d)
-0.31
J(116.63)

d) The NMR tube in b) was added 3 equivalent of substrate 1a and heated to 125 °C for 12 h. The
crude H-NMR was shown below. The two peaks integrated in the H-NMR belong to starting

material 1a and product 2a. So the estimated yield of 2a is 0.26/(1+0.26) equals to 20%.

: . . . . . . . . . . . . T . . . . . . .
25 100 95 90 85 80 75 70 65 60 55 50 45 40 35 3.0 25 20 15 1.0 05 00
f1 (ppm)
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4.4.8 X-ray data

a) X-ray data for 2a

¢

O Ph
2a

Table 4.6 Crystal Data and Structure Refinement for 2a

Identification code Complex
Empirical formula C19H160
Formula weight 260.32
Temperature/K 100.0
Crystal system monoclinic
Space group P21/n

alA 10.6293(4)
b/A 7.8160(3)
c/A 16.5040(6)
a/° 90

B/° 91.724(2)
v/° 90
Volume/A3 1370.51(9)
Z 4
peaicg/cm?® 1.262
w/mm'? 0.076
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Table 4.6 Continued Crystal Data and Structure Refinement for 2a

F(000) 552.0
Crystal size/mm?® 0.03 x 0.02 x 0.02
Radiation MoKa (A =0.71073)

20 range for data collection/® 4.498 to 48.88

Index ranges -12<h<12,-9<k<9,-19<1<19
Reflections collected 13330

Independent reflections 2261 [Rint = 0.0495, Rsigma = 0.0306]
Data/restraints/parameters ~ 2261/57/209

Goodness-of-fit on F2 1.161

Final R indexes [[>=20 (I)] R1=0.0624, wR, =0.1612

Final R indexes [all data] R1=0.0808, wR> = 0.1708

Largest diff. peak/hole / e A= 0.36/-0.32

b) X-ray data for 3

Table 4.7 Crystal Data and Structure Refinement for 3
Identification code DL-h-116

Empirical formula C15H180
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Table 4.7 Continued Crystal Data and Structure Refinement for 3

Formula weight
Temperature/K
Crystal system
Space group
alA

b/A

c/A

o

o/
pre

v/°
Volume/A3
Z
pealcg/cm®
w/mm?

F(000)

Crystal size/mm?

Radiation

20 range for data collection/°
Index ranges

Reflections collected

Independent reflections

214.29

100

monoclinic

P2i/c

7.9732(5)

7.5678(5)
19.3603(13)

90

92.343(2)

90

1167.22(13)

4

1.219

0.074

464.0

0.1 x 0.08 x 0.05
MoKa (A =0.71073)
5.114 t0 60.214
-11<h<11,-10<k<10,-27<1<27
24376

3431 [Rint = 00447, Rsigma = 00342]
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Table 4.7 Continued Crystal Data and Structure Refinement for 3

Data/restraints/parameters
Goodness-of-fit on F?
Final R indexes [[>=2c ()]

Final R indexes [all data]

3431/0/147
1.014
R1=0.0474, wR2 = 0.1055

R1=0.0729, wR2 = 0.1166

Largest diff. peak/hole / e A= 0.47/-0.18

c) X-ray data for 6

Table 4.8 Crystal Data and Structure Refinement for 6.

Identification code
Empirical formula
Formula weight
Temperature/K
Crystal system
Space group

alA

b/A

DL-h-59
C19H200
264.35
100.0
monoclinic
P2;
5.8407(4)

22.3977(15)
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Table 4.8 Continued Crystal Data and Structure Refinement for 6

c/A 10.7014(7)

a/° 90

B/ 97.123(2)

v/° 90

Volume/A3 1389.13(16)

Z 4

pealcg/cm? 1.264

w/mm 0.076

F(000) 568.0

Crystal size/mm? 0.02 x 0.02 x 0.01
Radiation MoKa (A =10.71073)

20 range for data collection/® 4.246 to 54.354

Index ranges -7<h<7,-28<k<28,-13<1<13
Reflections collected 18648
Independent reflections 6167 [Rint = 0.0417, Rsigma = 0.0592]

Data/restraints/parameters ~ 6167/1/369
Goodness-of-fit on F2 1.015

Final R indexes [[>=25 (I)] R1=0.0468, wR2 = 0.0988
Final R indexes [all data] R1=0.0749, wR> = 0.1096
Largest diff. peak/hole / e A< 0.28/-0.21

Flack parameter 0.2(7)
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4.6 NMR Spectra

Figure 4.1 H and 3C NMR spectrum of compound 1d-11
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Figure 4.2 'H and *3C NMR spectrum of compound 1j-11
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Figure 4.3 *H and *3C NMR spectrum of compound 1I-11
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Figure 4.4 H and *3*C NMR spectrum of compound 1m-I1
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Figure 4.5 'H and 3C NMR spectrum of compound 1n-1

6’9

SE€L
S€7L
9€L

9€L
LE°L
LE°L
LS°L
LS°L

OMe

OMe

1n-l

et

B66'0

0'T
186'C
$00°Z

95 90 85 80 75 70 65 60 55 50 45 40 35 30 25 20 15 1.0 05 00
f1 (ppm)

10.0

6L'CE —

0095
S0°9S V

€10ad ¢£9L \
€12dD ¥0°LL N
€1Ddd 9¢°/LL

£5°98 —

94'€6 —

0€°ZTT
SEPTT~
sss11”
ST'EZT~
9g'8zT

0b'8zT

SPTET 7
sezer’

£6'8bT
6b'6bT 7

V

30

T T
100 90

f1 (ppm)

110

T
190

T
200

365



Figure 4.6 *H and *C NMR spectrum of compound 1u-I
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Figure 4.7 *H and *3C NMR spectrum of compound 1t-1
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Figure 4.8 'H and **C NMR spectrum of compound 1a
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Figure 4.9 'H and *3C NMR spectrum of compound 1b
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Figure 4.10 H and 3C NMR spectrum of compound 1c
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Figure 4.11 *H and 3C NMR spectrum of compound 1d
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Figure 4.12 H and 3C NMR spectrum of compound 1e
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Figure 4.13 *H and *C NMR spectrum of compound 1f
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Figure 4.14 H and 3C NMR spectrum of compound 1g
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Figure 4.15 H and *C NMR spectrum of compound 1h
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Figure 4.16 *H and 3*C NMR spectrum of compound 1i
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Figure 4.17 H and 3C NMR spectrum of compound 1j
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Figure 4.18 H and 3C NMR spectrum of compound 1k
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Figure 4.19 *H and 3C NMR spectrum of compound 11
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Figure 4.20 H and 3C NMR spectrum of compound 1m
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Figure 4.21 H and 3C NMR spectrum of compound 1n
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Figure 4.22 H and 3C NMR spectrum of compound 10
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Figure 4.23 H and 3C NMR spectrum of compound 1p
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Figure 4.24 H and 3C NMR spectrum of compound 1q
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Figure 4.25 H and 3C NMR spectrum of compound 1r
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Figure 4.26 'H and 3C NMR spectrum of compound 1s
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Figure 4.27 H and *C NMR spectrum of compound 1t
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Figure 4.28 H and *C NMR spectrum of compound 1u
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Figure 4.29 H and 3C NMR spectrum of compound 1v
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Figure 4.30 H and 3C NMR spectrum of compound 2a
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Figure 4.31 H and 3C NMR spectrum of compound 2b
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Figure 4.32 H and 3C NMR spectrum of compound 2¢

2.0

2.5

f1 (ppm)

3.0

89
Vm.o/
SS9
5691
S6°91
S6°91
569
96'9
969
£6'9 F
mm.hg
9T'LA
9T LA
L[TLA
1TLA
0€°LA
0€°LA
gL

Er—

70 69 6.8 6.7 6.6 6.5
f1 (ppm)

7.1

7.2

7.3

4.5 4.0 3.5 3.0 2.5 2.0 1.5 1.0

5.0

1000 95 90 85 80 75 70 65 60 55
f1 (ppm)

10.5

€12ad 1492 /
€12dd mo.mhw
€10ad s€/LL

ECPIT—
[AN=T4)
¢9'9ct
£9°9¢T W
LE°LCT
99°0€T
¥8°0€T
coeer
6G°8€T
T8'8bT
S0'6ST —
¥8°¢9T —

TL86T —

-20

-10

210 200 190 180 170 160 150 140 130 120 110 100 90 8 70 60 50 40 30 20 10
f1 (ppm)

220

392



Figure 4.33 H and *C NMR spectrum of compound 2d
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Figure 4.34 H and 3C NMR spectrum of compound 2e
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Figure 4.35 *H and *C NMR spectrum of compound 2f
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Figure 4.36 H and 3C NMR spectrum of compound 2g
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Figure 4.37 H and *C NMR spectrum of compound 2h
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Figure 4.38 H and 3C NMR spectrum of compound 2i

8€T
SLT

64T
08'T 1

—
“
N
)

T

@

S

N
_

0T

77 76 7.5 7.4 7.3 7.2
f1 (ppm)

7.8

f1 (ppm)

cE'T
[4: )
*00'T

0.0

0.5

10.0 95 9.0 8.5 8.0 7.5 7.0 6.5 6.0 5.5 5.0 4.5 4.0 3.5 3.0 2.5 2.0 1.5 1.0

10.5

f1 (ppm)

€12
19°0E~\
T6'HE
vE'8e

6v°8€ 7
6T°8b —

€12ad 0£79£ \
€12ad 10744 W
€10ad €€74L

[4=R 24}
8G°S¢T V
8¢'6¢T
r'6CT

ST'ObT —
485454
29°8pT —

T8°4ST —

04102 —

-20

-10

190 180 170 160 150 140 130 120 110 100 90 80 70 60 50 40 30 20 10
f1 (ppm)

200

220 210

398



Figure 4.39 *H and *C NMR spectrum of compound 2j
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Figure 4.40 H and 3C NMR spectrum of compound 2k
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Figure 4.41 *H and 3C NMR spectrum of compound 2l
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Figure 4.42 H and 3C NMR spectrum of compound 2m
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Figure 4.43 H and *C NMR spectrum of compound 2n
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Figure 4.44 H and 3C NMR spectrum of compound 20

——

1.5 1.0

2.0

f1 (ppm)

3.0 2.5

3.5

6.8 6.6

7.0
f1 (ppm)

7.4 7.2

7.6

unseperable mixture

9.5 9.0 8.5 8.0 7.5 7.0 6.5 6.0 5.5 5.0 4.5 4.0 3.5 3.0 2.5 2.0 1.5 1.0 0.5 0.0
f1 (ppm)

10.0

60°vT —

0T’ €T~
1682\
€e6T”
61ee
6b'8¢
S0'8v
6y~

€10ad ¢/'9L
€12ad +0°4L

9€LL
€10ad 9¢°LL

16°€TT
b9zt
89921
1921
s.8eT
ss'6TT
ow.oﬂ\
MN.Nmﬁ\
:‘.mmﬁ\
16°2€T
ST —

S6'T9T —

9v'86T —

-20

-10

210 200 190 180 170 160 150 140 130 120 110 100 90 80 70 60 50 40 30 20 10
f1 (ppm)

220

404



Figure 4.45 H and 3C NMR spectrum of compound 2p
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Figure 4.46 H and *C NMR spectrum of compound 2q
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Figure 4.47 H and 3C NMR spectrum of compound 2r
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Figure 4.48 H and 3C NMR spectrum of compound 2s
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Figure 4.49 *H and 3C NMR spectrum of compound 2t
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Figure 4.50 H and 3C NMR spectrum of compound 2u
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Figure 4.51 H and 3C NMR spectrum of compound 2v (major)
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Figure 4.52 H and *C NMR spectrum of compound 3
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Figure 4.53 H and 3C NMR spectrum of compound 4
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Figure 4.54 H and *C NMR spectrum of compound 5
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Figure 4.55 H and *C NMR spectrum of compound 6
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Figure 4.56 H and 3*C NMR spectrum of compound 7
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Figure 4.57 H and *C NMR spectrum of compound 8
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Figure 4.58 H and *C NMR spectrum of compound 9
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Figure 4.59 H and 3C NMR spectrum of compound 2a’

86'T
F66'T

0.0

0.5

1.0

L9% —
LTTT—

1.5

2.0

2.5

64°8€ —

3.0

3.5

€102 69794 \

€10ad 10°4L W

€10ad €744
Sp'88 —
16°26 —

4.5 4.0

5.0
f1 (ppm)

psTer
95°€CT
18°S¢T
91°8¢T
9€°8¢CT
0t°8¢T
§6°8¢T
I IET *
90°¢CET
6T bbT —

9.5 9.0 8.5 8.0 7.5 7.0 6.5 6.0 5.5

10.0

-20

-10

190 180 170 160 150 140 130 120 110 100 90 80 70 60 50 40 30 20 10
f1 (ppm)

200

220 210

419



HY Ha \\

Ph
BnO 1u

d.r. >20:1

Figure 4.60 2D-NMR spectrum of compound 1u
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0 Figure 4.61 2D-NMR spectrum of compound 1v
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Figure 4.63 2D-NMR spectrum of compound 2v
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Figure 4.64 2D-NMR spectrum of compound 5
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CHAPTER 5

(Dynamic) Kinetic Resolution of Cyclobutanones through “Cut-and-Sew” Approach

5.1 Introduction

As discussed in Chapter 1, in the past decade, significant progress has been made for the
“cut-and-sew” reactions between 3-substituted cyclobutanones and unsaturated units.® Starting
from restricted types of substrates'®%!¢ then to general substrates*®"19, several bridged ring
systems were synthesized through this approach. The 3-substituted cyclobutanones are
symmetrical, so it is possible to realize enantioselective transformations through desymmetrization.
In 2014, Cramer reported an enantioselective intramolecular carboacylation of olefins through
C—C activation of 3-substituted cyclobutanones to generate [3.2.1] bridged ring systems with
excellent enantioselectivity.!® Later in 2015, our group disclosed an enantioselective [4+1]
intramolecular addition between 3-substituted cyclobutanones and allenes, which extended the

scope of this strategy to more general substrates (Scheme 5.1).*f
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Scheme 5.1 Asymmetric Cyclohexenone-Bridged Ring Formation via C—C Activation

o) o} ]
X X
3 3 g ; ] 2
RIS RY . R gy R

symmetrical

Cramer (2014)
R? 2.5 mol% [Rh(cod)Cl], R!
o RS 6 mol% (R)-DTBM-segphos RS
3 o)
Ro— 1,4-dioxane, 130 °C, 12 h R4 R R2
R* R?
Dong (2015)
R8
R® 5 mol% [Rh(C3H4),Cll, O _R?
Y/ 1,4-dioxane, 130 °C, 20 h 3 B
\
423 v
R6 N Ph Ph R7
\R7 0 O ,Me
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Me 0, O/ Me
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Fused ring systems can also be accessed through C—C bond activation approach when 2-
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substituted cyclobutanones are used as the starting materials. In particular, 5,6-fused ring systems
are widely found in natural products and pharmaceuticals, and many of them have shown attractive
bioactivity towards different bacteria or cancer cell lines (Scheme 5.2).2 However, there has only
been a few reports on the construction of fused ring systems using C—C bond activation, and only
restricted substrates have been employed.® The transformation we developed in Chapter 4 serves
as a unique example utilizing “cut-and-sew” strategy,®* and the enantioselective version using
this strategy has not been disclosed yet. The difficulty of realizing such asymmetric
transformations attributes to the intrinsic structural feature of 2-substituted cyclohexanones.
Comparing with 3-substituted cyclobutanones, they are not symmetrical as they possess an existing

chiral center. Therefore, in order to access enantioenriched fused ring systems from racemic



cyclobutanones with high efficiency, approaches other than asymmetric catalysis are required,
such as dynamic kinetic resolution (Scheme 5.3).

Scheme 5.2 Representative Natural Products with the Fused Ring Systems Generated

(+)-oplopanone

CF3
H
F3C Y !
Me :
A
serlopitant cyclopamine (+)-nor-spongiolactone

Scheme 5.3 Asymmetric Cyclohexenone-Fused or Bridged Ring Formation via C—C Activation

Enantioselective fused ring formation
Kinetic Resolution
R2

o RZ\ R?
\ \ . \
O \\ \\ o \\
N m {jﬂ/\ ? _— N
{g O -
2% ~--- R -- R? o ~ R1 -7

racemic

racemization ‘

Dynamic Kinetic Resolution
On the other hand, chiral cyclobutanones are valuable building blocks for organic synthesis
and widely found in natural products and bioactive compounds (Scheme 5.4),° yet it still remains
challenging to access such structural motifs with satisfactory enantioselectivity.® In contrast, a
variety of mature synthetic methods have been developed and extensively utilized to synthesize
racemic cyclobutanones. Therefore, it would be appealing if enantioenriched cyclobutanones can

be accessed from their easily available racemic mixtures. We foresaw that the kinetic resolution
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of 2-substituted cyclobutanones would be of special interest as it provides an efficient way to
obtain both enantioenriched cyclobutanones and fused ring systems (Scheme 5.3).

Scheme 5.4 Representative Natural Products with Four-membered Ring

HO OMe
Cl
© Cl

HO O Me
Me
o. H H | OH
Méy
Me 27N HOY <&
Me H H H Me Me O me Me
filifolone phantasmidine (-)-tsugicolines M armellide B

The challenge for this proposal is three-fold: 1) the potential CO extrusion and re-insertion
equilibrium would increase the complexity of the reaction pathway, which might lead to various
side reactions and diminished enantioselectivity; 2) “cut-and-sew” reaction normally demands
relatively high temperature (100 — 150 °C), which would increase the difficulty for efficient
enantio-control; 3) for dynamic kinetic resolution, a fast racemization is necessary before the
enantio-determining step.

5.2 Results and Discussion

5.2.1 Condition optimization for kinetic resolution of cyclobutanones

(13

Based on our previous optimal conditions of “cut-and-sew” reactions between
cyclobutanones and alkynes®*, we initiated the condition screening of the proposed transformation
employing cyclobutanone 1a as the substrate. The ligand effect was first examined using
[Rh(CO)Cl];> as the precatalyst at 125 °C (Table 5.1). Gratifyingly, under the same conditions for
the alkyne insertion, 2a was obtained in 75% yield with excellent diastereoselectivity (Table 5.1,
entry 1). However, apart from DTBM-segphos which delivered 2a in 35% yield, most chiral

phosphine ligands tested were not able to yield the insertion product 2a (Table 5.1, entries 2-8). To

our disappointment, the product obtained using DTBM-segphos is completely racemic. According
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to our mechanistic studies in Chapter 4, fast CO extrusion and re-insertion happened during the
reaction, which could be related to the lack of enantio-control when [Rh(CO),Cl]> was used as the
precatalyst, though the exact reason is unclear.

Table 5.1 Initial Condition Screening?

0 o H
ﬁyp 5 mol% [Rh(CO),Cl], U:)N -
--------------------- > —1Is
N\ 125°C, 1,4-dioxane
H
1a 2a
Entry Ligand Yield®? dr ee’
1 16 mol% PMe,Ph 75% >20:1 N/A
2 8 mol% (R)-BINAP 0% N/A N/A
3 8 mol% (R)-tol-BINAP 0% N/A N/A
4 8 mol% (R)-MeO-BIPHEP 0% N/A N/A
5 8 mol% (S,S)-DIOP 0% N/A N/A
6 8 mol% (R)-DTBM-segphos 35% >20:1 0%
7 15 mol% (S)-monophos 0% N/A N/A
8 15 mol% L4 0% N/A N/A
a The reactions were run at 0.1 mmol scale, 0.1 | AL~ i
mol/L concentration for 12 to 36 h. ? Isolation 1 OO M .
yield. ¢ ee was determined by HPLC. . O\P—N' e
OGN
| L4 :

o 10 mol% [Rh] o H o)
ﬁVTS 8 mol% (R-DTBM-segpnos _ U:N-Ts . ﬁyﬁ
N~  100°C, 1,4-dioxane ! N~
1a 2a 1a
Entry [Rh] 2a ee of 2a? 1a ee of 1a?
1b Rh(cod),BF, 27% 90% 27% 2%
2° Rh(nbd),BF, 17% N/D 46% N/D
3° Rh(cod),NTf, 26% N/D 17% N/D
4° [Rh(cod)(CH3CN),]BF, 16% N/D 35% N/D
5¢ [Rh(cod)OH, 0% N/D 83% N/D
6° Rh(cod)(acac) 0% N/D 61% N/D
7° Rh(CH,=CH,),(acac) 0% N/D 74% N/D
8° Rh(CO),(acac) 0% N/D 82% N/D

@ The reactions were run at 0.1 mmol scale, 0.1 mol/L concentration for 12 to 36 h. b splation
yield. ¢ NMR yield using 1,1,2,2-tetrachloroethane as the internal standard. 9 ee was determined
by HPLC.
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To address this concern, we did further screening with different precatalysts (Table 5.2).
Among the tested precatalysts, only cationic rhodium precatalysts gave moderate yield of the
product (Table 5.2, entries 1-4). Gratifyingly, we observed 90% ee when Rh(cod)BF4 was used,
and the recycled starting material was close to racemic, which suggested that the process is
possibly a dynamic kinetic resolution.

Table 5.3 Selected Condition Screening with Different Ligands®

0 H O
10 mol% Rh(cod),BF,4 ©) : Ts
ﬁVTS .6 mol% (R)-DTBM-segphos mN-TS . ﬁyﬁ
N7 7100 °C, 1,4-dioxane ) N
2a 1a

1a

Entry Modification on the Condition 2a° eeof2a? 1a° ee of 1a¢ 3a‘
10 none 27% 90% 27% 2% 0%
2 10 mol% (R)-DM-segphos 7% N/D 20% N/D 32%
3 (R)-xyl-sdp 0% N/D 60% N/D 21%
4 (R)-xyl-binap 0% N/D 30% N/D 15%
5 10 mol% (R)-H8-binap 4% N/D 8% N/D 30%
6 10 mol% (R)-synphos 8% N/D 69% N/D 5%
7 10 mol% (R)-MeO-biphep 5% N/D 25% N/D 37%
8 (R)-C3-tunephos 0% N/D >90% N/D 0%
9 10 mol% (R)-difluorphos 8% N/D 37% N/D 34%
10 (R,R)-i-Pr-Duphos, 90 °C 0% N/D 0% N/D 83%
11 12 mol% P(cyclohexyl)s, 90 °C  12% N/A 65% N/A 0%
12 15 mol% P(DTBM); 16% N/A 17% N/A 0%

@ The reactions were run at 0.05 mmol scale, 0.1 mol/L concentration . --------- Me-: ------- :

for 12 to 36 h. ? Isolation yield. ¢ NMR yield using 1,1,2,2-tetrachloro- ! HO \

ethane as the internal standard. ¢ ee was determined by HPLC. ; Ij\)j\ !

1 N .

! Ts |

. 3a :

With the expectation that the ligands would significantly influence the reactivity and
enantioselectivity, we did further screening with different bidentate and monodentate ligands
(Table 5.3). We found that DTBM-segphos is the privileged ligand for this transformation among
bidentate chiral phosphine ligands possessing different backbond structures tested (Table 5.3,
entries 1-10). Notably, side product 3a could be observed in considerable yields when these ligands

were used, while the desired product is often generated in very low yields. The current results
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suggest that an electron-rich phosphine ligand is necessary for the high efficiency of this
transformation.

We further tested different basic and acidic additives which could potentially promote the
racemization of the starting material via enolization of the ketone (Table 5.4). For inorganic bases
or amines, we did not observe improvements on the yield of 2a (Table 5.4, entries 1-5). When
sodium bicarbonate was added, the product generated was found to be racemic (Table 5.4, entry
2). When 2,6-di(t-butyl)pyridine was introduced, the mass balance of the reaction was improved,
but the yield and ee of 2a were not influenced (Table 5.4, entry 6). Lewis acids were also tested,
but no improvement was observed (Table 5.4, entries 7 and 8).

Table 5.4 Selected Condition Screening with Different Additives®

0 10 mol% Rh(cod),BF, O - .

ﬁ\/]—s 10 mol% (R)-DTBM-segphos mN—Ts + ﬁ\/ s
A'S 100 °C, 1 4-dioxane 1 N

1a 2a 1a
Entry Additives 2a’ ee of 2a¢ 1a° ee of 1a“

1 10 mol% NayCO3, 90 °C 19% N/D 65% N/D

2b 10 mol% NaHCO3, 90 °C 20% 0% 72% N/D

3 10 mol% NaOAc, 90 °C 23% N/D 58% N/D

10 mol% DIPEA, 90 °C 20% N/D 53% N/D

5 20 mol% Na,CO3, 120 °C 19% N/D 50% N/D

6" 20 mol% A,, 120 °C 24% 90% 35% N/D

20mol% ZnCl,, 100 °C 1% N/D 55% N/D

20mol% BPhs, 100 °C 0% N/D 0% N/D

A;: 2,6-di(t-butyl)pyridine
2 The reactions were run at 0.05 mmol scale, 0.1 mol/L concentration for 12 to 36 h. ?
Isolation yield. ¢ NMR yield using 1,1,2,2-tetrachloroethane as the internal standard. ¢ ee
was determined by HPLC.

Following that, different pre-coordinating groups on rhodium precatalysts and counter-ions
were examined (Table 5.5). It is obvious that when the cationic rhodium catalysts were generated
in situ, [Rh(CH>=CH;)>Cl]> is the optimal precursor which might be attributed to the complete
exchange of the ethylene ligand in the precatalyst with the chiral ligand (Table 5.5, entries 1-4).

Among the counter-ions tested in the reaction, SbFs anion was found to give the highest reactivity
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and enantioselectivity (Table 5.5, entries 5-9). The reason might be that SbFs anion is weakly
associated to the rhodium cation, which would lead to faster migratory insertion.

Table 5.5 Selected Condition Screening with In-Situ Generated Cationic Rhodium Catalysts?

0 10 mol% [Rh] o H o)
Tl tomemmoronsespies Y\j‘jN-Ts AT
N.  100°C, 1,4-dioxane ) N
1a 2a 1a
Entry Precatalyst 2ab ee of 2a? 1a®  eeof1a?

1 [Rh(coe),Cll,/ AgBF, 28% 54% 40% N/D
2° [Rh(CO),Clly/ AgBF, 26% N/D 0% N/D
3¢ [Rh(hexadiene),Cl],/ AgBF, 28% N/D 31% N/D
4 [Rh(CH,=CH,),Clly/ AgBF, 37% 56% 21% N/D
5¢ [Rh(cod)Cl],/ AgOTF 9% N/D 70% N/D
6 [Rh(cod)Cl],/ AgBF, 24% 90% 33% N/D
7 [Rh(cod)Cl],/ AgPFy 29% 92% 36% N/D
8 [Rh(cod)Cl],/ AgSbF 29% 84% 29% N/D
9 [Rh(CH,=CH,),Cll,/ AgSbF, 90 °C 36% 98% 29% 0%

@ The reactions were run at 0.05 mmol scale, 0.1 mol/L concentration for 12 to 36 h.
b Isolation yield. ° NMR vyield using 1,1,2,2-tetrachloroethane as the internal standard.
9 ee was determined by HPLC.

The relatively low mass balance suggests that lower temperature might be beneficial for
the reaction. A series of different temperatures was then tested for this transformation using the
optimal precatalyst/ligand combination (Table 5.6). Distinct from all the known “cut-and-sew”
reactions,’ this transformation can happen smoothly even at room temperature with excellent yield
and ee (Table 5.6, entries 5 and 6). As the temperature of reaction decreases, the ee of the recycled
starting material increased accordingly, which suggests that the racemization process requires
higher temperature (Table 5.6, entries 1-5). The conditions shown in entry 6 are optimal for a
kinetic resolution process, as both 2a and 1a can be obtained in excellent yield and ee, and the

calculated selectivity factor is very high.
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Table 5.6 Selected Condition Screening at Different Temperatures?
0 5 mol% [Rh(CH,=CH,),Cll, H 0

o :
Ts 10 mol% (R)-DTBM-segphos Ts
! 10 mol% AgSbF N=Ts * N
N romermo 0t 0 Ag=ble X
H

rt., 1,4-dioxane, 12 h

1a 2a 1a

Entry Modifications on the Condition 2a® eeof2a® 1a® eeof1a® s
1 90 °C, with 20 mol% (R)-DTBM-segphos 36% 98% 29% 0% --
2 75 °C, with 20 mol% (R)-DTBM-segphos 34% 98% 50% 28% 130
3 65 °C, with 20 mol% (R)-DTBM-segphos 33% 98% 47% 71% 211
4 45 °C, with 20 mol% (R)-DTBM-segphos 47% 95% 40% 94% 139
5 r.t., with 20 mol% (R)-DTBM-segphos 43% 98% 44% 99% 525
6 None 46% 98% 47% 98% 458

@ The reactions were run at 0.1 mmol scale, 0.1 mol/L concentration for 12 h. © Isolation
yield. ¢ ee was determined by HPLC. 9 Selectivity (s) = In[(1 - C)(1 - eegw)l/In[(1-C)(1 +
eegy)]; calculated conversion (C) = eegy/(eegy + eepp).

Interestingly, when we purify the reaction mixture using prep TLC, the recycled 1a is
completely racemized at room temperature. Considering that the prep TLC silica gel is very acidic,
we proposed that strong acids might help the racemization process. Further screening of the acidic
additives were conducted, but none of them can improve the result for the dynamic kinetic
resolution (Table 5.7, entries 3-5).

Table 5.7 Selected Condition Screening for Acidic Additives?

0 5 mol% [Rh(CH,=CH,),Cl], o H O
Ts 20 mol% (R)-DTBM-segphos T Ts
" 10 mol% AgSbF¢ N=Ts * N~
----------------------- t XN
SN T asdioxane, 12 h H
1a 2a 1a
Entry Modifications on the Condition 2a ee of 2a® 1a ee of 1a°
10 None, column purification 43% 98% 44% 99%
2b None, prep TLC purification 45% 98% 42% 0%
39 50 wt% silica gel 15% N/D 66% N/D
49 20 mol% p-TsOH 41% N/D 40% N/D
54 20 mol% AcOH 36% N/D 43% N/D

@ The reactions were run at 0.1 mmol scale, 0.1 mol/L concentration for 12 h. b |splation
yield. ¢ ee was determined by HPLC. ¢ The reactions were run at 0.05 mmol scale with
NMR vyield using 1,1,2,2-tetrachloroethane as the internal standard.

Selected control experiments are shown below. When racemic DTBM-segphos was used

in the reaction, 90% yield was obtained, which further supports that the reaction is a kinetic
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resolution (Table 5.8, entry 1). Currently, 1,4-dioxane is found to be the optimal solvent and 0.1
M is the optimal concentration (Table 5.8, entries 2-5). Both precatalyst and ligand are essential
for this transformation (Table 5.8, entries 6-7). The absolute stereochemistry of 2a was confirmed
by X-ray crystallography (Scheme 5.5).

Table 5.8 Selected Control Experiments?

5 mol% [Rh(CH2=CH2)2C|]2 H

o Ts 10 mol% (R)-DTBM-segphos ~ © : 0 s
ﬂ\/lll ....... 10 !TJE"_(.’@_AQ_S_QEG_.__, Ui)N_TS * ﬁ\/,{l\/\
"X rt, 1,4-dioxane, 12 h A N
1a 2a 1a
Entry Modifications on the Condition 2a® eeof2a® 1a? eeof1a’
19 45 °C, 20 mol% (R/S)-DTBM-segphos 0% NA 0% N/A
2 24 h, toluene 44% N/D 42% N/D
3 24 h, MeTHF 0 N/D 90% N/D
4 12h,0.2M 49% N/D 40% N/D
5 12h,04 M 49% N/D 30% N/D
6 wlo [Rh(=),Cll,/ AgSbF 0%  NA  99%  NA
7 w/o (R)-DTBM-segphos, with Rh(cod),BF 4 0% N/A 94% N/A

@ The reactions were run at 0.05 mmol scale, 0.1 mol/L concentration for 12 h. b NMR yield
using 1,1,2,2-tetrachloroethane as the internal standard. ¢ ee was determined by HPLC. 9The
reactions were run at 0.1 mmol scale with isolation yield.

Scheme 5.5 X-ray Structure of 2a

5.2.2 Substrate scope for kinetic resolution of cyclobutanones

With the optimized conditions for kinetic resolution in hand, we next investigated the
substrate scope (Table 5.9). The protecting group on the nitrogen linkage can be changed to 2-
nosyl and 4-nosyl groups with good yield and ee maintained (Table 5.9, 2b and 2¢). Gratifyingly,

alkyne-tethered substrates can be engaged in this transformation smoothly (2d to 2k). The reaction
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condition is very mild, so many labile groups are well tolerated under the standard conditions, such
as MOM, benzyl, acyl and TBS-protected alcohols. The free-alcohol-containing substrate can also
yield the product with excellent yield and ee. Substituent on the 3-position of the cyclobutanone
would reduce the reactivity, but the kinetic resolution happened with good reactivity and selectivity
at slightly elevated temperature (2Kk).

Table 5.9 Substrate Scope®®

H OoN H
o) z Q ) 5 o
o)
H H
2b

2c
2b: 44% yield, 95% ee 2c: 50% yield, 94% ee
1b: 47% yield, 90% ee 1c: 42% yield, 96% ee
C=0.49,s=120

C=0.51,s=127

(0) (0)
N—Ts N—Ts
H H
2f 2g°

H

(0] :
mNTs

H

2a
2a: 46% yield, 98% ee
1a: 47% yield, 98% ee
C=0.50, s =458

o (0]
N—Ts
H
2d

2d: 48% yield, 98% ee
1d: 40% vyield, 98% ee
C =0.50, s =458

N—Ts
H
2h

2h: 38% yield, 98% ee
1h: 45% yield, 98% ee
C=0.50, s =458

2e: 42% yield, 96% ee
1e: 45% yield, 90% ee
C=0.48,s=152

2i
2i: 46% yield, 96% ee
1i: 50% yield, 98% ee
C=0.51,5=226

2f: 48% yield, 98% ee
1f: 50% vyield, 98% ee
C=0.50, s =458

2j

2j: 43% yield, 94% ee
1j: 40% yield, 99% ee
C=0.51,s=170

2g: 46% yield, 98% ee
19: 48% yield, 88% ee
C=0.47,5=290

2k

2k: 32% yield, 99.5% ee
1k: 43% yield, 65% ee
C=0.40,s=785

@ Reaction conditions: at 0.1 mmol scale, [Rh(CH,=CH,),Cl], (5 mol %), (R)-DTBM-segphos (10 mol%),
AgSbF6 (10 mol%), 1,4-dioxane (1 mL), r.t., 12-13 h. ? Isolation yield; ee is determined by chiral HPLC;
selectivity (s) = In[(1 - C)(1 - eegy))/In[(1 - C)(1 + eegy)], calculated conversion (C) = eegy/(eegy + €€pp)-
° THF is used as the solvent. ¢ Reaction temperature is 40 °C.

Apart from the successful examples shown in table 5.9, we have synthesize and tested
many other substrates, but unfortunately, they cannot give satisfying results for the kinetic

resolution. Different linkages other than N-Ts were tested, such as benzene (1l and 1m), oxygen
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(1n) or N-acyl (10 and 1p), but none of them can yield any product, which could be explained by
the flexibility of the linkage or the stronger coordination from the acyl group. The reaction is
sensitive to the steric hindrance of the olefin moiety (1q to 1u). Substrates with 1,1- or 1,2-
disubstituted olefins are not viable under the current conditions. Gem-dimethyl substituents on the
3-position of the cyclobutanone are not tolerated (1v) and allene is not a feasible coupling partner
due to severe isomerization (1w).

Scheme 5.6 Unsuccessful Substrates on Olefin- or Allene-Tethered Substrates

i \ O Me o = o > o @ > 0
b B A

1l recycled ~30%  1m recycled >90% 1nrecycled ~50% 1o recycled >95%  1p recycled >95%

MeO
Me Et B o 1o
o Ts f o Ts f o Ts JZ/ A
Seab Y S e
o Ts
5

1q recycled >90%  1r recycled 64% 1s recycled 76% 1t recycled 55% 1u recycled 55%
- Me
0 —e=
NTs 0 { Me
H NTs
Me® Me
1v recycled > 90% 1w recycled 54%

For different substituents on the alkyne moiety, similar sensitivity to steric hindrance was
observed (Scheme 5.7). Aryl substituents are not tolerated (1x and 1z). Simply switching the ethyl
group to a bulkier isopropyl group (1y) caused significant decrease of the yield. Additionally, 1x,
1y and 1z decomposed to olefins (1x’, 1y’ and 1z’, the general structure is shown as 1°) via
decarbonylation followed by B-hydrogen elimination. Terminal alkyne (laa) leads to severe

decomposition. TMS and vinyl substituted alkynes are not viable substrates (1ab and lac).
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Benzene linkage cannot facilitate the desired transformation in the alkyne-tethered substrates as
well (1ae and 1af).

Scheme 5.7 Unsuccessful Substrates on Alkyne-Tethered Substrates

CF,
Ph i-Pr
@/ @/ J A &

1x recycled 46% 2y 25% 1z recycled 46% 1aa decomposed
1x" 30% 1y recycled 45% 1z' 44%
1y' 20% _<O
CF3

O
Ts, /TMS O Ts, /: O Ts, /_/
? N ? N ? N

2ad 17%
1ab recycled 44% 1ac recycled 85% 1ad recycled 36%

h ! R

(0] Me (0] P .
Vi V4 | Va
% % Ts\N /
; Me—//_/ E

1ae recycled >90% 1af recycled >90%

5.3 Conclusion and Outlook

In summary, we have developed a highly selective kinetic resolution process for
intramolecular addition between 2-substituted cyclobutanones and olefins or alkynes. Impressive
selectivity was observed with a selectivity factor ranging from 120 to 785. In addition, the kinetic
resolution is highly efficient at room temperature, at which catalytic C—C activation through
oxidative addition of cyclobutanones has not been achieved. Given the mild reaction conditions,
various functional groups are well tolerated. We envision that the newly developed kinetic

resolution process would provide access to a wide variety of chiral 5,6-fused ring systems and
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chiral substituted cyclobutanones and cyclobutanols, which are often found to be important
building blocks for bioactive natural products and pharmaceuticals.

At current stage, we are still focusing on understanding the enantio-determining step and
the reason why this reaction can happen at low temperature through collaboration with
computational chemists. Meanwhile, exploration on different olefin-tethered substrates and the
synthetic utility of this method is ongoing in our laboratory. With the encouraging preliminary
results on dynamic kinetic resolution, further screening to realize a high efficiency is also currently
being explored.

It is encouraging to see how far we have gone in terms of activating these inert C—C bonds,
from more strained cyclobutenones to cyclobutanones, from high temperature to room
temperature, and from racemic to highly enantioselective transformations. In the near future, we
foresee that the “cut-and-sew” chemistry of various ketones will be a widely adopted approach for
synthetic chemists to forge the backbones of complex molecules with all the past, current and
ongoing efforts in this area.

5.4 Experimental

5.4.1 General information

Unless noted otherwise, all solvents were dried by filtration through a Pure-Solv MD-5 Solvent
Purification System (Innovative Technology). The solvents for the C—C Activation reactions were
distilled freshly over sodium or calcium hydride and carefully freeze-pump-thawed. All the C—C
Activation reactions were carried out under nitrogen atmosphere with a stir bar in a sealed vial.
Reaction temperatures were reported as the temperatures of the bather surrounding the flasks or
vials. Sensitive ligands and rhodium catalysts and solvents were transferred under nitrogen into a

nitrogen-filled glovebox with standard techniques. Analytical thin-layer chromatography (TLC)
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was carried out using 0.2 mm commercial silica gel plates (silica gel 60, F254, EMD chemical).
Vials (17 x 60 mm (7.5mL) with PTFE lined cap attached) were purchased from Qorpak and flame-
dried or put in an oven overnight. High-resolution mass spectra (HRSM) were obtained on a
Agilent 6224 Tof-MS and are reported as m/z (relative intensity). Accurate masses are reported
for the molecular ion [M+Na]*, [M+H]". Infrared spectra were recorded on a Nicolet 380 FTIR
using neat thin film technique. Nuclear magnetic resonance spectra (*H NMR and 3C NMR) were
recorded with a Bruker Avance 500 instrument (500 MHz, *H at 500 MHz, *C at 126 MHz) and
Bruker Avance 400 instrument (400 MHz, H at 400 MHz, 13C at 100 MHz). Unless otherwise
noted, all spectra were acquired in CDCls. Chemical shifts are reported in parts per million (ppm,
d), downfield from tetramethylsilane (TMS, 6=0.00ppm) and are referenced to residual solvent
(CDCls, 6=7.26 ppm (*H) and 77.00 ppm (**C); CD.Cls, §=5.32 ppm (*H) and 53.84 ppm (**C)).
Coupling constants were reported in Hertz (Hz). Data for *H NMR spectra were reported as follows:
chemical shift (ppm, referenced to protium; s = singlet, d = doublet, t = triplet, q = quartet,
hept=heptuplet, dd = doublet of doublets, td = triplet of doublets, ddd = doublet of doublet of
doublets, m = multiplet, coupling constant (Hz), and integration). Analytical HPLC was carried
out on an Angilent 1260 infinity HPLC with DAD, Chiralpak IA-IF, served as columns, and

mixtures of n-hexane and i-PrOH were used for elution.

5.4.2 Substrate synthesis

Substrates 1a to 1f were synthesized through Mitsunobu reaction followed by deprotection
of the ketal (eq 1). 1a-1 to 1f-1 and 1d are literature known compounds, and their characterization
data match the reported data.*®¢ Substrate 1g was synthesized from 3 and 1f-1 using stronger
deprotection condition (eq 2). Substrate 1h and 1i were synthesized from 1g through a three-step

one-column procedure (eq 3). Substrate 1h was synthesized from 1g after TBS protection (eq 4).
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Substrate 1k was synthesized from 4 and 5 (commercial available) through substitution reaction

followed by deprotection (eq 5). The ketal protected cyclobutanone 3 is a known compounds.®

o R! —
EtO OEt R e "
HN 1) DIAD, PPhg, THF, 0 °C to r.t.
: or 2) 1M HCI, THF, rt,, 12 h o o gz €l
OH
Ts—NH
3 —— R2 %5—\ /
TsN
R'= Ts, 1a-l R'=Ts, 1a: 57% over 2 steps
R'= 2-Ns, 1b-l R'= 2-Ns, 1b: 79% over 2 steps
R'= 4-Ns, 1c-l R'= 4-Ns, 1¢c; 77% over 2 steps
R2= CH,CH,Ph, 1e-l R2= CH,CH,Ph, 1e; 58% over 2 steps
R2= CH,CH,OMOM, 1f-I R2= CH,CH,OMOM, 1f; 67% over 2 steps
OH
EtO_ OEt Ts —NH 1) DIAD, PPhg, THF, 0 °C to r.t. Q
— 2
’ = 2) 6M HCI, THF, 50°C, 2 h %5_\ /) (eq2)
OH TN
MOMO
3 1f-1 19, 76% over 2 steps
OH OR3
1) (EtO)3CH, p-TsOH, EtOH, rt.
o 2) BnBr or CHCOCI, base Q
Vi Vi (eq 3)
3) 1M HCI, THF, r.t,, 12 h
TsN TsN
1g R3= Bn, 1h; 66% over 3 steps
R3= Ac, 1i; 62% over 3 steps
OH OTBS
0
Q TBSCI y (eq 4)
e
é—\ 4 NEt;, 4-DMAP, DCM, r.t. 4 a
TsN TsN
19 1j, 47%
EtO OEt 0
+ Br 1) NaH, DMF, r.t.
N—Ts \%Et N (eq 5)
H 2) 1M HCI, THF, r.t., 12 h /
Ts \\
4 5
Et

1k, 67% over 2 steps

The procedure for Mitsunobu reaction and deprotection cascade is as follows (using substrate 1a

as an example):
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A solution of 3 (574.9 mg, 3.3 mmol, 1.1 equiv.) and DIAD (727.9 mg, 3.6 mmol, 1.2 equiv.) in
THF (5 mL) was added to a solution of known compound 1a-1 (633.9 mg, 3 mmol, 1.0 equiv.) and
triphenylphosphine (943.6 mg, 3.6 mmol, 1.2 equiv.) in THF (5 mL) at 0 °C. Then the reaction
mixture was warmed up to room temperature and stirred overnight. After the reaction was finished,
the solvent was removed by rotavap and the residue was dissolved in 6 mL THF, and then 2 mL
1M HCl was added to the solution. The resulting mixture was stirred at room temperature overnight.
After the starting material was fully consumed, the reaction mixture was diluted with ethyl acetate
and washed with water, saturated NaHCO3 solution and brine successively. The organic phase was
dried over magnesium sulfate, filtered and concentrated. The residue was purified by silica gel
flash column chromatography (EtOAc/Hexane=1/10 to 1/5) to obtain the desired substrate 1a (506
mgq) as a colorless oil in 57% yield.

The procedure for synthesis of substrate 1qg:

A solution of 3 (514.5 mg, 2.95 mmol, 1.2 equiv.) and DIAD (552.5 mg, 2.73 mmol, 1.1 equiv.)
in THF (5 mL) was added to a solution of known compound 1f-1 (735.0 mg, 2.47 mmol, 1.0 equiv.)
and triphenylphosphine (715.7 mg, 2.73 mmol, 1.1 equiv.) in THF (5 mL) at 0 °C. Then the
reaction mixture was warmed up to room temperature and stirred overnight. After the reaction was
finished, the solvent was removed by rotavap and the residue was dissolved in 6 mL THF, then 2
mL 6M HCI was added to the solution. The resulting mixture was stirred at 50 °C for 2 h. After
the starting material was fully consumed, the reaction mixture was diluted with ethyl acetate and
washed with water, saturated NaHCO3 solution and brine successively. The organic phase was
dried over magnesium sulfate, filtered and concentrated. The residue was purified by silica gel
flash column chromatography (EtOAc/Hexane=1/1 to 2/1) to obtain the desired substrate 1g (627

mgq) as a colorless oil in 76% yield over 2 steps.
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The procedure for synthesis of substrate 1h:

19 (185.0 mg, 0.55 mmol, 1.0 equiv.) was dissolved in EtOH (5 mL) before (EtO)sCH (274 puL,
1.65 mmol, 3.0 equiv.) and p-TsOH (18.9 mg, 0.11 mmol, 0.2 equiv.) were added to the stirring
solution. The reaction was stirred at room temperature overnight before quenched by saturated
aqueous NaHCOzs solution (20 mL) and the mixture was extracted with ethyl acetate (3x20 mL),
washed with brine, and dried over Na,SO4. The crude product was dissolved in DMF (5 mL) and
NaH (44 mg, 1.1 mmol, 2.0 equiv.) was added to the stirring solution. After the reaction mixture
was stirred for 10 min, BnBr (67.1 pL, 0.565 mmol, 1.02 equiv.) was added and the mixture was
stirred at room temperature overnight before quenched by water. The resulting mixture was
extracted with ethyl acetate (3x20 mL), washed with brine, and dried over Na.SO4. Then solvent
was removed by rotavap and the residue was dissolved in 6 mL THF, then 2 mL 1M HCI was
added to the solution. The resulting mixture was stirred at room temperature overnight. After the
starting material was fully consumed, the reaction mixture was diluted with ethyl acetate and
washed by water, saturated NaHCO3 solution and brine successively. Then the organic phase was
dried over magnesium sulfate, then filtered and concentrated. The residue was purified by silica
gel flash column chromatography (EtOAc/Hexane=1/10 to 1/4) to obtain the desired substrate 1h
(154 mg) as a colorless oil in 66% yield over 3 steps.

The procedure for synthesis of substrate 1i:

19 (143.0 mg, 0.43 mmol, 1.0 equiv.) was dissolved in EtOH (5 mL) before (EtO)sCH (213 puL,
1.28 mmol, 3.0 equiv.) and p-TsOH (14.8 mg, 0.086 mmol, 0.2 equiv.) were added to the stirring
solution. The reaction was stirred at room temperature overnight before quenched by saturated
aqueous NaHCOg solution (20 mL) and the mixture was extracted with ethyl acetate (3x20 mL),

washed with brine, and dried over Na>SO4. The crude product was dissolved in DCM (5 mL) and
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pyridine (104 pL, 1.29 mmol, 3.0 equiv.) was added to the stirring solution. After the reaction
mixture was stirred for 10 min, acetyl chloride (61 pL, 0.86 mmol, 2.0 equiv.) was added and the
mixture was stirred at room temperature overnight before quenched by water. The resulting
mixture was extracted with ethyl acetate (3x20 mL), washed with brine, and dried over Na2SOa.
Then solvent was removed by rotavap and the residue was dissolved in 6 mL THF, then 2 mL 1M
HCI was added to the solution. The resulting mixture was stirred at room temperature overnight.
After the starting material was fully consumed, the reaction mixture was diluted with ethyl acetate
and washed by water, saturated NaHCO3 solution and brine successively. Then the organic phase
was dried over magnesium sulfate, then filtered and concentrated. The residue was purified by
silica gel flash column chromatography (EtOAc/Hexane=1/10 to 1/2) to obtain the desired
substrate 1i (100 mg) as a colorless oil in 62% yield over 3 steps.

The procedure for synthesis of substrate 1j:

1g (167.7 mg, 0.5 mmol, 1.0 equiv.) and 4-DMAP (6.1 mg, 0.05 mmol, 0.1 equiv.) was dissolved
in DCM (5 mL) before injected into a flame-dried Schlenk flask, and the flask was cooled to 0 °C
and NEts (210 uL, 1.5 mmol, 3 equiv) was added into the stirring solution. Then TBSCI (113.0
mg, 0.75 mmol, 1.5 equiv.) was dissolved in DCM (3 mL) and added to the reaction mixture. The
reaction was warmed to room temperature and stirred overnight before quenched by saturated
aqueous NH4Cl solution (20 mL) and the mixture was extracted with ethyl acetate (3x20 mL),
washed with brine, and dried over Na,SO4. After the solvent was removed, the residue was purified
by silica gel flash column chromatography (EtOAc/Hexane=1/10 to 1/5) to obtain the desired
substrate 1j (106 mg) as a colorless oil in 47% yield.

The procedure for synthesis of substrate 1k:
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4 (381.5 mg, 1.0 mmol, 1.0 equiv.) was dissolved in DMF (5 mL) and NaH (80 mg, 2.0 mmol, 2.0
equiv.) was added to the stirring solution. After the reaction mixture was stirred for 10 min, 5 (310
uL, 3.0 mmol, 3.0 equiv.) was added and the mixture was stirred at room temperature overnight
before quenched by water. The resulting mixture was extracted with ethyl acetate (3x20 mL),
washed with brine, and dried over Na>SOs. Then solvent was removed by rotavap and the residue
was dissolved in 6 mL THF, then 2 mL 1M HCI was added to the solution. The resulting mixture
was stirred at room temperature overnight. After the starting material was fully consumed, the
reaction mixture was diluted with ethyl acetate and washed by water, saturated NaHCO3 solution
and brine successively. Then the organic phase was dried over magnesium sulfate, then filtered
and concentrated. The residue was purified by silica gel flash column chromatography
(EtOAc/Hexane=1/10 to 1/5) to obtain the desired substrate 1k (250 mg) as a colorless oil in 67%

yield over 2 steps.

(0]

A
-

1a

Compound la was isolated as a colorless oil in 57% vyield over 2 steps. R = 0.4
(EtOAc/Hexane=1/3). 1H NMR (400 MHz, CDClg): § 7.75 — 7.62 (m, 2H), 7.34 — 7.28 (m, 2H),
5.57 (ddt, J = 17.2, 10.1, 6.4 Hz, 1H), 5.28 — 5.05 (m, 2H), 3.91 — 3.73 (m, 2H), 3.67 — 3.52 (m,
1H), 3.43 (dd, J = 14.5, 8.6 Hz, 1H), 3.25 (dd, J = 14.5, 5.8 Hz, 1H), 3.06 (dddd, J = 17.8, 10.6,
8.2, 2.5 Hz, 1H), 2.93 (dddd, J = 17.7, 9.8, 5.1, 2.6 Hz, 1H), 2.43 (s, 3H), 2.21 (dtd, J = 11.5, 10.3,
5.1 Hz, 1H), 2.01 — 1.83 (m, 1H). 3C NMR (101 MHz, CDCls): 208.76, 143.49, 136.56, 132.77,
129.77, 127.16, 119.32, 59.52, 51.22, 45.92, 44.75, 21.52, 15.72. IR: v 2925, 1778, 1598, 1447,

1343, 1160, 1091, 934 cm™*; HRMS calcd. For [M+H]*: 294.1158 Found: 294.1163.
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(0]
é—\ ?
Y
7~ S
1b

Compound 1b was isolated as a colorless oil in 79% vyield over 2 steps. Rt = 0.3

(EtOAc/Hexane=1/2). *H NMR (400 MHz, CDCls): & 8.08 — 8.01 (m, 1H), 7.76 — 7.62 (m, 3H),
5.64 (ddt, J = 17.2, 10.1, 6.3 Hz, 1H), 5.39 — 5.01 (m, 2H), 4.08 — 3.91 (m, 2H), 3.71 — 3.42 (m,
3H), 3.07 (dddd, J = 17.7, 10.4, 8.2, 2.2 Hz, 1H), 2.94 (dddd, J = 17.8, 9.8, 5.1, 2.4 Hz, 1H), 2.22
(dddd, J = 11.5, 10.5, 9.7, 5.1 Hz, 1H), 1.97 — 1.77 (m, 1H). 3C NMR (101 MHz, CDCls): &
208.22, 147.91, 133.63, 133.41, 132.17, 131.76, 131.03, 124.26, 119.77, 59.25, 50.40, 45.59, 44.82,
15.68. IR: v 2926, 1778, 1545, 1373, 1163, 1084, 775 cm't; HRMS calcd. For [M+Na]*: 347.0672

Found: 347.0684.

(0]

é_\ R
- O :

C

Compound 1c was isolated as a white solid in 77% yield over 2 steps. Melting Point: 85-87 °C. Rs
= 0.3 (EtOAc/Hexane=1/2). 'H NMR (400 MHz, CDCls): & 8.40 — 8.30 (m, 2H), 8.07 — 7.92 (m,
2H), 5.55 (ddt, J = 16.6, 10.1, 6.3 Hz, 1H), 5.32 — 5.07 (m, 2H), 4.00 — 3.84 (m, 2H), 3.67 — 3.54
(m, 1H), 3.49 (dd, J = 14.5, 7.9 Hz, 1H), 3.34 (dd, J = 14.5, 6.2 Hz, 1H), 3.10 (dddd, J = 17.9,
10.6, 8.3, 2.4 Hz, 1H), 2.96 (dddd, J=17.8,9.7, 5.0, 2.6 Hz, 1H), 2.34 - 2.18 (m, 1H), 2.05-1.74
(m, 1H). 1*3C NMR (101 MHz, CDCls): 5 207.94, 150.03, 145.67, 131.73, 128.34, 124.45, 120.15,
59.21, 51.04, 45.89, 44.88, 15.66. IR: v 2925, 1778, 1530, 1351, 1163, 1088, 772 cm™*; HRMS

calcd. For [M+Na]*: 347.0672 Found: 347.0677.
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Ph—\ N—Ts

Compound 1e was isolated as a light yellow solid in 58% yield over 2 steps. Melting Point: 98-
100 °C. R¢= 0.4 (EtOAc/Hexane=1/3). *H NMR (400 MHz, CDCl3): § 7.72 — 7.65 (m, 2H), 7.30
—7.23(m, 4H), 7.23 — 7.17 (m, 1H), 7.11 — 7.02 (m, 2H), 4.15 (dtd, J = 18.4, 2.2, 0.8 Hz, 1H),
4.04 (dt, J = 18.4, 2.2 Hz, 1H), 3.61 — 3.48 (m, 1H), 3.44 — 3.24 (m, 2H), 3.07 (dddd, J = 17.8,
10.6, 8.2, 2.5 Hz, 1H), 2.94 (dddd, J = 17.7,9.8,5.1, 2.7 Hz, 1H), 2.54 (t, J = 7.4 Hz, 2H), 2.40 (s,
3H), 2.28 — 2.11 (m, 3H), 1.90 (ddt, J = 11.4, 9.7, 7.9 Hz, 1H). 3C NMR (101 MHz, CDCl3): &
208.48,143.44,140.22,135.73, 129.36, 128.37, 128.22, 127.83, 126.36, 85.66, 73.11, 59.02, 45.01,
37.79, 34.49, 21.52, 20.47, 15.47. IR: v 2925, 1778, 1598, 1454, 1348, 1162, 1090, 750 cm™;

HRMS calcd. For [M+Na]*: 418.1447 Found: 418.1451.

0]

MOMO— N—Ts

1f

Compound 1f was isolated as a colorless oil in 67% vyield over 2 steps. R = 0.4
(EtOAc/Hexane=1/3). *H NMR (400 MHz, CDCl3): § 7.80 — 7.66 (m, 2H), 7.32 — 7.27 (m, 2H),
4.57 (s, 2H), 4.19 (dtd, J = 18.4, 2.2, 0.9 Hz, 1H), 4.09 — 4.00 (m, 1H), 3.68 — 3.54 (m, 1H), 3.44
(ddd, J = 14.0, 8.7, 0.9 Hz, 1H), 3.39 — 3.31 (m, 6H), 3.10 (dddd, J = 17.8, 10.6, 8.3, 2.5 Hz, 1H),
2.98 (dddd, J = 17.7, 9.8, 5.2, 2.6 Hz, 1H), 2.43 (s, 3H), 2.32 — 2.17 (m, 3H), 1.99 (ddt, J = 11.5,
9.7, 7.9 Hz, 1H). 13C NMR (101 MHz, CDCls): 6 208.56, 143.54, 135.69, 129.40, 127.83, 96.33,
83.08, 73.54, 65.58, 59.00, 55.27, 45.11, 45.00, 37.79, 21.49, 19.93, 15.47. IR: v 2925, 1778, 1598,

1443, 1348, 1162, 1028, 918 cm™; HRMS calcd. For [M+H]*: 380.1526 Found: 380.1539.
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Compound 1g was isolated as a colorless oil in 76% vyield over 2 steps. R = 0.4
(EtOAc/Hexane=2/1). *H NMR (400 MHz, CDCl3): § 7.76 — 7.67 (m, 2H), 7.36 — 7.28 (m, 2H),
4.18 (dtd, J = 18.4, 2.2, 0.9 Hz, 1H), 4.13 — 3.99 (m, 1H), 3.70 — 3.55 (m, 1H), 3.53 — 3.43 (m,
3H), 3.37 (dd, J = 14.0, 5.9 Hz, 1H), 3.11 (dddd, J = 17.9, 10.6, 8.2, 2.5 Hz, 1H), 2.98 (dddd, J =
17.8,9.8,5.2, 2.6 Hz, 1H), 2.43 (s, 3H), 2.32 — 2.15 (m, 3H), 1.99 (ddt, J = 11.5, 9.8, 8.0 Hz, 1H),
1.65 (br, 1H). *C NMR (101 MHz, CDClz): § 208.89, 143.77, 135.67, 129.46, 127.75, 83.24,
74.44,60.68, 58.99, 45.10, 45.00, 37.76, 22.89, 21.51, 15.36. IR: v 3531, 2925, 1777, 1598, 1346,

1161, 1090, 750 cm™; HRMS calcd. For [M+H]*: 336.1264 Found: 336.1271.

]

BnO— N—Ts

1h

Compound 1h was isolated as a colorless oil in 66% vyield over 3 steps. Rt = 0.4
(EtOAc/Hexane=1/3). *H NMR (400 MHz, CDCl3): § 7.78 — 7.66 (m, 2H), 7.40 — 7.33 (m, 2H),
7.33-7.28 (M, 3H), 7.25 — 7.22 (m, 2H), 4.46 (s, 2H), 4.18 (dtd, J = 18.3, 2.3, 0.8 Hz, 1H), 4.11
—3.98 (M, 1H), 3.72 — 3.52 (m, 1H), 3.42 (ddd, J = 14.1, 8.6, 0.8 Hz, 1H), 3.38 — 3.27 (m, 3H),
3.07 (dddd, J = 17.8, 10.6, 8.2, 2.5 Hz, 1H), 2.95 (dddd, J = 17.8, 9.7, 5.2, 2.6 Hz, 1H), 2.39 (s,
3H), 2.29 — 2.14 (m, 3H), 2.05 — 1.86 (m, 1H). 3C NMR (101 MHz, CDCls): & 208.58, 143.45,
137.86, 135.68, 129.37, 128.45, 127.82, 127.79, 127.64, 83.16, 73.51, 72.94, 67.99, 59.02, 45.15,
44.99, 37.84, 21.51, 19.86, 15.48. IR: v 2923, 1777, 1597, 1453, 1348, 1161, 1092, 746 cm™;

HRMS calcd. For [M+H]": 426.1734 Found: 426.1744.
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AcO—\ N—Ts

1i

Compound 1i was isolated as a colorless oil in 62% vyield over 3 steps. Rf = 0.3
(EtOAc/Hexane=1/3). 1H NMR (400 MHz, CDCls): § 7.86 — 7.59 (m, 2H), 7.35 — 7.28 (m, 2H),
4.20 (dtd, J = 18.4, 2.2, 0.9 Hz, 1H), 4.06 (dtd, J = 18.5, 2.2, 0.6 Hz, 1H), 3.93 — 3.79 (m, 2H),
3.72 — 3.55 (m, 1H), 3.44 (ddd, J = 14.0, 8.5, 0.9 Hz, 1H), 3.34 (ddd, J = 14.0, 6.0, 0.6 Hz, 1H),
3.11 (dddd, J = 17.9, 10.6, 8.2, 2.5 Hz, 1H), 2.98 (dddd, J = 17.7, 9.8, 5.2, 2.6 Hz, 1H), 2.43 (s,
3H), 2.34 — 2.17 (m, 3H), 2.03 (s, 3H), 2.02 — 1.92 (m, 1H). *C NMR (101 MHz, CDCl3): &
208.52, 170.59, 143.71, 135.65, 129.43, 127.78, 81.91, 74.12, 61.83, 58.99, 45.08, 45.01, 37.70,
21.49, 20.79, 18.88, 15.43. IR: v 2925, 1778, 1739, 1597, 1348, 1240, 1162, 816 cm™’; HRMS

calcd. For [M+Na]*: 400.1189 Found: 400.1186.

@)

TBSO— N—Ts

1j

Compound 1j was isolated as a colorless oil in 47% yield. Rs = 0.4 (EtOAc/Hexane=1/4). *H NMR
(400 MHz, CDCls): 5 7.82 — 7.63 (m, 2H), 7.32 — 7.27 (m, 2H), 4.32 — 4.14 (m, 1H), 4.05 (dt, J =
18.3, 2.2 Hz, 1H), 3.69 — 3.56 (m, 1H), 3.51 — 3.40 (m, 3H), 3.34 (dd, J = 14.1, 6.0 Hz, 1H), 3.10
(dddd, J = 17.8, 10.6, 8.2, 2.5 Hz, 1H), 2.98 (dddd, J = 17.8, 9.7, 5.2, 2.6 Hz, 1H), 2.42 (s, 3H),
2.24 (dtd, J = 11.5, 10.3, 5.2 Hz, 1H), 2.11 (tt, J = 7.3, 2.2 Hz, 2H), 1.98 (ddt, J = 11.5, 9.8, 8.0
Hz, 1H), 0.87 (s, 9H), 0.04 (s, 6H). 3C NMR (101 MHz, CDCls): & 208.50, 143.46, 135.72,

129.35, 127.82, 83.31, 73.49, 61.45, 59.05, 45.09, 44.99, 37.81, 25.81, 22.84, 21.52, 18.23, 15.48,
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-5.33. IR: v 2929, 1780, 1598, 1350, 1163, 1095, 838 cm™*; HRMS calcd. For [M+Na]*: 472.1948

Found: 472.1956.

O
%_EN
Ts
Y

Compound 1k was isolated as a white solid in 67% yield over 2 steps. Melting Point: 58-59 °C. Rt

= 0.4 (EtOAc/Hexane=1/5). *H NMR (400 MHz, CDCls):  7.83 — 7.64 (m, 2H), 7.32 — 7.27 (m,
2H), 4.29 (dtd, J = 18.5, 2.3, 0.8 Hz, 1H), 4.01 (dt, J = 18.4, 2.2 Hz, 1H), 3.65 — 3.42 (m, 2H), 3.34
—3.11 (m, 1H), 3.03—2.83 (m, 1H), 2.69 (dd, J = 16.8, 1.7 Hz, 1H), 2.42 (s, 3H), 2.05 — 1.62 (m,
9H), 1.51 (dddd, J = 12.5, 7.6, 3.4, 1.3 Hz, 1H), 0.86 (t, J = 7.5 Hz, 3H). 13C NMR (101 MHz,
CDCls): 6207.03, 143.44, 135.33, 129.34, 127.93, 88.04, 71.36, 62.29, 57.86, 42.28, 40.66, 39.72,
37.27, 32.21, 23.92, 23.84, 21.49, 13.40, 12.08. IR: v 2940, 1775, 1598, 1451, 1349, 1162, 906

cmt; HRMS calcd. For [M+Na]*: 396.1604 Found: 396.1603.

5.4.3 Rh-catalyzed kinetic resolutions between cyclobutanones and alkynes

General procedure:

In a nitrogen-filled glove box, a 4 mL vial was charged with the cyclobutanone substrates (0.1
mmol), [Rh(CH2=CH)2Cl]2 (1.9 mg, 0.005 mmol, 5 mol%), (R)-DTBM-segphos (11.8 mg, 0.01
mmol, 10 mol%) and AgSbFs (3.4 mg, 0.01 mmol, 10 mol%), followed by 1000 uL 1,4-dioxane.
After a homogeneous solution was formed, the vial was capped and the reaction was maintained
at room temperature (1a to 1j) and 40 °C (1K) for 12-13 h. After the reaction was complete, solvent

was removed by rotavap and the residue was directly purified by silica gel flash chromatography.
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Both 2a to 2k and recycled 1a to 1k were collected and measured the yield. The H-NMR spectrum
of recycled 1a to 1k are identical with the original spectrum. The HPLC data and optical rotation

data was collected and shown in following session.

2a (13.5 mg) was isolated as a white solid in 46% yield. Melting Point: 186-188 °C. Rs = 0.2
(EtOAc/Hexane=1/3). *H NMR (400 MHz, CDClz): § 7.81 — 7.68 (m, 2H), 7.39 — 7.30 (m, 2H),
3.68 (dd, J = 9.6, 7.1 Hz, 1H), 3.59 (dd, J = 9.7, 7.0 Hz, 1H), 2.96 (dd, J = 10.7, 9.7 Hz, 1H), 2.86
(dd, J = 10.7, 9.6 Hz, 1H), 2.53 (ddd, J = 14.3, 4.0, 1.9 Hz, 1H), 2.48 — 2.40 (m, 4H), 2.26 (dddd,
J=15.4,13.1, 6.7, 0.9 Hz, 1H), 2.19 — 2.07 (m, 2H), 1.96 — 1.84 (m, 1H), 1.81 — 1.68 (m, 1H),
1.44 (tdd, J = 14.7, 12.7, 5.7 Hz, 1H). 3C NMR (101 MHz, CDClz): 5 208.27, 143.56, 134.35,
129.80, 127.28, 52.61, 51.90, 44.17, 43.88, 42.75, 39.81, 26.47, 21.55. IR: v 2937, 1705, 1598,
1343, 1160, 1027, 816 cm™*; HRMS calcd. For [M+Na]*: 316.0978. Found: 316.0977.

Chiral HPLC for 2a (Chiralpak IA, hexane:isopropanol = 90:10, 1 mL/min, 254 nm), tminor = 43.2
min, tmajor= 38.4 min. [0]p??® = 72.6 (c = 1.79, CH2Cl.) at 98 % ee.

Racemic Sample 2a

DAD1 A, Sig=254,4 Ref=360,100 (LIN\DEF_LC 2018-10-15 10-42-52\004-0101.D)
mAU

20 25 30 35 40 45 50 mi
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Peak RetTime Type Width Area Height Rrea

# [min] [min] [MAU*s] [mAU] %
——— - |- | ————————- |l-—————— | === \
1 38.920 BB 1.1182 794.42914 10.00704 50.8163
2 43.039 BB 1.3591 768.90729 7.80043 49.1837

Enantiomeric Sample 2a

DAD1 A, Sig=254,4 Ref=360,100 (LIN\DEF_LC 2018-10-15 10-42-52\005-0201.D)
mAU 3
1203
: S
1OOE 3 _“J‘b\
80 0 g
] %vse
60 ~
7 [\ Sl
nE [ S
20 / \ L
] / - @
o T J — hAS ,
.
20 25 30 35 40 45 50 mi
Peak RetTime Type Width Area Height Area
# [min] [min] [mAU*=] [mAU] %

1 38.364 MM 1.4433 5313.96729 61.36508 99.1103
2 43.172 MM 1.2534 47.70079 ©.34297e-1 0.8897

1a (13.8 mg) was recycled as a colorless oil in 47% yield.

Chiral HPLC for 1a (Chiralpak 1A, hexane:isopropanol = 90:10, 1 mL/min, 260 nm), tminor = 15.0
min, tmajor: 14.2 min. [U,]Dzz'6 =-30.4 (C = 138, CHZCIZ) at 98 % ee.

Racemic Sample 1a

DAD1 E, Sig=260,4 Ref=360,100 (LIN\DEF_LC 2018-10-14 1843-17\001-0101.D)
mAU
80
so—f
40—2

20 /N
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Peak RetTime Type Width Area Height Area
# [min] [min] [MAU*s] [mAU] %
- | —— - | ——— - |- |
1 14.852 BV 0.3820 ©26.01959 25.18777 49,4295
2 15.866 VB 0.4058 640.47095 23.96771 50.5705

Enantiomeric Sample 1la

DAD1 E, Sig=260,4 Ref=360,100 (LIN\DEF_LC 2018-10-14 18-43-17\002-0201.D)
mAU .
] &
] o
400 8
4 ~N >
] I
300 N
200 / "
. / N
] | ,):\
100 RN
4 | e
1 .." \ E?Se
0 — — = T T T
é 1IU 1|2 1I4 1|6 1‘8 min|
Peak RetTime Type Width Area Height Area
4 [min] [min] [MAU*s ] [mAU] %
=== |———= |- | —————————- - |———————- \
1 14.202 MF 0.4050 7348.84521 302.39944 99.0136

2 14.978 FM 0.3892 73.21117 3.13483 0.96064

2b (14.3 mg) was isolated as a light yellow solid in 44% yield. Melting Point: 187-189 °C. R =
0.3 (EtOAc/Hexane=1/1). *H NMR (400 MHz, CDClz): 6 8.14 — 7.99 (m, 1H), 7.76 — 7.67 (m,
2H), 7.66 — 7.61 (m, 1H), 3.81 (dd, J = 9.3, 6.8 Hz, 1H), 3.73 (dd, J = 9.3, 6.7 Hz, 1H), 3.17 - 3.01
(m, 2H), 2.61 (ddd, J = 14.2, 3.8, 1.9 Hz, 1H), 2.51 (ddt, J = 15.5, 4.9, 1.9 Hz, 1H), 2.34 (dddd, J
=155, 13.1, 6.6, 0.9 Hz, 1H), 2.27 — 1.97 (m, 4H), 1.63 — 1.49 (m, 1H). 2*C NMR (101 MHz,
CDCls): 6 208.06, 133.57, 132.46, 131.62, 130.84, 124.01, 52.56, 51.96, 44.40, 43.81, 42.97,
39.81, 26.39. IR: v 2925, 1714, 1544, 1373, 1349, 1164, 779 cm™*; HRMS calcd. For [M+Na]*:

347.0672. Found: 347.0675.
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Chiral HPLC for 2b (Chiralpak 1D, hexane:isopropanol = 75:25, 1 mL/min, 210 nm), tminor = 112.1
min, tmajor= 122.3 min. [(X,]DZZ'6 =-278.2 (C = 087, CHZCIZ) at 95 % ee.

Racemic Sample 2b

DAD1 B, Sig=210,4 Ref=360,100 (LIN\HSH 2019-03-14 11-24-331033-0101.D)

mAU

o
300 g

[*2]
250 2 o v

@

200 f © &

/ N\?SQ
150 /

100 _,-’j \ / f\

/ — / I
50 S 4 B E —
0 T \ \ \ T \
100 105 110 115 120 125 130 135 140 145 min
Peak RetTime Type Width Area Height Lrea
# [min] [min] [MAU* 5] [mAU] %

] e R | —mm o R R |
1 109.250 BB 2.7723 3.69506e4 180.19525 58.7239
2 126.620 MM 4.2934 2.59720e4 100.82098 41.2761

Enantiomeric Sample 2b

DAD1 B, Sig=210,4 Ref=360,100 (LIN\HSH 2019-03-14 17-07-031034-0101.D)
mAUE
500€
4007 8
] N
300 8
200 o & /
] g & /
1002 gk§p» / .
O{ 1 S————
100 105 1o 115 a3 125 430 135 a0 45 min
Peak RetTime Type Width Area Height Area
# [min] [min] [mMAU*s] [mAU] %
=== |———= === | —————————- |- |———————-
1 112.095 MM 2.9839 1505.254¢64 8.40771 2.6500
2 122.296 BB 3.2182 5.52972e4 229.56522 97.3500

1b (15.2 mg) was recycled as a colorless oil in 47% yield.

Chiral HPLC for 1b (Chiralpak IC, hexane:isopropanol = 80:20, 1 mL/min, 210 nm), tminor = 75.3
Min, tmajor= 50.8 min. [0]p??® = -11.4 (¢ = 0.35, CH2Cl,) at 90 % ee.

Racemic Sample 1b
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DAD1 B, Sig=210,4 Ref=360,100 (LIN\HSH 2019-03-03 10-24-25\001-0101 D)
mAU 3
700
600
5003
400 o
E @
300 - S
200 3
1004 / \ =
i — SN - _/ \
L e s B s S U
40 45 50 55 60 65 70 75 80 85 mi
Peak RetTime Type Width Area Height Area
# [min] [min] [mAU*s] [mAU] %
| | ———— = |- - | ——————— |
1 51.602 BB 1.2512 2.242%6e4 278.62781 50.0578
2 74.807 BB 1.7533 2.23778e4 192.91267 49.9422
Enantiomeric Sample 1b
DAD1 B, Sig=210,4 Ref=360,100 (LIN\HSH 2019-03-03 10-24-25\002-0201.D)
mAUé
1200 2
- M~
1000—; g
800 A
600 [\
400 \ 8
200 [ Q
o] RN B
Y A T T T N A - 80 85 mir]
Peak RetTime Type Width Area Height Area
# [min] [min] [mAU*s] [mAU] %
- | ———— - | ————— - | ——————— |
1 50.779 BB 1.3107 8.34725e4d 918.11938 95.1164
2 75.290 BB 1.5053 4285.75098 36.89252 4.8836

H
) z 9
T
H

2c

2¢ (16.2 mg) was isolated as a white solid in 50% yield. Melting Point: 210 °C (decomposed). Rt
= 0.3 (EtOAc/Hexane=1/1). *H NMR (400 MHz, DMSO-ds): & 8.46 — 8.40 (m, 2H), 8.19 — 8.04
(m, 2H), 3.62 (dd, J = 9.5, 7.0 Hz, 1H), 3.55 (dd, J = 9.4, 6.8 Hz, 1H), 2.90 (dd, J = 10.6, 9.5 Hz,
1H), 2.83 (dd, J = 10.7, 9.5 Hz, 1H), 2.36 — 2.22 (m, 3H), 2.18 (ddt, J = 15.3, 4.9, 1.8 Hz, 1H),

2.04 — 1.70 (m, 3H), 1.53 — 1.32 (m, 1H). 13C NMR (101 MHz, DMSO-ds): § 209.05, 150.35,
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142.75, 129.14, 125.21, 52.90, 52.27, 43.59, 43.42, 41.94, 39.71, 25.94. IR: v 2923, 1704, 1528,
1461, 1347, 1161, 855 cm™!; HRMS calcd. For [M+H]*: 325.0853. Found: 325.0852.

Chiral HPLC of 2c (Chiralpak ID, hexane:isopropanol = 75:25, 1 mL/min, 230 nm), tminor = 78.4
min, tmajor= 50.4 min. [0]p??® = -33.3 (¢ = 0.75, CH2Cl,) at 94 % ee.

Racemic Sample 2c

DAD1 D, Sig=230,4 Ref=360,100 (LIN\DL-K-59-PD-RAC-ID.D)
mAU
80
i )
60— o DQ.’
: R
40? F\ F:;\vse,
N N
0{ _ e — e —_— —
20 3‘0 4‘0 5‘0 6‘0 - 7‘0 8‘0 QID 100 - Imln
Peak RetTime Type Width Area Height Area
# [min] [min] [MAU*s] [mAU] %
=== e | ——— - [-————————- | ———————-
1 50.332 BB 2.8479 7471.58105 33.12019 48.2589
2 73.694 MM 5.1135 8010.69189 26.10973 51.7411
Enantiomeric Sample 2¢c
DAD1 D, Sig=230,4 Ref=360,100 (LIN\DL-K-59-PD-ID.D)
mAU_:
80
60
40—: 8 {b’)l,é\
] A 5 A
20 [N 8 47
1 J’ e L _Eﬁ
0 — ‘ — —
0 3 4 s & 70 s & 10 m
Peak RetTime Type Width Area Height Area
# [min] [min] [mAU*s] [mAU] %
- |- |- |-———— |-~ |
1 50.367 BB 3.4522 7271.30029 26.08440 96.8914

2 78.367 MM 4.6921 233.28732 8.28652e-1 3.1086

1c (13.6 mg) was recycled as a white solid in 42% vyield.
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Chiral HPLC for 1c (Chiralpak 1A, hexane:isopropanol = 90:10, 1 mL/min, 210 nm), tminor = 35.7
min, tmajor= 29.8 min. [(X]D22'6 =-82.4 (C = 074, CHZCIZ) at 96 % ee.

Racemic Sample 1c

DAD1 B, Sig=210,4 Ref=360,100 (LIN\HSH 2019-04-01 19-43-311002-0101.D)

30192

L e e e e N e e e e e B B A e ey — T
225 25 27.5 30 325 35 375 40 42.5 miny

N
o

Peak RetTime Type Width Area Height Brea
# [min] [min] [mAU*3] [mAU] %
|- R | -————————= [-——————— |———————- \
1 30.192 BB 0.9501 4013.14819 62.58150 50.2500
2 35.563 BB 1.1437 3973.21191 50.18191 49.7500

Enantiomeric Sample 1c

DAD1 B, Sig=210,4 Ref=360,100 (LIN\HSH 2019-04-01 19-43-31003-0201.D)
mAU
1000 ]
] @
800 S
1 ]
600 N
] f\
400 [\
1 [\ B
200 f :
] \\ 8
e, e S ——
20 225 25 27.5 30 32.5 35 37.5 40 42.5 mi
Peak RetTime Type Width Area Height Area
# [min] [min] [mAU*s] [mAU] %

] e e R R B |
1 29.779 BB 1.0360 4.17410e4 599.75763 97.9710
2 35.667 BB 1.0209 864.47585 11.74302 2.0290

Et
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2d (15.2 mg) was isolated as a colorless oil in 48% yield. The characterization data of 2d is
identical as the reported data.® The HPLC data of 1d and 2d is shown below.
Chiral HPLC of 2d (Chiralpak IB, hexane:isopropanol = 92:8, 1 mL/min, 254 nm), tminor = 32.5

MmN, tmgjor= 27.1 min. [o]o?® = -205.0 (¢ = 1.00, CH.Cl>) at 98 % ee.

Racemic Sample 2d

DAD1 A, Sig=254,4 Ref=360,100 (LIN\DEF_LC 2018-10-16 14-51-07\002-0101.D)

mAU
350
300 2 3
250 R =
200 S 5
[\ ‘;'(\

150 AN /
100 f \ /
/ . / ~

50 f
0 . A —_— .
1‘5 171.5 2‘0 22‘.5 2|5 27".5 3|0 32‘.5 3|5 37".5 miry
Peak RetTime Type Width Area Height Area
# [min] [min] [mAU*s] [mAU] %
- |- === |- [-————— | ———————- \
1 27.218 BB 0.9983 1.35299e4 191.49348 49.2997
2 31.134 BB 1.1400 1.39142e4 176.07523 50.7003
Enantiomeric Sample 2d
DAD1 A, Sig=254.4 Ref=360,100 (LIN\DEF_LC 2018-10-16 14-51-07'003-0201.D)
mAU;
250 g
Bl r~
200 ~
150 I\
B FooN
100 I\ o
50 LN g &
; “I \ o 6’&
0;"7‘\‘“_'_\""\“"\‘I"j‘\"“T\\“i“‘h%‘“"\“"\""
15 17.5 20 22.5 25 27.5 30 325 35 375 miny
Peak RetTime Type Width Area Height Area
# [min] [min] [mAU*s] [mAU] %
Sl e B e |————————— [-———————— |———————- |
1 27.098 BB 1.0934 1.52927e4 197.93497 99.0093
2 32.465 MM 0.8101 153.01463 2.248009 0.9907

1d (12.6 mg) was recycled as a colorless oil in 40% vyield.
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Chiral HPLC for 1d (Chiralpak IA, hexane:isopropanol = 95:5, 1 mL/min, 254 nm), tminor = 22.9

min, tmajor= 20.7 min. [(X]D22'6 =-12.7 (C = 079, CHZCIZ) at 98 % ee.

Racemic Sample 1d

DAD1 A, Sig=254.4 Ref=360,100 (LIN\DEF_LC 2018-10-16 16-32-03\001-0101.D)
mAU 7
120 -
4 g 3
100 e s
80 N &
60 | “" .‘"{\"\.
404 \“ \", / “l",
20 o \\
02 VAR — —
T T T T T T T T T T T
10 12 14 16 18 20 22 24 26 28 mi
Peak RetTime Type Width Area Height Area
# [min] [min] [mAU*3] [mAU] %

1 19.941 BB 0.5996 3409.0744¢6 87.68116 50.8446
2 23.096 BB 0.6652 3295.82153 74.92858 49.1554

Enantiomeric Sample 1d

DAD1 A, Sig=254,4 Ref=360,100 (LIN\DEF_LC 2018-10-16 20-32-59002-0101.D)
mAU _:
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] g
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LI . L &S
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T I I T T T T T T T T T T
10 12 14 16 18 20 22 24 26 28 min
Peak RetTime Type Width Area Height Area
# [min] [min] [mAU*s] [mAU] %

] e R e R R R |
1 20.739 BB 0.5111 3663.22852 108.16530 98.9944
2 22.880 MM 0.8522 37.21054 7.27732e-1 1.0056

Ph

N—Ts

2e
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2e (16.6 mg) was isolated as a colorless oil in 42% yield. Ry = 0.3 (EtOAc/Hexane=1/4). 'H NMR
(400 MHz, CDCls): § 7.79 — 7.60 (m, 2H), 7.41 — 7.32 (m, 2H), 7.24 — 7.17 (m, 2H), 7.15 — 7.01
(m, 3H), 3.90 —3.72 (m, 2H), 3.45 (dd, J = 17.0, 2.4 Hz, 1H), 2.92 — 2.77 (m, 1H), 2.72 — 2.54 (m,
2H), 2.55 — 2.39 (m, 6H), 2.36 — 2.24 (m, 2H), 2.10 (dtd, J = 12.3, 4.8, 2.4 Hz, 1H), 1.58 — 1.45
(m, 1H). 13C NMR (101 MHz, CDCl3): 5 197.00, 158.41, 143.95, 141.24, 132.81, 131.89, 129.87,
128.59, 128.22, 127.67, 126.09, 53.19, 50.13, 40.63, 36.77, 34.16, 28.88, 26.41, 21.60. IR: v 2925,
1666, 1453, 1346, 1164, 1094, 816 cm™; HRMS calcd. For [M+H]": 396.1628. Found: 396.1627.
Chiral HPLC of 2e (Chiralpak 1B, hexane:isopropanol = 92:8, 1 mL/min, 210 nm), tminor = 40.4
min, tmsjor= 32.4 min. [o]p??® = -115.7 (c = 1.59, CHCl,) at 96 % ee.

Racemic Sample 2e

DAD1 B, Sig=210,4 Ref=360,100 (LIN\HSH 2019-03-13 22-15-44\031-0101.D)

mAU 3

‘1200;

1000

800

600+ 8 3

400 o N

Y-

04— — L B i —
e ————————-—- .
20 25 30 35 40 45 min
Peak RetTime Type Width Area Height Area

# [min] [min] [mAU*s] [mAU] %

e B e e | |—mmm - |
1 32.359 BV 1.6295 3.49792e4 316.47583 49.1240
2 37.394 VB 1.8760 3.622607e4 279.89749 50.8760

Enantiomeric Sample 2e

DAD1 B, Sig=210,4 Ref=360,100 (LIN\HSH 2018-03-13 22-15-441032-0201.D)
mAU 3
1200
1000
800 g
600 3
400 -
2003 "N &
] / S
E P — S
D | T |
e ———————
20 25 30 35 40 45 mi
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Peak RetTime Type Width BArea Height Area
# [min] [min] [mAU*s] [mAU] %
|- |————= === |————————- [-————————= | ———————- |
1 32.430 BB 1.6659 4.6636%e4 404.27081 98.1967
2 40.371 BB 1.3748 856.43756 7.63441 1.8033

le (17.7 mg) was recycled as a colorless oil in 45% vyield.

Chiral HPLC for 1e (Chiralpak 1A, hexane:isopropanol = 95:5, 1 mL/min, 210 nm), tminor = 31.5

min, tmajor= 28.9 min. [0]p??® = -109.6 (c = 1.35, CH2Cl,) at 90 % ee.

Racemic Sample le

DAD1 B, Sig=210,4 Ref=360,100 (LIN\HSH 2019-03-11 14-07-35\001-0101.D)
mAU 3
250 E
200
150 g .
N 5]

100 g 3

| rd -

50 7N\ \\
B / o / .
0 S~ ~
—— Y
20 22 24 26 28 30 32 34 36 38 min|
Peak RetTime Type Width Area Height Lrea
# [min] [min] [mMAU*s] [mAU] %

1 30.200 BB 0.8791 4529.69287 78.05059 50.2543
2 33.007 BB 0.9803 4483.84424 69.35200 49.7457

Enantiomeric Sample 1e

DAD1 B, Sig=210.4 Ref=360,100 (LIN\HSH 2019-03-11 14-07-35'002-0201.D)
mAU 7:
2000
1500 ©
] S
1000 &
] a2
] FN
500 \ g
] / N s
0— S — T —
———— e —_——
20 22 24 26 28 30 32 34 36 38 mil
Peak RetTime Type Width Area Height Area
# [min] [min] [mAU*s] [mAU] %

] e R R O R |
1 28.926 BV 0.8862 5.3668059e4 909.85333 94.8879
2 31.546 VB 0.9372 2885.44653 45.91332 5.1021
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OMOM

N—Ts

H
2f

2f (18.2 mg) was isolated as a colorless oil in 48% yield. Rf = 0.3 (EtOAc/Hexane=1/2). 'H NMR
(400 MHz, CDCls): & 7.76 — 7.69 (m, 2H), 7.42 — 7.33 (m, 2H), 4.48 — 4.42 (m, 2H), 4.40 — 4.31
(m, 1H), 4.02 — 3.83 (m, 2H), 3.57 — 3.43 (m, 2H), 3.22 (s, 3H), 3.09 — 2.90 (m, 1H), 2.57 (dd, J
=10.9, 9.3 Hz, 1H), 2.54 — 2.40 (m, 5H), 2.38 — 2.25 (m, 2H), 2.15 (dtd, J = 12.3, 4.8, 2.4 Hz, 1H),
1.55 (dddd, J = 14.6, 12.7, 11.6, 4.4 Hz, 1H). °C NMR (101 MHz, CDCls): & 196.88, 159.93,
144.02, 132.44, 129.92, 129.84, 127.81, 96.14, 66.05, 55.01, 53.51, 50.82, 40.74, 36.60, 27.01,
26.46, 21.57. IR: v 2923, 1666, 1468, 1346, 1164, 1041, 816 cm™; HRMS calcd. For [M+H]":
380.1526. Found: 380.1516.

Chiral HPLC of 2f (Chiralpak IF, hexane:isopropanol = 85:15, 1 mL/min, 210 nm), tminor = 53.4
min, tmajor= 71.4 min. [o]p??® = -461.1 (¢ = 0.95, CH2Cl>) 98 % ee.

Racemic Sample 2f

DAD1 B, Sig=210,4 Ref=360,100 (LIN\HSH 2019-04-02 23-28-59\001-0101.D)
mAU ]

800
600

400

") 73.040

200

/ 50.735
/

/

/

0—— - R S J — - S T

30 40 50 60 70 80 min

Peak RetTime Type Width Area Height Lrea
# (min] [min] [mAU* 5] [mAU] %

i e e |— |- R |
1 50.735 BB 1.5793 3.20088e4 285.22900 50.4156
2 73.040 BB 2.4590 3.14812e4 167.47899 49.5844

Enantiomeric Sample 2f
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DAD1 B, Sig=210,4 Ref=360,100 (LIN\HSH 2019-04-02 23-28-591002-0201.D)
mAU?
800
600
] ]
400 =
] e ™~
] 5 [
] 5@ { T
0 _ - \_LDL —_— L/ i
30 4‘0 5|O ‘ 6‘0 7‘0 8‘0 ‘ mir
Peak RetTime Type Width Area Height Area
# [min] [min] [mMAU*5] [mAU] %
=== R e |- |-————————= |————===- |
1 53.367 MM 1.1920 810.11365 8.17228 1.1493
2 71.407 BB 2.9724 6.96760e4 301.02255 98.8507

1f (19.0 mg) was recycled as a colorless oil in 50% yield.

Chiral HPLC for 1f (Chiralpak IA, hexane:isopropanol = 92:8, 1 mL/min, 214 nm), tminor = 30.1

min, tmajor: 22.8 min. [(X]D22'6 =-22.7 (C = 242, CHZCIZ) at 98 % ee.

Racemic Sample 1f

DAD1 C, Sig=214,4 Ref=360,100 (LIN\HSH 2019-03-31 20-50-13\002-0201.D)
mAU 3
400
300% =
] b ~
200 o 3
; ,:" \ )
100 [\ ,/r\\
] f A / .
o )N . o
15 I ‘ 1%.5 - ZIU T 22‘.5 ‘ ‘ 27‘.5 3‘0 325 ‘ 3|5 375 mil
Peak RetTime Type Width Area Height Area
# [min] [min] [mAU*s] [mAU] %
- |————= === |————————— [-———————— | ———————- \
1 22.871 BB 0.7378 9914.95898 194.80487 51.3800
2 31.507 BB 1.0453 9382.30133 132.95697 48.6200

Enantiomeric Sample 1f
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DAD1 C, Sig=214,4 Ref=360,100 (LIN\HSH 2019-03-31 20-50-131004-0401.D)
mAU
1750
1500
«©
1250 ©
o~
1000 o
750 1\
500 [N o
[ 8
250 [N =
0 s — : ) ®
- — : : :
15 17.5 20 225 25 275 30 325 35 375 min|
Peak RetTime Type Width Area Height Area
# [min] [min] [mAU*s] [mAU] %

] e e R R R |
1 22.768 BB 0.7530 4.88321e4 938.55890 99.1581
2 30.082 BB 0.8286 414.61984 7.34519 0.8419

OH

H
2g

29 (15.4 mg) was isolated as a white solid in 46% yield. Melting Point: 110-113 °C. R = 0.2

(EtOAc/Hexane=1/1). *H NMR (400 MHz, CDCls): § 7.82 — 7.64 (m, 2H), 7.46 — 7.34 (m, 2H),

4.33 (d, J = 17.2 Hz, 1H), 4.02 — 3.84 (m, 2H), 3.62 (g, J = 5.3 Hz, 2H), 3.22 — 2.87 (m, 1H), 2.61

(dd, J=10.9, 9.3 Hz, 1H), 2.53 (ddd, J = 17.5, 4.5, 2.5 Hz, 1H), 2.49 — 2.41 (m, 4H), 2.41 - 2.25

(m, 2H), 2.21 — 2.11 (m, 1H), 1.98 (br, 1H), 1.60 (dddd, J = 14.5, 12.7, 11.6, 4.4 Hz, 1H). °C

NMR (101 MHz, CDCls): 6 198.34,160.23, 144.16, 132.44, 130.34, 129.92, 127.75, 61.44, 53.36,

50.67, 40.79, 36.58, 29.95, 26.39, 21.59. IR: v 3449, 2927, 1664, 1597, 1344, 1163, 1043, 816

cmt; HRMS calcd. For [M+Na]*: 358.1083. Found: 358.1084.

Chiral HPLC of 2g (Chiralpak ID, hexane:isopropanol = 80:20, 1 mL/min, 254 nm), tminor = 93.3

min, tmajor: 80.2 min. [(X]DZZ'6 =-440.1 (C = 167, CHZCIZ) at 98 % ee.

Racemic Sample 2qg
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DAD1 A, Sig=254,4 Ref=360,100 (LIN\HSH 2019-04-08 23-39-00\001-0101.D)
mAU
] ©o by
250 8 ®
] 2 2
2004 I‘{\\ /r\
150 | F\
100—; | | N\
50 ‘ ] \
. J
03 _ A - ey — e ]
L T UL I T T T T T T T T
60 65 70 75 80 85 90 95 100 105 min
Peak RetTime Type Width Area Height Area
# [min] [min] [mAU* 3] [mAU] %
=== |- |- [ |- |
1 8l.566 BB 2.5356 3.8836led 211.56149 50.0374
2 89.784 BB 2.7116 3.87781led 203.64401 49.9626
Enantiomeric Sample 29
DAD1 A, Sig=254 4 Ref=360,100 (LIN\HSH 2019-04-08 23-39-001002-0201.D)
AU
m 1 o ,\gqc'b
400 N R
] @ o
- a
300 f \
] |
200 |
| ‘I Q,h
100 | g &
] / ~ e
0+= ————— — . ————— = ———— —
60 65 70 75 80 85 90 95 100 105 min
Peak RetTime Type Width Area Height Area
[min] [mAU*s] [mAU] %

# [min]

i e e | — |- mmm |- |
1 80.215 MM 3.8759 7.8799%9e4 338.84863 99.2844
2.81659 0.7156

2 93.323 MM 3.3607 567.94049

19 (16.0 mg) was recycled as a colorless oil in 48% yield.

Chiral HPLC for 1g (Chiralpak IA, hexane:isopropanol = 90:10, 1 mL/min, 230 nm), tminor = 32.3

min, tmajor: 28.4 min. [U,]Dzz'6 =-38.1 (C = 189, CHZCIZ) at 88 % ee.

Racemic Sample 1qg
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DAD1 D, Sig=230.4 Ref=360,100 (LIN\HSH 2019-04-07 23-43-28\001-0101.D)
mAU
800
600 ] 5
] 2 3
] © S
400 A b
] J"I A\\ :‘:
200 AN f
] / \\\ /
0 ‘ ./
15 2‘0 2‘5 3‘0 3‘5 4‘0 min|
Peak RetTime Type Width Area Height Area
# [min] [min] [mAU*s] [(mAU] %
| |-——— - |- |- |-
1 28.312 BB 1.0146 3.18558e4 444,21750 50.0000
2 32.054 BB 1.2101 3.18558e4 374.60620 50.0000
Enantiomeric Sample 19
DAD1 D, Sig=230,4 Ref=360,100 (LIN\HSH 2019-04-07 23-43-281002-0201.D)
mAU 3 ©
1750 3
15003 &
1250 Al
1000 A
750 [\
500 F\ 5
250 | \“\\ P
@
e ——  —— :
15 20 25 30 35 40 min
Peak RetTime Type Width Area Height Area
# [min] [min] [mAU*s] [mAU] %

e Rl B | —mm o |- |
1 28.448 BB 0.9778 9.64094e4 1399.38074 93.7091
2 32.347 BB 1.1552 6472.22217 78.88539 6.2909

OBn

N—Ts

H
2h

2h (16.1 mg) was isolated as a colorless oil in 38% yield. Rs = 0.4 (EtOAc/Hexane=1/3). 'H NMR

(400 MHz, CDCl3): § 7.75 — 7.64 (m, 2H), 7.37 — 7.24 (m, 5H), 7.22 — 7.16 (m, 2H), 4.47 — 4.24

(m, 3H), 3.97 (dd, J = 17.3, 2.4 Hz, 1H), 3.89 (dd, J = 9.3, 8.0 Hz, 1H), 3.48 — 3.39 (m, 2H), 3.00

~2.86 (m, 1H), 2.59 (dd, J = 10.9, 9.3 Hz, 1H), 2.52 — 2.42 (m, 2H), 2.41 — 2.21 (m, 5H), 2.11
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(dtd, J=12.3, 4.9, 2.4 Hz, 1H), 1.52 (dddd, J = 14.5, 12.7, 11.6, 4.4 Hz, 1H). 3C NMR (101 MHz,
CDCls): 6 196.96, 159.92, 143.97, 138.31, 132.56, 130.00, 129.82, 128.35, 127.74, 127.53, 127.39,
72.74,68.54, 53.45, 50.93, 40.71, 36.58, 27.14, 26.42, 21.53. IR: v 2925, 1667, 1598, 1453, 1347,
1164, 1095, 816 cm™*; HRMS calcd. For [M+H]": 426.1734. Found: 426.1734.

Chiral HPLC of 2h (Chiralpak IB, hexane:isopropanol = 92:8, 1 mL/min, 254 nm), tminor = 53.6

MiN, tmajor= 41.9 min. [o]o%® = -299.0 (¢ = 1.94, CH.Cl>) at 98 % ee.

Racemic Sample 2h

DAD1 A, Sig=254,4 Ref=360,100 (LIN\HSH 2019-04-13 18-09-46\001-0101.D)
mAU
175 8 3
150 o S
| w
125 ] N N
1003 [\ [N
752 | A |‘ \
503 | | \
25 | | -
0 L — — —
30 35 4IO 4|5 5|0 5‘5 GIO min
Peak RetTime Type Width Area Height Lrea
# [min] [min] [mAU*s] [mAU] %
el e |-——= === | -———————= [-———————- |———————= \
1 43.686 BB 1.8622 1.80186e4 135.25679 49.7100
2 50.604 BB 1.9752 1.82283e4 129.10634 50.2894
Enantiomeric Sample 2h
DAD1 A, Sig=254,4 Ref=360,100 (LIN\HSH 2019-04-13 18-09-461002-0201.D)
mAU
800
600 ©
] &
400 5
] f\\\ §§
200 | \\ % 6_&‘/
1 f — &
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T L \ U L R T 1
30 35 40 45 30 55 60 min|
Peak RetTime Type Width Area Height Area
# [min] [min] [mAU*s] [mAU] %
- |- === |- [-————— | ———————- \
1 41.925 BB 2.2364 5.90058e4 358.84818 99.2871
2 53.593 MM 1.73877 423.66602 3.94976 0.7129
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1h (19.0 mg) was recycled as a colorless oil in 45% vyield.

Chiral HPLC for 1h (Chiralpak 1B, hexane:isopropanol = 92:8, 1 mL/min, 210 nm), tminor = 24.5

min, tmajor= 21.4 min. [0]p??® = -77.2 (¢ = 2.06, CH2Cl,) at 98 % ee.

Racemic Sample 1h

DAD1 B, Sig=210,4 Ref=360,100 (LIN\HSH 2019-04-14 10-01-16\001-0101.D)
mAU
1000
8007 g .
600 o o
] (\ &
400 [\ ‘{\\
200 [\
] / . / G
0 : =t/ —— .
N T T T min
Peak RetTime Type Width Area Height Area
# [min] [min] [mAU*s] [mAU] %
el |———= === | - |- | ———————- |
1 22.409 BV 0.6025 2.133062e4 531.27594 49.5921
2 24,2777 VB 0.7323 2.16872e4 440.58420 50.4079
Enantiomeric Sample 1h
DAD1 B, Sig=210,4 Ref=360,100 (LIN\HSH 2019-04-14 10-01-161002-0201.D)
mAU J
3500
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EDD_E | \\ E
0 — =
16 18 20 22 24 26 28 min|
Peak RetTime Type Width Area Height Area
# [min] [min] [mAU* 3] [mAU] %

] S R e B R R
1 21.446 BV 0.8401 1.23921eb5 2170.38428 99.3717

2 24.540 VB 0.7599 783.51538 16.04070 0.6283

467



OAc

N—Ts

2i

2i (17.5 mg) was isolated as a colorless oil in 46% yield. Rf = 0.3 (EtOAc/Hexane=1/2). 'H NMR
(400 MHz, CDCls): & 7.81 — 7.69 (m, 2H), 7.46 — 7.33 (m, 2H), 4.30 (d, J = 17.2 Hz, 1H), 4.09
(ddd, J = 10.8, 6.7, 6.0 Hz, 1H), 4.00 (ddd, J = 10.9, 6.9, 6.0 Hz, 1H), 3.92 (dd, J = 9.3, 7.9 Hz,
1H), 3.86 (dd, J = 17.1, 2.4 Hz, 1H), 3.07 — 2.94 (m, 1H), 2.60 (dd, J = 10.9, 9.3 Hz, 1H), 2.57 —
2.42 (m, 5H), 2.42 — 2.27 (m, 2H), 2.15 (dtd, J = 12.3, 4.9, 2.4 Hz, 1H), 1.90 (s, 3H), 1.65 — 1.51
(m, 1H). ¥C NMR (101 MHz, CDCl3): 6 196.63, 170.71, 159.80, 144.17, 132.51, 129.94, 129.16,
127.77, 62.55, 53.39, 50.49, 40.81, 36.47, 26.33, 26.20, 21.56, 20.78. IR: v 2953, 1738, 1668,
1598, 1347, 1241, 1164, 1043, 817 cm™; HRMS calcd. For [M+H]*: 378.1370. Found: 378.1368.

Chiral HPLC of 2i (Chiralpak 1B, hexane:isopropanol = 80:20, 0.7 mL/min, 254 nm), tminor = 43.9

min, tmajor= 36.8 min. [0]p??® = -271.3 (c = 1.74, CHCl,) at 96 % ee.

Racemic Sample 2i

mAU
5004
400

DAD1 A, Sig=254,4 Ref=360,100 (LIN\DL-K-167-PD-RAC-IB-2.D)

o
g s
300 5 o
] ™ -
200 /N /™
100+ / \ / \
0 [ ~y Crem
20 - 2‘5 I I 3IO ‘ 3‘5 I 4b 4|5 5‘0 miny
Peak RetTime Type Width Area Height Area
# [min] [min] [mAU*s] [mAU] %
=== |- === |———————— l-—-———— |———————- \
1 37.000 BV 1.4381 2.98068e4 281.78027 48.8373
2 41.614 VB 1.6972 3.12261e4 245.61517 51.1627

Enantiomeric Sample 2i
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DAD1 A, Sig=254,4 Ref=360,100 (LIN\DL-K-167-PD-IB-2.D)

mAU 3 @
- M~
500% %,8
400 I\
300 [\
J ," \\
200 / \
‘IDD—E ‘; N §
] / \\ o
03— — —_—
e A S e e -
Peak RetTime Type Width Area Height Area
# [min] [min] [MAU*s] [mAU] %
il e |———= |- | === [-———————= |———————- \
1 36.779 BB 1.6022 5.47271e4 464d4.62576 98.2376
2 43.925 BB 1.4614 981.81592 9.18286 1.7624

1i (19.0 mg) was recycled as a colorless oil in 50% vyield.

Chiral HPLC for 1i (Chiralpak IA, hexane:isopropanol = 85:15, 1 mL/min, 214 nm), tminor = 24.4

min, tmajor: 15.9 min. [(X]D22'6 =-76.6 (C = 197, CHZCIZ) at 98 % ee.

Racemic Sample 1i

DAD1 C, Sig=214,4 Ref=360,100 (LIN\HSH 2019-04-16 17-52-241001-0101.D)
mAU?
800
600 R
4 |‘g_‘) @
400 ‘r\_ §
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200 [y FARN
] / \ /
0 . - L /". \‘ — . o . // \\.,‘ i
10 12 14 16 18 2 2 24 % 2 min
Peak RetTime Type Width Area Height Area
# (min] [min] [mAU*s] [mAU] %
=== |-———= === | ————————- |-—==—==——- | ———————- |
1 15.773 BB 0.5999 1.71289e4 428.94064 49.7365
2 24.228 BB 0.9731 1.73103e4 279.27560 50.2635

Enantiomeric Sample 1i
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DAD1 C, Sig=214,4 Ref=360,100 (LIN\HSH 2019-04-16 17-52-24\002-0201.D)
mAU 7
2500
1 >
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] | \ 0 @b,‘\
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0 —— T T T e e
10 12 14 16 18 20 22 24 26 28 min]
Peak RetTime Type Width Area Height Area
# [min] [min] [mAU*s] [(mAU] %

e e | | |—mmm - |
1 15.891 VB 0.5757 6.58570ed 1678.60291 99.1754
2 24,445 MM 0.7602 547.57501 9.23121 0.8246

OTBS

N—Ts

H

2j

2j (19.0 mg) was isolated as a colorless oil in 43% yield. Rt = 0.4 (EtOAc/Hexane=1/3). 'H NMR

(400 MHz, CDCls): § 7.89 — 7.64 (m, 2H), 7.49 — 7.31 (m, 2H), 4.33 (dt, J = 17.0, 1.2 Hz, 1H),

4.01 - 3.81 (m, 2H), 3.71 — 3.53 (m, 2H), 3.09 — 2.88 (m, 1H), 2.61 (dd, J = 10.9, 9.3 Hz, 1H),

2.50 (ddd, J = 17.2, 4.3, 2.4 Hz, 1H), 2.44 (s, 3H), 2.42 — 2.21 (m, 3H), 2.14 (dtd, J = 12.4, 4.8,

2.4 Hz, 1H), 1.57 (dddd, J = 14.5, 12.6, 11.6, 4.4 Hz, 1H), 0.79 (s, 9H), -0.06 (s, 3H), -0.08 (s, 3H).

13C NMR (101 MHz, CDCls): § 197.02, 160.02, 143.93, 132.79, 130.00, 129.89, 127.73, 61.41,

53.32,50.85, 40.87, 36.69, 30.10, 26.41, 25.86, 21.55, 18.24, -5.40, -5.51. IR: v 2928, 1669, 1472,

1350, 1256, 1165, 1096, 837 cm™; HRMS calcd. For [M+Na]*: 472.1948. Found: 472.1959.

Chiral HPLC of 2j (Chiralpak IA, hexane:isopropanol = 90:10, 1 mL/min, 254 nm), tminor = 14.6

min, tmajor= 11.9 min. [0]p??® = -125.5 (c = 1.45, CHCl,) at 94 % ee.

Racemic Sample 2j
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DADT A, Sig=254,4 Ref=360,100 (LINDL-K-154-PD-RAC-IA D)
mAU
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Peak RetTime Type Width Area Height Area
# [min] [min] [mMAU*s] [mAU] %
- |- | ——— - |-~ |
1T 11.377 BB 0.4897 2.35040e4 703.69000 50.0046
2 13.882 BB 0.5848 2.34997e4 579.81519 49.9954
Enantiomeric Sample 2j
DADT A, Sig=254,4 Ref=360,100 (LIN\DL-K-154-PD-IA-2.D)
mAU i
i o
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Peak RetTime Type Width Area Height Lrea
# [min] [min] [MAU*s] [mAU] %

el e e R |- R |
1 11.858 BB 0.5090 3.78350ed4 1089.98828 97.2285
2 14.612 BB 0.5789 1078.47021 26.94623 2.7715

1j (17.8 mg) was recycled as a colorless oil in 40% yield.

Chiral HPLC for 1j (Chiralpak IF, hexane:isopropanol = 90:10, 1 mL/min, 210 nm), tminor = 18.1
Min, tmajor= 15.6 min. [0]p??® = -63.4 (¢ = 1.72, CH2Cl,) at 99 % ee.

Racemic Sample 1j
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DAD1 B, Sig=210,4 Ref=360,100 (LIN\DL-K-154-SM-RAC-IF.D)

3
>
c
Ll
> 15.641

Peak RetTime Type Width Area
# [min] [min] [mAU*s] [mAU

1 15.641 BB 0.4297 4.00821ed4 1444.53015 49.7845
2 17.722 BB 0.5360 4.04290ed4 1144.77795 50.2155

Enantiomeric Sample 1j

DAD1 B, Sig=210,4 Ref=360,100 (LIN\DL-K-154-RESM-IF.D)

mAU

1750

1500

1250

1000
750 |
500 ‘
250 | \.

15638

18.134

24

miny

Peak RetTime Type Width Area Height Area
# [(min] [min] [mAU*s] [mAU] %

el e | —mmm - |- —— - R O |
1 15.638 BB 0.4537 4.98079%9e4 1700.44434 99.5962

2 18.134 BB 0.5668 201.95364 5.13556 0.4038

Et

2k (11.9 mg) was isolated as a colorless oil in 32% yield. Rs = 0.4 (EtOAc/Hexane=1/3). 'H NMR
(400 MHz, CDCl3): 6 7.80 — 7.66 (m, 2H), 7.44 — 7.34 (m, 2H), 4.22 (d, J = 16.9 Hz, 1H), 3.93 -

3.68 (m, 2H), 3.26 — 3.07 (m, 1H), 2.85 (dd, J = 10.6, 9.3 Hz, 1H), 2.49 — 2.41 (m, 4H), 2.26 (d, J

= 16.0 Hz, 1H), 2.15 (dg, J = 14.9, 7.6 Hz, 1H), 2.09 — 1.98 (m, 1H), 1.71 — 1.54 (m, 3H), 1.52 —
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1.39 (m, 3H), 1.32 — 1.23 (m, 1H), 1.18 (ddd, J = 13.7, 8.1, 6.4 Hz, 1H), 0.89 (t, J = 7.5 Hz, 3H).
13C NMR (101 MHz, CDCls): & 197.57, 155.24, 144.13, 134.29, 132.65, 129.90, 127.69, 51.69,
50.44,49.72, 48.88, 46.80, 38.94, 30.17, 25.56, 24.68, 21.61, 19.51, 12.75. IR: v 2954, 1668, 1598,
1452, 1348, 1165, 1093, 816 cm™; HRMS calcd. For [M+Na]*: 396.1604. Found: 396.1613.

Chiral HPLC of 2k (Chiralpak ID, hexane:isopropanol = 90:10, 1 mL/min, 254 nm), tminor = 45.7

min, tmajor= 37.4 min. [(X,]DZZ'6 =294.4 (C = 072, CHZCIZ) at 99.5 % ee.

Racemic Sample 2k

DAD1 A, Sig=254,4 Ref=360,100 (LIN\DL-K-160-PD-RAC-ID.D)
mAU ] ]
= ™~ o
M~ ™
] ® e
400 \ ¥
] \ ‘;"‘x\
300 [y [\
3 \ Y
g \ [\
200 [ [\
E | "\ ‘I "\
100-] | \ | ‘\
] | ' |
—_— —— '\T" —_—
25 30 35 40 45 50 mir
Peak RetTime Type Width Area Height Lrea
# [min] [min] [mAU*s] [mAU] %

] e e R R R |
1 37.763 BB 0.9745 2.99144e4 446.01627 48.7265

2 44.132 BB 1.2227 3.14780e4 370.70117 51.2735
Enantiomeric Sample 2k
DAD1 A, Sig=254,4 Ref=380,100 (LIN\DL-K-160-PD-ID.D)
mAU_E E
400 M\
300 | \
] | \
ZDDE |‘ \‘.‘ Q@\
100 \ S 9
] \ ~ o
. \ b
25 30 35 40 45 50 min
Peak RetTime Type Width Area Height Area
[mAU] %

# [min] [min] [mAU*s]
- |- -—————- | - [——————— [ === |

1.0162 3.59899%e4 515.68945 99.7393

1 37.453 BB
94.08212 2.45648 0.2607

2 45.724 MM 0.6383

1k (16.0 mg) was recycled as a colorless oil in 43% yield.
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Chiral HPLC for 1k (Chiralpak IF, hexane:isopropanol = 92:8, 1 mL/min, 210 nm), tminor = 25.3

Min, tmajor= 26.9 min. [a]p??® = -443.6 (c = 0.78, CH,Cl.) at 65 % ee.

Racemic Sample 1k

DAD1 B, Sig=210,4 Ref=360,100 (LIN\DL-K-160-SM-RAC-IF.D)
mAU
800
7 3 3
600 = 2
] N &
4004 “ ‘\ “.‘,'-\\
] [\ | \\
200 E | I\
0;7 / \\,\ /’ ‘\\
20 I 2‘2 2‘4 - 2‘5 2‘8 II SIU - 3‘2 I 3|4 3‘6 SIS min|
Peak RetTime Type Width BArea Height Area
¥ [min] [min] [mAU*s] [mAU] %
=== |-l | - [-—————— | ———————- \
1 26.139 BV 0.5970 1.98359e4 499.83862 49.7800
2 28.184 VB 0.6537 2.00112e4 458.07532 50.2200
Enantiomeric Sample 1k
DAD1 B, Sig=210.4 Ref=360,100 (LIN\HSH 2019-04-13 11-49-181002-0101.D)
mAU_: o~
800 §
600
] F
400 8 [\
] g I‘I \\.\
200 ~ | \
1 /N A
pd— L S S
20 2‘2 2L1 ‘ 2|6 2‘8 3|0 3‘2 3|4 3‘6 ‘ 3‘8 ‘ miny
Peak RetTime Type Width Area Height Area
# [min] [min] [mAU* =] [mAU] %
|- B s | - [-————————= |———————- |
1 25.285 BV 0.5393 6468.58789 184.35934 17.4563
2 26.912 VB 0.6545 3.05873e4 690.84247 82.5437

5.4.4 X-ray data
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Table 5.10 Crystal Data and Structure Refinement for 2a

Identification code cu_0767

Empirical formula C15H19NO3S
Formula weight 293.37
Temperature/K 100(2)

Crystal system monoclinic

Space group P2;

alA 8.6148(2)

b/A 14.8424(4)

c/A 10.8526(3)

a/° 90

/e 95.3830(10)

v/° 90

Volume/A3 1381.54(6)

z 4

Pealcg/cm?® 1.410

p/mm 2.147

F(000) 624.0

Crystal size/mm? 0.17x0.15x 0.1
Radiation CuKoa (A =1.54178)
20 range for data collection/ 8.182 to 144.758
Index ranges -10<h<10,-18<k<18,-13<1<13
Reflections collected 18690

Independent reflections 5193 [Rint = 0.0371, Rsigma = 0.0440]
Data/restraints/parameters ~ 5193/1/363
Goodness-of-fit on F? 1.047

Final R indexes [[>=2c (I)] R1=0.0319, wR., =0.0786
Final R indexes [all data] R1=0.0339, wR2 = 0.0798
Largest diff. peak/hole / e A 0.35/-0.27

Flack parameter 0.066(8)
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5.6 NMR Spectra

Figure 5.1 H and 3C NMR spectrum of compound 1a
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Figure 5.2 'H and *3C NMR spectrum of compound 1b
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Figure 5.3 'H and *3C NMR spectrum of compound 1c
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Figure 5.4 'H and 3C NMR spectrum of compound 1e
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Figure 5.5 *H and *3C NMR spectrum of compound 1f

00 0-—

9%
63"
re”

L
€L”

N e

< <

7

<

<
I

NE

v

N—Ts

MOMO

1f

beot
FOT'E
+80°€

PITT
Rt
+80°9
~MO'T
zo'1

H0T
oot

=10'¢

=10°¢

f1 (ppm)

LY ST —
€6 6T
6V 12—

€€ 796 —

9§ "802 —

S 11

T
90

T T T T T T T T
210 200 190 180 170 160 150 140 130 120 110

220

f1 (ppm)

481



Figure 5.6 *H and **C NMR spectrum of compound 1g
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Figure 5.7 *H and *3C NMR spectrum of compound 1h
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Figure 5.8 'H and 3C NMR spectrum of compound 1i
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Figure 5.9 *H and 3C NMR spectrum of compound 1j
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Figure 5.10 H and 3C NMR spectrum of compound 1k
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Figure 5.11 H and *3C NMR spectrum of compound 2a
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Figure 5.12 H and 3C NMR spectrum of compound 2
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Figure 5.13 H and 3C NMR spectrum of compound 2c¢
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Figure 5.14 H and 3C NMR spectrum of compound 2e
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Figure 5.15 H and *C NMR spectrum of compound 2f
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Figure 5.16 H and 3C NMR spectrum of compound 2g
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Figure 5.17 H and 3C NMR spectrum of compound 2h
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Figure 5.18 H and 3C NMR spectrum of compound 2i
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Figure 5.19 *H and *C NMR spectrum of compound 2j
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Figure 5.20 H and 3C NMR spectrum of compound 2k
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