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ABSTRACT

Z-Alkenes are important functional moieties in biological molecules and serve as
versatile units for chemical transformations in synthetic chemistry. Synthetic strategies to
readily generate these less thermodynamically stable alkenes with high regio-, chemo- and
stereocontrol remain challenging, as these methods require stoichiometric main-group
activators or are poorly tolerant of reactive functional groups. Selective hydride addition
to electron deficient dienes and their use as pronucleophiles in reductive coupling processes
can serve as an alternative to the already existing strategies. This thesis describes the
development of a new chemo-, regio-, and stereoselective synthesis of Z-alkenes from

electron deficient dienes mediated by formic acid using Rh-catalysis.



PREFACE

The research conducted for this thesis was performed in collaboration with Prof.
Rylan J. Lundgren.

The Rh-catalyzed formic acid mediated Z-selective reduction of electron deficient
dienes described in Chapter 2 was published as Raphael Dada, Zhongyu Wei, Ruohua Gui
and Rylan J. Lundgren Angew. Chem. Int. Ed. 2018, 57, 3981-3984. Reaction discovery,
optimization, mechanistic, kinetic and scope studies are my original work. Zhongyu Wei
assisted with optimization for dienamides, scope studies including complex substrates
examples, and product derivatization. Ruohua Gui conducted effect of diene geometry
experiments.

The Z-selective Rh-catalyzed reductive coupling of electron deficient dienes and
aldehydes mediated by formic acid described in Chapter 3 was published as Christopher
Cooze, Raphael Dada and Rylan J. Lundgren Angew. Chem. Int. Ed. 2019, 58,
12246-12251. Kinetic studies, product derivatization, synthesis of intermediate to
glucagon receptor antagonist, part of scope and mechanistic studies are my original work.
Reaction discovery, optimization, mechanistic and scope studies were conducted by
Christopher Cooze.

The Z-selective Rh-catalyzed reductive coupling of electron deficient dienes and
imines mediated by formic acid described in Chapter 4 is currently being developed.
Reaction discovery, optimization and scope studies are my original work. Ruohua Gui
conducted preliminary reaction optimization. Lars Ross assisted with regioselectivity

determination.



DEDICATION

This thesis is dedicated to the loving memory of my father, Ebenezer Olujimi Dada. Your

fatherly love and encouragements are greatly missed.



ACKNOWLEDGEMENTS

I thank the Almighty God in whom “we live, move and have our being” (Acts
17:28). Thanks to God for the strength and grace through graduate school. Indeed, a man
can receive nothing except it be given him from heaven.

A special thank you to Dr. Rylan J. Lundgren. The grooming and mentoring over
the last five years have been phenomenal. Thank you for all the personal commitments to
my growth. You didn’t give-up on me and for that I will forever be grateful. All the drillings
in your office are memories I will treasure for the rest of my life. Did you ever notice why
I never refer to you by your first name as others?

To members of the Lundgren group, past and present, you all are greatly
appreciated. Thanks to Bryce Thomas for training me in the lab and coming to my rescue
when the computer I brought from home crashed. I still wonder why you opted for
chemistry instead of computer science with your dexterity with machines. Sharing the lab
with you and Jenner Lakusta at the beginning of my graduate studies was a rewarding
period in terms of knowing short-cuts to locating things in the lab. I’d like to specifically
thank Zhongyu Wei, Christopher Cooze, Ruohuo Gui and Lars Ross for your help on our
projects. To high school (WISEST) students; Amy Wohlgemuth and Clara Vicera,
undergraduate Toni Dimaano, it was fulfilling to be your mentor during your stay with the
Lundgren group. To exceptional Patrick Moon, Duanyang Kong, Erica Lui, Wes McNutt,
Odey Bsharat, Mike Doyle, Qiqige Qiqige, Alex Gabbey, Markus Schoetz, Anis Fahande;j-

Sadi, Shengkang Yin, Heather Halperin, Ping Shen and Wenyu “Mac” Qian, it was great



having you as group mates and thank you for always offering to test the waters at our group
outings in terms of ordering food first so I know what food is best for my taste buds.

My gratitude also goes to members of my supervisory committee, Prof. Derrick
Clive and Prof. Steve Bergens for their constant support and advice these past years. To
the mass-spectrometry facilities staffs, Dr. Randy Whittal, Dr. Angelina Morales-
Izquierdo, Jing Zheng, Bela Reiz; NMR facilities staffs, Dr. Ryan McKay, Mark Miskolzie,
and Nupur Dabral; analytical and instrumentation facilities staffs, Wayne Moffat and
Jennifer Jones; machine shop staffs, Dirk Kelm, Vincent Bizon, Paul Crothers and Dieter
Starke; and Glassbower Jason Dibbs, thank you for all the assistance in the past five years.
Special thanks to Paul Crothers for the help in getting a new guitar and the gift of a combo.
To every of my friends in the department especially the BSOC 2019 organizing committee
members, chemical stores staffs, chemistry general office staffs especially Esther Moibi
and Beverly Bochon, thank you for being so wonderful. Special thanks to Dr. Yoram
Apelblat, Dr. Hayley Wan and Connor Part for guidance on how to be a better TA.

Finally, a special gratitude to my wife, Oluwatobi Dada. Thank you for your
unwavering support and understanding for all the times I had to be late coming home.
Especially during the time of writing this thesis, for offering to come pick me up from the
department in the middle of the night. I promise to continue to love you and our wonderful
kids, Morireoluwa and Morayooluwa always. To my mum and siblings, God bless you

always for always being supportive.

Vi



Table of Contents

ABSTRACT ...ttt ettt ettt e et e e s bt e e sttt e enaeeenaneeeans 1
PREFACE ... ettt ettt et e sa e e et e et e et eennaee s il
DEDICATION ...ttt ettt ettt et e et e e st e e et e e et e e enbeeennneeas v
ACKNOWLEDGMENTS ..ottt ettt et e st eenteeenreeenes v
LIST OF FIGURES . ...ttt ettt e ettt e et esenaeeenns X
LIST OF TABLES ... oottt s e et e et e et e e s xii
LIST OF ABBREVIATIONS AND SYMBOLS USED ....cccooiiiiiiiiiiieiieeee e X1v
CHAPTER 1 — INtrOdUCTION ..eooiiiiiiiiiiiiie ettt e e 1
1.1 General INtrodUuCtion ........cuuueiiiiiiiiii e 1
1.2 Stereoselective Synthesis of Z-ALKENES .........ccccuvvviiiiiieiiiiiiiieeee e 2
1.2.1 Carbonyl Olefination..............eviiieeiieiiiiiiiiiieee et e e e e e e e e e e e e e eeens 3
1.2.1.1 Wittig REACHON ...vvviiiieiiieeiiiiiieee ettt e e e e e e eeaeeeeens 4

1.2.1.2 Horner-Wadsworth-Emmons (HWE) Reaction - Still-Gennari

MOIFICALION ...ttt e e e e e 6
1.2.1.3 Peterson Olefination.........c..eeiiiiiiiiiiiiiiiiie e 8
1.2.2 Alkyne Semi-Reduction ............ccccoviuiiiniiiiiiiiiiiiiiiieceiceecceeeee e 10
1.2.3 Cross Coupling Reactions ............covvuiieriiiiiiiiiiiiiiiiiiceniiceeee e 13
1.2.4 Olefin Metathesis. ... .ueiiiiiiiieeiiiiee ettt et e e eireee e 16
1.3 Conjugate Addition REACtiON ........ccooiiiiiiiiiiiiieiiiiiee e 19
1.4 OVErvIEW Of TRESIS...ccoouiiiiiiiiiiiii it 28

vii



CHAPTER 2 — Rh-Catalyzed Formic Acid Mediated Z-Selective 1,6-Reduction of
Electron DefICIENT DIEINES .. .couuuieeeeeee e e eee e e eeeeeerenns 30
2.1 IIETOAUCTION ..o et e e e e e e e e e e eee e e eeans 30

2.2 Development of Chemoselective Synthesis of Z-Olefins through Rh-Catalyzed

Formate Mediated 1,6-Reduction of Electron Deficient Dienes................oevvvvvvvvvennnnn. 34
2.3 Summary and ConcClUSIONS.........ccccuviiiiiiieeeieiiiieeee e e e earreeeeee e 50
2.4 Procedures and Characterization ..............ceeeiueieeeiniiiteeiiiiiee et 51
2.5 Formic Acid D-Labelling Studi€s ............ccoovrviiiiiiiiieeeieiiiiiieeee e e 78
2.6 Preparation of Substrates (representative eXxamples)........ccccvvveeeeeeeeeiiiciiiiieeeeeenn. 79

CHAPTER 3 — Rh-Catalyzed Z-Homoallylic Alcohol Synthesis via Reductive
Coupling of Electron Deficient Dienes and Aldehydes ............cccoovveiiiiiiiieeeeeeniciiiene, 85
3.1 INtrOAUCHION ...ttt e e et e e e ee e 85

3.2 Development of Direct Formic Acid Mediated Z-Selective Reductive

Coupling of Electron deficient Dienes and Aldehydes ...........ccccvveveeiieniiiiiiiiienennnnnn. 90
3.3 Summary and COnClUSIONS.........c..uuiiiiiieeeieiiiiiiiee e e e e eeecirire e e e e e e e siaarrreeeeeeeeas 106
3.4 Procedures and Characterization ..............covueeeeeeriiiieeeeiiieeeeeiieee et 109
3.5 Synthesis of Glucagon Receptor Antagonist Intermediate ..............ccccvvvveereeennnn. 153
3.6 Product DerivatiZation .........ccooiueiiieiiiiiiee ettt e et e e 157
3.7 Preparation of SUDSIIAtes .........cccuuiiiiiiiiiiiiiiiee e 160

CHAPTER 4 — Rh-Catalyzed Z-Selective Reductive Coupling of Electron Deficient
Dienes and IMINES ..........coouiiiiiiiiiiiiiiiie e 171

A1 INEEOAUCION <. et e e e e et e e e e e e e e e e e e e eaaaeeeaeenan 171

viii



4.2 Development of Direct Formic Acid Mediated Z-Selective Reductive

Coupling of Dienes and IMINes............ccovvviiiiiiiiiiiieiiiiiiee et 176
4.3 Summary and CONCIUSIONS........ccccuviieeiriiiiieeeeiiiie et eeiee e e e e sireee e e 179
4.4 Procedures and Characterization .............c.eeerueeerieeeniieeniieesiiee e eieee e 181
CHAPTER 5 — Conclusions and Future Works...........ccccovviiiniiiiniiiiiniieiieeeceeen 185
5.1 CONCIUSIONS ...etieiiiiiee ettt ettt e ettt e e ettt e e e abte e e e eabaeeeeenaes 185
5.2 FULUIE WOTKS..cciiiiiiiiiiiiiiee et 186
REFERENCES ... ..ottt et ettt et e et e e e e 189



LIST OF FIGURES

Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.

Fig.

Fig.
Fig.
Fig.

Fig.

Fig.
Fig.
Fig.
Fig.
Fig.

Fig.

1-1

1-2

1-10

1-11

1-12

1-13

1-14

1-15

1-16

1-17

1-18

1-19

Impact of geometry on properties of alkenes ...........ccceeevvveeeeciiieeeniiieeeee, 2
Heat of hydrogenation of E- and Z- but-2-ene...........cccccceovevvireeeniiiieeeiiiieenn. 3
General carbonyl olefination methods .............cooeviiiiiiiiiiiiiniiiieceee e, 4

Selectivity profile in Wittig reactions based on the stability of the ylide......... 5

Stereoselectivity of the Wittig reaction..........cccuvveeeeeeeieiiciiiiiiieeee e, 6
Still-Gennari modification of the Horner-Wadsworth-Emmons reaction........ 7
Stereoselectivity in Still-Gennari modified HWE reaction..............cccceuune. 8
Peterson olefination re€aCtioN ............ceeeeeeiiiiiiieeee e e e 9

Proposed mechanism for Z-selective elimination step of the Peterson reaction

.................................................................................................................... 10
Heterogeneous catalytic Z-selective hydrogenation of alkyne...................... 12
Mechanism of the Pd° catalyzed Z-selective hydrogenation of alkynes......... 13
General catalytic cycle for a Z-selective cross coupling reaction.................. 14

Synthesis of Z-alkenyl bromide, Z-alkenyl pinacolboronic ester and application

in Z-selective intramolecular cross coupling reaction............cccvveeeeeeeeeennnnns 16
General mechanism of olefin metathesis............cccceeeiiiiiiiiiiiiiiie e, 17
Representative examples of Z-selective olefin metathesis catalysts.............. 18
Mechanism of Mo-catalyzed Z-selective olefin cross metathesis.................. 19
Nucleophilic conjugate addition to electron deficient diene......................... 21
Regiocontrol in conjugate addition ............cccveeeeriiiiieiniiiiiie e 22
Rh-Catalyzed 1,6-conjugate addition reaction ............cccceevuveeriiveeriiieennneenns 24



Fig.

Fig.

Fig.
Fig.
Fig.
Fig.
Fig.

Fig.

1-20

1-21

1-22

2-1

2-2

2-4

2-5

Fig 2-6

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

2-7

2-8

3-1

3-2

3-3

3-4

3-6

Z-Selective conjugate hydride addition.............cceeeveviiiieniiiiieeeiiiieeeen 25

General scheme for reductive coupling using an electron deficient diene as

ProNUCIEOPNILE ....coooiiiiiiiiiiiiie e 26
Z-Selective reductive coupling of diene and aldehyde.............ccccvvveeennneen.n. 27
Examples of bioactive compounds containing Z-alkenes ..............ccccceeuueennne 30
Z-Selective catalytic 1,6-hydride addition to electron deficient dienes......... 33
Rh-Catalyzed hydride addition to generate Z-olefins .........cccocceeeiniiiennnn. 34

Product derivatizations to generate other Z-alkene containing molecules..... 44
Reaction progress kinetic analysis/variable time normalization plot............. 46
Mechanistic and Kinetic StUAIes .............eeeiiiiiiiiiiiiiiiiiiie e 47
Proposed mechanism for the Rh-catalyzed formate-mediated Z-selective 1,6-
reduction of electron deficient di€nes ............cceeeviiiiiiiiiiiiiiiiiiiiieeeeeeee 48
Effect of diene geometry on regioselectivity of Rh-catalyzed formate-
mediated Z-selective 1,6-reduction of electron deficient dienes ................... 49
Less successful SUbSLIates. .......ocuuviiiiiiiiiiiiiiiiie e 50
Rh-Catalyzed olefin-carbonyl reductive coupling with alkyl zinc reagent.... 86
Rh-Catalyzed reductive coupling reaction mediated by molecular hydrogen 87
Z-Selective reductive coupling of diene and aldehyde via allymetal chain
WALKINIE ..ottt e ettt e et e e e 89
Optimization table and stereochemistry determination.............ccocceeeevuveennne. 92

Effect of diene geometry and control reaction to disprove alternative reaction

Isomerization test - Direct coupling. <5% chain-walking in both cases........ 95

xi



Fig.
Fig.
Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

3-7

3-8

3-10

3-11

3-12

3-13

4-1

4-5

5-1

Effects of catalyst COMPONENLS ........cccuvvirieiiiiiieeiiiiie e 96
Reaction progress kinetic analysis/variable time normalization plots........... 99
Evidence of COD as part of the active catalyst species .........c.ccveveeerunnennnn. 100
Complete catalytic cycle for the formic acid mediated reductive coupling of
electron deficient dienes and aldehydes............ccccceveeiiiiiiiniiiiiieeeiieeees 101
Aldehyde electrophilicity competition study..........cccccvvvveeeeeeenniciiiiiieeeeenn. 103

Application to synthesis of glucagon receptor antagonist intermediate and

Product deTiVatiZatioN..........ceeeuuviiiiiieeeeeeeiiiiee e e e e e e e e e e 106
Less successful subStrates.........o.ueeeiiiiiiiiiiiiiiiiiice e 107
Generic depiction of imine allylation to generate homoallylic amines........ 171

Representative examples of metal-catalyzed reductive coupling of imines and
IETICS ...ttt ettt et e et ee e e 173
Ni-Catalyzed reductive coupling of imines and dienes to generate 4,5-
UNSATUTALEd AIMIIIES. ....veeeeeiiiieee it ee et ee et e et e e et e e e et e e e e eaaaeeeeas 173
Rh-Catalyzed Z-selective reductive coupling of allyl boronate and cyclic
IMINOSUIfAMIALE. .....ooiiiiiiiiiiiii e 174
Proposed mechanism of Rh-catalyzed Z-selective reductive coupling of allyl
boronate and cyclic iminosulfamidates............cccoeeviiiiiiiiiiiiniiiiieeeen 175
Reductive coupling of N-methoxycarbonyl phenyl imine and dienoate to form
y-substituted o, B-unsaturated product............ccceeeeiiiiiiiiniiiiie e 178
Basis for the 3-component coupling of electron deficient diene, aldehyde and

ArYIDOTONIC ACIAS . .vveeeiiiiiiie ettt et e e 188

Xii



LIST OF TABLES

Table 2-1

Table 2-2

Table 2-3

Table 2-4

Table 2-5

Table 2-6

Table 3-1

Table 3-2

Table 3-3

Table 4-1

Table 4-2

Table 4-3

Effect of selected reaction parameters on the Rh-catalyzed Z-selective 1,6-
reduction of dieny] ESLETS.......ccovviiiieiiiiie ettt e 36
Functional group tolerance screen for Rh-catalyzed Z-selective 1,6-reduction
of electron deficient di€Ne ...........cooociiiiiiiiiiiiiii e 38
Diene scope of the Rh-catalyzed formate-mediated Z-selective 1,6-reduction
of electron deficient di€NES..........cooocuviiiiiiiiiiiiiiiieee 40
Ester scope of the Rh-catalyzed formate-mediated Z-selective 1,6-reduction of
electron deficient dINES........ccuueiiiiiiiiiiiiiee e 41
Effect of selected reaction parameters on the Rh-catalyzed Z-selective 1,6-
reduction of dienamide............ocuueiiiiiiiiiiiiiiie e 42

Dienamide scope of the Rh-catalyzed formate-mediated Z-selective 1,6-

reduction of electron deficient di€nes ............cceeeviiiiiiiiiiiiiiiiiiiiieeieeee 43
Functional group compatibility SCT€eN...........cceeeeeiiiciiiiiiiiieeeeeeiiiiieeeeee e, 94
Dienoate and aryl aldehyde scope studies...........cooeeuvviviiieeieeiicciiiiiieeeeen, 102
Ester, aryl diene and other scope Studi€s...........ccoevvevrriiiiieeeeeeicciiiieeeeeen, 104

Reductive coupling of N-methoxycarbonyl phenyl imine with dienes having
different electron-withdrawing groups..........cceeeevveieeniiiiieieniiiee e 177
Reductive coupling of N-methoxycarbonyl phenyl imine with other dienoate
and sulfonyl diene .........cc.eeiiiiiiiiiiiii e 178
Preliminary scope table for the reductive coupling of N-methoxycarbonyl

phenyl imine with aryl dienes..........coccoeeiiiiiiiiiiiiii e 179

xiii



LIST OF ABBREVIATIONS AND SYMBOLS USED

p-ABSA
atm

Ar
BINAP
Bn

Boc
Bpin
Ba(pin),
nBuLi
°C

[cat]
COD

COE

DBU
DCC
DCE
DCM

dCypp

DIPEA

4-acetamidobenzenesulfonyl azide
atmosphere

generic aryl moiety
2,2’-bis(diphenylphosphino)-1,1’-binaphthyl
benzyl

tert-butyloxycarbonyl

pinacol boronic ester
bis(pinacolato)diboron

butyllithium

degrees Celsius

generic catalyzed

1,5-cyclooctadiene

cyclooctene

cyclohexyl

chemical shift
1,8-Diazabicyclo(5.4.0)undec-7-ene
dicyclohexylcarbodiimide
1,2-dichloroethane

dichloromethane
1,3-bis(dicyclohexylphosphino)propane

diisopropylethylamine

Xiv



DMF
DMAP
DMP
dr
EDCI
ee
equiv.
Et
Hex
HOSA
HRMS

iPr

LDA
LiAH

[M]

MeCN
Moc

MTBE

NBS

NEt;

N,N-dimethylformamide
4-dimethylaminopyridine
Dess-Martin periodinane
diastereomeric ratio
1-ethyl-3-(3-dimethylaminopropyl) carbodiimide
enantiomeric excess
equivalents

ethyl

hexane (mixture of isomers)
hydroxylamine-O-sulfonic acid
high resolution mass-spectroscopy
iso-propyl

generic ligand

lithium diisopropylamide
lithium aluminium hydride
generic metal complex

methyl

acetonitrile

methyloxycarbonyl

methyl fert-butyl ether
methanesulfonyl
N-bromosuccinimide

triethylamine

XV



NMP

NMR

nPr

OAc

Ph

ppm

PTFE

rt

Bu

TIPS

THF

TLC

TMP

TMS

Tf

Ts

uv

wt

N-methyl-2-pyrrolidone
nuclear magnetic resonance
4-nitrobenzenesulfonyl
propyl

acetate

phenyl

parts per million
polytetrafluoroethylene
generic group

room temperature
tert-butyl
triisopropylsilyl
tetrahydrofuran

thin-layer chromatography

2,2,6,6-tetramethylpiperidine

trimethylsilyl
trifluoromethanesulfonate
4-toluenesulfonyl
ultraviolet

weight

generic halide

XVi



Chapter 1 — Introduction
1.1 General Introduction

Alkenes are an important functional group in organic chemistry and serve as useful
building blocks in chemical synthesis. Feedstock alkenes derived from petrochemicals are
converted to many commodity and fine chemicals such as carboxylic acids, ketones,
aldehydes, alcohols, and amines by oxidation or hydrofunctionalization."® New
stereogenic centers can be generated by enantioselective catalysis utilizing processes such
as asymmetric hydrogenation or oxidation of alkenes.”"'° These are among the most widely-
relied upon techniques in enantioselective synthesis. Due to their wide spanning use,
improved synthetic methods for the preparation of alkenes will have a positive impact on
many areas of applied organic synthesis including drug discovery, manufacturing and fine
chemical synthesis.

1,2-Disubstituted and more highly substituted alkenes can exist as two possible
stereoisomers; E-alkene or Z-alkene isomers. To specify the geometry of the alkene, Cahn-
Ingold-Prelog (CIP) priority rules can be used.'! By the CIP priority rules, atoms at the
ends of the double bond can be ranked based on the atomic number. If the atom with the
highest ranking are on the same side of the double bond, the alkene geometry is defined as
Z-alkene. If on opposite sides, the alkene has an E-geometry. The same principle applies
to 1,2-disubstituted alkenes with other substituent groups by comparing the atomic number
at the earliest difference.

The E/Z geometry adopted by an alkene often has a direct and significant impact
on the physical property, chemical reactivity, and in some cases biological activity of

alkene containing molecules as outlined in Fig. 1-1." Synthetic methods to generate



alkenes can often result in a mixture of £- and Z-isomers. Separation of these mixtures can
be challenging due to similar boiling points and affinity for stationary phases used for
chromatography. Thus, stereocontrol in alkene synthesis remains an important goal in

synthetic chemistry.

a. Chemical reactivity

1) H,0, 0 Q,!-' (0] /Ph H,0, O Q,!Dh
Z “Ph Y~ Ph Y H
NaOH, MeOH NaOH, MeOH
E-enone Z-enone
Epoxidation complete in 2 hrs, 78% yield Very slow, 50% epoxide in 1 week
b. Physical property c. Biological activity
J/COZMe CO,Me HO M
| (
MGOZC COzMe
Dimethyl Fumarate Dimethyl Maleate

Crystalline compound  Liquid, m.p. -19°C

Diniconazole (E-isomer) Diniconazole (Z-isomer)
m.p. 103-104 °C

Fungicidal activity No Fungicidal activity

Fig. 1-1 Impact of geometry on properties of alkenes.

1.2 Stereoselective Synthesis of Z-Alkenes

The synthetic methods available for the preparation of 1,2-disubstituted Z-alkenes
are fewer compared to the synthesis of 1,2-disubstituted E-alkenes because E-alkenes are
more thermodynamically stable. Heat of hydrogenation of alkenes can be used to measure
the stability of the carbon—carbon double bond. As outlined in Fig. 1-2, the heat of

hydrogenation of E-but-2-ene (—115.5 kJmol!) is more than the heat of hydrogenation of



Z-but-2-ene (—119.6 kJmol ™). The more positive the heat of hydrogenation indicates a more

stable alkene. This is the general case for most simple 1,2-disubstituted alkenes.

Me [Pt], Hy
ASSN Me~Me Ao = _115.5 kymol™
Me
E-But-2-ene
[Pt], H,
Me__ Me Me~Me  AHo=_119.6 kJmol!
Z-But-2-ene

Fig. 1-2 Heat of hydrogenation of E- and Z- but-2-ene.

Many existing methods for the stereoselective synthesis of Z-alkenes make use of
modified protocols of available alkene forming reactions. These methods include carbonyl
olefination, olefin metathesis, cross coupling reactions, and alkyne semi-reduction.!?
Stereocontrol often arises from modifying the nature of the starting material, the use of
high energy reagents, application of specially designed catalysts, and/or modification of
reaction conditions and workup procedures to favor kinetic pathways for the formation of
Z-alkenes. In the context of this thesis, a brief overview of the most well-established
methods to synthesize Z-alkenes is presented. A brief rationalization for stereoselectivity

is provided along with some commentary on strengths and limitations.

1.2.1 Carbonyl Olefination
Carbonyl olefination is a synthetic method to make alkenes with high positional
selectivity. It involves the reaction between aldehydes or ketones and phosphorus, silicon

or sulfur containing olefination reagents to form a carbon—carbon double bond as shown



in Fig. 1-3."* The high regio- and stereoselectivity that can be achieved with carbonyl
olefination has found applications in the synthesis of Z-alkenes. Z-Selective carbonyl
olefination reactions include Wittig, Still-Gennari modified Horner-Wadsworth-Emmons

and Peterson olefination reactions.

o Olefination reagent RS

RL%\
R1)LR2 R4

R2 = H (aldehyde)
R? = alkyl, aryl (ketone)

Olefination reagents

R® R® R® R®
Q Q S
R3PJ\R4 (RO)ZOPJ\R“ R3Si)\R4 ArOQS)\R“
Wittig Horner-Wadsworth Emmons Peterson Julia
Reaction Reaction Reaction Reaction

Fig. 1-3 General carbonyl olefination methods.

1.2.1.1 Wittig Reaction

Wittig olefination, a basis for a portion of the 1979 Nobel Prize in Chemistry, is the
reaction of an aldehyde or ketone with a phosphorus ylide to synthesize a new alkene with
the generation of phosphine oxide as the side product.'*'® The Wittig reaction proceeds
through the formation of an intermediate oxaphosphetane followed by stereospecific syn-
elimination of the oxaphosphetane to give an alkene.!* '® Stereoselectivity of the reaction
depends among other factors on the stability of the phosphorus ylide as outlined in Fig. 1-
4."7 The use of an unstabilized ylide gives Z-alkenes and E-alkenes are predominantly

formed when a stabilized ylide is used.



PhsP? Me

tabilized ylid
(unsa ilized ylide) | Yield = 68%
+
Me  z.E=964

E
@Me
Me Me
I . | Yield = 90%
Me Me z.E=18:72
z E

A
P
ot
Me
(stabilized ylide)

Fig. 1-4 Selectivity profile in Wittig reactions based on the stability of the ylide.

The stereoselectivity between E- and Z- product isomers is determined by the
stereochemistry of the intermediate oxaphosphetane. Formation of the less stable syn-
oxaphosphetane is preferred under kinetic conditions and it is promoted by use of
unstabilized ylides (alkyl-substituted ylides), primary aliphatic aldehydes and unsymmetric
ketones such as aryl-alkyl-ketones. The ylide and the carbonyl compound approach each
other at a right angle such that steric repulsion between large substituents are minimized.
Although, less stable, the syn-oxaphosphetane is formed quickly and stereospecific syn-
elimination of the syn-oxaphosphetane produces the Z-alkene (Fig. 1-5).!* In the cases
where the oxaphosphetane is stabilized by an electron-withdrawing group, for example

when R? is an ester, the E-alkene product is generated.



R2

RZ
j:gR3 ] + R4P=0
1
R R

1 2 syn-oxaphosphetane Z-alkene
R R product
H)=O + R3P=(H
‘ R’z R2
e J:(F';RS _ > J/ + R4P=0
1 1
R R
anti-oxaphosphetane E-alkene
product

Fig. 1-5 Stereoselectivity of the Wittig reaction.

The Wittig olefination has proven to be one of the important methods for the
stereoselective synthesis of Z-alkenes in natural products syntheses.'® But the generation
of stoichiometric amounts of phosphine oxide waste and the requirement of a strong base
in the preparation of the phosphonium ylides remain major challenges. Reactive aldehyde
functional groups are a requirement for the reaction in processes that generate 1,2-

disubstituted products, a requirement which can complicate synthesis.

1.2.1.2 Horner-Wadsworth-Emmons (HWE) Reaction — Still-Gennari Modification
The Horner-Wadsworth-Emmons (HWE) reaction is the reaction of an aldehyde
or ketone with a dialkyl phosphonate in the presence of a strong base to make
predominantly E-alkenes.! 2 Compared to the classical Wittig stabilized ylides, the
dialkyl phosphonates are more reactive and are applied in the olefination of sterically
hindered ketones. The HWE reaction is particularly useful in the synthesis of o,p-

unsaturated esters and ketones due to the requirement of the presence of an electron



withdrawing group to stabilize the dialkyl phosphonate carbanion. The dialkyl phosphate

by-product is water soluble and can be easily removed by aqueous extraction.

HWE condition

0
EtO.1
Eto P~~-COEt Me CO,Et Me
Yield = 83%
O)\/ O)\/\COZEt S~ 7.930
NaH, THF E=T
z E
Me
©/\o)\éo
0
F4CH,CO.1
’ FaOH.C0 P ~-COMe Me CO,Me Me
Yield = 84%
oA o)\/\cozlvle ol = o o
KH, THF :E=92:8
z E

Still-Gennari Modification

Fig. 1-6 Still-Gennari modification of the Horner-Wadsworth-Emmons reaction.

In a bid to improve the Z-selectivity of the HWE reaction to a synthetically useful level,
the use of electrophilic bis(trifluoroethyl) phosphonate in the presence of a strong base has
been employed in the Still-Gennari modified-HWE reaction (Fig. 1-6).>! The use of the
electrophilic bis(trifluoroethyl) phosphonate improves the kinetic control of the reaction
towards the formation of Z-alkenes by increasing the rate of elimination of the
oxaphosphetane relative to equilibration with the initial aldol adduct. The kinetic
selectivity of the initial addition step favors formation of a syn-oxaphosphetane in a way
similar to use of unstabilized ylide in Wittig reaction. As the elimination step is fast and
irreversible, the kinetic selectivity in the initial addition step, that favors formation of syn-
oxaphosphetane to generate the Z-alkene product is maintained (Fig. 1-7). The use of

diarylphosphonate as the olefination reagent in the presence of Triton B



(trimethylbenzylammonium hydroxide) or sodium hydride as the base to generate Z-
alkenes has also been reported by Ando.?>** The preference for the generation of the Z-
alkene is promoted by the steric hindrance of the aryl group in the diarylphosphonate to

favor the kinetic pathway in the generation of the syn-oxaphosphetane intermediate.

O -
RO. B H O Hco,R2 2
CO,R? RO.;_ 02 CO,R 0
Still-Gennari/Ando RO e RO‘F-’:[ — 2 RO-B_5
- - 00— y
modified pathw R B 1 RO
ified p o) A R g R! R
Z-alkene
syn-oxaphosphetane
product
o H
RO, SP_COR? ¥ 1>=0

RO”

/

HWE

RO.E H 2 0 Heo,R?
pathway RO” ICOZR SgiP:[ 2 , J/COZ + Ro "-6
- A O
R R'H
anti-oxaphosphetane E-alkene
product

Fig. 1-7 Stereoselectivity in Still-Gennari modified HWE reaction.

1.2.1.3 Peterson Olefination

The preparation of alkenes by reacting a carbonyl compound with an a.-silyl carbanion
is known as the Peterson olefination.>* The first step of the reaction is the addition of the
a-silyl carbanion to the carbonyl compound to generate an intermediate -hydroxysilane.
The intermediate is formed as a mixture of diastereomers. Each diastereomer can be
isolated and the formation of an alkene stereoisomer can be obtained by performing two
different eliminations on the diastereomers as shown in Fig. 1-8. The elimination step can
either be base or acid promoted depending on the stereochemistry of the -hydroxysilane

and on the expected alkene stereoisomer. Z-Alkenes are obtained from acid promoted



elimination of the anti-B-hydroxysilane and base promoted elimination of the syn-f3-
hydroxysilane. The ability to perform either acid or base promoted eliminations on
different diastereomers to obtain a single alkene stereoisomer improves the yield and is a

major advantage of the Peterson olefination reaction.

R3S:i O’Hz base =\ , Z-alkene
\ Y U
R H HR RTR product
SiR; 0
R1J\@H + HJ\Rz acid
R3S1i O’H base R?  E-alkene
EEE— \ Y I —
R H Rlz_l R’ product

Fig. 1-8 Peterson olefination reaction.

Stereoselectivity can be understood from the mechanism of the elimination step (Fig.
1-9). Acid-promoted elimination of the anti-B-hydroxysilane proceeds through protonation
of the hydroxyl group followed by dehydration and desilylation via an anti-elimination
step to form a Z-alkene. Stereocontrol to obtain a Z-alkene from the syn-B-hydroxysilane
can be achieved by a base promoted elimination step in a syn- manner. After deprotonation
of the hydroxyl group, elimination can proceed by 1,3-migration of the silyl group followed
by elimination of trimethylsiloxide. Another possible route is the formation of 1,2-
oxasiletanide followed by elimination of the trimethylsiloxide. The improved yield due to
different elimination conditions to obtain the Z-alkenes from different diastereomers, high
stereoselectivity of the elimination step and higher reactivity of the a-silyl carbanions
towards carbonyl compounds compared to phosphorus olefination reagents are major

benefits of the Peterson olefination reaction. Acid or base promoted elimination conditions
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may promote other side reactions such as double bond isomerization. In addition,
incompatibility with certain functional groups like protic functionalities under these acid-
or base- promoted elimination conditions present some drawbacks in the Peterson

olefination reaction.

a. acid promoted elimination

HZO:\V
. . . 2
R3Si OH acid RsSi, BH —
RV ” RN~ ~ R'R?
H R H (OH,
. . Z-alkene
anti B-hydroxysilane
product
b. base promoted elimination
R;Si,  OH Base RySi. O OSiRs _
R1—R? RM—R? RMT—R? R' R2
H H H H H H
Z-alkene
syn B-hydroxysilane product
R3Si—O
oS¢ I

Fig. 1-9 Proposed mechanism for Z-selective elimination step of the Peterson reaction.

1.2.2. Alkyne Semi-Reduction

Alkyne semi-reduction is the hydrogenation of alkynes to form alkenes. The ability
to stop the reaction once the alkene product is generated and prevent over reduction to the
corresponding alkane is a key requirement to the success of the reduction process. 1,2-
Disubstituted E- or Z-alkenes can be prepared by the stereoselective addition of a molar
equivalent of hydrogen to an internal alkyne. The reaction can be catalyzed using
heterogenous or homogenous catalysis.?®2

The most widely used catalyst for the stereoselective semi-reduction of internal

alkynes to form 1,2-disubstituted Z-alkenes is Lindlar catalyst.”” Lindlar’s catalyst is a
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heterogenous catalyst containing palladium (5-10 wt%) deposited on calcium carbonate,
poisoned with a lead co-catalyst (lead acetate or lead oxide) and quinoline. The poisoning
reduces catalyst activity to prevent further reduction of the Z-alkene product to the
corresponding alkane.?’ Other stereoselective semi-reduction of alkynes to Z-alkenes using
Ni, Rh, Pd, Cr, Zn, Ru and Ti catalyses have been reported.?” The selectivity observed in
these systems depends on kinetic factors and lack of catalyst interaction with the alkene
product.?

The alkyne semi-reduction mechanism using Lindlar’s catalyst is similar to the
heterogeneous Pd-catalyzed hydrogenation of alkenes outlined in Fig. 1-10. The alkyne
semi-hydrogenation is stereospecific and occurs through a syn-addition to give the
corresponding Z-alkene. Semi-reduction with Lindlar’s catalyst suffers from a number of
drawbacks such as the partial isomerization of the Z-alkene product to the E-alkene and
problems with reproducibility.?® Careful optimization and control of reaction parameters
are typically required to achieve high yields and selectivity in Lindlar-type alkyne

hydrogenations.
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Hd# TARY
|
metal catalyst surface metal catalyst surface

Fig. 1-10 Heterogeneous catalytic Z-selective hydrogenation of alkyne.

The homogeneous hydrogenation of alkynes has also been studied in detail. A
representative example is discussed below. Elsevier and co-workers reported the
stereoselective hydrogenation of alkynes using a homogenous zerovalent palladium
catalyst supported by diamine ligands.?” Under mild reaction conditions, a wide variety of
alkynes can be reduced to the corresponding alkenes with high Z-selectivity. The rigidity
of the diamine ligand enables correct orientation for the palladium to coordinate to the
alkyne. Stronger coordination of the alkyne to the palladium center lowers the amount of
alkene complex thereby lowering the over-reduction of the alkene product generated. 2’
The reaction proceeds via an alkyne coordination, followed by a stereodefined syn-

hydropalladation of the alkyne. Subsequent reductive elimination generates the Z-alkene

product (Fig. 1-11).
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Fig. 1-11 Mechanism of the Pd° catalyzed Z-selective hydrogenation of alkynes.

1.2.3 Cross Coupling Reactions

Cross coupling reactions between an organohalide and organometallic reagents in
the presence of a metal catalyst is a powerful tool for the formation of new carbon—carbon
bonds in organic synthesis.** ! Transition metal catalysts such as Pd, Ni, Cu and Fe (among
others) and organometallic reagents like organo- boron, magnesium, silicon, zinc, and tin
species have been employed to effect cross coupling reactions.’® Stereoselective cross
coupling reactions to make either E- or Z-alkenes involve the use of an alkenyl metal
species or alkenyl halide to be coupled with the corresponding organic halide or

organometallic reagent respectively.
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As the cross coupling step is usually stereospecific, the stereochemistry of the
starting alkenyl metal species or alkenyl halide has to be established before the cross-
coupling reaction (Fig. 1-12a).>? As an example, cross coupling between a Z-alkenyl halide
and an organometallic reagent proceeds through an oxidative addition of the Z-alkenyl
halide at the metal. The oxidative addition is followed by transmetallation of the

organometallic reagent, then reductive elimination to generate the product (Fig. 1-12b).

a. Cross coupling reactions to make Z-alkenes

[M]
R' X 2_ R' R?
\—/ + R-m —

alkenyl halide
OR

[M]
R' m 2_ R' R?
\—/ T RX \—/

alkenyl metal

b. Z-selective cross coupling mechanism using Z-alkenyl halide

1 B2 M]
i \(R:_/X
R? X
| 1
M) R/

R'I
\—/

Xem R%-m
[M] = Pd, Ni, Fe, Cu
m = B, Mg, Al, Si, Zn, Zr, Sn

Fig. 1-12 General catalytic cycle for Z-selective cross coupling reaction.
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Z-Selective cross coupling reactions for the synthesis of 1,2-disubstituted Z-alkenes
uses either Z-alkenyl metal species or Z-alkenyl halides to be coupled with an organic
halide or organometallic reagent respectively as the starting reagents. These Z-alkenyl
species can be prepared from terminal alkynes through hydrometallation®® and
hydrohalogenation®* reactions. For example, Z-alkenyl bromides have been synthesized via
the hydroboration of terminal alkynes with catecholborane. The trans-
alkenylcatecholboronic ester intermediate generated undergoes a frans-bromination and a
subsequent trans-elimination to make a Z-alkenyl bromide (Fig. 1-13a).>> Rh-catalyzed
hydroboration of terminal alkynes to make Z-alkenyl pinacolboronic esters has also been
reported (Fig. 1-13b).>® Intramolecular Suzuki cross coupling reaction to synthesize Z-
alkenes has been demonstrated in the synthesis of a 12-membered macrolactone
intermediate in the natural product synthesis of oximidine II.>7 It involved a Pd-catalyzed
cross coupling reaction between a Z,Z-dienyl bromide and an E-alkenyl potassium
trifluoroborate to form an E,Z,Z conjugated triene as shown in Fig. 1-13c. With several
available methods for cross coupling reactions, chemoselectivity is a major challenge in

the presence of similar functionalities that can react under the same condition.
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a. Synthesis of Z-alkenyl bromide

0
1) @EGBH

THF, reflux

= —\
R1// R' Br
2) Bry, CH,Clyp, —40 °C 90-95% yield
3) NaOMe, MeOH >98% Z-selectivity

b. Synthesis of Z-alkenyl boronic ester

1.5 mol % [Rh(COD)ClI],

Me 6 mol% P(iPr (I
A Me—© @ PP1s R B0
» + el B O AMe
|\P}|e O NEt,, cyclohexane 22 °C M M Me

59-81% yield
Z:E =89:11 to 91:1

c. Stereoselective macrocyclization via Suzuki coupling

10 mol% Pd(PPh3), NOMe
OMOM 5 equiv. Cs,CO;3
THF:H,0 (10:1)
Z z) Br reflux 20 h

Ezz
42%

Oximidine

Fig. 1-13 Synthesis of Z-alkenyl bromide, Z-alkenyl pinacolboronic ester and application

in Z-selective intramolecular cross coupling reaction.

1.2.4 Olefin Metathesis

The redistribution of the substituents of alkenes to generate a new alkene can be
achieved through different classes of olefin metathesis such as cross, ring-opening and ring
closing olefin metathesis reactions. Generally, olefin metathesis proceeds through a
cycloaddition between an alkene and a metal alkylidene to form a metallacyclobutane.

Cycloreversion of the metallacyclobutane either goes through a productive generation of a
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new metal alkylidene and ethylene or the non-productive starting alkene and metal
alkylidene generation. If productive, the new metal alkylidene center can react with a new
olefin to generate the olefin metathesis product and the initial metal alkylidene as shown
in Fig. 1-14.3% % Several catalysts based on molybdenum (Mo), tungsten (W), and
ruthenium (Ru) centers have been developed over the years to improve the Nobel Prize
winning reaction.* ** Given that the process is typically reversible at each mechanistic
step, the product distributions obtained by olefin metathesis reactions are close to the

thermodynamic ratio, and thus give E-1,2-disubstituted products.

2

% M}= &R&

[M] M=
R1J:L =

Rz g

-1 ]

[M] = Mo, W, Ru

Fig. 1-14 General mechanism of olefin metathesis.

Based on an understanding of the structure and stability of substituted
metallacyclobutanes, catalyst designs for Z-selective olefin metathesis has been developed

(Fig. 1-15).%® Initiated by Schrock and Hoveyda, the use of W and Mo monoaryloxide

17



pyrrolide (MAP) complexes has been applied in Z-selective cross-metathesis (CM) and
ring-opening/cross-metathesis (ROCM) reactions.**** Recently, ruthenium catalysts with
cyclometalated N-heterocyclic carbene (NHC) ligands have also been reported by Grubbs

and co-workers to be efficient Z-selective olefin cross metathesis catalysts.* 4’

N ' N/_\NM
— —NMes
%/('Yle N N’“"'\I/\I/ e @/\Y
MePh M"Ph /Rlu_
iPr:

Pr o/ e, e _ipr t8u0co’ )
Pr O Pr Ru-NHC complex
Mo-MAP complex W-MAP complex (Mes = 2,4-trimethylphenyl)

Fig. 1-15 Representative examples of Z-selective olefin metathesis catalysts.

The origin of Z-selectivity could be explained with the Mo-MAP complex as outlined
in Fig. 1-16.*? Large size differences between the freely rotating but bulky aryloxide and
small imido group is a key factor. The large size difference favors the approach of the
incoming alkene with substituents directed towards the imido ligand and reaction with the
syn-alkylidene to form a cis-metallacyclobutane. Cycloreversion of the cis-
metallacyclobutane forms the Z-alkene with the regeneration of the syn-alkylidene which
goes back into the catalytic cycle. Ru-based catalyst systems operate by a similar principle,
where a rigid, bulky ligand enforces the approach and cycloaddition of an incoming alkene
such that its R-group lies along the same face of metallocyclobutane as the R-group of the
Ru-alkylidene.*® With the progress recorded in the Z-selective olefin metathesis, designing

the catalysts for specific types of metathesis reaction — cross metathesis, ring-
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opening/cross-metathesis, ring closing metathesis, is still required. In addition, the catalysts
are usually substrate specific, thus making the catalysts design more difficult and this limits
the generality of the Z-selective olefin metathesis process. The use of a Z-selective olefin
metathesis catalyst for a particular type of metathesis reaction would lead to undesired

products when used for another type of metathesis reaction.*?

Fig. 1-16 Mechanism of Mo-catalyzed Z-selective olefin cross metathesis.

1.3 Conjugate Addition Reaction

The addition of a nucleophile to an electron deficient alkene is generally referred
to as conjugate addition.*® As a useful method in the synthesis of carbon—carbon and
carbon—heteroatom bonds; transition metal- and organocatalyzed enantioselective
conjugate addition processes have been developed and used in complex molecule
synthesis.‘”'49 Transition metal catalysts based on Cu, Rh, Fe, Ni, Zn, Ru, Ir and Pd
catalysts are common catalysts used in conjugate addition reactions.*’ The use of
organocatalysts such as cinchona-derived phase transfer catalysts and secondary or primary

amine organocatalysts have also been reported.*® 3! Conjugate addition reactions have,
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in limited cases, been developed to prepare Z-alkenes from dienes. Due to the importance
of this topic to the thesis, a general overview of conjugate addition chemistry will be
provided along with a discussion of known protocols to generate Z-alkenes by the
technique.

Thanks to decades of research, a wide array of nucleophiles have found application
in conjugate addition reactions including organometallic nucleophiles such as organo-
magnesium, zinc, aluminum, boron, silicon, zirconium, tin, copper and lithium reagents.**
52" Non-organometallic nucleophiles like malonates, 1,3-dicarbonyls, nitroalkanes,
aldehydes, ketones, amino acid derivatives and heteronucleophiles can also be used.*
Electron deficient alkenes such as carbonyl-, cyano-, sulfonyl- and nitro- activated
monoenes, dienes or trienes are suitable for conjugate addition.** Depending on the number
of double bonds in the electron deficient alkene and other factors such as whether the bonds
are in conjugation or not, addition can proceed through either 1,2- 1,4- or 1,6- addition
pathways (Fig. 1-17).

Selectivity (stereo- and regiocontrol) is an important goal in conjugate addition
reactions because, different sites are prone to nucleophilic attack and can lead to different
stereo- and regioisomers. In an electron deficient diene for example (Fig. 1-17), conjugate
addition is more problematic because, the extension of the m-system results in another site
for nucleophilic attack.*®*7 In this case, formation of the 1,4-conjugate addition product is
favored compared to the 1,6-conjugate addition product because of the higher reactivity at
the B-position compared to the o-position. The d-position is less prone to nucleophilic
attack because of the poor electronic propagation through the conjugated system. To

achieve selectivity control in conjugate addition reactions, steric crowding at the less
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favored position to prevent nucleophilic attack or the designing of an activation mode to

make the favored position more electropositive and prone to nucleophilic attack are the

main strategies. These can be achieved through substrate or catalysts control.*¢ 54

—————— X _— X
1,2 - addition Y N, Me 7 % Me

Nu O
o] Nu Nu O E* 5
5. B 5 L V1
WLMe WMe 7B Ea Me

T ou 1,4 - addition v PBa

Nu 5 B O_ E* S B (0]
1,6 -addition NU 7 g Me Nu I Me
=
5 Bao 5 Bao
NUWLMe —~ NUWLMe
" E E
Nucleophiles
Organometallic

) R-MgBr, R-Zn, R-Al, R-B(OH), etc.
nucleophiles:

N talli o O o O 2
on-organometallic Yj\ ~
R! R2 R" "NO, etc.
nucleophiles: R1”\/U\R2 R1 OJ\/U\ORz 0o 2

Fig. 1-17 Nucleophilic conjugate addition to electron deficient diene.

Terminal polarization of the activated diene to make the J-position more
electrophilic, favors the addition of the nucleophile at the d-position. Factors to achieve
addition at the d-position include steric effects, electronic effects and the nature of the

added nucleophile (Fig. 1-18).*” Yamamoto and co-workers reported the use of

different copper reagents, BuCu*BF3 (Yamamoto cuprate) and Bu,CuLi (Gilman
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reagent) to achieve regiocontrol in conjugate additions (Fig. 1-18a).” The electron
density tuning in the copper reagents afforded 1,6-conjugate addition and 1,4-conjugate
additions respectively. The use of substituent groups to prefer one type of addition over
the other has been reported by Csaky and co-workers (Fig. 1-18b).> 1,6-Conjugate
addition generally proceeds through the formation of an extended enolate which can

then be trapped by an electrophile or protonated at the o or y positions (Fig. 1-17).

a. Regiocontrol using copper reagents

2.0 equiv. [Cu] BU BU
Me” X CO:Me I~ COMe |, S A_CO,Me
Et,0, 30 °C — rt Me g Me g
1,6-addition 1,4-addition
product product
Selectivity
1,6-addition 1,4-addition
product product
BuCu.BF5 = 44% yield | 7 92
Bu,CuLi = 82% yield 100 0

b. Regiocontrol using substituent group

2.0 equiv. Ph-B(OH),
3.0 mol% [Rh(COD),]BF,
1.0 equiv. Ba(OH), oh

Ph
RN COE R—gcozEt R/\)\/COZEt

dioxane:H,0, 100 °C

1,6-addition 1,4-addition
product product
Selectivity
1,6-addition  1,4-addition
product product
R = Me, 90% yield 82 18
R = Ph, 85% vyield 20 80

Fig. 1-18 Regiocontrol in conjugate addition.
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Transition metal catalyzed 1,6-conjugate addition is dominated by Rh and Cu
catalysts. Other transition metal catalysts for 1,6-conjugate addition include Fe, Ir, Ru, Ni,
Pd and Al based catalysts.>’-** While the 1,6-conjugate addition of alkyl groups to electron
deficient dienes utilizing organo- lithium, magnesium and zinc reagents is mostly catalyzed
by Cu or Al,*’ the 1,6-conjugate additions of aryl or alkenyl groups are catalyzed by Rh, Ir
or Pd in the presence of organo- boron, tin, titanium and silicon reagents.’® >” These
methods are useful in the asymmetric synthesis of new carbon—carbon bonds. An example
of a Rh-catalyzed asymmetric 1,6-conjugate addition of arylzinc reagent in the presence of
a Lewis acid to make 2,4 dien-1-one is outlined in Fig. 1-19a.%° 1,6-Conjugate addition
reactions catalyzed by organocatalysts have also been reported.*®: 66

Transition metal catalyzed stereoselective 1,6-conjugate addition to synthesize Z-
alkenes using silyl,®” ®® boronic acid** and Grignard®® reagents has been reported. Z-
Selective Rh-catalyzed 1,6-conjugate addition of arylboronic acids reported by Csaky and
co-workers (Fig. 1-19b) proceeds through the transmetalation of the aryl boronic acid
reagent with the Rh-catalyst to generate the arylrhodium species. The arylrhodium species
insert into the y,0-double bond of the dienoate followed by m—allyl isomerization to

generate an oxo-m-allylrhodium complex. Subsequent acid hydrolysis generates the 3,0-

unsaturated ester.
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a. Rh-catalyzed asymmetric 1,6-conjugate addition of arylzinc reagent

3 mol% [RhCI((S)-Binap)],
1.4 equiv. ArZnCl

0 1.5 equiv. Me,SiCl OSiMe; dil. HCI 0
g, THF, 20 °C NBy BU

b. Rh-catalyzed Z-Selective 1,6 conjugate addition of arylboronic acid

2.0 equiv. Ph—B(OH),
3.0 mol% [Rh(COD),]BF,
1 equiv. Ba(OH),

_ _~_CO,Et
ANPC0,E )/V

dioxane:H,0 (10:1), rt Ph

80 % vyield
Ph-B(OH
(OH), ANPCOo,Et “h
Rh-OH A? Rh-Ph
Ph\)\/\COZEt

B(OH), ‘
_~_CO,Et H* /ORh
Rh-OH + J/V f\)\oEt

Ph o

Fig. 1-19 Rh-catalyzed 1,6-conjugate addition reaction.

Z-Selective hydride addition to electron deficient dienes such as methyl sorbate,
sorbic acid and sorbic alcohol catalyzed by Cr and Ru is shown in Fig. 1-20.2% 7% 7! Regio-
and stereocontrol is dictated by the diene coordination in an #? s-cis fashion to the metal
center to allow for a rapid hydride delivery to form the Z-alkenes. Z-Selective hydride
addition to sorbic acid or sorbic alcohol is particularly useful as it can be used to access a
high value fragrance, Z-hex-3-en-1-ol sold as ‘leaf alcohol’. The selectivity of the process

is essential because the E-hex-3-en-1-ol has a very terrible odour.
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a. Cr-catalyzed hydride addition

5 mol% CrCOg3Benzene

ﬁCOzMe 48 atm H2 vaOzMe

cyclohexane, 165°C, 8h  Me 94% vyield

Me

b. Ru-catalyzed hydride addition

6 mol% [Ru]
/(VCOZH 60 bar H, f\/COZH
Me | ethylene glycol ~ Me  EDILTTTIITTITT .
78 % conversion 126 60°C 75 % ﬁ :(-
ZE=96:1 i[Ru] = Ru
2 mol% [Ru] Me_UCOZH

: X = Tf, BARF :
ﬁ/\OH 20 bar H2 f\/\OH N e K

Me ethylene glycol
88 % conversion MTBE, 60 °C 87%
Z:E =99:1

Fig. 1-20 Z-selective conjugate hydride addition.

The use of electron deficient dienes as pronucleophiles to generate allylmetal
nucleophiles for use in reductive coupling reactions with electrophiles has been expanding
in recent years.”> ”* Reductive coupling reactions involving catalytically generated metal
allyl species derived from electron deficient dienes and electrophiles that employ organo-
boron, silicon and zinc reagents as the hydride source have been reported.”*’® The use of
cheap and readily available hydride sources such as molecular hydrogen, isopropanol and
formic acid in reductive coupling processes improve safety and reduce selectivity

challenges associated with the use of organometallic reagents.”> 7 76!

Carbonyl
compounds, imines and their derivatives are useful electrophilic partners in these reductive

coupling processes promoted by Ni, Ru, Rh, Ir, Ti and Cu catalyses.”” The reductive
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coupling proceeds through the metal hydride insertion into the electron deficient diene to
generate an allylmetal species which is subsequently trapped by an electrophile to generate

the alkene product (Fig. 1-21).

e Yo YL (M= )H\(\/G £ R/\/\rE
R R
o (M) ©
lene allylmetal species alkene

pronucleophile

[MI: Ni, Ru, Rh, Ir, Cu etc. E*: R'CHO, R'COR?, R'CNRZ? etc

Hydride sources
Organometallic sources: organosilicon, organoboron, organozinc reagents
Other sources: molecular H,, iPrOH, HCO,H etc

Fig. 1-21 General scheme for reductive coupling using an electron deficient diene as

pronucleophile.

Stereoselective reductive coupling utilizing electron deficient dienes as
pronucleophiles with aldehyde electrophiles and catalyzed by Ni and Rh to generate Z-
alkenes is outlined in Fig. 1-22.8% % The hydride sources in these cases are triethylsilane
for the Ni-catalyzed reductive coupling and triethylborane for the Rh-catalyzed reductive
coupling processes. An example to generate Z-alkenes via a Rh-catalyzed reductive
coupling of methyl sorbate and benzaldehyde is shown in Fig. 1-22b. Rh—H generated
from Rh—OH and the triethylborane adds to the conjugated diene to form an allylrhodium
intermediate which is trapped by benzaldehyde via a transition state with minimal
unfavorable non-bonding interactions with the ligand to form Z-homoallylic alcohol.®* Z-
Selective reductive coupling of conjugated dienes with aldehydes and imines through allyl

metal chain walking has been pioneered by Lam and co-workers.* %
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a. Ni-catalyzed Z-selective reductive coupling

20 mol% Ni(COD),
20 mol% Ligand
i ; OEt3Si
O Me 5.0 equiv. Et3SiH k)

PP L A M
H Me i Ph M
0.4 equiv. Cs,CO3 Ph e

Toluene, 50 °C

91% yield, anti-product
82% ee, E:Z =1:20
Me Me

b. Rh-catalyzed Z-selective reductive coupling

1.0 equiv. PhCHO
1.0 equiv Et3B

5 mol% [Rh(COD)OH], OH
Me” X Xx-CO2Me f\E)\Ph
THF, 50 °C Me” ~ CO2Me
90% yield
Syn-product
Rh-OH
OH Et3B

f\:)\Ph EtZBOH
¢o,Me Rh-Et

Me H,C=CH
Et,B or Et,BOH 2 2
+ workup

Rh\é\/\/COZMe

oL

Me
H Me —
H —
O)\Ph Rh

MeO,C

CO,Me

Fig. 1-22 Z-selective reductive coupling of diene and aldehyde.



With some limitations to the established methods to prepare Z-alkenes especially
tolerance to unsaturated functionalities, a new method, complimentary to these existing
protocols is desirable. Reductive processes for Z-alkene preparation involving catalytic
transformation of electron deficient dienes using cheap hydride sources with tolerance to

reducible functionalities including unsaturated groups could offer an alternative pathway.

1.4 Overview of Thesis

The description of the discovery and development of new catalytic methods to
synthesize Z-alkenes from electron deficient dienes is provided. Mechanistic studies to
understand the origin of Z-selectivity are carried out. A particular emphasis was placed on
identifying reaction processes and conditions that demonstrated chemoselectivity for Z-
selective reductive functionalization in the presence of other potentially reducible or
reactive functional groups.

Chapter 2 discusses the development of Z-selective formate-mediated 1,6 reduction
of electron deficient dienes. Mechanistic studies suggest that chemo- and regioselectivity
are controlled by substrate coordination to the Rh-catalyst for selective hydride delivery.
Tolerance to unsaturated functionalities and electrophilic groups was also demonstrated.

Chapter 3 discusses the Rh-catalyzed, Z-selective reductive coupling of dienes and
aldehydes to access Z-homoallylic alcohols. The effect of catalyst components was
understood through mechanistic experiments and kinetic analysis. The use of
cyclooctadiene ligand was found to be essential for the reductive coupling process and

triphenylphosphine ligand promotes catalyst lifetime. An understanding of ligand effects
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in Rh-catalyzed reactions of dienes has enabled related enantioselective processes to be
developed (see Chapter 5).

Chapter 4 provides detail on the development of the Z-selective reductive coupling
of dienes and imines to access homoallylic amines. Optimization of the process shows that
substrate electronic and steric factors play a major role in the regioselectivity of the
reductive coupling.

Chapter 5 gives a brief summary of the key achievements of the thesis, unanswered
questions, and an overview of future work that has been inspired by the findings of the

thesis.
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CHAPTER 2 - Rh-Catalyzed Formic Acid Mediated Z-Selective 1,6-Reduction of
Electron Deficient Dienes
2.1 Introduction

A large number of bioactive molecules contain Z-alkene units (Fig. 2-1), and
stereospecific transformations of Z-alkenes are commonly used to develop molecular
complexity.®¢°! Thus, the synthesis of less thermodynamically stable alkenes is an

important goal.

Me
=N Me
S = //l,,
(@)
O OHO
Epothilones C 11-cis-retinal Latanoprost
Anticancer Visual Pigment Antiglaucoma

Nakadomarin Discodermolide Simeprevir
Antibacterial Antifungal Antihepatitis C

Fig. 2-1 Examples of bioactive compounds containing Z-alkenes.

13, 38

An array of methods to generate Z-alkenes with high stereoselectivity, while
maintaining control over chemo- and regioselectivity when employing unprotected,
polyfunctionalized substrates remains a challenge. Z-Selective carbonyl olefination

reactions using phosphorus-, silicon- or sulfur-containing precursors have enabled the

30



preparation of Z-olefins in a myriad of settings.'* These processes are usually non-catalytic
and the requirement for stoichiometric generation of main-group element ylides (typically
P- or Si- units) intermediates over an additional synthetic step limits efficiency.
Furthermore, the strongly basic reaction conditions are often incompatible with protic or
electrophilic functionality.'® Alternative methods for Z-olefin synthesis include Z-selective

26-29 and alkene metathesis reactions.**** %2 Despite their remarkable and

alkyne reductions
growing utility, alkyne semi-reduction and Z-selective metathesis reactions can exhibit
poor chemoselectivity on targets bearing multiple alkyne or olefin units. There remains a
need for complementary catalytic approaches to Z-olefin synthesis in the presence of other
carbon—carbon n-bonds and protic or electrophilic groups.

Catalyst-controlled addition of nucleophiles to carbonyl-activated dienes is a
pivotal method to generate functionalized olefins.*”> 4% 3% %3 In select cases, these
transformations enable highly regioselective 1,6-addition to deliver y-substituted E-
alkenes.> **°7 By contrast, Z-selective 1,6-additions to electron deficient dienes remain
rare.>* %7%° The addition of hydrogen or hydride equivalents to extended Michael acceptors
to generate Z-olefin products is limited to Cr-promoted reactions (Fig. 2-2a) requiring
forcing conditions (typically >150 °C).”%°® The Cr-promoted 1,6-hydride addition employs
the use of chromium tricarbonyl arene complex catalyst and proceeds through a solvent
activation step to generate the chromium tricarbonyl solvent complex via the loss of the
arene ligand. The chromium tricarbonyl solvent complex is the active catalyst and can be
described as a twelve-electron complex with three vacant coordination sites due to a weak

coordination of the solvent to chromium.?® The mechanism can proceed through two

possible routes; the hydride route or the diene route. The hydride route involves the
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oxidative addition of dihydrogen to generate the Cr—hydride complex which subsequently
coordinates to the diene in an #* fashion to generate the chromium hydride diene complex
leading to a rapid hydride transfer to the diene to generate the Z-alkene. The alternate diene
route proceeds through the coordination of the diene in an #? fashion to the active catalyst
followed by the molecular hydrogen activation. Kinetic studies at high hydrogen pressure
and elevated temperature demonstrate the hydride route to be more operative and the
oxidative addition is the rate determining step. The regio- and stereocontrol within these
processes is proposed to be dictated by the generation of a conformationally rigid 5 s-cis
diene coordination to the chromium center to allow for a selective hydride delivery to
generate the product. The 1,6-cis reduction of sorbic acid has been documented with
Cp*Ru-based catalysts (Fig. 2-2b), however careful monitoring of the reaction is required

to prevent substrate over-reduction and isomerization.”!
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a. Cr-catalyzed hydride addition

5 mol% Cr.CO4Benzene

J|/\/c:()2,v|e 48 atm H2 f\/COZMe

Me cyclohexane, 165 °C, 8 h Me 94% yield

Mechanism

<

wCr,
oc™ £\
\ + 3 Sol
Hydrid Sol Di
ydride 0C, T xSol lene
route Cr‘\ Me._~ route
H, oc” | >sol v\|L
CO,Me
Me Me
HH Sol
OC/"C|/ \Sol \ OC"" \“‘\\‘\
re [
oc” | sol oc” | ¥
Cco CO,Me COCOZMe
Me Me
OCH M W™
CO,Me Cres
/l P
ocC co
CO,Me

b. Ru-catalyzed hydride addition

Me ethylene glycol ~ Me

6 mol% [Ru] . +
60 bar H : ﬁ -
J|/\/C;()2H 2 f\/COZH E[RU] - X E

MTBE, 60 °C H
78 % conversion ’ 75 % : X = Tf, BARF

ZE =961  Mercemcimiiiiiia 2

Fig. 2-2 Z-Selective catalytic 1,6-hydride addition to electron deficient dienes.

This chapter describes the Rh-catalyzed formate-mediated reduction of electron
deficient dienes to generate Z-olefins.””: 1% Substrate coordination and hydride delivery

from a Rh-catalyst is shown to dictate a chemo- and regioselective process. Other
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unsaturated groups such as non-activated olefins or dienes, a,-unsaturated esters, internal
alkynes and a host of electrophilic groups are tolerated (Fig. 2-3). The process offers a new
opportunity to prepare polyfunctionalized Z-olefins in complex substrate environments
without protecting groups. A mechanistic analysis of the process shows carefully
controlled addition of hydride equivalence is required to achieve high selectivity as the

first-formed reduction product is prone to isomerization and further reduction.

cat. [Rh], PArs ) G
R/\/\/G J/\/
HCO,H/NEt,

| R™ 4
dienyl-Rh Z-selective
intermediate \ e wl 1,6-addition
[chemoselectivity] R [stereoselectivity]

G = ester or amide
tolerates

RS e e v
(Ao o) e

Fig. 2-3 Rh-catalyzed hydride addition to generate Z-olefins.

2.2 Development of Chemoselective Synthesis of Z-Olefins through Rh-Catalyzed
Formate Mediated 1,6-Reduction of Electron Deficient Dienes

After surveying a broad range of reaction conditions and catalysts, it was found that
2.5 mol% [Rh(COD)CI]> and 15 mol% PPh3 in the presence of formic acid/NEt; in
acetonitrile provided the desired mono-reduced olefin 2-2 in 80% yield with 96:4 Z/E
selectivity using the model dienoate substrate 2-1 (Table 2-1, entry 1). The nature of the

pre-catalyst was important; RhCI(PPhs)s, alternative Rh/PPhs stoichiometries, or the use of
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other ligands resulted in reduction with moderate to low E-selectivity (Table 2-1, entries
2-8). The poor reactivity observed when other phosphine ligands instead of
triphenylphosphine were used may be related to the difficulty to generate Rh—H for the
reduction in the presence of these ligands (Table 2-1, entries 4-8). This may be due to
electronic properties, steric properties or possible coordination of substituents on the
phosphine to rhodium. Other metals, including Ir, Cu, and Pd did not generate the Z-olefin
product (Table 2-1, entries 9-11). When alternative reductants were used, including Ho,
diphenylsilane (Ph2SiH>), or pinacolborane (HB(pin)), poor product yields were observed
(Table 2-1, entries 12-14). Reactions conducted with lower catalysts loadings (0.5 mol%
[Rh(COD)CI]»2) at 50 °C resulted in similar product yields and selectivities (Table 2-1,
entry 15). In the productive Rh-catalyzed reductions, the remaining mass balance is
typically 5-10% a.,B-unsaturated ester that could arise from either direct reduction at the

more remote olefin position or from isomerization of product 2-2.
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2.5 mol% [Rh(COD)ClI],

15 mol% PPh; CO,Bn
A AL02BN f\/
nPr N
21 1.0 equiv. HCO,H/NEt; (5:2)  nPr 2.2
MeCN, 35 °C
entry deviation from above conv. (%) yield (%) [Z/E]
1 none 91 80 [96:4]
2 Rh(PPh)3CI (no PPhj3) 94 41 [31:69]
3 1:1 Rh:PPh; instead of 1:3 93 40 [28:72]
4 no PPhy 93 52 [25:75]
5 P(OPh); instead of PPhy 59 47 [50:50]
62 Dppe instead of PPhy 7 7 [nd]
78 [(2-MeO-CgH,)]5P instead of PPhs 52 22 [29:71]
82 [(3,5-CF3-CgH3)]3P instead of PPhj <5 4 [nd]
9 [Ir(COD)CI], 24 <2
10 Cul <2 <2
11 Pd(OAc), 20 <2
12 H, (1 atm) instead of HCO,H/NEt; 37 5 [nd]
13 Ph,SiH, instead of HCO,H/NEt; 54 7 [57:43]
14 HB(pin) instead of HCO,H/NEt; 54 14 [86:14]
15° 0.5 mol% [Rh(COD)CI],, 3 mol% PPh; 89 79 [96:4]

0.2 mmol scale, 1.0 equiv. HCO,H, 0.2 M, yields and conversions
determined by calibrated 'H NMR spectroscopy using dibenzyl ether as
internal standard. a) 1.2 equiv. HCO,H/NEt; (5:2). b) at 50 °C, 48h.

Table 2-1 Effect of selected reaction parameters on the Rh-catalyzed Z-selective 1,6-

reduction of dienyl esters.

A preliminary mechanistic hypothesis for the Rh-catalyzed reaction to account for
the observed selectivity involves the chelation-controlled 1,6-reduction of the diene
substrate. Over-reduction or isomerization was not observed under the standard reaction
conditions, suggesting the ability to conduct chemoselective hydride additions. It was
reasoned that electron-rich olefins, polar unsaturates, and suitably substituted alkynes
should not be reduced at rates competitive with bidentate extended Michael acceptors. To
rapidly test the hypothesis, a functional group tolerance screen with an array of unsaturated
substrates was conducted (Table 2-2).1! In these experiments, one equivalent of an

unsaturated substrate was added to a standard Rh-catalyzed reduction using substrate 2-2.
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Product yields and consumption of the added substrate were monitored by nuclear
magnetic resonance (NMR) spectroscopy and gas chromatography (GC). Under standard
reaction conditions, aryl/silyl and dialkyl alkynes (Table 2-2 entries 2 and 3), internal and
terminal olefins (Table 2-2 entries 4 and 5), a,pB-unsaturated esters (Table 2-2 entries 6
and 7), electron-rich dienes and aldehydes (Table 2-2 entries 8 and 9) were tolerated (>70%
product formation, <20% additive consumption). Of the array of substrate classes
examined, only terminal and diaryl alkynes (Table 2-2 entries 10 to 12) were found to be
incompatible. These groups both poisoned dienoate reduction and were partially

consumed.
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2.5 mol% [Rh(COD)CI],
5 mol% PPh,

1.0 equiv. additive CO,Bn
AA-C0,Bn z
nPr X7
2.1 1.0 equiv. HCO,H:NEt; (5:2) nPr 2.2
MeCN, 35 °C

yield of Additive yield of Additive
entry Additive 2-2 remaining entry Additive 2-2 remaining

(%) (%) (%) (%)

1 none 824 none 7 Ph\/\COZMe 74 98 ¢

2 Ph—=—TMS 764d 92y 8  Ph NNA_OH 724 85

3 Et———€Et 704 84 9 ©\¢O 744 >99.

4 CiHoAop 704 1004 10 CoHyZ 2% 65%
=
5  CH T 717d 85d 1 F,h// 3 x 67 %
Me ~ Ph
6 “coMe 764 04 12 Ph/ 56x% 63 %

Reactions performed on 0.20 mmol scale according to the general procedure, with an additional 1.0
equivalent of additive. Yields and conversions determined by calibrated '"H NMR spectroscopy using
dibenzyl ether as internal standard. General assessment of product yield and additive recovery based on
:Yield:100 — 70%(good+/), 69 — 0% (poorX ). n.d. not determined; Additive Conversion: <20 % good(« )
>20% (poor x ).

Table 2-2 Functional group tolerance screen for Rh-catalyzed Z-selective 1,6-reduction

of electron deficient diene.

The substrate scope of the Rh-catalyzed Z-selective 1,6-reduction of dienoates was
evaluated (Table 2-3 and Table 2-4). Calibrated 'H NMR yields, conversions and
selectivites along with isolated yields are shown for the examples in Table 2-3 and 2-4 to
provide information on both the inherent reactivity of each substrate. Isolated yields of pure
(>95%) Z-reduction products were achieved by using silver-impregnated silica gel.

Aliphatic and aryl groups at the terminal position of the dienoate led to product formation
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in similarly high selectivities (2-2 to 2-8), including unsubstituted (2-5) and cyclopropyl
(2-4) substituted species. Substrates bearing electron-rich (2-9) or electron-poor (2-10)
heterocycles, electrophilic ketone (2-11) and aldehyde (2-12) functionalities, as well as
amines (2-13,), alkyl chlorides (2-15), and alkyl nitriles (2-16) gave Z-alkene products in
good yield and typically >95:5 Z:E selectivity. The formate-mediated reduction method
allowed for the preparation of Z-alkene containing molecules that contain pendent carbon—
carbon unsaturation, including terminal alkenes (2-18), internal alkenes (2-19), o,p-
unsaturated esters (2-20), and alkynes (2-14). These types of stereochemically defined
polyunsaturated products would be difficult to obtain directly via established catalytic
semi-reduction or metathesis reactions. The process can be scaled to deliver gram-

quantities of product (2-7, 1.2 g, 69% yield).
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2.5 mol% [Rh(COD)CI],

15 mol% PPhs CO,R'
ALCOR z
R 2
1.0 equiv. HCO,H:NEt; (5:2) R
[e]
Diene scope [R' = Bn or Et] MeCN, 35 °C
R = Me/\/. Me/. V. H/'
yield 2-2 74%°2 2-3 75%*2 2-4 67%"% 2-5 69%*2
conv. (nmr) 91% conv. 95% conv. 92% conv. 94% conv.
nmr yield [Z:E] 80% [96:4] 82% [96:4] 72% [97:3] 80% [90:10]
. Br
N ‘e
o o OF vy
2.7 75%?2 N N
2-6 65%? 93% conv. 2-8 74%2 29 73%P 2-10 61%°
91% conv. 81% [96:4] 95% conv. 90% conv. 83% conv.
81% [85:15] [gram scale: 1.2g, 69%)] 79% [96:4] 77% [96:4] 68% [96:4]
:\< ‘ Cl
)U \/©/. No~"* TIPS/\/. ~~~
2-11 62%° 2-12 66%° 2 13 69%2 2-14 71%° 2-15 78%°
90% conv. 90% conv. 93% conv. 93% conv. 91% conv.
75% [95:5] 73% [96:4] 78% [97:3] 74% [97:3] 82% [98:2]
Me
NC_~_"* BocHN _~_~* A Y \k/\/ EtOZCW
N
2-16 70%? 2-17 71%" 2-18 62%° 2-19 74%P 2-20 67%"
85% conv. 93% conv. 86% conv. 86% conv. 74% conv.
77% [98:2] 74% [97:3] 71% [93:7] 79% [97:3] 72% [nd]

a)R'=Bn.b)R' = Et.
Table 2-3 Diene scope of the Rh-catalyzed formate-mediated Z-selective 1,6-reduction of

electron deficient dienes.

The ester group of the dienoate can be varied from benzyl or ethyl groups to a bulky
tert-butyl group (2-21); amine-containing moieties, including a protected amino acid
derivative (2-22, 2-23); and esters containing multiple alkene units (2-24, 2-25). The
functional group tolerance of the reaction was also examined with derivatives of bioactive
molecules. Dienyl esters of the hydroxylated sterol methyl cholate (2-26), polyketide
ivermectin (2-27), nucleoside analog stavudine (2-28), and quinoline alkaloid
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camptothecin (2-29) could be reduced with acceptable yields and minimal complication
from the array of chemical functionality present. Complex substrates like 2-25 to 2-29

would pose considerable difficulty in established Z-olefin forming processes (Table 2-4).

2.5 mol% [Rh(COD)CI],

15 mol% PPhj COR'
R COR f\/
1.0 equiv. HCO,H:NEt; (5:2) R
MeCN, 35 °C

Ester scope [R = Me or nPr]

Me 1o NBoc O\O/\‘,COzMe Me Me
TIPS ' oA
0O~ Me O NHBoc

R' =
Me
yield 2-21 56%° 2-22 64%° 2-23 57%4 2-24 64%¢ Me
conv. (nmr) 91% conv. 92% conv. 92% conv. 85% conv.
nmr yield [Z:E] 80% [96:4] 73% [95:5] 68% [94:6] 71% [95:5]
OH
MeO, Me Me Me MeO,C Meqy
’ ' ‘\O/\/\/\/\M
o) e 2-26 53%°
OMe 2-25 72%° 94% conv.
Ob 87% conv. 57% [94:6]
. 78% [95:5] 2
Me HO H O
(0]
2-27 59%9 Me
92% conv. d HN |
228 52%%¢

91% conv.
70% [94:6] { 0

70% [90:10]
o)

Me
2-29 68%9°
94% conv.
O 82% [83:17]

¢)R = nPr. d) R = Me. e) 5 mol% [Rh(COD)Cl],, 30 mol% PPhs, 4:1 MeCN:DMSO.

Table 2-4 Ester scope of the Rh-catalyzed formate-mediated Z-selective 1,6-

reduction of electron deficient dienes.

Under slightly modified conditions, it was found that dienamide 2-30 could be
reduced with 1.5 mol% [Rh(COD)Cl], and 12 mol% (4-F-C¢Ha4)3P in the presence of

formic acid/NEt; in acetonitrile to provide the desired mono-reduced olefin 2-31 in 61%
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yield with 92:8 Z/E selectivity (Table 2-5, entry 1). The use of 0.95 equiv. formic acid/NEt3
was to maintan the stereo- and regioselectivity of the reaction. Lowering the temperature
and use of other phosphine ligands gave reduced yield and low Z/E selectivity (Table 2-5,
entries 2 and 3). Chiral biphosphine ligand, R-BINAP shuts down the reaction (Table 2-5,
entry 6). Increasing the catalyst loading and changing the Rh/(4-F-C¢H4)3P stoichiometry
gave similar yield and selectivity (Table 2-5, entries 7 and 8). With the modified condition,
a series of amidyl dienes (Table 2-6), including the Weinreb amide (2-34) were reduced

with good selectivity (2-31 to 2-34).

1.5 mol% [Rh(COD)Cl],

12 mol% (4-F-CgH,)3P y CONMePh
nPerONMePh
2.30 0.95 equiv. HCO,H:NEt; (5:2) nPr™ 5 o4
MeCN, 60 °C
entry deviation from above conv. (%) yield (%) [Z/E]
1 none 90 61 [92:8]
2 35°C 82 47 [91:9]
3 rt 70 35 [86:14]
4 PPhj instead of (4-F-CgH,)3P 89 55 [84:16]
5 (4-MeOPh),P instead of (4-F-CgH,)sP 100 27 [60:40]
6 R-BINAP instead of (4-F-CgH,)3P 0 0
7 2.5 mol% [Rh(COD)Cl],, 15 mol% (4-F-CgH,)sP 88 63 [89:11]
8 1.5 mol% [Rh(COD)Cl],, 15 mol% (4-F-CqHy)sP 87 57 [89:11]

0.2 mmol scale, 0.95 equiv. HCO,H, 0.2 M;, 48h; yields, selectivities and
conversions determined by calibrated 'H NMR spectroscopy using dibenzyl
ether as internal standard.

Table 2-5 Effect of selected reaction parameters on the Rh-catalyzed Z-selective 1,6-

reduction of dienamide.
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1.5 mol% [Rh(COD)Cl],

12 mol% (4-F-C6H4)3P = COG
PN e sle J/y
0.95 equiv. HCO,H:NEt; (5:2) nPr
MeCN, 60 °C

o .Me

G = Me N NGo) OMe
yield 2-31 51% 2-32 59% 2-33 51% 2-34 69%
conv. (nmr) 93% conv. 93% conv. 90% conv. 86% conv.
nmr yield [Z/E] 61% [92:8] 63% [95:5] 61% [94:6] 78% [nd]

Table 2-6 Dienamide scope of the Rh-catalyzed formate-mediated Z-selective 1,6-

reduction of electron deficient dienes.

The B-carbonyl containing Z-olefins are useful precursors to a range of other product
classes (Fig. 2-4). Z-Homoallylic alcohols (2-36) could be obtained by LiAlHs mediated
ester reduction. Skipped Z,E-dienes (2-37) were prepared by oxidation of the alcohol in 2-
36 by DMP followed by HWE olefination of the resulting aldehyde. Propargylic Z-1,5-
enyne (2-39) was prepared in a similar manner except the crude aldehyde was trapped with
Li-TMS acetylene. Z-a-Amino esters (2-38) could be obtained by conversion of 2-2 to the
corresponding o-diazo ester with p-ABSA and treatment with catalytic Rho(OAc)s and
aniline. Collectively, these results help demonstrate the products obtained by Rh-catalyzed
formate mediated reduction can serve as a starting point for more complex Z-alkene

containing molecules.

43



f\/\OH a a b f\/\/COZEt

Bn Bn
2-36 85% 2-37 62%
, two steps
/f\/cozR [ Pe]
R
OH
z N
A
e NHPD d e ac Br ™S
2-38 65% 2-39 66%
[two steps] [two steps]

a) LiAIH, b) DMP then triethyl phosphonoacetate. ¢) DMP then Li-
TMS acetylene. d) p-ABSA, DBU. e) Rhy(OAc),, PhNH,. DMP = Dess
Martin  periodinane. TMS = ftrimethylsily, pABSA = 4-
acetamidobenzenesulfonyl azide, DBU = 1,8-
diazabicyclo[5.4.0]Jundec-7-ene.

Fig. 2-4 Product derivatizations to generate other Z-alkene containing molecules.

Mechanistic experiments were conducted to help rationalize the high selectivity for Z-
1,6-addition catalyzed by Rh(COD)CI/PPhs mixtures. Reduction of dienoate 2-1 with D-
labelled formic acid at the formyl position under otherwise standard conditions leads to
exclusive hydride addition to the remote d-position. Formic acid labelled at the carboxylic
site results in labelling at the a-carbonyl position (Fig. 2-6a). D-Incorporation at other sites
was not detected. Rationalization for incomplete D-incorporation at the d-position could
involve Rh—D/H exchange with non-formic acid hydrogens, although in subsequent studies
of related processes we observed D-incorporation into the COD ligand (see Chapter 3).
Nonetheless, labelling studies suggested a mechanism in which Rh—H conjugate addition
is followed by protonolysis of a Rh-enolate.

Reaction progress kinetic analysis (RPKA) has served as a tool to elucidate reaction
mechanisms using a minimal number of experiments.'?> By changing the concentration of

each reactant and monitoring the effect these changes have on the reaction rate over a
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conversion period, graphical rate equations derived from simple mathematical data
manipulation can show how these changes compare to the standard reaction condition. The
comparison can be used to determine reaction order and rate in a reactant which is useful
in the understanding of the reaction mechanism. Variable time normalization (VTN)
analysis, a method developed by Burés'®® was used to determine the order in each reactant
of the Z-selective reduction of activated dienes. VTN involves graphically comparing the
reaction concentration profiles of experiments that differ in the initial concentration of a
reactant. Usually, the time axis (abscissa) is replaced by the time integral of the
concentration of the reactant being investigated raised to an arbitrary power. Two reaction
concentration profiles with different initial concentration of a reactant, plotted on the same
graph, will overlay when the arbitrary power equals the order of the reaction in that
reactant. VTN analysis of the reduction revealed the process to be positive order in catalyst
mixture and formic acid, and partial negative order in substrate (Fig. 2-5). Formation of an
off-cycle Rh(dienoate)," species could explain the observed negative order in substrate;
excess phosphine may be beneficial in formation of Rh(PPhs)(dienoate)” from such
intermediates. Generation of the Rh—H intermediate from a substrate-bound precursor is a
potential rate determining step that fits with the kinetic data.

High selectivity for Z-1,6-reduction is maintained throughout the reaction under
standard conditions across a range of substrates (Fig. 2-6b). However, when excess formate
(added as formic acid/triethylamine) is provided (Fig. 2-6¢), both olefin isomerization and
reduction to the saturated ester (purple trace) is observed after diene substrate 2-1 (black
trace) is consumed (Fig. 2-6¢). The consumption of Z-product 2-2 (red trace) is rapid,

highlighting its relative instability compared to E-reduction isomer. Reintroduction of 50%
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of the diene 2-1 inhibits these side reactions via the regeneration of a productive

Rh(PPhs)(dienoate)” complex and olefin 2-2 is smoothly generated again with minimal

side-product formation.

2.5 mol% [Rh(COD)ClI,
15 mol% PPhj _~_CO2Bn

nPr/\/\/COZBn
21

nPr

1.0 equiv. HCO,H:NEt; (5:2) 2.2

MeCN, 35 °C

"std. cond." [diene] = 0.20 M, [[Rh]/PPh,] (cat) = 0.005 M/0.03 M, [HCO,H] = 0.20 M
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Fig. 2-5 Reaction progress kinetic analysis/variable time normalization plot.
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a. Formic acid D-labelling studies
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b. Kinetic profile of reaction with excess formic acid
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Fig. 2-6 Mechanistic and kinetic studies.
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A mechanism to explain the observed selectivity involves coordination of the electron-
poor diene moiety 2-1 to a Rh(I) species 2-41 to generate a square planar
Rh(PPh;s)(dienoate)” complex 2-42. The Rh(PPhs)(dienoate)” complex 2-42, undergoes
selective hydride addition through intermediate complexes 2-43 and 2-44 to generate Rh-
enolate species 2-45. The chelation-driven, Z-selective Rh-enolate species 2-45 generated

is readily protonated to deliver the non-conjugated Z-alkene. (Fig. 2-7).

a. Reaction Mechanism

., Cl
Rh
¥ “PPh,
2-41 nPr
~ 0]

N + NEt,
nPr HJ\OHz
COan
, ‘\\L 21 l

Rh O
<< " @
® PPhs LA * HNEy
COan
2-42
nPr o
J
A, H‘\O H
X~ “PPh,
COan
2-43
nPr
/f,,,RH‘\H
X~ “PPhg 0,
CO,Bn
2-44

Fig. 2-7 Proposed mechanism for the Rh-catalyzed formate-mediated Z-selective 1,6-

reduction of electron deficient dienes.
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2.5 mol% [Rh(COD)ClI],

15 mol% PPhy CO,Bn CO,Bn
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MeCN, 35 °C
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[can adopt s-cis geometries] [s-cis disfavoured]
diene geometry E.E Z,E E,Z
product B,y:o,p = 13:1 12:1 1.5:1

Fig. 2-8 Effect of diene geometry on regioselectivity of Rh-catalyzed formate-mediated

Z-selective 1,6-reduction of electron deficient dienes.

The ability to selectively generate a diene coordinated Rh-hydride under the optimized
conditions appears to be key for an efficient transformation.®?®* In line with the argument,
both 2-1 (E,E) and 2-1a (Z,E)-dienoates that can readily adopt s-cis conformations undergo
1,6-reduction with high regioselectivity (>10:1 for the B,y-product). 2-1b (£, Z)-dienoate
that would experience significant steric repulsion in an s-cis configuration from the Z-
positioned alkyl group is reduced with low selectivity (Fig. 2-8). Under the standard
condition, certain substrates with phenyl alkyne units such as phenyl propargyl sorbate (2-
46), allyl sorbate (2-47), substitution at the a- (2-48) and d-position (2-49) of the dienoate,
conjugated triene (2-50), dienoic acid (2-51), secondary dienamide (2-52), N-methyl
pyrazole substituted dienoate (2-53) and other complex bioactive derivatives (2-54)
showed less reactivity (Fig. 2-9). The lesser reactivity is attributed among other factors to
the presence of stronger coordination of the Rh to more reactive functionalities (2-46),
steric factors which prevents the formation of a Rh—diene square planar complex required

for the chemo- and regioselectivity of the reaction (2-48 and 2-49), the presence of
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extended conjugation resulting in the presence of other electrophilic sites (2-50) and

solubility issues with the substrate (2-54).

(@) )

(0]
ya 0PN e S Ao BnO)HM/\Me
Ph Me
2-46 2-47 2-48
[poor mass balance] [low conversion] [largely a-olefin product]
O Me O O
BTN~ BrOANANA~A e HOP N~ e
2-49 2-50 2-51
[a-olefin product and over-reduction] [multiple products] [low conversion]
o O
a4
EtO N
Ph o AN~~~ o N
N N
Me
2-52 2.53
[largely a-olefin product] [59% B-Z-olefin product

23% y-Z-olefin product]

2-54
substrate not soluble in MeCN

Fig. 2-9 Less successful substrates.

2.3 Summary and Conclusions

In summary, a simple Rh(I)/phosphine catalyst system enables the formate-mediated
Z-selective reduction of electron deficient dienes via a 1,6-addition process. Mechanistic
studies suggest the 1,6-addition process is key to enabling chemoselective diene reductions
in the presence of alternative olefin and alkyne units, overcoming difficulties associated
with existing catalytic methods. We envision the general concept to extend to related Z-

selective diene hydrofunctionalization reactions.
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2.4 Procedures and Characterization

General Consideration: Unless noted, all reactions were conducted under an inert
atmosphere employing standard Schlenk techniques or by the use of an N»-filled glovebox.
All glassware was oven-dried prior to use. Flash chromatography was performed as
described by Still and co-workers'® (SiliaFlash P60, 40-63um, 60A silica gel, Silicycle)
or by automated flash chromatography (Isolera, HP-SIL or Ultra SNAP silica cartridges,
Biotage). Analytical thin-layer chromatography was performed using glass plates pre-
coated with silica (SiliaPlate G TLC - Glass-Backed, 250um, Silicycle). TLC plates were
visualized by UV light and/or staining with aqueous basic potassium permanganate. Unless
otherwise noted, all reagents were obtained from commercial vendors and used as supplied.
Reaction progress kinetic analysis experiments were conducted by removing small aliquots
of reaction mixtures containing an internal standard, diluting with CDCl3 and analyzing by
"H NMR (700 MHz).

General Procedure A [ester scope]: In an atmosphere-controlled glovebox, PPhs
(19.7 mg, 0.075 mmol, 0.15 equiv.) and [Rh(COD)CI]: (6.2 mg, 0.0125 mmol, 0.025
equiv.) were weighed into separate one dram vials. To the [Rh(COD)CI]> was added MeCN
(1.0 mL) and the solution was transferred into the vial containing the PPhs. MeCN (2 X
0.25 mL) was used to wash the remaining [Rh(COD)CI]: solution into the PPhs to make
catalyst mixture. To a one dram vial was weighed diene (0.5 mmol, 1 equiv.), followed by
addition of the catalyst solution. Additional MeCN (2 x 0.25 mL) was used to wash the
remaining catalyst solution into the diene containing vial. Formic acid/triethylamine (5:2,
43.2 mg, 0.5 mmol, 1.0 equiv.), was weighed into a half dram vial and then transferred into

the vial containing the reaction mixture. The formic acid/triethylamine containing vial was
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washed into the solution with MeCN (2 x 0.25 mL). A stir bar was added into the mixture,
the vial was capped with a PTFE-line cap, taken out of the glovebox and placed in an
aluminum block heated to 35 °C and the mixture was stirred. The reaction progress was
monitored periodically by NMR and quenched once ~90% conversion of the diene was
observed. [Note: If 1.00 equiv. of formic acid is employed, the reaction can proceed for
prolonged periods without isomerization and over-reduction, and the reaction is not time-
sensitive. The use of excess formic acid can result in Z-olefin isomerization and over-
reduction.] The solution was filtered through silica to quench the reaction, concentrated in
vacuo and purified by silica gel chromatography. Confirmation of Z-olefin geometry was
established by comparison of 'H NMR shifts, coupling constants to reported compounds
and through-space NMR correlation experiments establishing the proximity of protons at
C2 and C5.

General Procedure B [amide scope] In an atmosphere controlled glovebox, tri(4-
fluoro-phenyl)phosphine (19.0 mg, 0.0600 mmol, 0.12 equiv.) and [Rh(COD)CI]> (3.8 mg,
0.00750 mmol, 0.015 equiv.) were weighted into separate one dram vial. To the
[Rh(COD)CI]> was added MeCN (0.50 mL), shaken to dissolve and the solution was
transferred to the vial containing the phosphine. Additional MeCN (0.50 mL) was used to
wash the remaining [Rh(COD)Cl]; solution into the phosphine to make the
[Rh(COD)Cl]2/phosphine solution. To a one dram vial was added dienamide (0.50 mmol,
1.0 equiv.), followed by the catalyst solution. Additional MeCN (0.50 mL) was used to
wash the remaining catalyst solution into the dienamide solution. To a separate one dram
vial was added formic acid/triethylamine (5:2; 41.0 mg, 0.475 mmol, 0.95 equiv.) and

MeCN (0.50 mL). The solution was then added to the reaction mixture. Additional MeCN
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(0.50 mL) was used to wash the remaining formic acid solution into the mixture, followed
by a teflon coated magnetic stir bar. The vial was capped with a PTFE-lined cap, taken out
of the glovebox, placed in an aluminum block heated to 60 °C and stirred overnight. Upon
the completion of the reaction, the mixture was concentrated in vacuo and purified by

chromatography.

M\e/lé\/COZBn

2-2 Prepared according to the General Procedure A from the corresponding diene
(115.2 mg, 0.50 mmol). Crude diene conversion: 91%, crude product yield: 80% [96:4
Z:E]. Isolated in 74% yield as a colorless oil after purification by column chromatography
(20:1 Pentane/Et,0O) using Ag/Si0:.

'"H NMR (CDCls, 700 MHz) & 7.38 — 7.31 (m, 5H), 5.61 — 5.55 (m, 2H), 5.13 (s,
2H), 3.14 (d, J=5.6 Hz, 2H), 2.04 (q, /= 6.6 Hz, 2H), 1.36 — 1.29 (m, 4H), 0.88 (t,J=7.2
Hz, 3H);

13C NMR (CDCls, 176 MHz) § 171.9, 136.0, 133.7, 128.6, 128.2 (2), 120.6, 66.4,
33.0,31.4,27.1,22.3, 13.9;

HRMS (EI): calcd for CisH2002 [M]" 232.1463. Found 232.1461.

f\/COZBn

2-3 Prepared according to the General Procedure A from the corresponding diene

Me

(101.1 mg, 0.50 mmol). Crude diene conversion: 95%, crude product yield: 82% [96:4
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Z:E]. Isolated in 75% yield as a colorless oil after purification by column chromatography
(20:1 Hex/EtOAc) using Ag/SiOs.

'"H NMR (CDCl3, 700 MHz) & 7.38 — 7.31 (m, 5H), 5.61 — 5.52 (m, 2H), 5.13 (s,
2H), 3.14 (d, J= 6.8 Hz, 2H), 2.06 (q, J = 7.6 Hz, 2H), 0.97 (t, J = 7.6 Hz, 3H);

13C NMR (CDCl;, 176 MHz) & 171.9, 136.0, 135.3, 128.6, 128.2 (2), 120.0, 66.4,
32.9,20.7, 13.9;

HRMS (EI): calcd for Ci3Hi602 [M]" 204.1150. Found 204.1150.

V)/\/C()an

2-4 Prepared according to the General Procedure A from the corresponding diene
(114.1 mg, 0.50 mmol). Crude diene conversion: 92%, crude product yield: 72% [97:3
Z:E]. Isolated in 67% yield as a colorless oil after purification by column chromatography
(20:1 Hex/EtOAc) using Ag/SiOs.

'"H NMR (CDCl3, 500 MHz) § 7.35 — 7.32 (m, 5H), 5.69 — 5.66 (m, 1H), 5.62 — 5.58
(m, 1H), 5.13 (s, 2H), 3.13 (d, J = 6.9 Hz, 2H), 1.98 (t, J = 6.9 Hz, 2H), 0.73 — 0.70 (m,
1H), 0.41 (q, J = 6.1 Hz, 2H), 0.06 (q, J = 5.8 Hz, 2H);

13C NMR (CDCls, 126 MHz) § 171.8, 135.8, 132.6, 128.6, 128.2(2), 120.7, 66.4,
33.1,32.0, 10.5, 4.1;

HRMS (ESI): calcd for CisHi13O2Na [M+Na]*253.1199. Found 253.1201.
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_~_-CO5Bn
e

2-5 Prepared according to the General Procedure A from the corresponding diene
(94.0 mg, 0.50 mmol). Crude diene conversion: 94%, crude product yield: 80% [90:10
Z:E]. Isolated in 69% yield as a colorless oil after purification by column chromatography
(20:1 Pentane/Et;0) using Ag/SiOs.

"H NMR (CDCl3, 500 MHz) § 7.38 — 7.32 (m, 5H), 5.69 — 5.65 (m, 1H), 5.63 —5.59
(m, 1H), 5.13 (s, 2H), 3.15 (d, J=7.0 Hz, 2H), 1.64 (d, J= 6.7 Hz, 2H);

3C NMR (CDCls, 126 MHz) § 171.8, 136.0, 128.6, 128.3, 128.2, 127.7, 121.6, 66.4,
32.7,13.0;

HRMS (EI): calcd for C12H1402 [M]" 190.0994. Found 190.0994.

Of\/COZBn

2-6 Prepared according to the General Procedure A from the corresponding diene
(135.2 mg, 0.50 mmol). Crude diene conversion: 91%, crude product yield: 81% [85:15
Z:E]. Isolated in 65% yield as a colorless oil after purification by column chromatography
(20:1 Pentane/Et;0) using Ag/Si0s.

'H NMR (CDCls, 500 MHz) & 7.37 — 7.31 (m, 5H), 5.63 — 5.59 (m, 2H), 5.13 (s,
2H), 3.14 (d, /= 6.7 Hz, 2H), 1.93 (t, /= 7.6 Hz, 2H), 1.70-1.62 (m, 5H), 1.32 — 1.10 (m,
4H), 0.93-0.85 (m, 2H);

13C NMR (CDCls, 126 MHz) § 171.9, 136.0, 132.2, 128.5, 128.2 (2), 121.2, 66.4,
38.0, 35.2, 33.1, 26.5, 26.3;

HRMS (EI): calcd for Ci1sH240, [M]" 272.1776. Found 272.1770.
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_~_COBn
Ph

2-7 Prepared according to the General Procedure A from the corresponding diene
(139.1 mg, 0.50 mmol). Crude diene conversion: 93%, crude product yield: 81% [96:4
Z:E]. Isolated in 75% yield as a colorless oil after purification by column chromatography
(20:1 Pentane/Et,0), using Ag/Si0;.

Gram-scale reaction Procedure: In an atmosphere controlled glovebox, PPhs (192
mg, 0.73 mmol 0.12 equiv.) and [Rh(COD)Cl]; (60.1 mg, 0.120 mmol, 0.02 equiv.) were
weighed into separate four dram vials. To the vial containing [Rh(COD)CIl], was added
MeCN (10.5 mL) and the solution was transferred into the vial containing the PPh;. MeCN
(2 x 2.5 mL) was used to wash the remaining [Rh(COD)CI], solution into the PPhs to make
catalyst mixture. To a 50 mL round bottom flask was weighed diene (1.70 g, 6.10 mmol,
1.00 equiv.), followed by the addition of catalyst solution. Additional MeCN (2 x 5.0 mL)
was used to wash the remaining catalyst solution into the diene containing flask. Formic
acid/triethylamine (5:2, 527 mg, 6.10 mmol, 1.00 equiv.), was weighed into a four dram
vial and then transferred into the flask containing the reaction mixture. The formic acid
containing vial was washed into the solution with MeCN (2 x 2.5 mL). A stir bar was added
into the mixture, the round bottom flask was capped with a rubber septum, taken out of the
glovebox and placed in an aluminum block heated to 40 °C and stirred. The reaction
progress was monitored by NMR and quenched once ~95% conversion (29 h) of the diene
was observed. The solution was filtered through silica to quench the reaction, concentrated

in vacuo and purified by silica gel chromatography.

56



'H NMR (CDCls, 500 MHz) § 7.37 — 7.32 (m, 5H), 7.28 — 7.25 (m, 2H), 7.19 — 7.15
(m, 3H), 5.63 — 5.60 (m, 2H), 5.11 (s, 2H), 3.06 (d, J = 6.3 Hz, 2H), 2.67 (t, ] = 8.3 Hz,
2H), 2.39 — 2.34 (m, 2H);

13C NMR (CDCL, 126 MHz) § 171.7, 141.6, 136.0, 132.4, 128.6, 128.5, 128.4,
128.3, 128.2, 125.9, 121.5, 66.5, 35.5, 33.0, 29.4;

HRMS (EI): calcd for C19H2002 [M]" 280.1463. Found 280.1460.

fycoan

2-8 Prepared according to the General Procedure A from the corresponding diene

Ph

(132.1 mg, 0.50 mmol). Crude diene conversion: 95%, crude product yield: 79% [96:4
Z:E]. Isolated in 74% yield as a colorless oil after purification by silica column
chromatography (20:1 Hex/EtOAc).

'"H NMR (CDCl;s, 500 MHz) § 7.38 — 7.34 (m, 5H), 7.30 — 7.27 (m, 2H), 7.22 - 7.17
(m, 3H), 5.82 — 5.73 (m, 2H), 5.16 (s, 2H), 3.42 (d, J = 7.5 Hz, 2H), 3.27 (d, J = 6.6 Hz,
2H);

13C NMR (CDCls, 126 MHz) § 171.5, 140.0, 135.8, 131.8, 128.6, 128.5, 128.3 (2),
128.2, 126.1, 121.7, 66.5, 33.6, 33.0;

HRMS (ESI): calcd for CisHi13O2Na [M+Na]* 289.1199. Found 289.1194.

Br

_~_CO,Et
I
HN

2-9 Prepared according to the General Procedure A from the corresponding diene

(96.0 mg, 0.30 mmol). Crude diene conversion: 90%, crude product yield: 77% [96:4 Z:E].
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Isolated in 73% yield as a light-yellow oil after purification by column chromatography
(4:1 Hex/EtOAc gradient) using SiO».
'"H NMR (CDCls, 500 MHz) § 8.03 (br's, 1H), 7.72 (d, J= 1.8 Hz, 1H), 7.30 (d, J =
1.8 Hz, 1H), 7.23 (m, 1H), 7.00 (m, 1H), 5.91 — 5.85 (m, 1H), 5.78 — 5.73 (m 1H), 4.20 (q,
J=17.2Hz, 2H), 3.49 (d, J=7.2 Hz, 2H), 3.26 — 3.24 (m, 2H), 1.30 (t, J = 7.2 Hz, 3H);
BC NMR (CDCls, 126 MHz) § 171.9, 135.1, 131.1, 129.1, 125.0, 122.8, 122.1,
121.6, 114.4, 112.7, 112.6, 60.8, 33.1, 23.3, 14.3;

HRMS (EI): calcd for CisHisBrNO> [M]": 323.0344. Found 323.0346.

_~_CO,Et
N
L

N

2-10 Prepared according to the General Procedure A from the corresponding diene
(102.0 mg, 0.50 mmol). Crude diene conversion: 83%, crude product yield: 68% [96:4
Z:E]. Isolated in 61% yield (contains ~4% E-product) as a colorless oil after purification
by column chromatography (1:1 Hex/EtOAc).

'H NMR (CDCls, 500 MHz) & 9.08 (s, 1H), 8.58 (s, 2H), 5.85 — 5.81 (m, 1H), 5.74
—5.69 (m, 1H), 4.16 (q, J= 7.3 Hz, 2H), 3.42 (d, J=7.2 Hz, 2H), 3.19 (d, /= 7.1 Hz, 2H),
1.27 (t, J=17.1, Hz, 3H);

13C NMR (CDCls, 126 MHz) 6 171.1, 157.1, 156.7, 133.3, 128.7, 124.3, 61.0, 33.1,
28.4,14.2;

HRMS (EI): calcd for Ci1Hi402Ns [M]* 206.1055 Found 206.1054.
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0 Y CO,Et
Me

2-11 Prepared according to the General Procedure A from the corresponding diene
(73.2 mg, 0.30 mmol). Crude diene conversion: 90%, crude product yield: 75% [95:5 Z:E].
Isolated in 62% yield as a colorless oil after purification by column chromatography (4:1
Hex/EtOAc gradient) using Ag/SiOx.

"H NMR (CDCl;s, 400 MHz) § 7.82 — 7.80 (m, 2H), 7.42 — 7.40 (m, 2H), 5.80 — 5.79
(m, 2H), 4.18 (q, J = 7.1 Hz, 2H), 3.50 — 3.48 (m, 2H), 3.22 — 3.20 (m, 2H), 2.61 (s, 3H),
1.28 (t, J="7.1 Hz, 3H);

13C NMR (CDCl;, 101 MHz) § 198.3, 171.6, 140.8, 137.5, 133.2, 130.9, 128.8,
128.2, 126.4, 122.8, 60.9, 33.5, 33.2, 26.7, 14.3;

HRMS (EI): calcd for Ci5sHi303 [M]": 246.1260. Found 246.1259.

_~_COEt
Oy

2-12 Prepared according to the General Procedure A from the corresponding diene
(69.1 mg, 0.30 mmol). Crude diene conversion: 90%, crude product yield: 73% [96:4 Z:E].
Isolated in 66% yield as a colorless oil after purification by column chromatography (4:1
Pentane/Et;0) using Ag/SiOs.

'H NMR (CDCls, 500 MHz) § 9.98 (s, 1H), 7.81 (d, J= 8.5 Hz, 2H), 7.35 (d, J= 8.5
Hz, 2H), 5.81 —5.73 (m, 2H), 4.16 (q, J= 7.0 Hz, 2H), 3.50 (d, /= 5.5 Hz, 2H), 3.19 (d, J

=5.5 Hz, 2H), 1.27 (t, J = 7.0 Hz, 3H);
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13C NMR (CDCls, 125 MHz) & 192.0, 171.5, 147.5, 134.8, 130.2, 130.1, 129.1,
123.2,60.9, 33.9, 33.2, 14.2;

HRMS (EI): calcd for C14H1603 [M]": 232.1099. Found 232.1097.

O ~_COzBn
N

o}

2-13 Prepared according to the General Procedure A from the corresponding diene
(187.6 mg, 0.50 mmol). Crude diene conversion: 93%, crude product yield: 78% [97:3
Z:E]. Isolated in 69% yield as a colorless oil after purification by column chromatography
(20:1 Pentane/Et;0) using Ag/SiOx.

"H NMR (CDCl;s, 500 MHz) § 7.84 — 7.81 (m, 2H), 7.72 — 7.69 (m, 2H), 7.38 — 7.30
(m, 5H), 5.60 — 5.54 (m, 2H), 5.12 (s, 2H), 3.67 (t, J = 7.5 Hz, 2H), 3.14 (d, J = 6.1 Hz,
2H), 2.09 (q, J = 7.4 Hz, 2H), 1.68 (qu, J = 7.5 Hz, 2H), 1.41 (qu, J=7.5 Hz, 2H);

3C NMR (CDCls, 126 MHz) § 171.7, 168.4, 135.9, 133.9, 132.8, 132.2, 128.5, 128.3
(2),123.2,121.3, 66.4, 37.8, 33.0, 28.1, 26.9, 26.4;

HRMS (ESI): caled for C23H23NO4Na [M+Na]* 400.1519. Found 400.1514.

_~_COEt
/\/r\/

2-14 Prepared according to the General Procedure A from the corresponding dienyne

(i-Pr)3Si

(90.0 mg, 0.27 mmol). Crude dienyne conversion: 93%, crude product yield: 74% [97:3
Z:E]. To facilitate product isolation, the unreacted starting material and conjugated side-

products were arylated by the following procedure. To the crude mixture in a vial under N»
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atmosphere was added 4-methoxyphenylboronic acid (41.00 mg, 0.27 mmol, 1.00 equiv.),
[Rh(COD)CI]2 (1.33 mg, 0.0027 mmol, 0.01 equiv.) in dioxane (0.20 M) and KOH solution
(1.50 M, 1.00 equiv.). The vial was then placed in an aluminum block heated to 35 °C and
stirred. The reaction progress was monitored by NMR and quenched as soon as remaining
starting material and conjugated ester were consumed. Isolated in 64% yield as a colorless
oil after purification by column chromatography (20:1 Pentane/Et,0) using Si10;.

"H NMR (CDCl3, 500 MHz) § 5.63 — 5.54 (m, 2H), 4.13 (q, J = 7.4 Hz, 2H), 3.11
(d, /J=6.4 Hz, 2H), 2.27 — 2.24 (m, 2H), 2.21 — 2.16 (m, 2H), 1.63 — 1.57 (m, 2H), 1.25 (t,
J=17.1Hz, 3H), 1.08 — 0.98 (m, 21H);

13C NMR (CDCls, 126 MHz) & 172.0, 132.2, 122.0, 108.7, 60.6, 33.0, 28.8, 26.4,
19.3, 18.6, 18.3, 18.1, 14.2, 11.3;

HRMS (EI): calcd for C2Hz3602Si [M]" 321.2250. Found 321.2251.

_~_CO5Bn
Cl\/\/r\/

2-15 Prepared according to the General Procedure A from the corresponding diene
(132.1 mg, 0.50 mmol). Crude diene conversion: 91%, crude product yield: 82% [98:2
Z:E]. Isolated in 78% yield as a colorless oil after purification by column chromatography
(10:1 Pentane/Et;0) using Ag/Si0Os.

'H NMR (CDCls, 500 MHz) § 7.37 — 7.32 (m, 5H), 5.61 — 5.56 (m, 2H), 5.13 (s,
2H), 3.50 (t,J=7.6 Hz, 2H), 3.14 (d, /= 6.8 Hz, 2H), 2.08 (q, /= 7.6 Hz, 2H), 1.78 — 1.73
(m, 2H), 1.54 — 1.50 (m, 2H);

13C NMR (CDCls, 126 MHz) § 171.6, 135.9, 132.8, 128.6, 128.3, 128.2, 121.4, 66.5,
44.9,33.0, 32.0, 26.7, 26.5;

61



HRMS (EI): calcd for C15sH19ClO2 [M]" 266.1074. Found 266.1076.

_~.-C0Bn
NC\/\/(\/

2-16 Prepared according to the General Procedure A from the corresponding diene
(127.5 mg, 0.50 mmol). Crude diene conversion: 85%, crude product yield: 77% [98:2
Z:E]. Isolated in 70% vyield as a light-yellow oil after purification by column
chromatography (4:1 Hex/EtOAc gradient), using Ag/SiO».

'"H NMR (CDCls, 500 MHz) & 7.40 — 7.34 (m, 5H), 5.68 — 5.54 (m, 2H), 5.15 (s,
2H), 3.16 (t,J= 7.0 Hz, 2H), 2.32 (t, J=7.0 Hz, 2H), 2.11 (q, J= 7.0 Hz, 2H), 1.67 — 1.62
(m, 2H), 1.57 — 1.53 (m, 2H);

13C NMR (CDCls, 126 MHz) § 171.5, 135.9, 132.3, 128.6, 128.4, 128.3, 121.8,
119.6, 66.6, 33.1, 28.2, 26.6, 24.9, 17.1;

HRMS (EI): caled for CisH19NO2 [M]" 257.1416. Found 257.1414.

BocHN

2-17 Prepared according to the General Procedure A from the corresponding diene
(187.6 mg, 0.50 mmol). Crude diene conversion: 93%, crude product yield: 74% [97:3
Z:E]. Isolated in 71% yield as a colorless oil after purification by column chromatography
(4:1 Pentane/Et2O) using Ag/SiOx.

"H NMR (CDCl3, 500 MHz) § 5.60 — 5.53 (m, 2H), 4.62 (bs, 1H), 4.14 (q, J=17.5
Hz, 2H), 3.13 — 3.06 (m, 4H), 2.08 (q, /= 6.9 Hz, 2H), 1.57 (qu, J = 7.3 Hz, 2H), 1.44 (s,

9H), 1.25 (t, J = 7.1, Hz, 3H);
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13C NMR (CDCls, 126 MHz) § 171.9, 156.0, 132.3, 121.8, 60.7, 40.0, 33.0, 29.7,
29.5,28.4, 24.6, 14.2;

HRMS (ESI): calcd for Ci14H2sNOsNa [M+Na]" 294.1676. Found 294.1668.

yZ CO,Et
V\/(\/

2-18 Prepared according to the General Procedure A from the corresponding triene
(72.0 mg, 0.40 mmol). Crude triene conversion: 86%, crude product yield: 71% [Z:E =
97:31%. Isolated in 62% yield as a colorless oil after purification by column
chromatography (20:1 Hex/EtOAc) using Ag/SiOa.

"H NMR (CDCl3, 500 MHz) § 5.83 — 5.78 (m, 1H), 5.58 — 5.56 (m, 2H), 5.02 — 4.94
(m, 2H), 4.14 (q, J = 7.0 Hz, 2H), 3.08 (d, J = 5.0 Hz, 2H), 2.08 — 2.04 (m, 4H), 1.50 —
1.46 (m, 2H), 1.26 (t, /= 7.0 Hz, 3H);

13C NMR (CDCls, 125 MHz) & 172.1, 138.6, 133.0, 121.3, 114.7, 60.6, 33.3, 33.1,
28.5,26.8, 14.3;

HRMS (EI): caled for Ci1Hi302 [M]": 182.1307. Found 182.1305.

Me ~CO2Bn
1S

2-19 Prepared according to the General Procedure A from the corresponding triene
(65.5 mg, 0.25 mmol). Crude triene conversion: 86%, crude product yield: 79% [97:3 Z:E].
To facilitate product isolation, the unreacted starting material and conjugated side-products
were arylated by the following procedure. To the crude mixture in a vial under N>

atmosphere was added 4-methoxyphenylboronic acid (75.97 mg, 0.50 mmol, 1.00 equiv.),
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[Rh(COD)CI]2 (1.23 mg, 0.0025 mmol, 0.005 equiv.) in dioxane (0.20 M) and KOH
solution (1.50 M, 0.5 equiv.). The vial was then placed in an aluminum block heated to 35
°C and stirred. The reaction progress was monitored by NMR and quenched as soon as
remaining starting material and conjugated ester were consumed. Isolated in 74% yield as
a colorless oil after purification by column chromatography (20:1 Pentane/Et,0O) using
Ag/Si0Oo.

"H NMR (CDCls, 500 MHz) § 7.38 — 7.31 (m, 5H), 5.62 — 5.55 (m, 2H), 5.47 — 5.27
(m, 2H), 5.13 (s, 2H), 3.14 (d, J = 4.8 Hz, 2H), 2.07-1.97 (m, 6H), 1.42 (qu, J = 7.6 Hz,
2H), 0.95 (t, J=7.6 Hz, 3H)

3CNMR (CDCls, 126 MHz) § 171.8, 135.9, 133.4, 132.1, 128.6(2), 128.2(2), 120.9,
66.4, 33.0, 29.3, 27.0, 26.6, 20.5, 14.3;

HRMS (EI): calcd for C1sH2402 [M]" 272.1776. Found 272.1774.

/\/\f\/COZEt
Et0,C7X

2-20 Prepared according to the General Procedure A from the corresponding triene
(50.5 mg, 0.20 mmol). Crude triene conversion: 93%, crude product yield: 72% [96:4 Z:E].
Isolated in 62% yield as a colorless oil after purification by column chromatography (4:1
Pentane/Et;0) using Ag/SiOx.

'"H NMR (CDCls, 700 MHz) § 6.96 — 6.89 (m, 1H), 5.81 (d, J = 15.5 Hz, 1H), 5.61
—5.52 (m, 2H), 4.17 (q, J= 7.0 Hz, 2H), 4.13 (q, /= 7.0 Hz, 2H), 3.05 (d, /= 7.0 Hz, 2H),
2.22 —2.18 (m, 2H), 2.09 — 2.06 (m, 2H), 1.56 — 1.52 (m, 2H), 1.27 (t, J = 7.5 Hz, 3H),

1.25 (t, J= 7.5 Hz, 3H);
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13C NMR (CDCl3, 125 MHz) § 171.8, 166.6, 148.7, 132.3, 121.8, 121.7, 60.6, 60.2,
33.1,31.6, 27.6, 26.8, 14.3, 14.2;

HRMS (EI): calcd for C14H2204 [M]": 254.1518. Found 254.1515.

/\f\/COZtBu
Me

2-21 Prepared according to the General Procedure A from the corresponding diene
(98.1 mg, 0.50 mmol). Crude diene conversion: 91%, crude product yield: 80% [96:4 Z:E].
Isolated in 56% yield as a colorless oil after purification by column chromatography (20:1
Pentane/Et;0) using Ag/SiOx.

"H NMR (CDCl3, 500 MHz) & 5.54 — 5.53 (m, 2H), 2.99 (d, J = 6.3 Hz, 2H), 2.04
(q, J=7.7 Hz, 2H), 1.45 (s, 9H), 1.35-1.32 (m, 4H), 0.89 (t, /= 7.0 Hz, 3H);

3C NMR (CDCls, 126 MHz) § 171.5, 138.1, 121.4, 80.4, 34.4, 31.6, 28.1,27.2,22.3,
14.0;

HRMS (ESI): caled for Ci2H220,Na [M+Na]"221.1512. Found 221.1514.

0] /OIBOC
e
Me
2-22 Prepared according to the General Procedure A from the corresponding diene
(161.7 mg, 0.50 mmol). Crude diene conversion: 92%, crude product yield: 73% [95:5
Z:E]. Isolated as a colorless oil in 64% yield after purification by column chromatography

(4:1 Hex/EtOAc) using Ag/SiOs.
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'H NMR (CDCls, 500 MHz) & 5.56 — 5.53 (m, 2H), 4.93 — 4.92 (m, 1H), 3.69 — 3.66
(m, 2H), 3.26 — 3.20 (m, 2H), 3.08 (d, J = 6.0 Hz, 2H), 2.05 — 2.02 (m, 2H), 1.85 — 1.81
(m, 2H), 1.61 — 1.58 (m, 2H), 1.45 (s, 9H), 1.35 — 1.30 (m, 4H), 0.88 (t, J= 7.0 Hz, 3H);

13C NMR (CDCL, 125 MHz) 8 171.4, 154.8, 133.7, 120.7, 79.7, 69.9, 41.0 (br), 33.3,
31.5, 30.6, 28.5, 27.1, 22.3, 14.0;

HRMS (ESI): calcd for C1gH31NNaO4 [M + Na]": 348.2145. Found 348.2145.

0
f\)ko/\rcozlvle
NHBoc

Me

2-23 Prepared according to the General Procedure A from the corresponding diene
(62.6 mg, 0.20 mmol). Crude diene conversion: 92%, crude product yield: 68% [94:6 Z:E].
Isolated as a colorless oil in 57% yield after purification by chromatography (4:1
Hex/EtOAc) using Ag/SiOs.

"H NMR (CDCl;3, 500 MHz) § 5.61 — 5.56 (m, 1H), 5.49 — 5.44 (m, 1H), 5.28 — 5.26
(m, 1H), 4.58 —4.56 (m, 1H), 4.47 —4.44 (m, 1H), 4.34 (dd, J=11.0, 3.5 Hz, 1H), 3.76 (s,
3H), 3.08 (d, J= 7.0 Hz, 2H), 2.06 — 2.01 (m, 2H), 1.45 (s, 9H), 0.98 (t, /= 7.0 Hz, 3H);

13C NMR (CDCls, 125 MHz) § 171.5, 170.3, 155.2, 135.5, 119.6, 80.4, 64.5, 53.0,
52.8, 32.6, 28.3, 20.8, 13.9;

HRMS (ESI): caled for C1sH2sNNaOs [M + Na]*: 338.1574. Found 338.1570.
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2-24 Prepared according to the General Procedure A from the corresponding tetraene
(144.1 mg, 0.50 mmol). Crude tetraene conversion: 85%, crude product yield: 71% [95:5
Z:E]. To facilitate product isolation, the unreacted starting material and conjugated side-
products were arylated by the following procedure. To the crude mixture in a vial under N>
atmosphere was added 4-methoxyphenylboronic acid (76.0 mg, 0.50 mmol, 1.00 equiv.),
[Rh(COD)CI]2 (1.2 mg, 0.0025 mmol, 0.005 equiv.) in dioxane (0.20 M) and KOH solution
(1.50 M, 0.5 equiv.). The vial was then placed in an aluminum block heated to 35 °C and
stirred. The reaction progress was monitored by NMR and quenched as soon as remaining
starting material conjugated ester were consumed. Isolated in 64% yield as a colorless oil
after purification by column chromatography (20:1 Pentane/Et,0O) using Ag/SiO».

'"H NMR (CDCls, 500 MHz) § 5.57 — 5.32 (m, 6H), 3.05 (d, J = 6.4 Hz, 2H), 2.08 —
1.98 (m, 5H), 1.55 (s, 3H), 1.43 — 1.36 (m, 1H), 1.30 (d, /= 6.4 Hz, 3H), 1.18 — 1.13 (m,
1H), 0.97 (t, /= 7.9 Hz, 3H), 0.87 (s, 3H), 0.79 (s, 3H);

BC NMR (CDCls, 126 MHz) § 171.2, 135.0, 133.9, 133.7, 131.1, 121.2, 120.4, 71.2,
53.9,33.3,31.9, 31.6, 27.4, 27.0, 23.0, 22.8, 20.7, 20.5, 13.9;

HRMS (EI): calcd for C19H3002 [M]" 234.1620. Found 234.1620.

(@] Me Me
NOWMe

Me
2-25 Prepared according to the General Procedure A from the corresponding tetraene

(124.1 mg, 0.50 mmol). Crude diene conversion: 87%, crude product yield: 78% [95:5
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Z:E]. Isolated in 72% yield as a colorless oil after purification by column chromatography
(20:1 Pentane/Et,0) using Ag/SiOx.

"H NMR (CDCl3, 500 MHz) § 5.59 — 5.50 (m, 2H), 5.34 (t, J = 7.2 Hz, 1H), 5.08 (t,
J=7.1 Hz, 1H), 4.61 (d, J = 7.2 Hz, 2H), 3.09 (d, J = 6.5 Hz, 2H), 2.11 — 2.02 (m, 6H),
1.70 (s, 3H), 1.68 (s, 3H), 1.60 (s, 3H), 0.97 (t, J=7.5 Hz, 3H);

I3C NMR (CDCls, 126 MHz) § 172.1, 142.3, 135.1, 131.9, 123.8,120.3, 118.3, 61.6,
39.6, 33.0, 26.3, 25.7, 20.8, 17.7, 16.5, 14.0;

HRMS (EI): calcd for Ci1sH2602 [M]"250.1933. Found 250.1933.

2-26 Prepared according to the General Procedure A from corresponding methyl
cholate-derived dienyl ester (103.3 mg, 0.20 mmol). Crude diene conversion: 94%, crude
product yield: 58% [95:5 Z:E]. Isolated as a white solid in 53% yield after purification by
column chromatography (1:2 Pentane/Et,0) using Ag/SiO».

'H NMR (CDCls, 500 MHz) & 5.60 — 5.49 (m, 2H), 4.62 — 4.55 (m, 1H), 3.99 (s,
1H), 3.86 (s, 1H), 3.67 (s, 3H), 2.98 (d, /= 6.0 Hz, 2H), 2.42 — 2.17 (m, 4H), 2.11 — 2.02
(m, 2H), 2.00 — 1.03 (m, 24H), 1.00 — 0.97 (m, 6H), 0.91 (s, 3H), 0.70 (s, 3H);

13C NMR (CDCls, 125 MHz) § 174.7, 171.9, 136.0, 120.9, 74.4, 72.9, 68.2, 51.5,
47.2,46.6,42.1,41.2, 39.6, 38.5, 35.2, 35.1, 34.9, 34.7, 34.3, 31.1, 30.9, 28.4, 27.4, 26.8,
26.6, 25.5, 23.1,22.6, 17.4, 13.5, 12.6;

HRMS (ESI): caled for C31Hs4NOs [M + NH4]": 536.3946. Found 536.3954.
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2-27 Prepared according to the General Procedure A from the corresponding
ivermectin-derived dienyl ester (96.9 mg, 0.10 mmol). Crude diene conversion: 92%, crude
product yield: 70% [90:10 Z:E]. Isolated in 59% yield as a white solid after purification by
chromatography (1:3 Pentane/Et,0) using Ag/SiOo.

'"H NMR (CDCl;3, 500 MHz) § 5.85 — 5.83 (m, 1H), 5.77 — 5.67 (m, 2H), 5.63 — 5.54
(m, 4H), 5.39 (d, J=4.0 Hz, 1H), 5.37 - 5.30 (m, 1H), 4.99 (d, J=10.5 Hz, 1H), 4.78 (d,
J=3.5 Hz, 1H), 4.67 — 4.55 (m, 2H), 4.08 (d, J = 6.0 Hz, 1H), 4.03 (s, 1H), 3.94 (s, 1H),
3.86 — 3.74 (m, 2H), 3.70 — 3.60 (m, 2H), 3.51 — 3.45 (m, 1H), 3.43 (s, 3H), 3.42 (s, 3H),
3.36 —3.34 (m, 1H), 3.26 — 3.15 (m, 5H), 2.53 — 2.45 (m, 2H), 2.35 — 2.20 (m, 4H), 2.09 —
1.98 (m, 3H), 1.78 — 1.16 (m, 27H), 0.98 (t, J = 7.5 Hz, 3H), 0.93 (t, /= 7.0 Hz, 3H), 0.86
—0.78 (m, 7H);

13C NMR (CDCls, 125 MHz) § 173.6, 171.7, 139.5, 138.0, 135.4, 135.1, 133.6,
124.7,120.7, 120.3, 120.0, 118.4, 98.6, 97.5, 94.8, 81.8, 80.6, 80.5, 79.4, 78.2, 77.4, 76.8,
76.2,70.3,68.9,68.3,68.2,67.3, 56.6, 56.5,45.7,41.3,39.8, 36.9, 35.8, 35.5, 34.6, 34.2(2),
32.6,31.3,31.0, 28.1, 27.4, 20.8, 20.3, 19.6, 18.5,17.7, 17.5, 15.2, 13.9, 12.5, 12.1;

HRMS (ESI): calcd for CssHgNaOis [M + Na]™: 993.5546. Found 993.5547.
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2-28 In an atmosphere controlled glovebox, PPhs (15.7 mg, 0.06 mmol, 0.30 equiv.)
and [Rh(COD)CI]> (4.90 mg, 0.01 mmol, 0.05 equiv.) were weighted into separate one
dram vial. To the [Rh(COD)Cl], was added MeCN (0.40 mL), shaken to dissolve and the
solution was transferred to the vial containing the phosphine. Additional MeCN (0.40 mL)
was used to wash the remaining [Rh(COD)CIl], solution into the phosphine to make the
catalyst solution. To a one dram vial was added diene (63.6 mg, 0.20 mmol, 1.0 equiv.),
followed by the catalyst solution. Additional MeCN (0.40 mL) was used to wash the
remaining catalyst solution into the substrate containing vial. To another one dram vial was
added formic acid/triethylamine (5:2; 51.9 mg, 0.60 mmol, 3.0 equiv.) and MeCN (0.20
mL). The solution was then added to the reaction mixture. Additional MeCN (0.20 mL)
was used to wash the remaining formic acid solution into the mixture. DMSO (0.40 mL)
was added to the mixture as co-solvent, followed by a teflon coated magnetic stir bar. The
vial was capped with a PTFE-lined cap, taken out of the glovebox, placed in an aluminum
block heated to 35 °C and stirred overnight. Upon the completion of the reaction, the
mixture was diluted by EtOAc (10 mL), extracted with water (3 x 10 mL), concentrated in
vacuo and purified by chromatography. Crude diene conversion: 91%, crude product yield:
70% [94:6 Z:E]. Isolated in 52% yield as a white solid after purification by column
chromatography (20:1 DCM/MeOH) using Ag/SiO».

'"H NMR (CDCls, 500 MHz) & 8.24 (br, 1H), 7.21 — 7.20 (m, 1H), 7.00 — 6.99 (m,

1H), 6.29 — 6.27 (m, 1H), 5.92 — 5.90 (m, 1H), 5.64 — 5.58 (m, 1H), 5.52 — 5.46 (m, 1H),
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5.07 — 5.04 (m, 1H), 4.42 (dd, J = 10.0, 4.5 Hz, 1H), 4.25 (dd, J = 12.0, 3.5 Hz, 1H), 3.11
(d, J= 7.0 Hz, 2H), 2.04 — 2.03 (m, 2H), 1.93 (s, 3H), 0.98 (t, J = 7.5 Hz, 3H);

13C NMR (CDCls, 125 MHz) & 171.6, 163.3, 150.5, 135.8, 135.4, 133.3, 127.4,
119.3, 111.1, 89.9, 84.2, 65.0, 32.6, 20.9, 13.9, 12.6;

HRMS (ESI): calcd for C16H19N2Os [M - H]: 319.1299. Found 319.1298.

2-29 In an atmosphere controlled glovebox, PPh3 (7.9 mg, 0.030 mmol, 0.30 equiv.)
and [Rh(COD)CI]> (2.5 mg, 0.005 mmol, 0.05 equiv.) were weighted into separate one
dram vial. To the [Rh(COD)CI]> was added MeCN (0.20 mL), shaken to dissolve and the
solution was transferred to the vial containing the phosphine. Additional MeCN (0.20 mL)
was used to wash the remaining [Rh(COD)CIl], solution into the phosphine to make the
catalyst solution. To a one dram vial was added substrate (44.2 mg, 0.10 mmol, 1.0 equiv.),
followed by the catalyst solution. Additional MeCN (0.20 mL) was used to wash the
remaining catalyst solution into the reaction vial. To another one dram vial was added
formic acid/triethylamine (5:2; 17.3 mg, 0.20 mmol, 2.0 equiv.) and MeCN (0.10 mL). The
solution was then added to the reaction mixture. Additional MeCN (0.10 mL) was used to
wash the remaining formic acid into the mixture. DMSO (0.20 mL) was added to the
mixture as co-solvent, followed by a teflon coated magnetic stir bar. The vial was capped

with a PTFE-lined cap, taken out of the glovebox, placed in an aluminum block heated to
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35 °C and stirred overnight. Upon the completion of the reaction, the mixture was diluted
by EtOAc (10 mL), extracted with water (3 x 10 mL), concentrated in vacuo and purified
by chromatography. Crude diene conversion: 94%, crude product yield: 82% [83:17 Z:E].
Isolated in 50% yield as a white solid after purification by column chromatography (20:1
DCM/MeOH), using Ag/SiOs.

"H NMR (CDCls, 700 MHz) § 8.39 (s, 1H), 8.21 (d, J= 8.4 Hz, 1H), 7.94 (d, J= 8.4
Hz, 1H), 7.85 —7.83 (m, 1H), 7.68 — 7.66 (m, 1H), 7.21 (s, 1H), 5.67 (d, J=17.5 Hz, 1H),
5.65 — 5.63 (m, 1H), 5.53 — 5.50 (m, 1H), 5.41 (d, J=17.5 Hz, 1H), 5.32 — 5.25 (m, 2H),
3.27 (d, J=7.0 Hz, 2H), 2.31 — 2.04 (m, 4H), 1.00 — 0.97 (m, 6H);

13C NMR (CDCls, 175 MHz) § 170.9, 167.5, 157.4, 152.5, 149.0, 146.3, 145.9,
136.3, 131.2,130.7, 129.7, 128.5, 128.3, 128.2, 128.1, 120.4, 118.9, 96.0, 76.0, 67.1, 50.0,
32.5,31.9, 20.9, 13.9, 7.6;

HRMS (ESI): calcd for C26H24N2NaOs [M + Na]™: 467.1577. Found 467.1582.

2-31 Prepared according to the General Procedure B from the corresponding diene
(114.7 mg, 0.50 mmol). Crude diene conversion: 93%, crude product yield: 61% [92:8
Z:E]. Isolated in 51% yield as a colorless oil after purification by column chromatography
(4:1 Hex/EtOAc) using Ag/SiOs.

'"H NMR (CDCls, 500 MHz) § 7.43 — 7.40 (m, 2H), 7.35 — 7.32 (m, 1H), 7.20 —
7.18(m, 2H), 5.51-5.43 (m, 2H), 3.27 (s, 3H), 2.88 (d, /= 5.0 Hz, 2H), 1.74 — 1.70 (m, 2H),

1.22 — 1.17 (m, 4H), 0.82 (t, J = 7.5 Hz, 3H);
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3C NMR (CDCl3, 125 MHz) § 171.6, 144.2,132.5, 129.7, 127.7, 127.4, 122.4, 37.4,
33.2,31.4,27.0,22.3, 13.9;

HRMS (EI): calcd for CisH21NO [M]": 231.1623. Found 231.1623.

/\f\)‘\'\{\Ph
Me Ph

2-32 Prepared according to the General Procedure B from the corresponding diene
(164.8 mg, 0.52 mmol). Crude diene conversion: 93%, crude product yield: 63% [95:5
Z:E]. Isolated in 59% yield as a colorless oil after purification by chromatography (4:1
Hex/EtOAc) using Ag/SiOs.

"H NMR (CDCl3, 500 MHz) & 7.38 — 7.36 (m, 2H), 7.33 — 7.30 (m, 3H), 7.28 — 7.25
(m, 1H), 7.22 (d, J = 7.0 Hz, 2H), 7.16 (d, J = 7.0 Hz, 2H), 5.68 — 5.63 (m, 1H), 5.60 —
5.55 (m, 1H), 4.61 (s, 2H), 4.45 (s, 2H), 3.22 (d, J= 6.5 Hz, 2H), 1.98 — 1.93 (m, 2H), 1.32
—1.23 (m, 4H), 0.85 (t, /= 7.0 Hz, 3H);

13C NMR (CDCls, 125 MHz) § 172.2, 137.5, 136.6, 133.1, 129.0, 128.6, 128.4,
127.7,127.4, 126.4, 122.0, 50.0, 48.3, 32.7, 31.5, 27.3, 22.4, 13.9;

HRMS (EI): caled for C22H27NO [M]": 321.2093. Found 321.2090.

0
Me/\/ﬁ\)L ’\@

2-33 Prepared according to the General Procedure B from the corresponding diene

(104.7 mg, 0.50 mmol). Crude diene conversion: 90%, crude product yield: 61% [94:6
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Z:E]. Isolated in 51% yield as a colorless oil after purification by chromatography (4:1
Hexane/EtOAc), using Ag/SiO;.

'"H NMR (CDCl3, 500 MHz) § 5.60 — 5.52 (m, 2H), 3.67 — 3.65 (m, 4H), 3.62 (d, J
= 5.0 Hz, 2H), 3.47 — 3.45 (m, 2H), 3.13 - 3.11 (m, 2H), 2.08 — 2.03 (m, 2H), 1.38 — 1.31
(m, 4H), 0.90 (t, J= 7.5 Hz, 3H);

3C NMR (CDCl3, 125 MHz) § 170.3, 133.1, 121.5, 67.0, 66.7, 46.2, 42.1, 32.6, 31.5,
27.3,22.4,14.0;

HRMS (EI): calcd for C12H2NO, [M]": 211.1572. Found 211.1575.

Me OMe

2-34 Prepared according to the General Procedure B from the corresponding diene
(91.6 mg, 0.50 mmol). Crude diene conversion: 86%, crude product yield: 78%, selectivity
not determined due to overlap of 'H NMR signals. Isolated in 69% yield as a colorless oil
after purification by chromatography (4:1 Hexane/EtOAc) using Ag/SiO».

'H NMR (CDCls, 500 MHz) § 5.60 — 5.57 (m, 2H), 3.70 (s, 3H), 3.22 (d, /= 4.5 Hz,
2H), 3.19 (s, 3H), 2.09 — 2.05 (m, 2H), 1.38 — 1.30 (m, 4H), 0.90 (t, J = 7.0 Hz, 3H);

BC NMR (CDCl3, 125 MHz) § 173.0, 133.1, 121.5,61.3,32.4,31.6,31.1,27.3,22.4,
14.0;

HRMS (EI): calcd for C1oHioNO> [M]": 185.1416. Found 185.1418.
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f\/\OH

2-36 LiAH (0.18 g, 4.9 mmol, 1.4 equiv.) was added to a 50 mL round bottom flask
charged with a stir bar. The flask was purged with 3 times N2, Et,O (20 mL, 0.2 M) was
added and the reaction mixture was cooled to 0 °C. Z-olefin 2f (1.0 g, 3.6 mmol, 1.0 equiv.)
was added dropwise and the mixture was stirred for 2 h at room temperature. Upon
completion of the reaction, the solution was re-cooled to 0 °C and diluted with Et,O. Water
(0.18 mL), 2 M NaOH (0.36 mL), additional water (0.54 mL) were added slowly in
sequence. The mixture was warmed to room temperature and stirred for 15 min. Na>SO4
was then added. The mixture was further stirred for 15 min and filtered. The filtrate was
concentrated in vacuo and purified by column chromatography (Ag/SiO2, 3:1
EtOAc/Hexane). Isolated in 85% yield as a colorless oil.

'"H NMR (CDCls, 500 MHz) § 7.30 — 7.27 (m, 2H), 7.20 — 7.18 (m, 3H), 5.62 — 5.57
(m, 1H), 5.42 — 5.37 (m, 1H), 3.56 (dt, J= 6.5, 6.0 Hz, 2H), 2.67 (t, J= 7.5 Hz, 2H), 2.43
—2.38 (m, 2H), 2.28 — 2.23 (m, 2H), 1.20 (t, /= 5.5 Hz, 1H);

13C NMR (CDCls, 125 MHz) § 141.8, 132.2, 128.6, 128.3, 126.1, 125.9, 62.2, 35.9,
30.8,29.3;

HRMS (EI): calcd for C12Hi60 [M]": 176.1201. Found 176.1203.

f\/\/COZEt

2-37 DMP (0.64 g, 1.5 mmol, 1.0 equiv.) was added to a 50 mL round bottom flask

Bn

charged with a stir bar. The flask was purged with N> and CH>Cl; (15 mL, 0.1 M) followed

by 4a (0.26 g, 1.5 mmol, 1.0 equiv.) were added. The reaction mixture was stirred at room
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temperature for 2 h. Upon completion of the reaction, the solution was filtered through a
pad of silica, rinsed with Hexane/EtOAc (1:1), concentrated in vacuo. Isolated in 82% yield
as a colorless oil and used in next step without further purification. NaH (4.8 mg, 0.12
mmol, 1.2 equiv.) was added to a one dram vial charged with a stir bar. The flask was
purged with N>, THF (1 mL, 0.1 M) was added and the solution was cooled to 0 °C. Triethyl
phosphonoacetate (24 pl, 0.12 mmol, 1.2 equiv.) was added dropwise. The mixture was
stirred for 10 min and the aldehyde prepared above (17 mg, 0.10 mmol, 1.0 equiv.) was
added dropwise. The reaction mixture was stirred at room temperature for 2 h. Upon
completion of the reaction, the mixture was concentrated in vacuo and purified by flash
chromatography (10:1 Hexane/EtOAc). Isolated in 89% yield as a colorless oil.

'"H NMR (CDCls, 500 MHz) & 7.29 — 7.26 (m, 2H), 7.20 — 7.17 (m, 3H), 6.87 (dt, J
=16.0, 6.0 Hz, 1H), 5.77 (d, J = 15.5 Hz, 1H), 5.61 — 5.55 (m, 1H), 5.43 — 5.38 (m, 1H),
4.18 (q, J=17.0 Hz, 2H), 2.89 (dd, J=17.5, 7.0 Hz, 2H), 2.67 (t, J = 7.0 Hz, 2H), 2.36 (dt,
J=1.5,7.5 Hz, 2H), 1.29 (t, /= 7.5 Hz, 3H);

13C NMR (CDCls, 125 MHz) § 166.7, 147.0, 141.7, 131.6, 128.5, 128.4, 126.0,
125.0, 121.5, 60.2, 35.7, 29.9, 29.2, 14.3;

HRMS (EI): caled for Ci6H2002 [M]": 244.1463. Found 244.1462.

/\f\(COZEt
Me NHPh

2-38 p-ABSA (2.0 g, 8.4 mmol, 2.0 equiv.) was added to a 50 mL round bottom flask
charged with a stir bar. The flask was purged with N2, MeCN (20 mL, 0.2 M) and 2a (0.72
g, 4.2 mmol, 1.0 equiv.) were added sequentially. The reaction mixture was cooled to 0 °C
and DBU (1.3 mL, 8.4 mmol, 2.0 equiv.) was added dropwise. The mixture was stirred at
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room temperature for 3.5 h. Upon completion of the reaction, the solution was filtered
through a pad of silica, rinsed with Pentane/Et>O (1:1), concentrated in vacuo. Isolated in
81% yield as an orange oil and used in next step without further purification. A four dram
vial charged with a stir bar was purged with N», aniline (0.21 mL, 2.3 mmol, 5.0 equiv.),
the diazo ester prepared above (90 mg, 0.46 mmol, 1.0 equiv.) and benzene (3 mL) were
added sequentially. Rh2(OAc)s (4.4 mg, 0.01 mmol, 0.022 equiv.) was then added in a
solution of benzene (2 mL). The reaction mixture was heated at reflux for 10 min. Upon
the completion of the reaction, the mixture was concentrated in vacuo. Isolated in 80%
yield after purification by chromatography (10:1 Hexane/EtOAc) as a yellow oil (65% over
two steps).

"H NMR (CDCls, 500 MHz) § 7.17 (dd, J = 8.8, 7.4 Hz, 2H), 6.73 (dd, J = 14.0, 7.3
Hz, 1H), 6.60 (dd, J=8.7, 1.1 Hz, 2H), 5.74 — 5.69 (m, 1H), 5.32 — 5.27 (m, 1H), 4.82 (dd,
J=14.7,6.8 Hz, 1H), 4.37 (d, J=5.9 Hz, 1H), 4.23 — 4.17 (m, 2H), 2.32 — 2.27 (m, 2H),
1.47-1.35 (m, 4H), 1.26 (t, J= 7.5 Hz, 3H), 0.94 (t, J = 7.5 Hz, 3H);

13C NMR (CDCl;, 125 MHz) § 172.5, 146.4, 136.2, 129.3, 126.1, 118.3, 113.6, 61.5,
54.9,31.5, 28.0, 22.5, 14.2, 14.0;

HRMS (EI): caled for Ci6H23NO2 [M]™: 261.1729. Found 261.1725.

OH
=z A
X
/(\)\SiMe3

2-39 A four dram vial charged with a stir bar was purged with No,

Bn

ethynyltrimethylsilane (15 mg, 0.1 mmol, 1.5 equiv.) and THF (1 mL, 0.1 M) were added

and the solution was cooled to —78 °C. nBuLi (2.5 M in hexane, 60 pL, 1.5 equiv.) was
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added dropwise. The mixture was stirred for 1 h and the aldehyde prepared above (17 mg,
0.10 mmol, 1.0 equiv.) was added dropwise. The reaction mixture was stirred at — 78 °C
for 2 h. Upon completion of the reaction, the mixture was quenched with saturated aqueous
solution of NH4Cl (1 ml) and the aqueous layer was extracted with EtOAc (3 x 1.0 mL).
The organic layers were combined, concentrated in vacuo and purified by column
chromatography (4:1 Hexane/EtOAc). Isolated in 94% yield as a colorless oil.

"H NMR (CDCl3, 500 MHz) § 7.30 — 7.27 (m, 2H), 7.20 — 7.17 (m, 3H), 5.67 — 5.62
(m, 1H), 5.52 — 5.47 (m, 1H), 4.29 (dt, J= 6.5, 6.0 Hz, 1H), 2.69 (t, J = 7.5 Hz, 2H), 2.43
—2.39 (m, 4H), 1.72 (d, J=17.5, 6.0 Hz, 1H), 0.17 (s, 9H);

I3C NMR (CDCl3, 125 MHz) § 141.8, 132.9, 128.5, 128.4, 125.9, 124.3, 106.2, 89.6,
62.4,35.8,35.7,29.4, -0.1;

HRMS (EI): caled for C17H240Si [M]": 272.1596. Found 272.1596.

2.5 Formic Acid D-Labelling Studies

2.5 mol% [Rh(COD)CI],

15 mol% PPh; CO,Bn
nPr XX~ C02Bn f\/
1.0 equiv. DCO,H:NEt; (5:2) nPr” D
241 MeCN, 35 °C 2-2a

2-2a Crude yield of Z-product: 77%, 70% D-incorporation at C5, <10% D-
incorporation at C2.

'H NMR (CDCls, 700 MHz) & 7.38 — 7.31 (m, 5H), 5.60 — 5.55 (m, 2H), 5.13 (s,
2H), 3.14(d, J=5.6 Hz, 2H), 2.05 — 2.00 (m, 1H), 1.36 — 1.27 (m, 4H), 0.88 (t, /= 7.1 Hz,

3H);
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13C NMR (CDCls, 176 MHz) § 171.9, 136.0, 133.7, 128.6, 128.2 (2), 120.6, 66.4,
33.0,31.4,27.1,26.8 (t, Jco=19.1 Hz), 22.3, 13.9;
HRMS (EI): caled for CisH19DO, [M]": 233.1526. Found 233.1527.

2.5 mol% [Rh(COD)CI],
15 mol% PPh;

HCO,D:NEt; (5:2) _~_CO,Bn
nPr/WCOZBn /(\D/
o MeCN, 35 °C P 5 o

2-2b Crude yield of Z-product: 72%, 90% D-incorporation at C2, <10% D-
incorporation at CS5.

'"H NMR (CDCls, 700 MHz) & 7.38 — 7.31 (m, 5H), 5.61 — 5.55 (m, 2H), 5.13 (s,
2H), 3.15-3.12 (m, 1H), 2.04 (q, /= 6.8 Hz, 2H), 1.36 — 1.28 (m, 4H), 0.88 (t, /=7.2 Hz,
3H);

13C NMR (CDCls, 176 MHz) § 171.9, 136.0, 133.7, 128.6, 128.2 (2), 120.5, 66.4,
33.0,32.8 (t, Joo=19.8 Hz), 31.5, 27.1, 22.3, 13.9;

HRMS (EI): calcd for CisH19DO, [M]": 233.1526. Found 233.1526.

2.6 Preparation of Substrates (representative examples): The synthetic routes towards
the preparation of the substrates were not optimized.

General Procedure A for Wittig Olefination Triphenylphosphoranylidene ester
(1.0 equiv.) was added into a round bottom flask charged with a stir bar. The flask was
purged with Na, toluene (0.20 M) and aldehyde (1.0 equiv.) were added sequentially and
the reaction mixture was heated to 90 °C for 10 h. Upon completion of the reaction, the

solvent was removed in vacuo and hexane (0.25 M) was added with further stirring for
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about 20 min. The precipitate was filtered off, concentrated in vacuo and purified by
column chromatography.

General Procedure B for Wittig Olefination To a flask charged with stir bar
purged with N, was added aldehyde (1.0 equiv.) and dry DCM (1.00 M).
Triphenylphosphoranylidene ester (1.2 equiv.) was then added in one portion and the
mixture was stirred overnight at room temperature and monitored by TLC until completion.
The solvent was removed in vacuo and hexane (0.25 M) was added with further stirring for
about 20 min. The precipitate was filtered off, concentrated in vacuo and purified by
column chromatography.

General Procedure for DCC Coupling To a flask charged with stir bar and purged
with N> was added carboxylic acid (1.0 equiv.), DCM (0.40 M), alcohol (1.00 equiv.) and
DMAP (0.05 equiv.). The solution was cooled to 0 °C and DCC (1.0 equiv.) was added
portion-wise over 5 minutes. The mixture was warmed to room temperature and stirred
overnight. The mixture was filtered through silica using DCM as eluent, concentrated in
vacuo and purified by column chromatography.

General Procedure for Suzuki Coupling To a flask charged with stir bar and
purged with N> was added alkenyl bromide (1.0 equiv.), toluene (12 mL/mmol), EtOH (4
mL/mmol) and H>2O (4 mL/mmol). The corresponding alkenylboronic ester (1.2 equiv.),
Pd(PPh3)s4 (5 mol%) and Na>COs (2.0 equiv.) were added and refluxed at 100 °C for 24 h.
The mixture was cooled to room temperature, washed with saturated aqueous NaHCO3 (10
mL/mmol) and then with aqueous NH4Cl solution (10 mL/mmol). The organic phase was

dried with Na;SOs, concentrated in vacuo and purified by column chromatography.
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General Procedure for Horner-Wadsworth-Emmons Olefination To a flask
charged with stir bar and purged with N> was added triethyl-4-phosphonocrotonate (1.3
equiv.) and anhydrous THF. The resulting solution was cooled to -78 °C and LDA (0.75
M in THF, 1.3 equiv.) was added dropwise over 2 min. The mixture was stirred for a further
1 hour at —78 °C and a solution of aldehyde (1.0 equiv.) in THF (0.20 M) was added
dropwise over 3 min. The solution was warmed to room temperature with further stirring
for 3 h before being quenched with saturated aqueous NH4Cl solution. The organic layer
was separated, washed with brine, dried over Na,SOs, filtered, concentrated in vacuo and
purified by column chromatography.

General Procedure for Amide Coupling Amine (5.0 mmol, 1.0 equiv.), EDCI
(6.0 mmol, 1.2 equiv.) and DMAP (0.5 mmol, 0.1 equiv.) were added to a 50 ml round
bottom flask charged with a stir bar. The flask was purged with nitrogen and
dichloromethane (20 ml, 0.25 M) and triethylamine (7.5 mmol, 1.5 equiv.) were added
sequentially and the mixture was maintained at 0 °C. Then acid (0.84 g, 6.0 mmol, 1.2
equiv.) was added. The reaction mixture was stirred at room temperature overnight. Upon
completion of the reaction, the mixture was washed with 1 M HCI (2 x 10 mL), 1 M NaOH
(2 x 10 mL), water (1 x 10 mL). The organic layer was dried with Na>SOs, concentrated

in vacuo and purified by column chromatography.

Me/\/WCOZBn

2-1 Prepared according to the General Procedure A for Wittig Olefination from

(carbobenzyloxymethylene)triphenylphosphorane (9.70 mmol, 4.00 g, 1.0 equiv.) and
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trans-2-hexenal (9.70 mmol, 1.13 mL, 1.0 equiv.). Isolated in 90% yield as a colorless oil
after purification by column chromatography (20:1 Hexane/EtOAc).

"H NMR (CDCls, 700 MHz) § 7.39 — 7.29 (m, 6H), 6.20 — 6.11 (m, 2H), 5.84 (d, J
=15.3 Hz, 1H), 5.19 (s, 2H), 2.15 (q, /= 7.1 Hz, 2H), 1.46 (sext, J= 7.4 Hz, 2H), 0.92 (t,
J=17.4 Hz, 3H);

13C NMR (CDCls, 176 MHz) § 167.1, 145.7, 144.9, 136.3, 128.5(2), 128.2, 128.1,
118.9, 66.0, 35.0, 21.9, 13.7,

HRMS (EI): calcd for Ci5sHi302 [M]™: 230.1307. Found 230.1302.

Me/\/v\)OLN,Ph
Me

2-30 Prepared according to the General Procedure B for Wittig Olefination from N-
methyl-N-phenyl-2-(triphenylphosphoranylidene)acetamide (8.2 g, 20 mmol, 1.0 equiv.)
and trans-2-hexenal (2.3 mL, 20 mmol, 1.0 equiv.). Isolated in 55% yield after purification
by column chromatography (4:1 Hexane/EtOAc) as a yellow solid.

'"H NMR (CDCl3, 500 MHz) § 7.42 — 7.39 (m, 2H), 7.34 — 7.33 (m, 1H), 7.26 (dd, J
=15.4,11.2 Hz, 1H), 7.19 — 7.17 (m, 2H), 6.03 — 5.98 (m, 2H), 5.72 (d, J = 15.4 Hz, 1H),
3.35 (s, 3H), 2.09 — 2.04 (m, 2H), 1.44 — 1.37 (m, 2H), 0.87 (t, /= 7.5 Hz, 3H);

13C NMR (CDCls, 125 MHz) § 166.6, 143.9, 142.9, 142.4, 129.6, 128.9, 127.4(2),

119.8, 37.5, 35.0, 22.0, 13.7;

HRMS (EI): caled for CisHioNO [M]": 229.1467. Found 229.1470.
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Me/WCOZBn

2-56 Prepared according to the General Procedure for DCC Coupling from sorbic
acid (17.8 mmol, 2.00 g, 1.00 equiv.) and benzyl alcohol (17.8 mmol, 1.85 mL, 1.00 equiv.)
Isolated in 88% yield as a light yellow oil after purification by column chromatography
(10:1 Hexane/EtOAc).

"H NMR (CDCl3, 500 MHz) § 7.39 — 7.27 (m, 6H), 6.23 — 6.12 (m, 2H), 5.83 (d, J
=15.3 Hz, 1H), 5.19 (s, 2H), 1.85 (d, /= 6.1 Hz, 3H);

13C NMR (CDCls, 126 MHz) § 167.1, 145.5, 139.6, 136.2, 129.8, 128.5, 128.2,
128.1, 118.6, 66.0, 18.6;

HRMS (EI): calcd for Ci13H1402 [M]"™: 202.0994. Found 202.0996.

v/k/\,COQBn

2-57 Prepared according to the General Procedure for Suzuki Coupling from 2-
cyclopropylvinylpinacolborane (4.70 mmol, 906 mg, 1.25 equiv.) and benzyl-3-
bromoprop-2-enoate (3.70 mmol, 896 mg, 1.00 equiv.). Isolated in 82% yield as a light
yellow oil after purification by column chromatography (10:1 Hexane/EtOAc).

'TH NMR (CDCI3, 500 MHz) § 7.39 —7.31 (m, 5H), 7.27 (dd, J=15.2, 11.2 Hz, 1H),
6.26 (dd, J=14.5,10.8 Hz, 1H) 5.80 (d, J=15.9 Hz, 1H), 5.62 (dd, J=14.5, 10.3 Hz, 1H),
5.18 (s, 2H), 1.54 — 1.47 (m, 1H), 0.88 (q, /= 6.8 Hz, 2H), 0.54 (q, /= 6.8 Hz, 2H);

13C NMR (CDCI3, 126 MHz) § 167.2, 149.2, 145.4, 136.3, 128.5, 128.1(2), 125.8,
117.5, 65.9, 14.9, 8.4,

HRMS (EI): calcd for CISH1602 [M]+: 228.1150, found 228.1155.
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NS COEt
~

!
N
2-58 Prepared according to the General Procedure for Horner-Wadsworth-Emmons
Olefination from triethyl 4-phosphonocrotonate (8.40 mmol, 2.10 g, 1.30 equiv.) and
pyrimidine-5-carbaldehyde (6.50 mmol, 700 mg, 1.00 equiv.). Isolated in 41% yield as
light brown flakes after purification by column chromatography (2:1 Hexane/EtOAc).
"H NMR (CDCI3, 500 MHz) & 9.14 (s, 1H), 8.85 (bs, 2H), 7.43 (dd, J = 14.9 Hz,
11.2 Hz, 1H), 7.00 (dd, J = 15.4 Hz, 11.2 Hz, 1H), 6.81 (d, /= 15.9 Hz, 1H), 6.10 (d, J =
15.1 Hz, 1H), 4.25 (q, J= 7.5 Hz, 2H), 1.33 (t, J= 7.4, Hz, 3H);
3CNMR (CDCI3, 126 MHz) § 166.5, 158.1, 154.7, 142.7, 132.1, 130.0, 124.2, 60.7,

14.3;

HRMS (EI): calcd for C11H1202N2 [M]": 204.0899. Found 204.0903.

0]

Me/\/\/\)LNAPh

Ph

2-59 Prepared according to the General Procedure for Amide Coupling from octa-
2,4-dienoic acid and dibenzylamine (0.99 g, 5 mmol, 1.0 equiv.). Isolated in 84% yield
after purification by column chromatography (4:1 Hexane/EtOAc) as a light-yellow oil.

'H NMR (CDCls, 500 MHz) § 7.44 (dd, J = 14.5, 10.0 Hz, 1H), 7.38 — 7.25 (m, 8H),
7.18 (d, J=7.5 Hz, 2H), 6.26 (d, J = 15.0 Hz, 1H), 6.18 — 6.08 (m, 2H), 4.66 (s, 2H), 4.51
(s, 2H), 2.14 - 2.10 (m, 2H), 1.46 — 1.42 (m, 2H), 0.90 (t, /= 7.0 Hz, 3H);

13C NMR (CDCls, 125 MHz) § 167.6, 144.4, 143.4, 137.5, 136.8, 128.9(2), 128.6,
128.3, 127.6, 127.3, 126.5, 118.1, 49.9, 48.6, 35.0, 22.0, 13.7;

HRMS (EI): caled for C22H2sNO [M]": 319.1936. Found 319.1936.
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CHAPTER 3 - Rh-Catalyzed Z-Homoallylic Alcohol Synthesis via Reductive
Coupling of Electron Deficient Dienes and Aldehydes
3.1 Introduction

The addition of carbon-based nucleophiles to carbonyl units is one of the most
fundamental reactions in synthetic organic chemistry. Since organometallic reagents often
require an additional preparative step to obtain and exhibit limited functional group

105

compatibility, ™ reductive coupling strategies that use olefins as pronucleophiles can

streamline synthetic routes that involve carbonyl alkylation. % 107

Early olefin-aldehyde reductive coupling protocols employed aggressive reducing
agents like alkyl borane or alkyl zinc reagents to generate the metal hydride intermediate
required for nucleophile formation.!®”"'1% The nucleophile formed can then be trapped by
an aldehyde to generate the reductive coupling product. In the presence of diethyl zinc and
Wilkinson’s catalyst (RhCI(PPhs)3), Ando and co-workers reported the reductive coupling
of a,B-unsaturated esters with aldehydes and ketones to synthesize B-hydroxyesters (Fig.
3-1).!%7 Transmetalation between the diethyl zinc reagent and Wilkinson’s catalyst forms
a Rh-ethyl species which undergoes a B-hydride elimination to generate rhodium hydride,
Rh—-H and eliminate ethylene. The alkene inserts into the Rh—H forming a Rh-enolate
which upon transmetalation with ethylzinc chloride forms a Zn-enolate. Subsequent
trapping of the Zn-enolate by a carbonyl compound generates the B-hydroxyester product

in a reductive aldol-type reaction. These organometallic reagents are highly pyrophoric and

require careful handling.
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2 mol% RhCI(PPhs); o Ry
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1.2 equiv. EtxZn
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0] (0]
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R'] OJ\/\Rz Rh—H

Fig. 3-1 Rh-catalyzed olefin-carbonyl reductive coupling with alkyl zinc reagent.

More recently, the use of milder reductants, such as molecular hydrogen or
isopropanol, in combination with suitable transition metal catalysts has been pioneered by
the group of Krische to dramatically broaden the scope and utility of olefin-based carbonyl
additions.”® 7% 111112 These methods proceed through a hydride transfer from the reductants
to generate a metal hydride necessary for the reaction. The metal hydride generation
involves either the activation of the molecular hydrogen followed by proton abstraction by
a base (Fig. 3-2a) or dehydrogenation in the case of an alcohol. In the Rh-catalyzed
carbon—carbon bond formation between a,B-unsaturated enones and aldehydes using
molecular hydrogen as terminal reductant reported by Krische and co-workers (Fig. 3-

2b),'!'2 Rh—H was generated from molecular hydrogen and [Rh(COD),]OTf in the presence
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of potassium acetate as a base additive. The activation of the molecular hydrogen via
oxidative addition by [Rh(COD)2]OTf generates a rhodium dihydride which upon a proton
abstraction by the base additive generates the Rh—H as outlined in Scheme 3-2a. The use
of these milder reductants is realtively cheap and safe compared to use of organo- zinc or

boron reagents.

a. Rh—hydride generation in reductive coupling mediated by molecular hydrogen

+

. H, any Hf - _ base )

oTf =—— |[L,-Rh |OTf =—— L,-Rh-H
“H

[L,-RA®

b. Rh-catalyzed reductive coupling of aldehyde and o,3-enone

5 mol % Rh(COD),OTf
OH

o 2 12 mol % PPhj Q
» o K©\ M e)m
€ NO, 1atm Hy, 50 mol% KOAc Me NO

2
DCE, rt

2

70% (syn:anti = 2:1)

Fig. 3-2 Rh-catalyzed reductive coupling reaction mediated by molecular hydrogen.

Despite advances in catalytic carbonyl reductive coupling processes,''*"'?* addition
reactions involving diene or alkyne pro-nucleophiles that generate less thermodynamically
stable Z-olefin products remain rare.””> 83 124 125 These processes include the Ni-catalyzed
reductive coupling of dienes and aldehydes in the presence of N-heterocyclic carbene
(NHC) ligands which dictates stereoselectivity in the synthesis of Z-homoallylic
silylethers.®* > Stereoselective reductive coupling reactions between alkyne and primary
alcohol catalyzed by Ru and Ir proceed through an allene-carbonyl oxidative addition and

hydride shift enabled m-allyl formation respectively to generate Z-homoallylic alcohol
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selectively.””- 12> The Z-selective coupling of aldehydes and dienes can be promoted by Rh-
based catalysts, however the requirement for stoichiometric Et;B to generate a Rh—H
intermediate limits chemoselectivity (Fig. 3-3).8* % The proposed mechanism involve the
generation of Rh—H via B-hydride elimination from Rh—ethyl complex (L,Rh—Et) obtained

from [Rh(COD)OH], and Et:B. Alkene insertion into the Rh—H of the diene results in the

formation of an allylrhodium species. Respective c—m—c isomerization, B-hydride
elimination and alkene insertion resulting in an overall 1,4-hydride shift generates another
allyrhodium species with oi-unsaturation to the ester group. The overall hydride shift in the
reaction depends on the length of the carbon chain between the ester group and the diene
moiety. Nucleophilic allylation of the allylrhodium species in the presence of benzaldehyde
through the transition state with minimal non-bonding interaction of the ethyl group with
the cyclooctadiene ligand provides a rhodium alkoxide. Transmetalation of the rhodium
alkoxide in the presence of organoboron reagents results in a boron alkoxide intermediate
which upon work-up generates the Z-homoallylic alcohol product. Under these conditions,
products derived from chain-walking isomerization are observed,® restricting access to a
narrow range of product classes.?* 8% 126128 The Jack of generality in Z-selective diene
additions highlights the difficulty in controlling both site- and stereoselectivity in catalytic
diene functionalization,’® particularly in those reactions that generate thermodynamically

less favorable product isomers, 29136
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1.2 equiv. PhCHO
5 mol% [Rh(COD)OH],

2.0 equiv. Et;B OH
N\/COZBn f\EAPh
THF, 50 °C CO,Bn

Me
60 %, >19:1 dr

OH
f\EAPh
Me CO,Bn
work-up
L,Rh-OH + Et;B
OBEt,_,(OH),
% Ph l\, EtzBOH|_|2 _CH,

: C
Me/(\C)O:Bn L,Rh—Et \¥
BEt, or BEt,OH
L,Rh-H

COan
ORhL, \<“M

H
2" "Ph
CO,Bn RhL,
Me Me)\/\rCOZBn
- |
I\ H
RI—IQ\ COzBN
4 Of R RhL,
Me Me/\)\(coan
H \>\ / :
P en H “RL
Me x-CO,Bn

{_L_CO,Bn
Rth Me/\/\/

Fig. 3-3 Z-selective reductive coupling of diene and aldehyde via allymetal chain

walking.

From a mechanistic perspective, improving reductive chemoselectivity while
inhibiting chain-walking events in diene-aldehyde coupling can potentially be realized by
tailoring the reactivity of the Rh-intermediates involved in the reaction pathway.
Specifically, if both diene insertion into the Rh—H catalyst and electrophilic capture of the

resultant Rh—allyl outpace undesirable isomerization, PB-hydride elimination, or other
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reductive processes, a direct and selective coupling process should be possible. As
presented in Chapter 2, formic acid acts as reducing agent for the Z-selective 1,6-reduction
of dienyl esters.!*” The diversion of the pathway to enable reductive coupling was
questioned. Formic acid has been used as a reductant for metal catalyzed carbon—carbon
bond forming carbonyl allylation and vinylation processes, and thus it seemed like a
reasonable hypothesis to extend formic acid mediated reduction processes to reductive
couplings.” 767

Chapter 3 demonstrates that mixtures of Rh-precatalysts, 1,5-cyclooctadiene (COD),
and PPh; mediate the isomerization-free, stercoselective addition of diene-derived
nucleophiles to aldehyde. The process delivers substituted Z-homoallylic alcohols with
typically >95:5 syn- and Z-selectivity without interference from other reducible
functionality. The role of each of the catalyst components is delineated through kinetic

studies. Generation of the catalytically active Rh-species is the overall rate determining

step and helps to impart high selectivity at reduced catalysts loadings.

3.2 Development of Direct Formic Acid Mediated Z-Selective Reductive Coupling of
Electron Deficient Dienes and Aldehydes

A wide range of experimental conditions was surveyed to ultimately find that
dienoate 3-1 can be reductively coupled to benzaldehyde wusing formic
acid/diisopropylethylamine (DIPEA) in the presence of [Rh(COD)CIl], and PPhs to
generate Z-homoallylic alcohol 3-2 as a single isomer in good yield (>98:2 syn/anti and
ZIE, T7% yield). Fig. 3-4a provides an overview of important reaction parameters. The use

of other Rh-based catalysts, including Wilkinson’s catalyst or [Rh(COE)Cl]2, as well as
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[Ir(COD)Cl]. (Fig. 3-4a entries 2 to 3) consumed diene without significant product
formation, while other transition metal complexes (Ru-, Pd-, and Cu-based) were
completely inactive (Fig. 3-4a entries 5 to 8). Catalyst loadings as low as 0.25 mol%
[Rh(COD)CI]: (Fig. 3-4a entry 9) gave good yields when additional COD was added.
DIPEA was essential to observe good yields of reductive coupling product relative to diene
transfer hydrogenation. The stereochemistry of Z-homoallylic alcohol 3-2 was assigned as
the syn, Z- form based on literature precedent®? by using the spectra data of the acetonide
obtained via the NaBH4 reduction of 3-2 followed by acetonization of the intermediate 1,3-

diol using acetone dimethyl acetal (Fig. 3-4b).
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a. Optimization table

3.0 equiv. PhCHO
2.5 mol% [Rh(COD)CI
o [Rh(COD)CI], OH

~CO2Bn 5 mol% PPh,
| 2 "Ph
nPr 1.2:2 HCO,H:DIPEA CO,Bn

nPr
31 MeCN, 35 °C 3.2

(97% conv.) 77%? [>98:2]

entry deviation from above conv. (%) yield (%)
1 none 97 77
2 Rh(PPh);CI (no PPhj3) 79 6
3 [Rh(COE),ClI], instead of [Rh(COD)CI], 98 6
4 [I(COD)CI], instead of [Rh(COD)CI], 89 <2
5 Ru(COD)CI, instead of [Rh(COD)ClI], <2 <2
6 RuCp*(MeCN); PFg instead of [Rh(COD)CIl], <2 <2
7 Pd(OAc), instead of [Rh(COD)CI], <2 <2
8 Cul instead of [Rh(COD)CI], <2 <2
9 0.25 mol% [Rh] + 10% CODP 98 76
10 NEt; instead of DIPEA >98 47
11 DBU instead of DIPEA 90 10
12 Cs,COj instead of DIPEA 36 <2
13 no PPh3 88 48
14 1 equiv PhCHO >98 39
15 NaHCOyj; instead of HCO,H 5 5

0.2 mmol scale, 0.25 M at 35 °C, with 1.2 equiv. HCO,H. Conversions and yields
determined by calibrated "H NMR spectroscopy using dibenzyl ether as internal
standard, 14 - 18 h. a) Yield of isolated product. b) Run at 45 °C.

b. Stereochemistry of product determination

nPr
OH o NaBH, OH OH MeOXOMe 4
Ph)\(/z\ n Ph/'\i/\ ph O 4/0
|
X-"Nnpr MeOH, 60 °C XNpr PTSA HHb
3-2 1,3-diol Acetonide
JHaHb =2.8Hz

Fig. 3-4 Optimization table and stereochemistry determination.

The stereochemistry of the diene starting material (E,E, Z,E or E,Z) had minimal
impact on reaction outcomes (Fig. 3-5a), allowing for the use of crude substrate mixtures
obtained from standard diene syntheses. A pathway in which reduced diene could act as a

nucleophile in a Rh-catalyzed or base-mediated aldol reaction after reduction was ruled out
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with control experiments (Fig. 3-5b). The addition of base-generated nucleophiles, similar
to those that are formed by hydrorhodation in this study, have been reported to add to

aldehydes with low diastereoselectivity. '

a. Effect of diene geometry

3.0 equiv. PhCHO
2.5 mol% [Rh(COD)CI],

nBu
Wcoan 5 mol% PPhg oH
E.Z isomer 10 mol% COD
1.2:2 HCO,H:DIPEA CO,Bn
BN\ 028n MoCN, 35 °C e
E,E isomer ’ 3-3
31a >99% conv., 68% [>98:2]
EZ:EE = 45:55
3.0 equiv. PhCHO
2.5 mol% [Rh(COD)Cl],
5 mol% PPhj
10 mol% COD OH
CO,Bn ~
nPr\N z Ph
1.2:2 HCO,H:DIPEA npr” ©0O2Bn
3-1b MeCN, 35 °C 3-2
Z, E isomer >98% conv. 66% [>98:2]
b. Aldol control reaction
3.0 equiv. PhCHO
2.5 mol% [Rh(COD)CI],
_~_CO,Bn 5 mol% PPhy OH
Z Y "Ph
nPr 1.2:2 HCO,H:DIPEA nPr CO,Bn
. MeCN, 35 °C
<10% conversion 3-2

Not observed

Fig. 3-5 Effect of diene geometry and control reaction to disprove alternative reaction

pathway.
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3.0 equiv. PhCHO
2.5 mol% [Rh(COD)CI],
5 mol% PPhsy

N CO,Bn 1.0 equiv. additive
| A Ph
nPr 1.2:2 HCO,H:DIPEA npr~  CO2Bn
3-1 MeCN, 35 °C 3-2
yield of Additive yield of Additive
entry Additive 1a remaining entry Additive 1a remaining
(%) (%) (%) (%)
1 none 7d none 14 ©\/I\> 65 99
0 H
2 ©)LMe 69d 984 15 HO Y 684 99
o 16 cIr 68 >99/
3 ©)LNH2 66 99
y 17 Br 33% 68 %
N _Me
4 70 1004
© \IOT J 18 Ph——Me 28 X 62X
OH
5 ©/ 62d 994 19 Ph—= 3% 10 %
6 ©/NH2 64d 964 20 e COMe 56— 70%
7\ 21 Ph———TMS 20X 76 X
7 O NH 54 = 97d
s
o 22 CeHi—= 20% 45%
8 SNH2 g6y 61X
O 23 Ph—=—Ph 6% n.d
Me
A
9 » 35 % 944 24  C,H—=-C,Hs 624 68X
N
10 cHe~Cale 63y o7d 25 p N COMe 704 854
1 CeHis ™ 66y  984d 26 pNoPh 68d 99d
o)
12 H,O 634 nd
27 71d o7d
A
13 O\ 52 = 97d
N~ Me

Reactions performed on 0.20 mmol scale according to the general procedure, with an additional 1.0 equivalent of
additive. Yields determined by caliberated '"H NMR spectroscopy using dibenzyl ether as internal standard.
General accessment of product yield and additive recovery based on: Yield: 100 — 60% (good « ), 60 — 50%
(mediocre = ), 50 — 0% (poorx ). [n.d] = not determined; Additive Conversion: <15% (good«)
>15% (poor % ). dr >98:2 in all cases.

Table 3-1 Functional group compatibility screen.
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The reductive chemoselectivity of the reaction was assessed by a comprehensive

functional group compatibility screen (Table 3-1),'%!

via the addition of an equivalent of
substrates with reactive functional groups as additive to the standard Rh-catalyzed
reductive coupling reaction using substrate 3-1. Related carbonyl groups- ketones, esters,
amides (Table 3-1 entries 2, 3, 4 and 25), activated and unactivated olefins or dienes (Table
3-1 entries 10, 11 and 26), alkyl halides (Table 3-1 entry 16), epoxides (Table 3-1 entry
27), and protic NH- and OH- groups (Table 3-1 entries 5, 6, 7, 15) are well tolerated (>60%
product yield with one equivalent of additive and >85% recovery of additive). Of the
functional groups screened, only alkynes and alkyl bromides were impacted under the
standard reaction conditions (Table 3-1 entries 17 to 19 and 21 to 24).

The formic acid mediated coupling process yielded products of direct aldehyde Z-
allylrhodation without isomerization (Fig. 3-6). For example, diester 3-4 underwent
reaction to give a single coupling product 3-5 in 73% yield, chain-walking and addition
adjacent to the remote ester was not observed. Even where there is a clear thermodynamic
driving force for isomerization, like in the cases of ester-tethered aryldiene 3-6, only direct

coupling product 3-7 is obtained, contrasting approaches with alternative reducing

agents.®’
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3.0 equiv. PhCHO
2.5 mol% [Rh(COD)CI],

CO,Et 5 mol% PPhs OH
WCO B Etozc\f\z)\Ph
28N 1.2:2 HCO,H:DIPEA CO,Bn
MeCN, 35 °C
3-4 3-5 73%
3.0 equiv. ArCHO
2.5 mol% [Rh(COD)CI],
o 5 mol% PPh, OH
MeO,C~ " F"ph A Ar
1.2:2 HCO,H:DIPEA MeO,C Ph
MeCN 35 °C
3-6 3-7 56%

(Ar =4-C F3C6H4)

Fig. 3-6 Isomerization test - Direct coupling. <5% chain-walking in both cases.

3.0 equiv. PhCHO
2.5 mol% [Rh(COD)CI],

~CO2Bn 5 mol% PPhs OH
J|/\/ /lé\:)\Ph
nPr 1.2:2 HCO,H:DIPEA npr” CO2Bn

3-1

MeCN, 35 °C

3-2

(97% conv.) 77% [>98:2]

a. PPh; enhances catalyst lifetime b. COD and PPh; essential at low [Rh]

2
0 Entry  0.5mol% [Rh]50°C % yield
e o 1 10% COD + 1% PPhy 75
0.15 r a" ? ===
Je 2" 2 10% COD + no PPh; 41
s I’ b P’}Y
; 0.1 F @ ’0 o7 o
Ry e 3 no COD + 1% PPh, 26
¢ oy --o-=std. cond.
/
0.05 f Séldg' ==0-=[PPhs] = 0.00625 M 4 no COD, no PPh3 25
3,';" ==0-=no PPh,
0
0 100 200 300 400 500
time (min.)

Fig. 3-7 Effects of catalysts components.
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The role of the catalyst components was elucidated by mechanistic studies (Fig. 3-
7). The role of PPhs was elucidated by using different catalytic amounts of PPhs in the
reaction. In the absence of PPhs (green trace), the reaction proceeds with an initial
generation of Z-homoallylic alcohol 3-2 which eventually stops as a result of the
precipitation of Rh in solution. Use of 2.5 mol% PPh; (red trace) under standard reductive
coupling condition increased the rate of the reaction. The observation is believed to be due
to the faster generation of the active catalyst in the presence of a lower amount of PPhs,
Use of 5 mol% PPh; (blue trace) under standard reductive coupling condition slows the
rate of reaction, but its presence prevents precipitation of Rh from solution, an event that
leads to an erosion in selectivity. The role of PPh; is to prevent the irreversible
decomposition of off-cycle Rh-species under the reductive conditions. The impact of PPh;
and COD are more dramatic at reduced catalyst loadings, where both reaction rate and
selectivity are reduced without the co-additives (Fig. 3-7b entries 2 to 4). Reaction progress
kinetic analysis using variable time normalization as developed by Burés were used to
determine the rate orders in each reactants as described in Chapter 2.!% Overall, the process
exhibits pseudo zero-order kinetics and is not positive order in any of the substrate
components (Fig. 3-8); essentially zero order in aldehyde and formic acid/DIPEA, and
partial negative order in diene. The reaction is positive order in Rh and COD, while is
negative order in PPhs. We rationalize these observations by proposing that diene substrate,
COD, and PPhj3 ligate Rh in various species that undergo ligand exchange processes. Most
of the Rh species exist as off-cycle intermediates and the active species that enters the
catalytic cycle is likely a solvated Rh(COD)*. The generation of Rh(COD)" by ligand

dissociation is rate determining and subsequent reaction with formate generates a Rh—H to
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initiate the reductive coupling of substrates. It is unlikely that the protonation step is the
rate determining step as the use of excess formic acid in the reaction had no effect on the
rate of the reaction. COD is essential for reactivity, [Rh(COE).Cl]> or [Rh(ethylene)>Cl]>
are inactive until COD is added.

The validity of ancillary diene ligated Rh intermediates being involved in the
catalytic cycle was confirmed by the observation of modest enantio-induction by use of
structurally related chiral diene ligands in place of COD (Fig. 3-9b). Use of different
dienoates including benzyl, ethyl and bulky ters-butyl dienoate esters (Fig. 3-9b entries 1
to 6) and arylidene (Fig. 3-9b entries 7 and 8) in the presence of chiral diene B showed
enantio-induction in the range of 9 to 30% ee. Deuterium labelling experiments using [D1]
formic acid (DCO2H) gave results consistent with a syn-alkene insertion of diene substrate
followed by aldehyde trapping of the allylrhodium that occurs via a chair-like transition
state (Fig. 3-10).5> 85 No D-label was found at any other position; however, some D was
incorporated into COD (Fig. 3-9a), suggesting that while the diene substrate does not
undergo reversible Rh—hydride insertion/B-hydride elimination, the ancillary diene ligand

can, further demonstrating the importance of the COD ligand framework for catalysis.
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3.0 equiv. PhCHO
2.5 mol% [Rh(COD)CI],
5.0 mol% PPh3

CO,Bn 10% COD OH
ﬁ/ J/\E)\Ph
nPr 1.2:2 HCO,H:DIPEA nPr CO,Bn

3-1 [0.25 M] MeCN, 50 °C 3-2

"std. cond." [diene] =0.25M [Rh]=0.0125M [PPh3]=0.0125M [COD]=0.0375M
[Aldehyde] =0.75M [HCO,H]=0.3M [DIPEA]=0.5M
0.25 0.25
E\‘ ==o-=std. cond. -—-=std. cond.
02 _\Qb\ ====[Rh]=0.025M 0.2 f’%\ o- - [cod] = 0.0625 M
\m\ N
N\ \
\; \s
015 | _015 | o
= \s. = \\s.
~ ~
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1 1 S
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0 . . . \\:‘xﬂ 0 . . LT o
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t[Rh]2 tlcod]®®
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Fig. 3-8 Reaction progress kinetic analysis/variable time normalization plots.



a. Deuterium labelling studies

3.0 equiv. PhCHO
2.5 mol% [Rh(COD)CI],

~CO2Bn 5 mol% PPhg OH
| A" Ph + COD-d
nPr 1.2:2 DCO,H:DIPEA apr~p CO2BN
3 MeCN, 35 °C 3.2

86% D-incorporation  16% D-incorporation

b. Effect of chiral diene ligands

3.0 equiv. PhCHO
2.5 mol% [Rh(C2H4)20|]2

Chiral Dienes

5 mol% PPh; Me
iral di OH Ph
N G 20 mol% chiral diene OH
Je f\)\ ph | M Me [
R 12:2HCO,H:DIPEA g~ © / Me Ph
MeCN, 35 °C Me™ A B
Entry G R g?eiga; % yield  %ee?
1 -CO,Bn -C3H; A 9 -b
2 -C0O,Bn -C3H- B 21 30°
-CO,Bu -CH4 A 18 -
4 -CO,Bu -CH4 B 55 18°¢
5 -CO,Et -C3H; A 12 b
6 -CO,Et -C3H; B 44 9b
7 -4-CH3COCgH,  -CH3 A 31 -a
8 -4-CH3COCgH,;  -CH3 B 33 279

Yields determined by caliberated 'H NMR spectroscopy using dibenzyl ether as
internal standard. a) ee determined with chiral HPLC using b) ChiralPak IC
column (5% IPA in hexane). c) Regis Whelk 0-1 column (10% IPA in hexane). d)
ChiralPak IB column (5% IPA in hexane).

Fig. 3-9 Evidence of COD as part of the active catalyst species.

Fig. 3-10 provides a complete potential catalytic cycle. These individual steps
likely mirror those in reductive coupling reactions employing Et;B described earlier (Fig.

3-3)%, with the notable exception that catalyst generation is the rate-determining step and
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the Rh—allyl species is trapped faster than undesirable isomerization events. Upon product

release from the catalyst, Rh is likely re-trapped by PPhs.

(COD)Rh(L,)*=== Rh(L,)*

L ligand dissocation
~ -n, [rate determining]

1
Rf\é)\DFfPEA - é)Rh(SOW HCO,H, DIPE:A
HDIPEA* CO,, HDIPEA
protonation hydride generation
IN H t 1
5 R G g\Rh—H — éRh
O)\HR' reversible
R metallation
Pre : . §H
aIIyIrhodat:on hydrometallation
R': aryl, alkenyl, alkyl G: ester, amide, aryl

[rapid trapping, no chain-walking]

Fig. 3-10 Complete catalytic cycle for the formic acid mediated reductive coupling

of electron deficient dienes and aldehydes.

The mechanistic features of the reductive coupling allow for the use of a broad range
of diene and aldehyde partners with functional groups that would be incompatible with
more aggressively reducing conditions (Table 3-2). Alkyl substituted dienoates, including
those with bulky groups (3-10, 3-11), isolated alkene units (3-12, 3-17), halogen (3-13),
nitrile (3-14), carbamates and imides (3-15, 3-18), ester (3-5), and (hetero)aryl substitution
(3-20) undergo reaction to give products with good to moderate yields and uniformly high

syn- and Z-selectivity.
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3.0 equiv. R'CHO
2.5 mol% [Rh(COD)CIl],

~C 5 mol% PPhy ¢H
i~ P
R 1.2:2 HCO,H:DIPEA R~ ©
MeCN, 35 °C
Dienoate Scope
OH OH OH oH

C0,Bn Me”  CO2Bn Ph ¢0,Bn Cy 28N
3-2 71% [>98:2] 3-8 69% [>98:2] 3-9 51% [91:9] 3-10 65% [82:18]
OH OH OH OH
< “Ph /\f\_:)\Ph cl Z~""Ph NC Z~""Ph
CO,Bn y COEt CO,Bn CO,Bn

3-11 70% [98:2] 3-12 60% [>98:2] 3-13 64% [>98:2] 3-14 60% [>98:2]
OH OH OH OH

\f\_APh /\:)\Ph Me  A~"pn J\)\ Ph
BocHN CO,Et Me CO,Bn X CO,Bn PhthN COBn
3-15 67% [>98:2] 3-16 56% [>98:2] 3-17 68% [>98:2] 3-18 71% [>98:2]
OH OH
C Co,B
Et0,C COzBn Ph 25N

3-5 73% [>98:2] 3-19 69% [>98:2] 3-20 63% [>98:2] 3-21 71% [>98:2]

Aryl Aldehyde Scope [R = nPr] [G = CO,Bn]

R= : CF3 \©\0Me : B(pin) C::©

3-22 81% [>98:2]  3-23 51% [>98:2] 3-24 75% [>98:2]  3-2569% [>98:2]

Jo 0, T U Ol

3-26 60% [>98:2]  3-27 72% [>98:2] 3-28 57% [>98:2] 3-29 75% [>98:2] 3-30 75% [>98:2]

\©AC ‘\fl\/l)/Ar' ‘\(Ni)N\OMe ‘\©\F ‘\©\N02

3-31 79% [>98:2] 3-32 44% [>98:2]  3-3345% [>98:2]  3-34 74% [>98:2] 3-35 74% [>98:2]

Yields are of isolated material under standard conditions. syn dr value of isolated material is
>95:5. Boc = tert-butoxycarbonyl. Ar' = 4-CF;CgH,.

Table 3-2 Dienoate and aryl aldehyde scope studies.
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The aryl aldehyde partner can take on a range of electronic properties (3-22, 3-23)
with more electron-poor 4-nitrobenzaldehyde reacting selectively in competition studies
against electron-rich 4-anisaldehyde (Fig. 3-11). Other functionalities tolerated on the aryl
aldehyde partners include boronic ester (3-24), aryl halide (3-25, 3-26, 3-27, 3-30), or
reducible functional groups (nitrile 3-29, ketone 3-31, or nitro 3-35), as well as heterocyclic
groups (3-32, 3-33). The reaction accommodates a range of ester groups, including iPr (3-
36), tBu (3-37), and more complex alkene (3-38, 3-39), carbamates (3-40, 3-41), alkyl
chloride (3-42) or polyfunctionalized groups (3-43). Aryl dienes are reductively coupled
to aldehydes with similar efficiency and selectivity, including those with alcohol (3-45),
ester (3-7), nitrile (3-47), and ketone groups (3-48). Weinreb (3-49) and morpholine (3-61)
dienyl amides are viable substrates, as are alkyl (3-51, 3-52) or a,pB-unsaturated aldehydes

(3-53).

/ll/\/CC)an
nPr

o 2.5 mol% [Rh(COD)CI],

) Q 5 mol% PPh, H Q- n QH
YL YL isasTEsas!
NO, OMe 1.222HCO,H:DIPEA  ppr” O OBn NO, nPr” O0° OBn OMe

MeCN, 35 °C

73 % NMR yield Not observed

Fig. 3-11 Aldehyde electrophilicity competition study.
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3.0 equiv. R'CHO
2.5 mol% [Rh(COD)CI],

e 5 mol% PPhs oH
o ~Aw
R 1.2:2 HCO,H:DIPEA R~ ©
MeCN, 35 °C
Ester Scope [R = Me] [R'=Ph] [G = CO,R"]
R" = iPr Me Me Me Me
P =
3-36 61% [>98:2] Me /Oxuaoc
=
R" = tBu Me Me
3-37 60% [>98:2] 3-38 71% [nd]° 3-39 70% [nd]® 3-40 71% [nd]P
0
N
0
Cl
./\rCOzMe '/U o T\I\XMG
NHBoc w
=
3-41 61% [nd]° 3-42 70% [>98:2] 3-43 51% [nd]°
Aryl Diene Scope [Ar = 4-CF3;C¢H,]
OH
OH 2" "Ph
ar : 347 R=CN
é E,h z : Ar (\)\Ar nPr 77% [>98:2]
MeO,C Me Ph
R 3-48 R=Ac
3-44 60% [>98:2] 3-45 68% [>98:2] 3-7 56% [>98:2] 3-46 59% [>98:2] 64% [>98:2]
Other Examples
OH OH Me
2 nBu 2 ZMe
ff J/f e
z
o N OMe J/\)\/
CN CN
3-49 65% [>98:2] 3-50 61% [>98:2]  3-51 59% [>98:2] 3-52 53% [>98:2] 3-53 58% [>98:2]

Yields are of isolated material under standard conditions. Syn dr value of isolated material is >95:5. b) [n.d.] =dr
value of the crude reaction mixture could not be determined. Boc = tert-butoxycarbonyl. Ar = 4-CF3CgH,.

Table 3-3 Ester, aryl diene and other scope studies.

The value of the reaction to generate complex bio-active molecules was
demonstrated by the diastereoselective preparation of diarylmethane 3-57, a key
intermediate in the synthesis of a glucagon receptor antagonist (Fig. 3-12a). The carbon—

carbon bond framework was readily obtained by reductive coupling of diene 3-54 with 4-
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chlorobenzaldehyde under reduced catalyst loading using 1 mol% [Rh(COD)CI],. Pd-
catalyzed alkene hydrogenation and base mediated ester hydrolysis gave 3-55 in 69%
overall yield over three steps. Friedel-Crafts alkylation of the alcohol with substituted
indole 3-56 delivers the target molecule 3-57 in 76% yield, which can be converted to the
drug-candidate via an established protocol.!- 140

The stereochemically defined Z-homoallylic alcohols generated by formic acid
mediated reductive coupling are useful building blocks for more complex fragments (Fig.
3-12b). 2,5-dihydrofuran (3-58) and tetrasubstituted tetrahydrofuran (3-59) were prepared
by oxyselenenylation-deselenenylation reaction'*! and iodine-mediated cyclization'*® from

2 and rhodium-catalyzed aziridination'** of 3-2

3-2. Vanadium-catalyzed epoxidation'*
provided access to epoxide and aziridine stereotetrads (3-60, 3-61). Tertiary alcohol (3-62)

was obtained in a two-step process by oxidation of the alcohol using Dess-Martin

periodinane followed by carbonyl methylation using trimethylaluminium (AlMes).'*
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a. Application

F NS
1) 3.0 equiv. 4-CICgH,CHO on \@/)
= 1 mol% [Rh(COD)Cl],, PPhs, Me
= 10 mol% COD, HCO,H:DIPEA x 3-56
Me 2 cl
2) 10% Pd-C, H, MsOH
CO,Et EtOAc, rt TFA, rt
3-54 3) KOH COH
3-55 69% 3-57 76%

MeOH:H,0, 70 °C

glucagon receptor
antagonist (Merck)

CO,H
/_/
NH
o

b. Derivatization

10% thSGQ,

PPEN-O L (NH);8,06 OH l,, NaHCO, nPr/\EO)_F,h
= f\z)\Ph o
co

CO,Bn Oxyselenation- Pr -Bn Electrophile CO,Bn
3-58 78% deselenation 3-2 -mediated 3-59 76%
| | cyclization
0, 0, i H
Epoxidation 2% VO(acac)s,, Aziridination 2% Rhy(esp),, 1. OXIc!a.tlon 1. DMP
tBuO,H HOSA 2. Addition |2. AlMe,
OH OH

0 HN HO :Me
Nph Nph f\E)\Ph

apr” CO2Bn apr” CO2Bn npr” CO2Bn
3-60 70% 3-61 62% 3-62 79% (5:1 dr)

Fig. 3-12 Application to synthesis of glucagon receptor antagonist intermediate and

product derivatization.

The extent of diene activation and electrophilicity of the aldehyde directly impact
the reductive coupling process (Fig. 3-13). Highly reactive aldehydes (3-64, 3-67, 3-69, 3-
71, 3-72) undergo reduction prior to reductive coupling with the diene. Diene reduction

was also observed in the presence of less reactive aldehydes (3-65, 3-66, 3-68, 3-70).
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Hence, a suitable diene activation to generate a metal allyl nucleophile is desirable for a

productive reductive coupling with an aldehyde.

Me N XX CO2E CO,Et
Ve CO2BN L N2
© N HN

3-63 3-64 3-65
Diene reduction Aldehyde reduced 22% product yield (NMR)
a-f unsaturated ester faster than diene Predominant diene reduction
0 o} 0] 0O
| | | |
(; oY Y
|
Nig | Br 7 N~
3-66 3-67 . 368 3-69
33% product yield (NMR) Aldehyde Diene reduction Aldehyde
Predominant diene reduction reduction reduction
o Py Br: Br:
A » 5
N\/)_/ Z
' 3-70 . 3-71 3-72
Diene reduction Aldehyde Aldehyde
reduction reduction

Fig. 3-13 Less successful substrates.

3.3 Summary and Conclusions

The Rh-catalyzed, formic acid mediated reductive coupling of dienes and
aldehydes provides a direct route to stereochemically defined Z-homoallylic alcohols. The
mildly reducing conditions allow for tolerance towards functional groups that would
interfere with organometallic reagents or highly polarized hydride donors. A complete
absence of chain-walking isomerization is facilitated by comparatively slow liberation of
the active catalyst species followed by rapid Rh—H insertion and trapping. The general
concept should be amendable to related chemoselective olefin hydrofunctionalization

processes.

107



3.4 Procedures and Characterization
General Considerations

Unless noted, all reactions were conducted under inert atmosphere employing
standard Schlenk technique or by use of a N»-filled glovebox. All glassware was oven-
dried prior to use. Flash chromatography was performed as described by Still and co-
workers'® (SiliaFlash P60, 40-63um, 60A silica gel, Silicycle) or by automated flash
chromatography (Isolera, HP-SIL or Ultra SNAP silica cartridges, Biotage). Analytical
thin-layer chromatography was performed using glass plates pre-coated with silica
(SiliaPlate G TLC - Glass-Backed, 250um, Silicycle). TLC plates were visualized by UV
light and/or staining with aqueous basic potassium permanganate. NMR spectra ('H, 13C,
F) were obtained on an Agilent VNMRS 700 MHz, Varian VNMRS 600 MHz, Varian
VNMRS 500 MHz, or Varian 400 MHz spectrometer. The chemical shifts are given as
parts per million (ppm) and were referenced to the residual solvent signal (CDCls: oH =
7.26 ppm, 8C = 77.16 ppm). Unless otherwise noted, quantitative '"H NMR yields were
determined from crude reaction mixtures using dibenzylether as an internal standard. IR
data were obtained using thermo Nicolet 8700 FTIR spectrometer and continuum FTIR
microscope. The absorption maxima are given as wavenumber (cm™). Unless otherwise
noted, all reagents were obtained from commercial vendors and used as supplied.

General Procedure A: In an atmosphere controlled glovebox, [Rh(COD)Cl], (6.2
mg, 0.0125 mmol, 0.025 equiv.) and PPh; (6.6 mg, 0.025 mmol, 0.050 equiv.) were
weighed into separate one dram vials. To the vial containing [Rh(COD)CI], was added
MeCN (1 mL) and the solution was transferred into the vial containing PPh;. MeCN (0.4

mL) was used to wash the remaining Rh solution into the vial containing the PPhs catalyst

108



mixture. To a separate one dram vial was weighed diene (0.50 mmol, 1.0 equiv.) followed
by aldehyde (1.50 mmol, 3.0 equiv.) and finally internal standard (dibenzyl ether). To this
mixture was transferred the catalyst solution using MeCN (0.3 mL) to rinse the remaining
solution into the reaction mixture. Diisopropylethylamine (174 uL, 1.0 mmol, 2.0 equiv.)
was added followed by a freshly prepared 2 M formic acid solution (0.30 mL, 0.60 mmol,
1.2 equiv). A stir bar was added into the mixture, the vial was capped with a PTFE-lined
cap, taken out of the glovebox, placed in an aluminum block heated to 35 °C and stirred.
The reaction progress was monitored periodically via '"H NMR spectroscopy. Once the
reaction reached >95% conversion, the solution was diluted with toluene to quench,
concentrated and purified by silica gel chromatography. The use of a glovebox is not
required, see example 3-2. The remaining mass balance of diene is typically the 1,6-
reduction product generated as a mixture of £- and Z-isomers.

General Procedure B [reduced catalyst loadings with additional COD]: In an
atmosphere controlled glovebox, [Rh(COD)CI]> (5.2 mg, 0.0105 mmol) and PPhs (5.5 mg,
0.021 mmol) were weighed into separate one dram vials. To the vial containing
[Rh(COD)CI]» was added MeCN (4.2 mL) and the solution was transferred into the vial
containing PPh3;. MeCN (2.94 mL) was used to wash the remaining Rh solution into the
vial containing the PPhs catalyst mixture. To a separate one dram vial was weighed diene
(0.50 mmol, 1.0 equiv.) followed by aldehyde (1.50 mmol, 3.0 equiv.), 1,5-cyclooctadiene
(5.4 mg, 0.050 mmol, 0.10 equiv.) and finally internal standard (dibenzyl ether). Into this
mixture was transferred the catalyst solution (1.4 mL). Diisopropylethylamine (174 pL,
1.0 mmol, 2.0 equiv.) was added followed by a freshly prepared 1 M formic acid solution

(0.60 mL, 0.60 mmol, 1.2 equiv.). A stir bar was added into the mixture, the vial was
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capped with a PTFE-lined cap, taken out of the glovebox and placed in an aluminum block
heated to 35 °C. The reaction progress was monitored periodically via 'H NMR
spectroscopy.

General Procedure C [additional COD]: In an inert atmosphere controlled
glovebox, [Rh(COD)CI]z (6.2 mg, 0.0125 mmol, 0.025 equiv.) and PPhs (6.6 mg, 0.025
mmol, 0.050 equiv.) were weighed into separate one dram vials. To the vial containing
[Rh(COD)CI]> was added MeCN (1 mL) and the solution was transferred into the vial
containing PPhs. MeCN (0.4 mL) was used to wash the remaining Rh solution into the vial
containing the PPhjs catalyst mixture. To a separate one dram vial was weighed diene (0.50
mmol, 1.0 equiv.) followed by aldehyde (1.5 mmol, 3.0 equiv.) and 1,5-cyclooctadiene (5.4
mg, 0.050 mmol, 0.10 equiv.) and finally internal standard (dibenzyl ether). To this mixture
was transferred the catalyst solution using MeCN (0.3 mL) to rinse the remaining solution
into the reaction mixture. Diisopropylethylamine (174 pL, 1.0 mmol, 2.0 equiv.) was added
followed by a freshly prepared 2 M formic acid solution (0.30 mL, 0.60 mmol, 1.2 equiv.).
A stir bar was added into the mixture, the vial was capped with a PTFE-lined cap, taken
out of the glovebox and placed in an aluminum block heated to 35 °C. The reaction progress
was monitored periodically via "H NMR spectroscopy. Once the reaction reached >95%
conversion, the solution was diluted with toluene to quench, concentrated and purified by

silica gel chromatography.
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OH
U\E)\Ph
€0,Bn

3-2 Prepared according to the General Procedure A from the corresponding diene
(115.2 mg, 0.500 mmol) and benzaldehyde (153 pL, 1.50 mmol, 3.0 equiv.). 'H NMR
diene conversion: 95%, crude yield: 76%, dr: >98:2. Isolated in 71% yield as a yellow oil
after purification by column chromatography (10:1 Hexane/EtOAc).

Gram Scale Reaction: In an atmosphere controlled glovebox, [Rh(COD)CI], (6.2
mg, 0.0125 mmol, 0.0025 equiv.) and PPh3 (6.6 mg, 0.025 mmol, 0.0050 equiv.) were
weighed into separate one dram vials. To the vial containing [Rh(COD)CI]> was added
MeCN (1 mL) and the solution was transferred into the vial containing PPh;. MeCN (1
mL) was used to wash the remaining Rh solution into the vial containing the PPhs catalyst
mixture. To an eight dram vial was weighed diene (1.15 g, 5.0 mmol, 1.0 equiv.) followed
by benzaldehyde (1.60 g, 15 mmol, 3 equiv.) and 1,5-cyclooctadiene (54.1 mg, 0.5 mmol,
0.1 equiv.). To this mixture was transferred the catalyst solution using MeCN (1 mL) to
rinse the remaining solution into the reaction mixture. MeCN (11 mL) is added to the
reaction mixture. Diisopropylethylamine (1.75 mL, 10 mmol, 2 equiv.) was added followed
by a freshly prepared 1 M formic acid solution (6 mL, 6 mmol, 1.2 equiv.). A stir bar was
added into the mixture, the vial was capped with a PTFE-lined cap, taken out of the
glovebox and placed in an aluminum block heated to 35 °C for 48h. '"H NMR conversion:
95%, crude yield: 74%, dr: >98:2. Isolated in 71% yield as a yellow oil after purification

by column chromatography (10:1 Hexane/EtOAc).
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Prepared according to General Procedure C under air (no glovebox used) from the
corresponding diene (115.2 mg, 0.50 mmol) and benzaldehyde (153 pL, 1.50 mmol, 3.0
equiv.). '"H NMR diene conversion: >99%, crude yield: 77%, dr: >98:2.

'"H NMR (CDCls, 700 MHz) 8 7.35 — 7.28 (m, 7H), 7.28 — 7.24 (m, 1H), 7.18 — 7.16
(m, 2H), 5.73 = 5.67 (m, 1H), 5.64 — 5.58 (m, 1H), 5.07 — 5.00 (m, 3H), 3.71 (ddd, J= 9.8,
5.8,0.8 Hz, 1H) 2.82 (d, J=2.1 Hz, 1H), 1.99 — 1.92 (m, 1H), 1.89 — 1.82 (m, 1H), 1.23 —
1.07 (m, 4H), 0.81 (t, /=7 Hz, 3H);

13C NMR (CDCls, 100 MHz) § 172.8, 140.9, 136.8, 135.6, 128.5, 128.3, 128.1,
127.8, 126.5, 122.1, 74.4, 52.3, 66.6, 52.3,31.4, 27.4, 22.3, 13.9;

HRMS (ESI): calcd for C22H2603Na [M+Na]* 361.1774. Found 361.1769;

IR: v (cm™) 3504, 3064, 3032, 2956, 2929, 2871, 2859, 1951, 1880, 1731, 1604,

1454, 1312, 1160.

OH
Etozo\/(\/EAPh
¢0,Bn
3-5 Prepared according to the General Procedure C from the corresponding diene
(144.2 mg, 0.50 mmol) and benzaldehyde (153 uL, 1.5 mmol, 3.0 equiv.). '"H NMR diene
conversion: >99%, crude yield: 80%, dr: >98:2. Isolated in 73% yield as a yellow oil after
purification by column chromatography (17:5 Hexane/EtOAc).
'H NMR (CDCls, 500 MHz) § 7.35-7.22 (m, 8H), 7.20-7.14 (m, 2H), 5.71-6.61
(m, 2H), 5.08-4.99 (m, 3H), 4.10 (q, J = 7.1 Hz, 2H), 3.69 (dd, /=9.2, 5.9 Hz, 1H), 2.98
(d,/J=3.1Hz, 1H), 2.13 (t,J = 7.6 Hz, 2H), 2.05 — 1.85 (m, 2H), 1.61 — 1.43 (m, 2H), 1.24
(t,J=7.1 Hz, 3H);
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13C NMR (CDCls, 125 MHz) § 173.5, 172.6, 140.9, 135.5, 135.0, 128.5, 128.3,
128.3, 128.1, 127.4, 126.4, 123.5, 74.3, 66.7, 52.3, 33.6, 26.9, 24.4, 14.3;

HRMS (ESI): calcd for C24H230sNa [M+Na]" 419.1829. Found 419.1937;

IR: v (cm™) 3501, 3064, 3032, 2980, 2939, 2906, 2872, 1958, 1887, 1730, 1604,

1496, 1454, 1311, 1153.

OH

z =
MeO,C Ph CF,

3-7 Prepared according to a modified General Procedure A (additional 0.5 equiv.
HCO:H added upon consumption of first 1.2 equiv.) from the corresponding diene (40 mg,
0.2 mmol) and 4-(trifluoromethyl)benzaldehyde (104 mg, 0.6 mmol, 3.0 equiv.). "H NMR
diene conversion: >99%, crude yield: 59%, dr: >98:2. Isolated in 56% yield as a light-
yellow oil after purification by column chromatography (4:1 Hexane/EtOAc).

'"H NMR (CDCls, 500 MHz) § 7.46 (d, J= 8.1 Hz, 2H), 7.28 — 7.15 (m, 5H), 7.08 —
7.06 (m, 2H), 5.96 — 5.91 (m, 1H), 5.63 — 5.58 (m, 1H), 4.87 (d, J=17.5 Hz, 1H), 3.91 (dd,
J=10.2,7.5 Hz, 1H), 3.62 (s, 3H), 2.67 (bs, 1H), 2.47 —2.39 (m, 1H), 2.34 —2.21 (m, 3H);

13C NMR (CDCls, 125 MHz) § 173.3, 146.2, 140.6, 131.5, 129.6, 128.6, 128.2,
126.9, 126.8, 126.3 (q, J = 271.2 Hz), 124.8 (q, J = 7.5, 3.6 Hz), 77.5, 52.4, 51.7, 33.3,
22.9;

HRMS (ESI): cacld for C21H2103F3Na [M+Na]" 401.1335. Found 401.1344;

IR: v (cm™) 3472, 3064, 3028, 2953, 2922, 1923, 1735, 1619, 1493, 1438, 1323,

1161.
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OH
f\z)\Ph
Me CO,Bn

3-8 Prepared according to the General Procedure A from the corresponding diene
(101.2 mg, 0.50 mmol) and benzaldehyde (153 puL, 1.5 mmol, 3.0 equiv.). '"H NMR diene
conversion: 97%, crude yield: 74%, dr: >98:2. Isolated in 69% yield as a yellow oil after
purification by column chromatography (10:1 Hexane/EtOAc).

"H NMR (CDCls, 700 MHz) § 7.34 — 7.29 (m, 7H), 7.27 — 7.24 (m, 1H), 7.19 — 7.15
(m, 2H), 5.73 — 5.67 (m, 1H), 5.62 — 5.56 (m, 1H), 5.08 — 4.95 (m, 3H), 3.73 (ddd, /=9.9
Hz, 6.0, 0.9 Hz, 1H), 2.85 (d, /= 2.6 Hz, 1H), 1.97 (m, 1H), 1.86 (m, 1H) , 0.81 (t, /= 7.6
Hz);

13C NMR (CDCls, 100 MHz) § 172.7, 140.9, 138.1, 135.6, 128.5, 128.3, 128.3,
128.1, 127.9, 126.5, 121.7, 74.3, 66.6, 52.3, 21.0, 13.8;

HRMS (ESI): caled for C2oH2,03Na [M+Na]": 333.1565. Found 333.1465;

IR: v (cm™) 3501, 3089, 3064, 3032, 2964, 2934, 2874, 1953, 1730, 1604, 1497,

1454, 1160.

OH
2" "Ph
Ph CO,Bn

3-9 Prepared according to the General Procedure A from the corresponding diene
(139 mg, 0.5 mmol) and benzaldehyde (153 uL, 1.5 mmol, 3.0 equiv.). 'H NMR diene
conversion: >99%, crude yield: 53%, dr: >98:2. Isolated in 52% yield as a yellow oil after

purification by column chromatography (4:1 Hexane/EtOAc).
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'"H NMR (CDCl3, 500 MHz) § 7.32 — 7.27 (m, 8H), 7.25 — 7.22 (m, 3H), 7.18 - 7.14
(m, 2H), 7.05 (d, /= 7.2, 2H), 5.74 — 5.69 (m, 1H), 5.66 — 5.62 (m, 1H), 5.05 — 4.99 (m,
3H), 3.67 (dd, J=9.8, 5.8 Hz, 1H), 2.77 (d, J=2.7 Hz, 1H), 2.52 — 2.46 (m, 1H), 2.42 —
2.36 (m, 1H), 2.30 — 2.13 (m, 2H);

3C NMR (CDCl3, 125 MHz) § 172.6, 141.4, 140.8, 135.5,135.3, 128.5, 128.4, 128.3
(2),128.2, 128.1, 127.8, 126.4, 125.9, 122.9, 74.2, 66.6, 52.2, 35.3, 29.5;

HRMS (ESI): calcd for C26H2603Na [M+Na]" 409.1774. Found 409.1774;

IR: v (cm™) 3503, 3086, 3064, 3028, 2935, 2858, 1951, 1880, 1729, 1603, 1496,

1453, 1158.

OH
CO,Bn

3-10 Prepared according to the General Procedure A from the corresponding diene

Cy

(135.2 mg, 0.50 mmol) and benzaldehyde (153 pL, 1.5 mmol, 3.0 equiv.). '"H NMR diene
conversion: >99%, crude yield: 74%, dr: 82:18. Isolated in 65% yield as white solid after
purification by column chromatography (10:1 Hexane/EtOAc).

'H NMR (CDCls, 400 MHz) syn diastereomer: § 7.37 — 7.22 (m, 8H), 7.20 — 7.15
(m, 2H), 5.76 — 5.60 (m, 2H), 5.07 — 5.01 (m, 3H), 3.70 (dd, /=9.7, 5.9 Hz, 1H), 2.88 (d,
J=2.4Hz, 1H), 1.90 - 1.71 (m, 2H), 1.65 — 1.43 (m, 5H), 1.18 — 1.01 (m, 4H), 0.83 — 0.67
(m, 2H); anti diastereomer (selected signals): 6 3.62 (dd, J=9.7, 5.7 Hz, 1H), 2.99 (d, J

=2.4 Hz, 1H);
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13C NMR (CDCls, 175 MHz) & 172.8, 140.8, 135.6, 135.4, 128.5, 128.3, 128.2,
128.1, 127.8, 126.5, 122.8, 74.4, 66.6, 52.6, 37,9, 35.4, 33.1, 32.9, 26.5, 26.3, 26.3;

HRMS (ESI): calcd for C2sH30O3Na [M+Na]": 401.2087. Found 401.2087;

MP: 51 — 54 °C;

IR: v (cm™) 3506, 3092, 3064, 3032, 2923, 2850, 1730, 1497, 1450, 1311, 1159.

OH

Z : Ph
COan

3-11 Prepared according to the General Procedure A from the corresponding diene
(114.2 mg, 0.50 mmol) and benzaldehyde (153 pL, 1.5 mmol, 3.0 equiv.). '"H NMR diene
conversion: 97%, crude yield: 76%, dr: 98:2. Isolated in 71% yield as a yellow oil after
purification by column chromatography (10:1 Hexane/EtOAc).

Prepared according to General Procedure B from the corresponding diene (114.2 mg,
0.50 mmol, 1 equiv.) and benzaldehyde (159.2 mg, 1.5 mmol, 3.0 equiv.). '"H NMR diene
conversion: >99%, crude yield: 81%, dr: 98:2.

'"H NMR (CDCls, 700 MHz) § 7.35 — 7.27 (m, 7H), 7.26 — 7.23 (m, 1H), 7.18 — 7.14
(m, 2H), 5.84 — 5.78 (m, 1H), 5.67 — 5.61 (m, 1H), 5.06 — 5.00 (m, 3H), 3.68 (dd, J=9.9,
6.1 Hz, 1H), 2.82 (d, J = 2.8 Hz, 1H), 1.88 (m, 1H), 1.78 (m, 1H), 0.58 — 0.49 (m, 1H),
0.38 — 0.30 (m, 2H), 0.01 —-0.02 (m, 2H);

13C NMR (CDCl;, 175 MHz) § 172.6, 140.8, 135.7, 135.5, 128.5, 128.3, 128.3,
128.1,127.9, 126.5, 122.3, 74.3, 66.6, 52.4,32.3, 10.4, 4.2, 4.1;

HRMS (ESI): calcd for C22Hx4O3Na [M+Na]* 359.1618. Found 359.1620;
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IR: v (cm™) 3509, 3065, 3032, 3002, 2963, 2893, 1951, 1881, 1730, 1497, 1454,

1315, 1160.

OH
~ CO,Et
3-12 Prepared according to the General Procedure A from the corresponding diene
(16 mg, 0.09 mmol) and benzaldehyde (27 uL, 0.26 mmol, 3.0 equiv.). 'H NMR diene
conversion: >99%, crude yield: 65%, dr: >98:2. Isolated in 60% yield as a yellow oil after
purification by column chromatography (4:1 Pentane/Et>0).
"H NMR (CDCls, 500 MHz) 8 7.35 — 7.29 (m, 4H), 7.27 — 7.23 (m, 1H), 5.76 — 5.58
(m, 3H), 5.04 (dd, /=5.4,2.4 Hz, 1H), 4.97 —4.91 (m, 2H), 4.06 (qd, J= 7.2, 1.5 Hz, 2H),
3.62 (dd, J=9.5, 5.4 Hz, 1H), 2.97 (d, /= 2.4 Hz, 1H), 1.99 — 1.81 (m, 4H), 1.34 — 1.20
(m, 2H), 1.14 (t, J= 7.2 Hz, 3H);
13C NMR (CDCls, 125 MHz) § 173.1, 140.9, 138.5, 135.9, 128.1, 127.7, 126.4,
122.5,114.6, 74.2, 60.9, 52.1, 33.2, 28.3, 27.0, 14.0;
HRMS (ESI): caled for CigH2403Na [M+Na]" 311.1618. Found 311.1617;
IR: v (cm™) 3500, 3065, 3034, 2979, 2931, 2858, 1940, 1729, 1640, 1453, 1176,

1028.

OH
cl A~ ph
COan
3-13 Prepared according to the General Procedure A from the corresponding diene

132 mg, 0.50 mmol) and benzaldehyde (153 pL, 1.5 mmol, 3.0 equiv.). '"H NMR diene
( g y H q
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conversion: >99%, crude yield: 65%, dr: >98:2. Isolated in 64% yield as a yellow oil after
purification by column chromatography (4:1 Hexane/EtOAc).

"H NMR (CDCls, 500 MHz) 8 7.35 — 7.26 (m, 8H), 7.20 — 7.18 (m, 2H), 5.68 — 5.62
(m, 2H), 5.09 (dd, J=5.4,2.6 Hz, 1H), 5.08 — 5.05 (m, 2H), 3.67 (dd, /=9.2, 5.4 Hz, 1H),
3.38 (t,J=6.9 Hz, 2H), 2.90 (d, /=2.6 Hz, 1H), 1.99 — 1.92 (m, 1H), 1.87 — 1.80 (m, 1H),
1.60 — 1.51 (m, 2H), 1.36 — 1.22 (m, 2H);

13C NMR (CDCls, 125 MHz) § 172.7, 140.8, 135.6, 135.5, 128.5, 128.3, 128.2,
128.1, 127.8, 126.4, 122.7, 74.2, 66.7, 52.1, 44.8, 31.9, 26.8, 26.3;

HRMS (ESI): calcd for C22H2503CINa [M+Na]" 395.1384. Found 395.1383;

IR: v (cm™) 3506, 3088, 3064, 3031, 2939, 2865, 1953, 1857, 1729, 1604, 1496,

1454, 1161.

OH
COan
3-14 Prepared according to the General Procedure from the corresponding diene (115
mg, 0.45 mmol) and benzaldehyde (137 pL, 1.4 mmol, 3.0 equiv.). 'H NMR diene

conversion: >96%, crude yield: 62%, dr: >98:2. Isolated in 60% yield as a yellow oil after
purification by column chromatography (2:1 Hexane/EtOAc).

'H NMR (CDCls, 500 MHz) § 7.36 — 7.26 (m, 8H), 7.22 — 7.20 (m, 2H), 5.70 — 5.66
(m, 1H), 5.64 — 5.59 (m, 1H), 5.12 (d, /= 5.1, Hz, 1H), 5.06 (s, 2H), 3.67 (dd, J=9.6, 5.1
Hz, 1H), 2.90 (bs, 1H), 2.14 (t, J= 7.0 Hz, 2H) 1.98 — 1.91 (m, 1H), 1.86 — 1.79 (m, 1H),

1.43 — 1.22 (m, 4H);

118



13C NMR (CDCls, 125 MHz) & 172.7, 140.8, 135.4, 134.8, 128.6, 128.4, 128.3,
128.2,127.8, 126.3, 123.0, 119.5, 74.1, 66.7, 52.0, 27.9, 26.6, 24.6, 16.9;

HRMS (ESI): calcd for C22H2s03CINa [M+Na]" 386.1727. Found 386.1722;

IR: v (cm™) 3491, 3088, 3063, 3031, 2939, 2866, 2246, 1956, 1884, 1729, 1496,

1454, 1153.

OH
ﬂ Ph
BocHN CO,Et
3-15 Prepared according to the General Procedure from the corresponding diene (134
mg, 0.5 mmol) and benzaldehyde (153 pL, 1.5 mmol, 3.0 equiv.). 'H NMR diene
conversion: 97%, crude yield: 68%, dr: >98:2. Isolated in 67% yield as a yellow oil after
purification by column chromatography (4:1 Hexane/EtOAc).
'"H NMR (CDCls, 500 MHz) 8 7.36 — 7.30 (m, 4H), 7.27 — 7.24 (m, 1H), 5.66 — 5.60
(m, 2H), 5.05 (dd, J= 5.5, 2.4 Hz, 1H), 4.56 (bs, 1H), 4.09 —4.01 (qd, J= 7.2, 2.9 Hz, 2H),
3.62 (dd, J=9.1,5.7 Hz, 1H), 3.05 (d, /= 2.4 Hz, 1H), 3.0 —2.96 (m, 2H), 2.00 — 1.85 (m,
2H), 1.44 (s, 9H), 1.34 — 1.27 (m, 1H), 1.13 (t, /= 7.2 Hz, 3H);
13C NMR (CDCls, 125 MHz) § 172.8, 156.0, 141.0, 135.0, 128.2, 127.8, 126.4,
123.3,79.0, 74.3, 60.9, 52.1, 39.7, 29.2, 28.4, 24.7, 14.0;
HRMS (ESI): caled for C22Hs03CINa [M+Na]" 400.2094. Found 400.2091;
IR: v (cm) 3387, 3063, 3033, 2978, 2934, 1957, 1713, 1692, 1521, 1453, 1366,

1172.

119



OH
Me CO,Bn

3-16 Prepared according to General Procedure C from the corresponding diene
(128.2 mg, 0.50 mmol) and benzaldehyde (153 pL, 1.5 mmol, 3.0 equiv.) 'H NMR diene
conversion: >99%, crude yield: 57%, dr: >98:2. Isolated in 56% yield as a yellow-brown
oil after purification by column chromatography (17:3 Hexane/EtOAc).

"H NMR (CDCls, 700 MHz) 8 7.36 — 7.25 (m, 8H), 7.19 — 7.15 (m, 2H), 5.83 — 5.77
(m, 1H), 5.68 — 5.62 (m, 1H), 5.08 — 5.00 (m, 3H), 3.74 (ddd, J = 9.9, 6.0, 0.8 Hz, 1H),
2.84 (d, J=2.6 Hz, 1H), 1.50 (dd, /= 6.9, 1.8 Hz, 3H);

13C NMR (CDCls, 175 MHz) § 172.7, 140.9, 135.6, 130.7, 128.5, 128.3(2), 128.1,
127.9, 126.5, 123.4, 74.9, 66.6, 52.0, 13.2;

HRMS (ESI): caled for Ci9H2003Na [M+Na]" 319.1305. Found 319.1304;

IR: v (cm™) 3505, 3089, 3064, 3032, 2941, 2920, 2891, 1953, 1882, 1729, 1497,

1454, 1156.

OH
S CO,Bn

3-17 Prepared according to the General Procedure A from the corresponding diene
(128.2 mg, 0.50 mmol) and benzaldehyde (153 pL, 1.5 mmol, 3.0 equiv.). 'H NMR diene
conversion: >99%, crude yield: 68%, dr: >98:2. Isolated in 68% yield as a yellow-brown
oil after purification by column chromatography (10:1 Hexane/EtOAc).

"H NMR (CDCl3, 700 MHz) & 7.34 — 7.28 (m, 7H), 7.27 — 7.23 (m, 1H), 7.19 - 7.16
(m, 2H), 5.73 = 5.67 (m, 1H), 5.65 — 5.59 (m, 1H), 5.37 — 5.31 (m, 1H), 5.25 — 5.20 (m,
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1H), 5.08 — 5.00 (m, 3H), 3.70 (ddd, J= 9.8, 5.8, 0.7 Hz, 1H), 2.87 (d, J = 2.6 Hz, 1H),
2.02 - 1.81 (m, 6H), 1.30 — 1.22 (m, 1H), 1.22 — 1.14 (m, 1H), 0.94 (t, /= 7.5 Hz, 3H);
13C NMR (CDCls, 175 MHz) & 172.8, 140.8, 136.4, 135.5, 132.0, 128.6, 128.6,
128.3, 128.1, 127.8, 126.5, 122.4, 122.3, 74.4, 66.6, 52.3, 29.3, 27.3, 26.7, 20.5, 14.4;
HRMS (ESI): calcd for C2sH3003Na [M+Na]" 401.2088. Found 401.2088;
IR: v (cm™) 3507, 3089, 3064, 3032, 3005, 2961, 2931, 2872, 2859, 1951, 1879,

1731, 1497, 1454, 1158.

OH
o) Z " "Ph
N C02Bn
<:§ O

3-18 Prepared according to the General Procedure A from the corresponding diene
(187.8 mg, 0.50 mmol) and benzaldehyde (153 uL, 1.5 mmol, 3.0 equiv.). '"H NMR diene
conversion: >99%, crude yield: 76%, dr: >98:2. Isolated in 71% yield as a brown solid
after purification by column chromatography (2:1 Hexane/EtOAc).

'H NMR (CDCls, 700 MHz) & 7.85 — 7.81 (m, 2H), 7.72 — 7.68 (m, 2H), 7.34 — 7.23
(m, 7H), 7.21 — 7.15 (m, 3H), 5.67 — 5.60 (m, 2H), 5.08 — 5.00 (m, 3H), 3.73 — 3.69 (m,
1H), 3.61 — 3.53 (m, 2H), 2.98 (d, /= 2.7 Hz, 1H), 2.00 — 1.93 (m, 1H), 1.93 — 1.86 (m,
1H), 1.54 — 1.44 (m, 1H), 1.28 — 1.20 (m, 1H), 1.17 — 1.10 (m, 1H);

BCNMR CDCls, 175 MHz) § 172.8, 168.5, 140.9, 135.7, 135.6, 133.9, 132.2, 128.6,
128.2,128.1, 127.8, 126.4, 123.2, 122.7, 74.3, 66.6, 52.2, 37.7, 28.0, 27.1, 26.2;

HRMS (ESI): calcd for C30HoNOsNa [M+Na]" 506.1938. Found 506.1941;
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IR: v (cm™)3500, 3089, 3063, 3031, 2940, 2862, 1769, 1710, 1613, 1496, 1454,

1437, 1397.

OH
COan

3-19 Prepared according to the General Procedure A from the corresponding diene

Ph

(132.2 mg, 0.50 mmol) and benzaldehyde (153 uL, 1.5 mmol, 3.0 equiv.). '"H NMR diene
conversion: 96%, crude yield: 74%, dr: >98:2. Isolated in 69% yield as a yellow solid after
purification by column chromatography (10:1 Hexane/EtOAc).

Prepared according to General Procedure B from the corresponding diene (132.2
mg, 0.50 mmol, 1.0 equiv.) and benzaldehyde (159.2 mg, 1.5 mmol, 3.0 equiv.). 'H NMR
diene conversion: >99%, crude yield: 87%, dr: >98:2.

'"H NMR (CDCls, 700 MHz) & 7.39 — 7.28 (m, 8H), 7.23 — 7.13 (m, 5H), 6.96 — 6.92
(m, 2H), 5.86 — 5.81 (m, 1H), 5.80 — 5.76 (m, 1H), 5.16 (d, J= 5.3 Hz, 1H), 5.10 (d, J =
12.3 Hz, 1H), 5.08 (d, /= 12.3 Hz, 1H), 3.85 (dd, J=9.7, 5.3 Hz, 1H), 3.27 (dd, J = 16.1,
7.7 Hz, 1H), 2.17 (dd, J=16.1, 7.7 Hz, 1H) 3.02 (d, J = 2.3 Hz, 1H);

13C NMR (CDCls, 100 MHz) § 172.7, 140.8, 139.7, 135.5, 134.6, 128.6, 128.4,
128.4, 128.4, 128.3, 128.1, 127.9, 126.4, 126.1, 122.9, 74.2, 66.8, 52.0, 33.8;

HRMS (ESI): caled for C2sH2403Na [M+Na]" 295.1618. Found 295.1618;

MP: 60 — 63 °C;

IR: v (cm™) 3496, 3089, 3062, 3029, 2916, 1953, 1888, 1729, 1601, 1495, 1453,

1313, 1158.
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3-20 Prepared according to the General Procedure A from the corresponding diene
(149 mg, 0.5 mmol) and benzaldehyde (153 uL, 1.5 mmol, 3.0 equiv.). 'H NMR diene
conversion: >99%, crude yield: 63%, dr: >98:2. Isolated in 63% yield as a yellow oil after
purification by column chromatography (10:1 Hexane/EtOAc).

"H NMR (CDCls, 500 MHz) & 7.37 — 7.28 (m, 5H), 7.14 (dd, J = 6.5, 2.0 Hz, 1H),
6.9 (t,J=8.4 Hz, 1H), 6.79 — 6.76 (m, 1H), 5.81 = 5.77 (m, 1H), 5.74 — 5.69 (m, 1H), 5.17
(dd, J=4.6,2.4 Hz, 1H), 4.15 —4.10 (m, 2H), 3.69 (dd, /=9.9, 4.6 Hz, 1H), 3.18 (dd, /=
15.7,7.3 Hz, 1H), 3.08 (d, /=2.4 Hz, 1H), 3.05 (dd, /=15.7, 7.3 Hz, 1H), 1.19 (t, /= 7.1
Hz, 3H);

BCNMR (CDCls, 125 MHz) § 172.9, 158.5, 156.6, 140.8, 137.1, 133.1, 133.0, 128.8
(d, J=7.0Hz), 128.3, 127.9, 126.2, 123.7, 116.2, 73.9, 61.2, 51.7, 32.6, 14.1;

F NMR (CDCls, 468 MHz) 6 —111.5 (m);

HRMS (ESI): caled for C2oH2003BrFNa [M+Na]" 429.0472. Found 429.0477,

IR: v (cm) 3488, 3062, 3032, 2939, 2981, 2937, 2904, 1959, 1893, 1728, 1598,

1494, 1451, 1244.

3-21 Prepared according to the General Procedure A from the corresponding diene

(170.7 mg, 0.50 mmol) and benzaldehyde (153 uL, 1.5 mmol, 3 equiv.). '"H NMR diene
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conversion: >99%, crude yield: 73%, dr: >98:2. Isolated in 71% yield as a yellow oil after
purification by column chromatography (4:1 Hexane/EtOAc).

Prepared according to General Procedure B from the corresponding diene (170.7 mg,
0.50 mmol) and benzaldehyde (159.2 mg, 1.5 mmol, 3.0 equiv.). 'H NMR diene
conversion: >99%, crude yield: 90%, dr: >98:2.

"H NMR (CDCl;, 500 MHz) § 8.10 (d, J = 6.1 Hz, 1H), 7.40 — 7.36 (m, 2H), 7.36
(m, 5H), 7.23 = 7.13 (m, 2H), 5.93 — 5.86 (m, 1H), 5.80 (app tt, /= 10.0, 1.7 Hz, 1H), 5.17
(d, J=5.0 Hz, 1H), 4.12 (qd, J = 7.2, 2.2 Hz, 2H), 3.81 (ddd, J = 10.0, 5.1, 0.7 Hz, 1H),
3.31(ddd, J=16.6,7.3, 1.7 Hz, 1H), 3.18 — 3.10 (m, 2H), 1.66 (s, 9H), 1.18 (t, J= 7.2 Hz,
3H);

13C NMR (CDCls, 125 MHz) § 173.0, 149.7, 140.9, 132.9, 130.3, 128.3, 127.8,
126.4, 124.4, 123.6, 122.7, 122.3, 119.0, 118.9, 115.2, 83.4,74.2, 61.1, 52.0, 28.3, 23.4,
14.1;

HRMS (ESI): caled for C27H31NOsNa [M+Na]* 472.2094. Found 472.2093;

IR: v (cm) 3508, 3087, 3057, 3030, 2979, 2933, 1941, 1730, 1608, 1452, 1369,

1159.
OH

H
0”7 "OBn CF

3-22 Prepared according to the General Procedure A from the corresponding diene

3

(92 mg, 0.40 mmol) and 4-(trifluoromethyl)-benzaldehyde (208.9 mg, 1.2 mmol, 3.0
equiv.). '"H NMR diene conversion: >99%, crude yield: 90%, dr: >98:2. Isolated in 81%

yield as a brown solid after purification by column chromatography (10:1 Hexane/EtOAc).
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Prepared according to General Procedure B from the corresponding diene (115.2

mg, 0.50 mmol, 1 equiv.) and 4-(trifluoromethyl)-benzaldehyde (261.3 mg, 1.5 mmol, 3.0
equiv.). '"H NMR diene conversion: >99%, crude yield: 77%, dr: >98:2.

'"H NMR (CDCls, 700 MHz) § 7.54 (d, J = 8.2 Hz, 2H), 7.43 (d, J = 8.2 Hz, 2H),
7.34 —7.31 (m, 3H), 7.22 — 7.18 (m, 2H), 5.72 — 5.67 (m, 1H), 5.58 (app t, J = 10.4 Hz,
1H), 5.11 (dd, J=4.9, 1.2 Hz, 1H), 5.08 (d, /= 12.3 Hz, 1H), 5.04 (d, J = 12.3 Hz, 1H),
3.67(dd,J=9.9,5.2 Hz, 1H), 3.11 (d, /=2.4 Hz, 1H), 1.92 (m, 1H), 1.79 (m, 1H), 1.20 —
1.01 (m, 4H), 0.78 (t, J= 7.1 Hz, 3H);

13C NMR (CDCls, 125 MHz) § 172.8, 144.8, 137.3, 135.3, 129.9 (q, J = 32.3 Hz),
128.6, 128.5,128.2, 126.8, 125.1 (q, /= 3.8 Hz), 124.2 (q, J=271.9 Hz), 121.2, 73.6, 66.9,
51.8,31.3,27.4,22.2,13.8;

YF NMR (CDCls, 376 MHz) & — 62.5 (s);

HRMS (ESI): caled for C23HasF303Na [M+Na]"429.1648. Found 429.1648;

MP: 49 - 51 °C;

IR: v (cm) 3484, 3062, 3035, 2961, 2929, 2901, 2859, 1929, 1716, 1618, 1454,

1328, 1167.

H OH
v Y0
O~ "OBn OMe

3-23 Prepared according to the General Procedure A from the corresponding diene
(115.3 mg, 0.50 mmol) and 4-methoxybenzaldehyde (204.3 mg, 1.5 mmol, 3.0 equiv.). 'H
NMR diene conversion: >99%, crude yield: 52%, dr: >98:2. Isolated in 51% yield as a
yellow oil after purification by column chromatography (4:1 Hexane/EtOAc).
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Prepared according to General Procedure B from the corresponding diene (115.2
mg, 0.50 mmol) and 4-methoxybenzaldehyde (204.2 mg, 1.5 mmol, 3 equiv.). 'H NMR
diene conversion: >99%, crude yield: 65%, dr: >98:2.

'"H NMR (CDCls, 700 MHz) & 7.33 — 7.28 (m, 3H), 7.26 — 7.23 (m, 2H), 7.17 - 7.14
(m, 1H), 6.84 — 6.30 (m, 2H), 5.74 — 5.69 (m, 1H), 5.61 (app tt, /= 10.5, 1.4 Hz, 1H), 5.04
(d,J=12.6 Hz, 1H), 4.99 (d, J= 12.6 Hz, 1H), 4.96 (dd, J= 6.3, 2.8 Hz, 1H), 3.79 (s, 3H),
3.67 (ddd, J=10.0, 6.4, 0.7 Hz, 1H), 2.74 (d, J= 2.8 Hz, 1H) 2.03 — 1.96 (m, 1H), 1.95 —
1.88 (m, 1H), 1.27 — 1.14 (m, 4H), 0.82 (t, /=7 Hz, 3H);

13C NMR (CDCls, 175 MHz) § 172.6, 159.3, 136.7, 135.6, 133.0, 128.5, 128.2,
128.1, 127.7, 122.6, 113.7, 74.1, 66.5, 55.3, 52.6, 31.4, 27.5, 22.3, 13.9;

HRMS (ESI): calcd for C23H2304Na [M+Na]* 391.188. Found 391.1883;

IR: v (cm™) 3503, 3064, 3032, 3010, 2956, 2930, 2871, 2858, 2837, 1887, 1730,

1612, 1513, 1248, 1172.

OH

H
P an!
O~ "OBn B(pin)

3-24 Prepared according to the General Procedure A from the corresponding diene
(115 mg, 0.50 mmol) and 4-formylphenylboronic acid, pinacol ester (348 mg, 1.5 mmol,
3.0 equiv.). '"H NMR diene conversion: >96%, crude yield: 75%, dr: >98:2. Isolated in
75% yield as a yellow oil after purification by column chromatography (10:1
Hexane/EtOAc).

"H NMR (CDCl3, 500 MHz) § 7.74 (d, J = 8.1 Hz, 2H), 7.33 — 7.29 (m, 5H), 7.17 —

7.15 (m, 2H), 5.69 — 5.64 (m, 1H), 5.61 — 5.56 (m, 1H), 5.08 — 5.00 (m, 3H), 3.69 (dd, J =
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9.7,5.4 Hz, 1H), 2.92 (d,J=2.6 Hz, 1H), 1.96 — 1.89 (m, 1H), 1.84 — 1.77 (m, 1H), 1.34
(s, 12H) 1.15 - 1.05 (m, 4H), 0.78 (t, J = 7.2 Hz, 3H);

13C NMR (CDCls, 125 MHz) & 172.8, 143.9, 136.7, 135.5, 134.7, 128.5, 128.3,
128.2, 128.0, 125.7, 121.8, 83.7, 74.3, 66.6, 52.0, 31.3, 27.4, 24.9, 22.5, 13.9;

HRMS (ESI): calcd for C2sH3705BNa [M+Na]™ 487.2626. Found 487.2625;

IR: v (cm™)3483, 3090, 3068, 3033, 2977, 2957, 2930, 2871, 1941, 1731, 1613,

1498, 1456, 1361, 1145.

HOH Cl
Me =

07 ~0Bn

3-25 Prepared according to the General Procedure A from the corresponding diene
(92 mg, 0.40 mmol) and 2-chlorobenzaldehyde (168.7 mg, 1.2 mmol, 3.0 equiv.). '"H NMR
diene conversion: >99%, crude yield: 70%, dr: >98:2. Isolated in 69% yield as a yellow oil
after purification by column chromatography (10:1 Hexane/EtOAc).

'H NMR (CDCls, 700 MHz) & 7.53 (dd, J = 7.5, 1.7 Hz, 1H), 7.38 — 7.26 (m, 6H),
7.25 (td, J=17.5, 1.2 Hz, 1H), 7.18 (td, J = 7.5, 1.7 Hz, 1H), 6.62 — 5.53 (m, 3H), 5.22 —
5.16 (m, 2H), 3.94 (dd, J=9.6, 2.9 Hz, 1H), 3.45 (d, J=2.6 Hz, 1H), 1.76 — 1.70 (m, 1H),
1.56 — 1.50 (m, 1H), 1.06 — 0.97 (m, 3H), 0.85 — 0.78 (m, 1H), 0.72 (t, /= 7.0 Hz, 3H);

13C NMR (CDCls;, 100 MHz) § 174.1, 138.0, 136.7, 135.7, 131.4, 129.0, 128.8,
128.6, 128.6, 128.3, 127.9, 126.6, 120.2, 70.5, 66.8, 47.6, 31.1, 27.1, 22.1, 13.8;

HRMS (ESI): caled for C22HasC103Na [M+Na]" 395.1384. Found 395.1393;

IR: v (em™) 3513, 3067, 3033, 2957, 2929, 2871, 2859, 1949, 1719, 1455, 1170.
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HOH Br
Me =

0”7 0Bn

3-26 Prepared according to the General Procedure A from the corresponding diene
(115 mg, 0.50 mmol) and 2-bromobenzaldehyde (278 mg, 1.5 mmol, 3.0 equiv.). '"H NMR
diene conversion: >99%, crude yield: 60%, dr: >98:2. Isolated in 58% yield as a yellow oil
after purification by column chromatography (10:1 Hexane/EtOAc).

"H NMR (CDCls, 500 MHz) § 7.50 (dd, J= 7.8, 1.7 Hz, 1H), 7.48 (dd, J=7.8, 1.1
Hz, 1H), 7.37 — 7.26 (m, 6H), 7.10 (td, /= 7.8, 1.7 Hz, 1H), 5.61 — 5.52 (m, 3H), 5.19 (s,
2H), 3.97 (dd, J=9.4, 2.7 Hz, 1H), 3.44 (d, J=2.7 Hz, 1H), 1.74 — 1.67 (m, 1H), 1.52 —
1.47 (m, 1H), 1.05 — 0.95 (m, 3H), 0.83 — 0.76 (m, 1H), 0.71 (t, J= 7.0 Hz, 3H);

13C NMR (CDCls, 125 MHz) § 174.0, 139.4, 136.7, 135.6, 132.3, 129.1, 128.9,
128.6, 128.2, 127.8, 127.1, 121.4, 120.1, 72.6, 66.8, 47.5, 31.0, 27.1, 22.0, 13.8;

HRMS (ESI): caled for C22HasBrOsNa [M+Na]" 439.0879. Found 439.0886;

IR: v (cm™) 3501, 3065, 3032, 2956, 2929, 2871, 2858, 1950, 1718, 1455, 1439

1169.

HOH F
IS aS!
O~ "OBn OMe

3-27 Prepared according to the General Procedure A from the corresponding diene
(115.3 mg, 0.50 mmol) and 2-fluoro-4-methoxy-benzaldehyde (231.3 mg, 1.5 mmol, 3.0
equiv.). '"H NMR diene conversion: >99%, crude yield: 84%, dr: >98:2. Isolated in 72%
yield as a yellow oil after purification by column chromatography (17:3 Hexane/EtOAc).
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Prepared according to General Procedure B from the corresponding diene (115.2
mg, 0.50 mmol) and 2-fluoro-4-methoxybenzaldehyde (231.2 mg, 1.5 mmol, 3.0 equiv.).
"H NMR diene conversion: >99%, crude yield: 81%, dr: >98:2.

"H NMR (CDCls, 700 MHz) & 7.36 — 7.29 (m, 4H), 7.26 — 7.23 (m, 2H), 6.65 (dd, J
= 8.6, 2.5 Hz, 1H), 6.54 (dd, J = 12.4, 2.4 Hz, 1H), 5.67 — 5.62 (m, 1H), 5.61 — 5.55 (m,
1H), 5.34 - 5.31 (m, 1H), 5.13 = 5.07 (m, 2H), 3.80 (dd, /=9.8, 4.9 Hz, 1H), 3.77 (s, 3H),
3.11 (d, J=3.1 Hz, 1H), 1,95 — 1.88 (m, 1H), 1.83 — 1.76 (m, 1H), 1.20 — 1.09 (m, 3H),
1.08 — 1.01 (m, 1H), 0.79 (t, /= 7.1 Hz, 3H);

13C NMR (CDCls, 175 MHz) § 173.2, 160.4 (d, J = 11.1 Hz), 160.2 (d, J = 245.4
Hz), 136.7, 135.6, 129.0 (d, J = 6.4 Hz), 128.5, 128.2, 128.0, 121.5, 119.8, 109.6 (d, J =
2.8 Hz), 101.3 (d, J=25.6), 68.2 (d, /= 1.4 Hz), 66.7, 55.5, 49.9, 31.3, 27.2, 22.2, 13.9;

F NMR (CDCls, 376 MHz) 8 —177.1 (dd, J = 12.4, 8.9 Hz);

HRMS (ESI): caled for C23H27FOsNa [M+Na]* 409.1786. Found 409.1785;

IR: v (cm™)3501, 3066, 3032, 2956, 2931, 2871, 2858, 1731, 1627, 1508, 1465,

1154.

H
IS QS
0~ "oBn O

3-28 Prepared according to the General Procedure A from the corresponding diene
(115.3 mg, 0.50 mmol) and piperonal (225.2 mg, 1.5 mmol, 3.0 equiv.). 'H NMR diene
conversion: >99%, crude yield: 59%, dr: >98:2. Isolated in 57% yield as a yellow oil after

purification by column chromatography (17:3 Hexane/EtOAc).
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"H NMR (CDCls, 700 MHz) & 7.34 — 7.29 (m, 3H), 7.19 (dd, J = 7.5, 2.1 Hz, 2H),
6.86 (d,J=1.6 Hz, 1H), 6.77 — 6.74 (m, 1H), 6.72 — 6.69 (m, 1H), 5.92 (q, /= 3.8, 1.5 Hz,
2H), 5.75 - 5.70 (m, 1H), 5.59 (app tt, J = 10.5, 1.5 Hz, 1H), 5.06 (d, J = 12.6 Hz, 1H),
5.01 (d, J=12.6 Hz, 1H), 4.93 (dd, /= 6.3, 2.2 Hz, 1H), 3.65 (ddd, J = 10.5, 4.2 Hz, 1H),
2.78 (d, J = 2.1 Hz, 1H), 2.04 — 1.97 (m, 1H), 1.96 — 1.89 (m, 1H), 1.28 — 1.15 (m, 4H),
0.83 (t, /= 7.0 Hz, 3H);

13C NMR (CDCls, 175 MHz) § 172.6, 147.6, 147.2, 136.9, 135.6, 134.9, 128.5,
128.3, 128.1, 122.4, 120.0, 108.0, 107.1, 101.0, 74.2, 66.6, 52.6, 31.4, 27.5, 22.3, 13.9;

HRMS (ESI): calcd for C23H260sNa [M+H]"405.1672. Found 405.1674;

IR: v (cm™) 3507, 3089, 3070, 3030, 3015, 2956, 2930, 2872, 2778, 1728, 1502,

1488, 1244, 1154.

07 0Bn
3-29 Prepared according to the General Procedure A from the corresponding diene
(92.0 mg, 0.40 mmol) and 3-cyanobenzaldehyde (157 mg, 1.2 mmol, 3.0 equiv.). '"H NMR
diene conversion: 90%, crude yield: 79%, dr: >98:2. Isolated in 75% yield as a yellow oil
after purification by column chromatography (4:1 Pentane/Et,0).

Prepared according to General Procedure B from the corresponding diene (115.2
mg, 0.50 mmol) and 3-cyanobenzaldehyde (196.7 mg, 1.5 mmol, 3.0 equiv.). '"H NMR
diene conversion: >99%, crude yield: 83%, dr: >98:2.

"H NMR (CDCls, 700 MHz) & 7.38 (t, J= 1.7 Hz, 1H), 7.27 (dt, J= 7.9, 1.7 Hz, 2H),

7.13 = 7.05 (m, 4H), 6.99 — 6.96 (m, 2H), 5.46 — 5.41 (m, 1H), 5.32 — 5.27 (m, 1H), 4.86
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—4.80 (m, 3H), 3.38 (dd, /= 10.0, 5.1 Hz, 1H), 1.98 (d, /= 2.3 Hz, 1H), 1.68 — 1.61 (m,
1H), 1.54 — 1.47 (m, 1H), 0.95 — 0.84 (m, 3H), 0.83 — 0.76 (m, 1H), 0.53 (t, /= 6.9 Hz,
3H);

13C NMR (CDCls, 100 MHz) & 172.7, 142.4, 137.5, 135.3, 131.4, 130.9, 130.2,
128.9, 128.7, 128.5, 128.2, 120.8, 118.8, 112.3, 73.1, 66.9, 51.5, 31.2, 27.4,22.2, 13.9;

HRMS (ESI): calcd for C23H2sNO3Na [M+Na]" 386.1727. Found 386.1727;

IR: v (cm™) 3475, 3086, 3063, 3029, 2956, 2928, 2871, 2859, 2227, 1916, 1763,

1606, 1502, 1453, 1188, 1156.

HOH 5
O~ "OBn F

3-30 Prepared according to the General Procedure A from the corresponding diene
(115.3 mg, 0.50 mmol) and 3-bromo-4-fluoro-benzaldehyde (304.5 mg, 1.5 mmol, 3.0
equiv.). 'H NMR diene conversion: 97%, crude yield: 81%, dr: >98:2. Isolated in 75%
yield as a yellow oil after purification by column chromatography (17:3 Hexane/EtOAc).

Prepared according to General Procedure B from the corresponding diene (115.2
mg, 0.50 mmol) and 3-bromo-4-fluorobenzaldehyde (304.5 mg, 1.5 mmol, 3.0 equiv.). 'H
NMR diene conversion: >99%, crude yield: 77%, dr: >98:2.

'H NMR (CDCls, 700 MHz) & 7.55 (dd, J = 6.7, 2.2 Hz, 1H), 7.36 — 7.30 (m, 3H),
7.23 —7.19 (m, 3H), 7.00 (t, /= 8.4 Hz, 1H), 5.74 — 5.69 (m, 1H), 5.56 (app tt, J = 10.5,
1.4 Hz, 1H), 5.12 - 4.02 (m, 2H), 5.00 (dd, /=5.5, 2.4 Hz, 1H), 3.62 (dd, /= 10.2, 5.5 Hz,
1H), 3.04 (d, J=2.3 Hz, 1H), 1.98 — 1.91 (m, 1H), 1.88 — 1.81 (m, 1H), 1.24 — 1.09 (m,

4H), 0.82 (t, J = 7.0 Hz, 3H);
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F NMR (CDCl3, 467 MHz) & —108.9 (m);

13C NMR (CDCls, 175 MHz) § 172.7, 158.5 (d, J = 246.2 Hz), 138.2 (d, J= 3.7 Hz),
137.4, 135.3, 131.6, 128.6, 128.4, 128.2, 127.1 (d, J = 7.4 Hz), 121.3, 116.1 (d, J =22.2
Hz), 108.8 (d, J=21.2 Hz), 73.0, 66.8, 52.0, 31.3, 27.5, 22.3, 13.9;

HRMS (ESI): calcd for C2oH24BrFO3Na [M+Na]" 457.0785. Found 457.0785;

IR: v (cm™) 3468, 3062, 3030, 2981, 2932, 2906, 2872, 1885, 1730, 1494, 1245,

1178.

Me

3-31 Prepared according to the General Procedure A from the corresponding diene
(115 mg, 0.50 mmol) and 3-acetylbenzaldehyde (222 mg, 1.5 mmol, 3.0 equiv.). '"H NMR
diene conversion: >99%, crude yield: 84%, dr: >98:2. Isolated in 79% yield as a yellow oil
after purification by column chromatography (10:1 Hexane/EtOAc).

'H NMR (CDCls, 500 MHz) § 7.91 (s, 1H), 7.84 (d, J= 7.7 Hz, 1H), 7.54 (d, J= 7.7
Hz, 1H), 7.39 (t, J= 7.7 Hz, 1H), 7.33 — 7.30 (m, 3H), 7.21 — 7.19 (m, 2H), 5.71 — 5.66
(m, 1H), 5.62 — 5.57 (m, 1H), 5.14 (dd, J= 5.2, 2.3 Hz, 1H), 5.07 (d, J = 12.3 Hz, 2H),
3.70 (dd, J=9.9, 5.2 Hz, 1H), 3.12 (d, /= 2.4 Hz, 1H), 2.57 (s, 3H), 1.93 — 1.87 (m, 1H),
1.81 - 1.75 (m, 1H), 1.18 — 1.02 (m, 4H), 0.77 (t, /= 7.1 Hz, 3H);

3C NMR (CDCl3, 125 MHz) § 197.9, 172.8 141.4,137.1, 137.0, 135.4, 131.2, 128.6,
128.5,128.3, 128.1, 127.7, 126.3, 121.3, 73.7, 66.7, 51.8, 31.2, 27.4, 26.7, 22.2, 13.8;

HRMS (ESI): calcd for C24Has0sNa [M+Na]* 403.1880. Found 403.1876;
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IR: v (cm™) 3486, 2956, 2930, 2871, 2858, 2228, 1716, 1606, 1502, 1466, 1378,

1111.

1y OH .
X e
o”>oBn N

3-32 Prepared according to the General Procedure A from the corresponding diene
(83 mg, 0.36 mmol) and 2-(4-(trifluoromethyl)phenyl)thiazole-5-carbaldehyde (278 mg,
1.1 mmol, 3.0 equiv.). '"H NMR diene conversion: >99%, crude yield: 45%, dr: >98:2.
Isolated in 44% yield as a brown solid after purification by column chromatography (2:1
Hexane/EtOAc).

"H NMR (CDCls, 500 MHz) § 8.01 (d, J= 8.0 Hz, 2H), 7.71 — 7.68 (m, 3H), 7.32 —
7.24 (m, 5H), 5.84 —5.78 (m, 1H), 5.64 — 5.59 (m, 1H), 5.39 (dd, /=5.2, 3.5 Hz, 1H), 5.12
(d, J=8.0 Hz, 2H), 3.78 (dd, /= 10.0, 5.4 Hz, 1H), 3.32 (d, /= 3.0 Hz, 1H), 2.10 — 1.96
(m, 2H), 1.29 — 1.18 (m, 5H), 0.81 (t, /="7.1 Hz, 3H);

13C NMR (CDCls, 125 MHz) § 172.3, 166.3, 141.2, 140.2, 138.1, 135.1, 131.6 (q, J
=32.6 Hz), 128.6, 128.4, 128.2, 126.6, 126.0 (q, /= 3.8 Hz), 123.9 (q, J=272.0 Hz) 120.9,
68.9,67.1,51.9, 31.3, 27.6, 22.3, 13.9;

YF NMR (CDCl;s, 376 MHz) & —63.0 (s);

HRMS (ESI): caled for C26H2703F3sNSNa [M+Na]* 490.1658 Found 490.1659;

MP: 51 - 52 °C;

IR: v (cm™) 3482, 3094, 3064, 3034, 2958, 2930, 2873, 2860, 1731, 1616, 1455,

1325, 1168.
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3-33 Prepared according to the General Procedure A from the corresponding diene
(115 mg, 0.5 mmol) and 2-methoxypyrimidine-5-carbaldehyde (207 mg, 1.5 mmol, 3.0
equiv.). "H NMR diene conversion: >99%, crude yield: 49%, dr: >98:2. Isolated in 45%
yield as a colorless oil after purification by column chromatography (4:1 Hexane/EtOAc).

"H NMR (CDCls, 500 MHz) & 8.45 (s, 2H), 7.36 — 7.31 (m, 3H), 7.25 — 7.23 (m,
2H), 5.78 = 5.72 (m, 1H), 5.59 — 5.54 (m, 1H), 5.13 — 5.06 (m, 3H), 3.99 (s, 3H), 3.63 (dd,
J=10.0, 5.1 Hz, 1H), 3.23 (s, 1H), 1.97 — 1.92 (m, 1H), 1.86 — 1.80 (m, 1H), 1.25 - 1.12
(m, 4H), 0.80 (t, /= 6.9 Hz, 3H);

13C NMR (CDCls, 125 MHz) § 172.6, 165.4, 157.8, 137.8, 135.2, 128.6, 128.5,
128.1, 127.1, 120.6, 70.1, 67.0, 54.9, 51.2, 31.2, 27.4,22.2, 13.8;

HRMS (ESI): calcd for C21H2604N2Na [M+Na]" 393.1785 Found 393.1789;

IR: v (cm™) 3287, 3092, 3068, 3031, 2957, 2929, 2872, 2859, 1730, 1599, 1566,

1476, 1408, 1326, 1159.

H OH
O~ "OBn F
3-34 Prepared according to the General Procedure A from the corresponding diene
(115.3 mg, 0.50 mmol) and 4-fluoro-benzaldehyde (186 mg, 1.5 mmol, 3.0 equiv.). 'H
NMR diene conversion: >99%, crude yield: 75%, dr: >98:2. Isolated in 74% yield as a

yellow oil after purification by column chromatography (10:1 Hexane/EtOAc).
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"H NMR (CDCls, 700 MHz) & 7.35 — 7.27 (m, 5H), 7.20 — 7.17 (m, 2H), 6.96 (t, J
= 8.6 Hz, 2H), 5.71 (td, J = 10.7, 7.5 Hz, 1H), 5.57 (tt, J=10.7, 1.6 Hz, 1H), 5.08 — 5.00
(m, 3H), 3.65 (ddd, J = 10.0, 5.9, 0.8 Hz, 1H), 2.92 (d, J = 2.3 Hz, 1H), 1.99 — 1.92 (m,
1H), 1.89 — 1.83 (m, 1H), 1.24 — 1.10 (m, 1H), 0.81 (t, J=7.1 Hz, 3H);

13C NMR (CDCls, 175 MHz) 8 172.7, 162.4 (d, J = 245.3 Hz), 137.0, 136.6 (d, J =
2.9 Hz), 135.4,128.6, 128.3 (d, J=14.9 Hz), 128.1, 128.1, 121.9, 115.1, 115.0, 73.7, 52.3,
31.4,27.4,22.3,13.9.

F NMR (CDCls, 376 MHz) & —114.74 (m).

HRMS (ESI): calcd for C22H2sFO3Na [M+Na]" 356.1788. Found 379.1681;

IR: v (cm™) 3499, 3066, 3033, 2957, 2929, 2872, 2859, 1891, 1729, 1605, 1511,

1456, 1222, 1157.

H OH
Jpa ol
07 0Bn NO

3-35 Prepared according to the General Procedure A from the corresponding diene

2

(115 mg, 0.5 mmol) and 4-nitrobenzaldehyde (227 mg, 1.5 mmol, 3.0 equiv.). 'H NMR
diene conversion: 90%, crude yield: 78%, dr: >98:2. Isolated in 74% yield as a yellow oil
after purification by column chromatography (4:1 Hexane/EtOAc).

'H NMR (CDCls, 500 MHz) § 8.11 (d, J = 8.8 Hz, 2H), 7.46 (d, J = 8.8 Hz, 2H),
7.33 —7.31 (m, 3H), 7.23 — 7.21 (m, 2H), 5.72 — 5.67 (m, 1H), 5.58 — 5.53 (m, 1H), 5.16

(dd, J=5.1, 2.3 Hz, 1H), 5.08 (d, J = 12.2 Hz, 2H), 3.66 (dd, J = 10.0, 5.0 Hz, 1H), 3.25
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(d, /J=2.3 Hz, 1H), 1.94 — 1.88 (m, 1H), 1.81 — 1.74 (m, 1H), 1.20 — 1.04 (m, 4H), 0.78 (t,
J=17.0Hz, 3H);

13C NMR (CDCls, 125 MHz) & 172.6, 148.0, 147.4, 137.5, 135.2, 128.6, 128.5,
128.3,127.2, 123.3, 120.8, 73.2, 66.9, 51.5, 31.2,27.4,22.2, 13.8;

HRMS (ESI): calcd for C24H2304Na [M+Na]" 406.1625. Found 406.1624;

IR: v (cm™) 3518, 3111, 3067, 3032, 2957, 2930, 2871, 2859, 1952, 1727, 1605,

1519, 1455, 1345, 1165.

H OH
Me~ O )O\
Me”™ Me

3-36 Prepared according to the General Procedure A from the corresponding diene
(77.2 mg, 0.50 mmol) and benzaldehyde (153 pL, 1.5 mmol, 3.0 equiv.). '"H NMR diene
conversion: >99%, crude yield: 71%, dr: >98:2. Isolated in 61% yield as a yellow oil after
purification by column chromatography (10:1 Hexane/EtOAc).

'H NMR (CDCls, 700 MHz) & 7.37 — 7.24 (m, 2H), 7.33 — 7.29 (m, 2H), 7.27 — 7.23
(m, 1H), 5.71 — 5.65 (m, 1H), 5.56 (app tt, J=10.5, 1.5 Hz, 1H), 4.99 (dd, J= 6.1, 2.2 Hz,
1H), 5.00 (sept, J = 6.4 Hz, 1H), 3.60 (ddd, J=10.0, 6.0, 0.8 Hz, 1H), 2.95 (d, J= 2.1 Hz,
1H), 2.00 (m, 1H), 1.89 (m, 1H), 1.15 (d, /= 6.4 Hz, 3H), 1.05 (d, /= 6.4 Hz, 3H), 0.84 (t,
J=1.7Hz, 3H),

13C NMR (CDCl;, 175 MHz) § 172.5, 140.9, 137.9, 128.2, 127.8, 126.6, 122.1, 74.4,

68.3,52.3, 21.6, 21.0, 13.8;

HRMS (ESI): caled for C16H2,0:Na [M+Na]* 285.1461. Found 285.1458;
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IR: v (cm™)3490, 3089, 3063, 3031, 2979, 2935, 2876, 1726, 1454, 1374, 1178,

1107.

OH

H
Me~ O O
Me' Mé\/le

3-37 Prepared according to the General Procedure A from the corresponding diene
(84.2 mg, 0.50 mmol) and benzaldehyde (153 pL, 1.5 mmol, 3.0 equiv.). '"H NMR diene
conversion: >99%, crude yield: 62%, dr: >98:2. Isolated in 60% yield as a yellow oil after
purification by column chromatography (10:1 Hexane/EtOAc).

"H NMR (CDCls, 700 MHz), § 7.36 (app d, J= 7.4 Hz, 2H), 7.31 (app t, J = 7.4 Hz,
2H), 7.25 (app tt, J= 7.4, 2.0 Hz, 1H), 5.70 — 5.64 (m, 1H), 5.54 (app tt, J=10.5, 2.1 Hz,
1H), 4.97 (dd, J= 5.9, 2.2 Hz, 1H), 3.55 (ddd, /= 9.8 Hz, 5.9 Hz, 0.9 Hz, 1H), 3.02 (d, J
= 2.2 Hz, 1H), 2.00 (m, 1H), 1.88 (m, 1H), 1.33 (s, 9H), 0.84 (t, /= 7.4 Hz, 3H);

3C NMR (CDCl;, 175 MHz) § 172.4, 141.0, 137.6, 128.1, 127.7, 126.7, 122.3, 81.3,
74.4,52.8,27.9,21.0, 13.9;

HRMS (ESI): caled for C17H2402Na [M+Na]" 299.1618. Found 299.1622;

IR: v (cm) 3497, 3088, 3064, 3030, 3007, 2976, 2934, 2875, 1950, 1725, 1455,

1368, 1150.
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3-38 Prepared according to the General Procedure A from the corresponding diene
(99.3 mg, 0.40 mmol) and benzaldehyde (122 pL, 1.2 mmol, 3.0 equiv.). '"H NMR diene
conversion: 90%, crude yield: 73%, dr: >98:2. Isolated in 71% yield as a yellow oil after
purification by column chromatography (10:1 Hexane/EtOAc).

Prepared according to General Procedure B from the corresponding diene (124.2
mg, 0.50 mmol, 1.0 equiv.) and benzaldehyde (159 mg, 1.5 mmol, 3.0 equiv.). 'H NMR
diene conversion: >99%, crude yield: 77%, dr: >98:2.

"H NMR (CDCls, 700MHz) & 7.36 — 7.33 (m, 2H), 7.31 (app t, J = 7.7 Hz, 2H), 7.24
(tt, J=7.7, 1.9 Hz, 1H), 5.70 — 5.64 (m, 1H), 5.56 (tt, /= 11.2, 1.4 Hz, 1H), 5.21 — 5.17
(m, 1H), 5.09 — 5.05 (m, 1H), 5.03 (dd, /=5.6, 2.3 Hz, 1H), 5.53 (d, /= 7.1 Hz, 2H), 3.64
(ddd, J=9.9, 5.7, 0.9 Hz, 1H), 2.97 (d, /= 2.4 Hz, 1H), 2.10 — 2.05 (m, 2H), 2.03 — 1.93
(m, 3H), 1.84 (m, 1H), 1.68 (d, J= 1.4 Hz, 3H), 1.64 (d, J= 1.4 Hz, 3H), 1.60 (br s, 3H),
0.81 (t, J=7.7 Hz, 3H);

13C NMR (CDCls, 175 MHz) § 173.1, 142.6, 140.9, 137.9, 131.9, 128.2, 127.8,
126.5, 123.7, 121.7, 117.9, 74.3, 61.8, 52.1, 39.5, 26.3, 25.7, 21.0, 17.7, 16.5, 13.8;

HRMS (ESI): caled for C23H2303Na [M+Na]" 379.2000. Found 379.2000;

IR: v (cm™) 3513, 3091, 3064, 3031, 3006, 2961, 2931, 2873, 1948, 1731, 1497,

1454, 1311, 1154.
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3-39 Prepared according to the General Procedure A from the corresponding diene
(144.2 mg, 0.50 mmol, 1 equiv.) and benzaldehyde (153 pL, 1.5 mmol, 3.0 equiv.). 'H
NMR diene conversion: 97%, crude yield: 76%. Isolated as a 1:1:1:1 mixture of
diastereomers in 70% yield as a thick yellow oil after purification by column
chromatography (10:1 Hexane/EtOAc).

"H NMR (CDCls, 700 MHz) & 7.35 (app t, J = 7.0 Hz, 8H), 7.31 (app t, J = 7.0 Hz,
8H), 7.25 (app td, J = 7.6, 1.4 Hz, 4H), 5.68 — 5.63 (m, 4H), 5.57 — 5.51 (m, 4H), 5.49 —
5.22 (m, 16H), 5.04 — 5.00 (m, 4H), 3.64 — 3.59 (m, 4H), 3.64 — 3.59 (m, 4H), 3.05 —3.00
(m, 4H), 2.05 (d, J = 9.5 Hz, 4H), 2.01 — 1.93 (m, 3H), 1.91 — 1.80 (m, 1H), 1.55 — 1.51
(m, 1H), 1.42 - 1.33 (m, 1H), 1.25 (dd, /= 6.4, 1.9 Hz, 4H), 1.19 — 1.09 (m, 12H), 0.87 —
0.84 (m, 12H), 0.82 — 0.78 (m, 12H), 0.77 — 0.74 (m, 12H);

13C NMR (CDCl3, 175 MHz) § 172.4 (2), 172.3 (2), 140.9 (3), 137.9 (2), 137.8 (2),
134.4 (2), 134.0 (2), 133.6 (2), 130.7 (2), 130.6, 130.5, 128.2, 127.8, 127.7, 126.5 (3),
121.9, 121.8, 121.7 (2), 121.3 (2), 121.2, 74.2, 74.1, 71.9, 71.8, 71.7, 71.6, 54.0, 53.9 (2),
52.2,52.1 (2),32.0 (2),31.78, 31.6 (2), 27.4 (2), 27.0 (3), 23.1, 22.9, 22.8 (2), 21.0, 20.3
(2), 13.8;

HRMS (ESI): caled for C26H3603Na [M+Na]"419.2557. Found 419.2560;

IR: v (em™) 3513, 3064, 3030, 2963, 2930, 2873, 1728, 1494, 1453, 1376, 1173.
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3-40 Prepared according to the General Procedure A from the corresponding diene
(156.7 mg, 0.50 mmol) and benzaldehyde (153 uL, 1.5 mmol, 3.0 equiv.). '"H NMR diene
conversion: 93%, crude yield: 76%, dr: >98:2. Isolated in 71% yield as a yellow oil after
purification by column chromatography (3:1 Hexane/EtOAc).

"H NMR (CDCls, 400 MHz) § 7.35 — 7.19 (m, 5H), 5.72 — 5.63 (m, 1H), 5.54 (app
tt, J=10.8, 1.5 Hz, 1H), 4.96 (dd, J = 6.4, 2.1 Hz, 1H), 4.81 (sept, J = 3.8 Hz, 1H), 3.63
(ddd, J=9.8, 6.4, 0.7 Hz, 1H), 3.51 (ddd, /= 11.2, 7.4, 4.0 Hz, 1H), 3.40 (ddd, J=11.3,
7.4,4.0 Hz, 1H), 3.26 — 3.10 (m, 2H), 2.76 (d, /= 1.8 Hz, 1H), 2.07 — 1.85 (m, 2H), 1.75
— 1.65 (m, 1H), 1.64 — 1.55 (m, 1H), 1.53 — 1.43 (m, 1H), 1.43 (s, 9H), 1.38 — 1.28 (m,
1H), 0.85 (t, /= 7.6 Hz, 3H);

13C NMR (CDCls, 175 MHz) § 172.0, 154.8, 141.2, 137.9, 128.2, 127.9, 126.7,
122.4,79.7, 74.6, 70.1, 52.6, 40.8, 30.4, 28.5, 21.1, 13.8;

HRMS (ESI): caled for C23H33NOsN, [M+Na]" 426.2251. Found 426.2250;

IR: v (cm) 3447, 3062, 3010, 2969, 2933, 2874, 1728, 1696, 1453, 1366, 1168,

1026.
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3-41 Prepared according to the General Procedure A from the corresponding diene
(156.7 mg, 0.50 mmol) and benzaldehyde (153 puL, 1.5 mmol, 3.0 equiv.). '"H NMR diene
conversion: 96%, crude yield: 65%. Isolated as a 1:1 mixture of diastereomers in 61% yield
as a yellow oil after purification by column chromatography (3:1 Hexane/EtOAc).

"H NMR (CDCls, 700 MHz) 8 7.35 — 7.30 (m, 8H), 7.29 — 7.24 (m, 2H), 5.69 — 5.64
(m, 2H), 5.57 — 5.50 (m, 2H), 5.20 — 5.01 (m, 4H), 4.55 — 4.48 (m, 2H), 4.35 (d, /= 3.6
Hz, 2H), 4.32 (d, J = 3.6 Hz, 2H), 3.73 (s, 3H), 3.72 (s, 3H), 3.67 — 3.61 (m, 2H), 2.94 (s,
1H). 2.85 (s, 1H), 1.96 — 1.87 (m, 2H), 1.84 — 1.75 (m, 2H), 1.45 (s, 18H), 0.79 (t, J="7.7
Hz, 6H);

13C NMR (CDCls, 175 MHz) § 172.3(2), 170.1(2), 155.1(2), 140.8, 138.0, 137.9,
128.2, 127.9, 127.8, 126.3, 121.3, 121.1, 80.4, 74.1(2), 64.7, 64.5, 52.9, 52.8, 52.7, 52.0,
51.9, 38.3, 20.9, 13.7(2);

HRMS (ESI): calcd for C22H31NO7Na [M+Na]" 444.1993. Found 444.1997,

IR: v (cm™)3438, 2978, 2935, 2876, 1742, 1719, 1502, 1454, 1367, 1300, 1163.

3-42 Prepared according to the General Procedure A from the corresponding diene

115.4 mg, 0.50 mmol) and benzaldehyde (153 pL, 1.5 mmol, 3.0 equiv.). '"H NMR diene
( g y H q
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conversion: >99%, crude yield: 80%, dr: >98:2. Isolated in 70% yield as a yellow oil after
purification by column chromatography (17:3 Hexane/EtOAc).

Prepared according to General Procedure B from the corresponding diene (115.4 mg,
0.50 mmol) and benzaldehyde (159.2 mg, 1.5 mmol, 3.0 equiv.). 'H NMR diene
conversion: >99%, crude yield: 80%, dr: >98:2.

"H NMR (CDCls, 700 MHz) § 7.36 — 7.35 (m, 2H), 7.32 (app t, J= 7.1 Hz, 2H) 7.26
(app tt, J="7.1, 1.5 Hz, 1H), 5.72 — 5.66 (m, 1H), 5.56 (app tt, /= 10.5, 1.4 Hz, 1H), 5.02
(dd, J=5.9, 2.3 Hz, 1H), 4.03 — 3.96 (m, 2H), 3.64 (ddd, J=10.1, 5.9, 0.8 Hz, 1H), 3.51
(t, J=6.3 Hz, 2H), 2.90 (d, J = 2.7 Hz, 1H), 1.99 (m, 1H), 1.88 (m, 1H), 1.76 — 1.71 (m,
2H), 1.54 — 1.47 (m, 2H), 1.40 (quin, J = 7.6 Hz, 2H), 1.23 (quin, J= 7.5 Hz, 2H), 0.83 (t,
J=17.3 Hz, 3H);

3C NMR (CDCl3, 175 MHz) § 173.1, 141.0, 138.0, 128.2, 127.8, 126.5, 121.9, 74.3,
64.3,52.2,44.9, 32.4, 28.3, 26.5, 25.1, 21.0, 13.9;

HRMS (ESI): caled for Ci19H27C103Na [M+Na]" 361.1541. Found 361.1541;

IR: v (cm™) 3500, 3087, 3063, 3029, 2959, 2936, 2871, 1951, 1728, 1454, 1318,

1168.

O:< Me

HN
(0]

3-43 Prepared according to the General Procedure A from the corresponding diene

166 mg, 0.50 mmol) and benzaldehyde (153 pL, 1.5 mmol, 3.0 equiv.). '"H NMR diene
( g y H q

142



conversion: >99%, crude yield: 60%, dr: >98:2. Isolated as a 1:1 mixture of diastereomers
in 51% yield as a white solid after purification by column chromatography (20:1
DCM/MeOH).

'"H NMR (CDCls, 700 MHz) & 8.17 (s, 2H), 7.35 — 7.30 (m, 8H), 7.29 — 7.26 (m,
2H), 7.04 — 7.03 (m, 1H), 6.99 -6.98 (m, 1H), 6.92 — 6.91 (m, 1H), 6.88 — 6.87 (m, 1H),
6.08 (dt, J=6.0, 1.6 Hz , 1H), 5.88 (dt, /= 6.0, 1.6 Hz, 1H), 5.86 — 5.84 (m, 1H), 5.77 —
5.66 (m, 3H), 5.58 — 5.53 (m, 2H), 5.02 (dd, /= 6.1, 2.1 Hz, 1H), 4.97 (dd, /= 7.0, 2.1 Hz,
1H), 4.87 — 4.84 (m, 2H), 4.37 (dd, J=12.2, 4.9 Hz, 1H), 4.22 (dd, /=11.9, 5.7 Hz, 1H),
4.10 (dd, J=11.9, 4.2 Hz, 1H), 4.03 (dd, J=12.2, 3.7 Hz, 1H), 3.68 — 3.63 (m, 2H), 2.68
(d,J=2.6 Hz, 1H), 2.57 (d,J=2.3 Hz, 1H), 2.03 — 1.83 (m, 10H), 0.88 (t, /= 7.4 Hz, 3H);
0.82 (t, J="7.5 Hz, 3H);

13C NMR (CDCls, 175 MHz) § 172.4, 172.1, 163.3, 163.2, 150.4, 140.9, 140.6,
138.6, 138.3, 135.1, 135.0, 133.1, 132.8, 128.4, 128.3, 128.1, 128.0, 127.1, 127.0, 126.5,
126.4,121.9,121.5, 111.3, 111.1, 90.0, 89.8, 83.9, 83.8, 74.5, 65.3, 64.9, 52.8, 52.3, 21.1,
21.0,13.8, 13.7, 12.7, 12.6;

HRMS (ESI): caled for C23H26N20¢Na [M+Na]" 449.1683. Found 449.1680;

MP: 46 — 47 °C;

IR: v (cm) 3441, 3191, 3061, 3038, 2963, 2934, 2875, 1690, 1467, 1399, 1248,

1157, 1107, 1082.
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OH
Ph CFs

3-44 Prepared according to a modified General Procedure A (2.2 equiv. HCO:H and
4.4 equiv. DIPEA) from the corresponding diene (34 mg, 0.2 mmol) and 4-
(trifluoromethyl)benzaldehyde (105 mg, 0.6 mmol, 3.0 equiv.). '"H NMR diene conversion:
>96%, crude yield: 64%, dr: >98:2. Isolated in 60% yield as colorless oil after purification
by column chromatography (4:1 Hexane/EtOAc).

"H NMR (CDCl;3, 400 MHz) § 7.57 (d, J = 8.1 Hz, 2H), 7.27 — 7.16 (m, 5H), 7.09
(d, J=17.2 Hz, 2H), 5.86 — 5.82 (m, 1H), 5.71 — 5.66 (m, 1H), 4.88 (d, J= 7.2 Hz, 1H),
3.83 (dd, J=10.1, 7.2 Hz, 1H), 2.31 (bs, 1H), 2.02 — 1.98 (m, 2H), 1.24 — 1.18 (m, 4H),
0.82 (t, J= 6.9 Hz, 3H);

13C NMR (CDCls, 125 MHz) § 146.0, 140.9, 134.9, 129.5 (q, J = 32.4 Hz), 128.6,
128.2, 127.3, 126.9, 126.8, 124.8 (q, J=3.8 Hz), 124.1 (q, J=271.0 Hz) 52.4, 31.5, 27.3,
22.2,13.8;

F NMR (CDCls, 468 MHz) 8 —62.4 (s);

HRMS (EI): calcd for C21H23F30Na [M-H20]" 330.1595. Found 330.1600;

IR: v (cm™) 3454, 3063, 3028, 2959, 2930, 2873, 2859, 1620, 1453, 1326, 1165,

1126, 1068.

OH
Ph CF,

3-45 Prepared according to General Procedure A from the corresponding diene (35

mg, 0.2 mmol) and 4-(trifluoromethyl)benzaldehyde (104 mg, 0.6 mmol, 3.0 equiv.). 'H
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NMR diene conversion: 94%, crude yield: 70%, dr: >98:2. Isolated in 68% yield as a white
solid after purification by column chromatography (1:3 Hexane/EtOAc).

"H NMR (CDCls, 500 MHz) § 7.46 (d, J= 8.0 Hz, 2H), 7.26 — 7.21 (m, 4H), 7.18 —
7.15 (m, 1H), 7.07 — 7.06 (m, 2H), 5.95 — 5.90 (m, 1H), 5.69 — 5.64 (m, 1H), 4.88 (d, J =
7.6 Hz, 1H), 3.88 (dd, /=10.0, 7.6 Hz, 1H), 3.59 —3.51 (m, 2H), 2.26 — 2.18 (m, 1H), 2.14
—2.07 (m, 1H), 1.60 — 1.49 (m, 3H), 1.41 (bs, 1H);

13C NMR (CDCl;, 125 MHz) § 146.1, 140.8, 133.2, 129.4 (q, J = 31.4 Hz), 128.8,
128.6, 128.2, 126.9, 126.8, 124.8 (q, J = 3.8 Hz), 124.0 (q, J=270.2 Hz) 77.6, 61.8, 52.3,
31.7,23.8;

YF NMR (CDCls, 468 MHz) & —62.4 (s);

HRMS (ESI): calcd for C20H2102F3Na [M+Na]" 373.1386. Found 373.1383;

MP: 73 - 75 °C;

IR: v (cm™) 3358, 3086, 3064, 3028, 2938, 2881, 1619, 1452, 1326, 1124, 1068.

OH

<
]
O
=y

CFs

3-46 Prepared according to a modified General Procedure A (2.2 equiv. HCO2H and

4.4 equiv. DIPEA) from the corresponding diene (65 mg, 0.50 mmol) and 4-
(trifluoromethyl)-benzaldehyde (261 mg, 1.5 mmol, 3.0 equiv.). 'H NMR diene
conversion: >99%, crude yield: 64%, dr: >98:2. Isolated in 62% yield as colorless oil after

purification by column chromatography (4:1 Hexane/EtOAc).
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'H NMR (CDCls, 400 MHz) § 7.47 (d, J = 8.1 Hz, 2H), 7.27 — 7.16 (m, 5H), 7.09
(d, J = 8.3 Hz, 2H), 5.90 — 5.86 (m, 1H), 5.82 — 5.76 (m, 1H), 4.88 (d, J = 7.3 Hz, 1H),
3.86 (dd, J=9.7, 7.3 Hz, 1H), 2.31 (d, J = 2.0 Hz, 1H), 1.60 (d, J = 6.7 Hz, 3H);

13C NMR (CDCls, 125 MHz) 5 145.9, 140.6, 129.5 (q, J=31.2 Hz) 128.8, 128.6 (2),
128.2, 126.9, 126.8, 124.8 (q, J = 3.9 Hz), 124.2 (q, J=271.1 Hz) 77.5, 52.1, 13.2;

1F NMR (CDCls, 468 MHz) & —62.4 (s);

HRMS (EI): calcd for CisH 7Fs0Na [M-H,0]" 288.1125. Found 288.1131;

IR: v (cm™) 3467, 3088, 3062, 3029, 2925, 2857, 1620, 1493, 1453, 1326, 1124,

1067, 1017.

3-47 Prepared according to General Procedure C from the corresponding diene (98.7
mg, 0.5 mmol, 1.0 equiv.) and benzaldehyde (153 pL, 1.5 mmol, 3.0 equiv.). 'H NMR
diene conversion: 95%, crude yield: 81%, dr >98:2. Isolated in a 77% yield as a yellow oil
after purification by column chromatography (17:3 Hexanes/EtOAc).

'"H NMR (CDCl;, 500 MHz) § 7.48 (d, J = 8.4 Hz, 2H), 7.25 — 7.20 (m, 3H), 7.17
(d,J=8.4Hz, 2H),7.14 —7.10 (m, 2H), 5.85 - 5.79 (m, 1H), 5.72 (tdd, /= 10.9, 7.3, 0.8
Hz, 1H), 4.18 (d, J= 7.3 Hz, 1H), 3.92 (dd, J=9.7, 7.3 Hz, 1H), 2.20 (br s, 1H), 2.05 —

1.93 (m, 2H), 1.28 — 1.16 (m, 4H), 0.83 (t, /= 7.1 Hz, 3H);
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3C NMR (CDCls. 125 MHz) § 147.3, 141.4, 135.3, 132.1, 129.2, 128.2, 127.9,
127.0, 126.6, 118.9, 110.3, 77.9, 52.5, 31.4, 27.4, 22.3, 13.9;

HRMS (ESI): calcd for C2;H23NONa [M+Na]" 328.1672. Found 328.1668;

IR: v (cm™) 3504, 3089, 3066 2956, 2930, 2876, 2859, 2228, 1920, 1609, 1505,

1464, 1375, 1174.

OH

%

Me

3-48 Prepared according to General Procedure C from the corresponding diene (93.2
mg, 0.5 mmol, 1 equiv.) and benzaldehyde (153 pL, 1.5 mmol, 3.0 equiv.). '"H NMR diene
conversion: 96%, crude yield: 67%, dr >98:2. Isolated in a 64% yield as a white solid after
purification by column chromatography (4:1 Hexanes/EtOAc).

'"H NMR (CDCl3, 500 MHz) § 7.79 (d, J = 8.2 Hz, 2H), 7.24 — 7.13 (m, 7H), 5.87 —
5.80 (m, 1H), 5.70 (tdd, /= 10.8, 7.2, 0.7 Hz, 1H), 4.83 (d, /= 7.2 Hz, 1H), 3.94 (dd, J =
9.9,7.2 Hz, 1H), 2.54 (s, 3H), 2.26 (s, 1H), 2.12 — 1.98 (m, 2H), 0.87 (t, /= 7.5 Hz, 3H);

13C NMR (CDCls, 125 MHz) § 197.8, 147.3, 141.7, 136.4, 135.4, 128.6, 128.5,
128.1, 127.7, 127.1, 126.6, 77.9, 52.5, 26.6, 21.1, 13.9;

HRMS (EI): calcd for C20H220,Na [M+Na]" 317.1512. Found 317.1513;

MP: 108 - 111 °C;

IR: v (cm™) 3404, 3091, 3058, 3015, 2965, 2932, 2873, 1667, 1604, 1448, 1358,

1278, 1058.

147



Me” O N,OMe

Me

3-49 Prepared according to General Procedure A at room temperature from the
corresponding diene (77.6 mg, 0.5 mmol) and 4-(trifluoromethyl)-benzaldehyde (261.2
mg, 1.5 mmol, 3.0 equiv.). "H NMR diene conversion: >99%, crude yield: 65%, dr: >98:2.
Isolated in 59% yield as colorless oil after purification by column chromatography (3:2
Hexane/EtOAc).

'"H NMR (CDCls, 400 MHz) § 7.57 (d, J = 8.3 Hz, 2H), 7.47 (d, J = 8.3 Hz, 2H),
5.61 —5.47 (m, 2H), 5.18 (d, J= 2.8 Hz, 1H), 4.46 (s, 1H), 4.03 (d, /=9.0 Hz, 1H), 3.58
(s, 3H), 3.19 (s, 3H) 1.78 — 1.64 (m, 1H), 1.51 — 1.40 (m, 1H), 0.56 (t, J = 7.6, 3H);

13C NMR (CDCls, 125 MHz) § 174.7, 145.4, 137.8, 129.6 (q, J = 32.7 Hz), 126.9,
124.9 (q, J=3.7 Hz), 124.3 (q, J=271.8), 120.7, 73.9, 61.3, 46.7, 32.0, 20.9, 13.2;

F NMR (CDCls, 376 MHz) 8 —62.5 (s);

HRMS (ESI): caled for Ci6H20F3sNO3Na [M+Na]" 354.1287. Found 354.1289;

IR: v (cm™) 3436, 3020, 2970, 2938, 2877, 1733, 1635, 1414, 1326, 1164, 1124,

1068;

H
3-50 Prepared according to General Procedure A from the corresponding diene amide
(104 mg, 0.5 mmol) and benzaldehyde (153 pL, 1.5 mmol, 3.0 equiv.). '"H NMR diene
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conversion: >99%, crude yield: 66%, dr: >98:2. Isolated in 66% yield as a yellow solid
after purification by column chromatography (1:1 Hexane/EtOAc).

'"H NMR (CDCls, 700 MHz) & 7.34 — 7.28 (m, 4H), 7.24 — 7.22 (m, 1H), 5.95 -5.52
(m, 2H), 5.15 (d, J=3.6 Hz, 1H), 4.42 (s, 1H), 3.68 (dt, J=13.3, 4.4 Hz, 1H), 3.62 —3.59
(m, 3H), 3.53 — 3.46 (m, 2H), 3.38 — 3.35 (m, 1H), 3.31 — 3.28 (m, 1H), 3.24 — 3.22 (m,
1H), 1.63 — 1.60 (m, 1H), 1.39 — 1.36 (m, 1H), 1.10 — 1.00 (m, 3H), 0.85 — 0.82 (m, 1H),
0.76 (t, J=17.1 Hz, 3H);

I3C NMR (CDCls, 175 MHz) § 172.7, 141.2, 135.5, 128.0, 127.4, 126.4, 122.0, 74.6,
66.7, 66.3,48.3,45.9,42.1,31.1, 27.4,22.4, 13.8;

HRMS (ESI): calcd for C19H27NO3Na [M+Na]" 340.1883. Found 340.1882;

MP: 47 — 48 °C;

IR: v (cm™) 3424, 3062, 3019, 2957, 2926, 2857, 1622, 1452, 1434, 1225, 1115.

OH
Me = Me
CO,Bn

3-51 Prepared according to General Procedure A from the corresponding diene (115
mg, 0.5 mmol) and hexanal (369 pL, 3.0 mmol, 6.0 equiv.) using [Rh(COD),|BF4 (10.2
mg, 0.025 mmol, 0.05 equiv.). '"H NMR diene conversion: >97%, crude yield: 63%, dr:
>08:2. Isolated in 59% yield as a light-yellow oil after purification by column
chromatography (10:1 Pentane/Et,0).

"H NMR (CDCl3, 500 MHz) & 7.37 — 7.30 (m, SH), 5.75 — 5.70 (m, 1H), 5.57 — 5.52

(m, 1H), 5.14 (s, 2H), 3.93 — 3.89 (m, 1H), 3.44 (ddd, J=10.1, 4.5, 0.7 Hz, 1H), 2.60 (d, J
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=3.2 Hz, 1H), 2.14 - 2.02 (m, 2H), 1.47 — 1.41 (m, 1H), 1.36 — 1.20 (m, 11H), 0.89 — 0.85
(m, 6H).

13C NMR (CDCl3, 125 MHz) § 173.6, 136.1, 135.7, 128.5, 128.3, 128.1, 122.1, 71.7,
66.5,49.5, 34.1,31.7, 31.6, 27.6, 25.4, 22.6, 22.3, 14.0, 13.9;

HRMS (ESI): calcd for C21H3203Na [M+Na]" 355.2243. Found 355.2243;

IR: v (cm™) 3469, 3090, 3066, 3032, 2955, 2931, 2871, 2859, 1947, 1732, 1456,

1307, 1161.

OH
WMG
b

3-52 Prepared according to a modified General Procedure A (extra 0.5 equiv. HCOH
after consumption of initial 1.2 equiv.) from the corresponding diene (40 mg, 0.2 mmol)
and trans-2-hexenal (148 uL, 1.2 mmol, 6.0 equiv.). "H NMR diene conversion: 92%, crude
yield: 55%, dr: >98:2. Isolated in 53% yield as a colorless oil after purification by column
chromatography (4:1 Hexane/EtOAc).

'H NMR (CDCls, 700 MHz) § 7.59 (d, J = 8.3 Hz, 2H), 7.34 (d, J = 8.3 Hz, 2H),
5.72 = 5.66 (m, 2H), 3.77 — 3.75 (m, 1H), 3.64 (dd, J = 8.6, 6.4 Hz, 1H), 2.11 — 2.08 (m,
2H), 1.68 (bs, 1H), 1.56 — 1.43 (m, 1H), 1.36 — 1.17 (m, 11H), 0.85 (t, J = 7.0 Hz, 6H);

13C NMR (CDCl;, 175 MHz) § 148.4, 134.8, 132.4, 128.9, 127.2, 118.9, 110.3, 74.7,
50.3, 34.6,31.7, 31.5, 27.5, 25.5, 22.6, 22.3, 14.0, 13.9;

HRMS (ESI): caled for C20H20NONa [M+Na]* 322.2141. Found 322.2142;
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IR: v (cm™) 3479, 3017, 2956, 2930, 2876, 2858, 2228, 1920, 1606, 1502, 1465,

1378, 1176.

OH Me

Me = Me

O@....

Me

3-53 Prepared according to a modified General Procedure A (extra 0.5 equiv. HCO.H
after consumption of initial 1.2 equiv.) from the corresponding diene (93.2 mg, 0.5 mmol)
and 3-methyl-2-butenal (252.4 mg, 3.0 mmol, 6.0 equiv.) 'H NMR diene conversion:
>99%, crude yield: 56%, dr: 96:4. Isolated in 52% yield as a light-yellow oil after
purification by column chromatography (4:1 Hexane/EtOAc).

'"H NMR (CDCls, 500 MHz) § 7.87 (d, J = 8.4 Hz, 2H), 7.31 (d, J = 8.4 Hz, 2H),
5.78 = 5.65 (m, 2H), 5.11 (d, J= 8.7 Hz, 1H), 5.51 (t, J= 7.6 Hz, 1H), 3.73 (dd, J=9.1,
7.6 Hz, 1H), 2.58 (s, 3H), 2.21 — 1.98 (m, 2H), 1.62 (s, 3H), 1.48 (s, 3H), 0.94 (t, /= 7.6
Hz, 3H)

13C NMR (CDCls, 125 MHz) § 197.9, 147.8, 136.9, 135.9, 135.4, 128.7, 128.6,
127.5,125.1, 71.6, 50.5, 26.6, 25.8, 21.1, 18.3, 14.0

HRMS (ESI): caled for CigH2402Na [M+Na]" 295.1669. Found 295.1663;

IR: v (cm™) 3451, 3080, 2966, 2931, 2874, 1681,1605, 1569, 1416, 1359, 1270.
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3.5 Synthesis of Glucagon Receptor Antagonist Intermediate

1) 5 mol% Pd(OAC),
2.0 equiv. BuyNOAc
K,CO3, KCI

0
I B /\(OEt [0.25 M] DMF, 90 °C /©/\/\
EtO,C OEt EtO,C

2) nBuLi, CH4(PPhs)Br
THF, 0°C - rt 3-54

3-54 Step 1. Prepared according to literature procedure '*° Isolated in 74% yield as
an off white solid (10:1 Hexane/EtOAc). The spectral data matched those reported in the
literature. 46

Step 2. Prepared according to literature procedure!*’ from ethyl 4-bromobenzoate
(2.0 g, 9.8 mmol, 1.0 equiv.). Isolated in 71% yield as yellow oil (10:1 Hexane/EtOAc).

'"H NMR (CDCls, 500MHz) § 7.98 (d, J= 8.3 Hz, 2H), 7.45 (d, J = 8.3 Hz, 2H), 6.88
(dd, J=15.7, 10.5 Hz, 1H), 6.60 (d, J = 15.7 Hz, 1H), 6.52 (dt, J = 16.8, 10.5 Hz, 1H),
5.40 (d, J=16.8 Hz, 1H), 5.25 (d, /= 10.2 Hz, 1H), 4.37 (q, /= 14.3, 7.2 Hz, 2H), 1.39 (4,
J=17.2 Hz, 3H)

13C NMR (CDCls, 125 MHz) 8166.3, 141.5, 136.8, 131.9, 131.7, 129.9, 129.3,
126.2,119.2, 60.9, 14.3;

HRMS (EI): calcd for C13H1402Na [M]* 202.0993. Found 202.0994.
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1) 1 mol% [Rh(COD)CI],

2 mol% PPh3, 10 mol%COD OH

1.2:2 HCO,H:DIPEA
N Q MeCN, 50 °C (\)\©\
AN H
Me
o o
f10,0 n @

Cl 2) 10 mol% Pd-C, Hy, EtOAc, rt
3-54 3) KOH, MeOH/H,0, 70 °C CO,H

3-55

3-55 Step 1. Prepared according to general procedure C from the corresponding diene
(540 mg, 2.7 mmol) and 4-(chloro)-benzaldehyde (1.41 g, 8.1 mmol, 3.0 equiv.). Isolated
in 79% yield as yellow oil (4:1 Hexane/EtOAc).

Step 2. Prepared according to literature procedure!*® from the corresponding Z-
homoallylic alcohol (600 mg, 1.7 mmol, 1.0 equiv.) Isolated as pure in 94% yield as a
yellow oil.

Step 3. Prepared according to literature procedure'*® from the corresponding
hydrogenated alcohol (320 mg, 0.9 mmol, 1.0 equiv.). Isolated as pure in 97% yield as a

yellow oil. The spectral data matched those reported in the literature.'>

1) NBS, AcOH, 0 °C - rt
2) TMS Acetylene
2.5 mol% [Pd(PPh3),Cl,
2.5 mol % Cul

Me THF-NEt, F N
NH, /
F

3) K,CO3, MeOH, rt

4) tBuOK, NMP, 0 °C - rt

5) NaH, NsCl, 3-56
THF, 0°C - rt

NO,
NsCl = Q /©/

CI"y

3-56 Step 1. To a 100 mL round bottom flask was added 2-fluoro-4-methyl-aniline

(2.50 g, 20.0 mmol, 1.0 equiv.) followed by acetic acid (20 mL). The resulting solution
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was then cooled to 0 °C and N-bromosuccinimide (4.00 g, 22.5 mmol, 1.13 equiv.) was
added in 4 portions. The reaction mixture was warmed to room temperature and stirred for
one hour. The reaction mixture was then added to water (85 mL) and extracted with ethyl
acetate (3 x 50 mL). the combined organic layers were washed with water (2 x 85 mL)
followed by excess 10% sodium carbonate solution (80 mL). The organic layer was then
dried over Na;SOq, filtered and concentrated. Isolated in a 63% yield as a dark red oil (20:1
Pentane/Et,0). The spectral data matched those reported in the literature.'>!

Step 2. Prepared according to literature procedure.'*® Isolated in an 85% yield as an
orange oil (40:1 Pentane/Et20).

"H NMR (CDCls, 700 MHz) § 6.90 (br s, 1H), 6.78 (dd, J=11.7, 1.5 Hz, 1H), 4.09
(br s, 2H), 2.19 (s, 3H), 0.26 (s, 9H);

13C NMR (CDCls, 175 MHz) § 151.0 (d, J=238.5 Hz), 134.9 (d, J= 14.3 Hz), 127.9
(d,/J=2.7Hz) 127.1 (d,J="7.7 Hz), 116.9 (d, J=18.7 Hz), 108.5, 108.4, 82.9, 79.6, 20.3;

F NMR (CDCl3, 376 MHz) & —124.9 (s);

HRMS (EI): calcd for C12HisNFSi [M]"221.1036. Found 221.1032.

Step 3. To a 100 mL round bottom flask was added 2-fluoro-4-methyl-6-
((trimethylsilyl)ethynyl) aniline (1.33 g, 6.0 mmol, 1.0 equiv.) followed by methanol (49
mL). Potassium carbonate (1.66 g, 12.0 mmol, 2.0 equiv.) was added on one portion.
Reaction mixture was stirred for 30 minutes. Methanol was then removed in vacuo and
dissolved in EtOAc, washed with water (2 x 60 mL) and brine (1 x 50 mL). The organic
layer was then dried over Na>SOs4 and concentrated. Isolated in a 78% yield as a red-orange

oil (20:1 Pentane/Et,0).
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"H NMR (CDCls, 700MHz) § 6.93 (br s, 1H), 6.81 (dd, J=11.6, 1.6 Hz, 1H), 4.12
(brs, 2H), 3.39 (s, 1H), 2.21 (s, 3H);

13C NMR (CDCls, 175 MHz) § 150.9 (d, J=238.5 Hz), 134.8 (d, J= 14.3 Hz), 127.8
(d, J=2.8 Hz), 127.0 (dJ=7.7 Hz), 116.8 (d, J=18.3 Hz), 108.4, 82.3, 79.6, 20.2;

F NMR (CDCls, 176 MHz) & 134.8 (d, J = 11.9 Hz);

HRMS (EI): calcd for CoHsNF [M]" 149.0641. Found 149.0639.

Step 4. To a 150 mL round bottom flask was added 2-ethynyl-6-fluoro-4-
methylaniline (1.10 g, 7.37 mmol, 1.0 equiv.) as a solution in NMP (12.9 mL). The solution
was then cooled to 0 °C and KO7Bu (1.65 g, 14.7 mmol, 2.0 equiv.) was added as a solution
in NMP (51.5 mL). The reaction mixture was warmed to room temperature and stirred for
4 hours. The reaction mixture was then added to H>O (125 mL) and extracted with EtOAc
(4 x 50 mL). The combined organic layers are then washed with water (3 x 50 mL) followed
by brine (50 mL) dried over Na>SQg, filtered and concentrated. Isolated in 81% yield as a
slightly yellow solid (20:1 Hexane/Et>O). The spectral data matched those reported in the

literature.'>!

Step 5. Prepared according to literature procedure.!> Isolated in 53% yield as an off

white solid (17:5 Hexane/EtOAc). The spectral data matched those reported in the

literature.'>!

OH
Ns
SO L R
Me cl o+ \Qi/) —
TFA, rt
Me T
CO,H 3.56
3-55 CO,H

3-57 76% yield
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3.57 Prepared according to literature procedure '*° from 3.55 (50 mg, 0.16 mmol,
1.05 equiv.) and 3.56 (50 mg, 0.15 mmol, 1.0 equiv.). Isolated in 75% yield as an off white

solid (1:1 Hexane/EtOAc). The spectral data matched those reported in the literature.!'>°

3.6 Product Derivatization

nPr 0

N

CO,Bn

Ph

3-58 Prepared according to literature procedure'*! from 3-2 (169 mg, 0.5 mmol, 1.0
equiv.). Isolated in 78% as a light yellow oil (4:1 Hexane/EtOAc).

'H NMR (CDCls, 700MHz) § 7.35 — 7.26 (m, 8H), 7.08 — 7.07 (m, 2H), 6.98 (t, J =
1.8 Hz, 1H) 5.88 (dd, J = 4.6, 2.2 Hz, 1H), 5.12 (d, J = 12.6 Hz, 1H), 4.98 —4.95 (m, 2H),
1.81 — 1.70 (m, 2H), 1.49 — 1.33 (m, 4H), 0.91 (t, J= 7.2 Hz, 3H)

13C NMR (CDCl;, 175 MHz) § 162.4, 142.8, 140.7, 135.5, 135.2, 128.4, 128.3,
128.2, 128.1, 127.9, 127.8, 86.6, 85.8, 66.2, 35.7, 27.9, 22.6, 13.9;

HRMS (ESI): calcd for C22H2403Na [M+Na]* 359.1618. Found 359.1618;

IR: v (cm™) 3092, 3064, 3032, 2955, 2930, 2859, 1954, 1721, 1645, 1495, 1455,

1336, 1257.
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nPr 0]
Ph

" %oBn

3-59 Prepared according to literature procedure!*® from 3-2 (68 mg, 0.2 mmol, 1.0
equiv.). Isolated in 76% as a colorless oil (4:1 Hexane/EtOAc) (Decomposes over time).

'"H NMR (CDCls, 700MHz) & 7.41 — 7.27 (m, 10H), 5.24 (d, /= 12.3 Hz, 1H), 5.14
(d, J=12.3 Hz, 1H), 4.90 (d, /J="7.1 Hz, 1H), 4.78 (dd, J=4.4, 3.5 Hz, 1H), 3.62 (dd, J =
7.1,3.5Hz, 1H), 3.16 — 3.14 (m, 1H), 1.84 — 1.72 (m, 1H), 1.68 — 1.63 (m, 1H), 1.44 —
1.38 (m, 4H), 0.93 (t, /= 7.1 Hz, 3H);

13C NMR (CDCls, 175 MHz) § 171.8, 139.7, 135.3, 128.6, 128.5 (2), 128.3, 128.2,
126.6, 83.6, 81.8, 67.2, 64.7, 37.0, 31.8, 28.1, 22.6, 14.0;

HRMS (ESI): calcd for C22H25s103Na [M+Na] ™ 487.0741. Found 487.0747,;

IR: v (cm™) 3092, 3064, 3033, 2955, 2931, 2860, 1953, 1732, 1604, 1496, 1455,

1378, 1211, 1171.

o OH

NP“
COZBn

3-60 Prepared according to literature procedure'*? from 3-2 (203 mg, 0.6 mmol, 1.0

nPr

equiv.). Isolated in 70% as a colorless oil (4:1 Hexane/EtOAc).

'H NMR (CDCl;, 700MHz) & 7.36 — 7.28 (m, 8H), 7.08 — 7.07 (m, 2H), 5.20 (d, J =
7.4 Hz, 1H), 4.93 (d, J=12.3 Hz, 2H), 3.41 (dd, J=9.2, 4.2 Hz, 1H), 3.27 (br s, 1H), 2.97
—2.95 (m, 1H), 2.72 (dd, J=9.2, 7.4 Hz, 1H ), 1.53 — 1.50 (m, 2H), 1.44 — 1.41 (m, 1H),

1.35 - 1.30 (m, 3H), 0.86 (t, J = 7.2 Hz, 3H);
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13C NMR (CDCls, 175 MHz) § 170.3, 140.4, 135.0, 128.5, 128.4 (2), 128.3, 128.2,
126.5,75.5, 66.7, 56.2, 56.1, 52.6, 28.5, 27.7, 22.4, 13.9;

HRMS (ESI): calcd for C2oH2604 [M+Na]* 377.1723. Found 377.1723;

IR: v (cm™) 3481,3064, 3032, 2957, 2929, 2872, 1953, 1730, 1607, 1496, 1455,

1308, 1154.

L
J)\Aph
o~ COzBn

3-61 Prepared according to literature procedure!** from 3-2 (169 mg, 0.5 mmol, 1.0
equiv.). Isolated in 62% as a light yellow oil (2:1 Hexane/EtOAc).

'H NMR (CDCls, 700MHz) & 7.34 — 7.32 (m, 2H), 7.28 — 7.23 (m, 6H), 6.95 — 6.94
(m, 2H 5.10 (d, J= 8.9 Hz, 1H), 4.83 (d, /= 12.2 Hz, 1H), 4.74 (d, J = 12.2 Hz, 1H), 2.72
(dd, J=9.2, 6.5 Hz, 1H ), 2.48 (t, J= 9.2 Hz, 1H), 2.10 — 2.07 (m, 1H), 1.46 — 1.39 (m,
3H), 1.35 — 1.30 (m, 3H), 0.86 (t, J = 7.2 Hz, 3H):

13C NMR (CDCl;, 175 MHz) § 171.5, 141.0, 135.1, 128.4, 128.3, 128.2, 128.1,
126.8, 76.9, 66.5, 51.7, 35.7, 33.7, 29.6, 28.4, 22.5, 14.0;

HRMS (ESI): calcd for C22H27NO3Na [M+H]" 354.2064. Found 354.2066;

IR: v (cm™) 3308, 3089, 3063, 3032, 2956, 2929, 2871, 2859, 1958, 1730, 1604,

1496, 1455, 1309, 1153.
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HO, Me
2" "Ph

nPr CO,Bn

3-62 Prepared according to literature procedure!** from 3-2 (54 mg, 0.2 mmol, 1.0
equiv.). Isolated as an inseparable mixture of diastereomers (dr: 5:1) in 79% as a colorless
oil (4:1 Hexane/EtOAc).

"H NMR (CDCls, 400MHz) § 7.45 — 7.43 (m, 2H), 7.42 — 7.24 (m, 6H), 6.99 — 6.9
(m, 2H), 5.80 — 5.78 (m, 2H), 4.93 (d, /= 12.3 Hz, 1H), 4.86 (d, J = 12.3 Hz, 1H), 4.34 (s,
1H), 3.97 (d, J=9.3 Hz, 1H), 2.19 — 2.15 (m, 2H), 1.43 (s, 3H), 1.39 — 1.37 (m, 4H), 0.91
(t, J=17.1 Hz, 3H);

13C NMR (CDCl;, 175 MHz) § 174.6, 147.1, 136.1, 135.3, 128.4, 128.2, 128.1,
127.8,126.9, 124.7, 122.6, 75.4, 66.4, 53.0, 31.5, 27.8, 27.6, 22.3, 13.9;

HRMS (ESI): caled for C23H2303Na [M+Na]" 375.1931. Found 375.1931;

IR: v (cm™) 3089, 3062, 3028, 2957, 2929, 2871, 2858, 1950, 1712, 1601, 1495,

1455, 1378, 1167.

3.7 Preparation of Substrates: The synthetic routes towards the preparation of the
substrates were not optimized. Unless otherwise noted, diene substrates were prepared
according to a literature procedure'’” and all compounds matched the reported spectral
data.

General Procedure D [Horner-Wadsworth-Emmons Olefination] To a flask
charged with a stir bar and purged with N> was added diisopropylamine (1.2 equiv.)
followed by THF (0.24 M). The reaction mixture was cooled to —78 °C and a 2.5 M solution
of nBuLi in hexanes (1.1 equiv.) was added and the mixture stirred for 1 minute at —78 °C.

The corresponding diethyl phosphonate (1.0 equiv.) was added and the reaction mixture
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was allowed to stir at —78 °C for 15 minutes. The corresponding aldehyde (1.2 equiv.) was
then added as a solution in THF (0.6 M) and allowed to stir at =78 °C for 15 minutes and
then at 0 °C until reaction was completed by '"H NMR. The reaction mixture was diluted
with 1M aqueous NH4Cl and EtOAc. Organic layer was washed with water and brine, dried
over sodium sulfate and concentrated in vacuo. The residue was then purified via column
chromatography.

General Procedure E [DCC Coupling] To a flask charged with a stir bar and purged
with N> was added carboxylic acid (1.0 equiv.), DCM (0.40 M), alcohol (1.0 equiv.) and
DMAP (0.05 equiv.). The solution was cooled to 0 °C and DCC (1.0 equiv.) was added
portion-wise over 5 minutes. The mixture was warmed to room temperature and stirred
overnight. The mixture was filtered through silica using DCM as eluent, concentrated in

vacuo and purified by column chromatography.

BFD/\/\/COZEt
F

3-73 Prepared according to General Procedure D from triethyl 4-phosponocrotonate
(1.2 g, 4.8 mmol, 1.0 equiv.) and 3-bromo-4-fluorobenzaldehyde (1.2 g, 5.7 mmol, 1.2
equiv.). Isolated in 45% yield as a white powder after purification by column
chromatography (10:1 Hexane/EtOAc).

'H NMR (CDCls, 500 MHz) & 7.66 (dd, J = 6.6, 2.2 Hz, 1H), 7.42 — 7.35 (m, 2H),
7.10 (t, J = 8.2 Hz, 1H), 6.79 — 6.77 (m, 2H), 6.00 (d, J = 15.3 Hz, 1H), 4.24 (q, J=7.1

Hz, 2H), 1.31 (t, J="7.1 Hz, 3H);
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13C NMR (CDCLs, 125 MHz) § 166.8, 143.7, 137.3, 133.8, 131.9, 127.7, 127.6, 127.3
(d,J =2.7Hz), 122.3, 116.9, 116.7, 60.5, 14.4;
1F NMR (CDCls, 468 MHz) & —109.4 (m);

HRMS (EI): calcd for C13H12BrFO, [M+H]" 299.9984. Found 299.9981.

Qj/WCOQEt
l
N

Boc

3-74 Prepared according to General Procedure D from triethyl 4-phosponocrotonate
(750.7 mg, 3.0 mmol, 1.0 equiv.) and tert-butyl 3-formyl-1H-indole-1-carboxylate (880
mg, 3.6 mmol, 1.2 equiv.). Isolated in 49% yield as a white powder after purification by
column chromatography (10:1 Hexane/EtOAc).

'"H NMR (CDCls, 500 MHz) & 8.18 (d, J = 11.2 Hz, 1H), 7.81 (d, J = 7.8 Hz, 1H),
7.76 (s, 1H), 7.47 (dd, J=15.2, 10.5 Hz, 1H), 7.37 (td, J= 7.8, 1.3 Hz, 1H), 7.32 (td, J =
7.8, 1.3 Hz, 1H), 7.06 — 6.93 (m, 2H), 5.98 (d, J=15.2 Hz, 1H), 4.24 (q, J = 7.1 Hz, 2H),
1.69 (s, 9H), 1.33 (t, /= 7.1 Hz, 3H);

13C NMR (CDCls, 125 MHz) § 167.3, 149.3, 145.3, 136.2, 131.9, 128.2, 126.1,
125.1,123.4, 120.2, 120.0, 118.2, 115.6, 84.4, 60.3, 28.2, 14.4;

HRMS (ESI): calcd for C20H24NO4 [M+H]" 342.1700. Found 342.1694.

3-75 To a flask charged with stir bar was added 2-bromo-5-formylthiazole (500 mg,

2.6 mmol, 1.0 equiv.), 4-(trifluoromethyl)phenylboronic acid (742 mg, 3.9 mmol, 1.5
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equiv.), Pd(PPh3)4 (150 mg, 0.13 mmol, 0.05 equiv.) and 2 M Na,COs3 (6.5 mL, 13 mmol)
in toluene/MeOH (3.5/2.0 mL), purged with N> and stirred at 80 °C overnight. Cooled to
room temperature added EtOAc and H,O and extracted (3x) with EtOAc. The organic
phase was dried over NaxSOg, filtered and concentrated in vacuo. Isolated in 74% yield
after purification by column chromatography (2:1 Hexane/EtOAc).

"H NMR (CDCls, 500 MHz) & 10.08 (s, 1H), 8.46 (s, 1H), 8.15 (d, J = 8.4 Hz, 2H),
7.76 (d, J= 8.7 Hz, 2H);

13C NMR (CDCls, 125 MHz) § 181.9, 173.3, 152.1, 139.8, 135.7, 133.4, 133.1,
127.5,126.3 (q, J=7.5 Hz);

F NMR (CDCl;s, 376 MHz) & —63.0;

HRMS (EI): calcd for C11H¢OF3NS [M]" 257.0122. Found 257.0121.

Me/\/\/COZIPr

3-76 Prepared according to General Procedure E from sorbic acid (1.13 g, 10.0 mmol,
1.0 equiv.) and 2-propanol (601 mg, 10.0 mmol, 1.0 equiv.). Isolated in 65% yield as a
clear colorless oil after purification by column chromatography (20:1 Hexane/EtOAc).

'H NMR (CDCls, 700 MHz) 8 7.22 (dd, J=15.4, 10.6 Hz, 1H), 6.21 — 6.09 (m, 2H),
5.74 (d, J=15.4 Hz, 1H), 5.07 (sept, J= 6.3 Hz, 1H), 1.84 (d, J=6.3 Hz, 3H), 1.26 (d, J
= 6.3 Hz, 6H);

13C NMR (CDCls, 175 MHz) § 166.9, 144.7, 139.0, 129.9, 119.7, 67.4, 22.0, 18.7;

HRMS (ESI): calcd for CoHis0;2 [M+H]* 155.1067. Found 155.1068.
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MeMCOztBU

3-77 Prepared according to a literature procedure. !> Isolated in 54% yield as a clear

colorless oil after purification by column chromatography (20:1 Hexane/EtOAc).

'H NMR (CDCls, 700 MHz) § 7.15 (dd, J = 15.3, 10.7 Hz, 1H), 6.19 — 6.13 (m, 1H),
6.12 - 6.06 (m, 1H), 5.70 (dd, J= 15.3, 0.6 Hz, 1H), 1.84 (d, J = 6.7 Hz, 3H), 1.48 (s, 9H);
13C NMR (CDCl;, 175 MHz) § 166.7, 143.9, 138.5, 129.8, 121.0, 80.1, 28.2, 18.6;

HRMS (EI) calcd for CioH1602 [M]" 168.1150. Found 168.1150.

(0] NBoc
Mewl\o

3-78 Prepared according to General Procedure E from sorbic acid (1.13 g, 10.0 mmol,
1.0 equiv.) and tert-butyl 4-hydroxypiperidine-1-carboxylate (2.02 g, 10.0 mmol, 1.0
equiv.). Isolated in 64% yield as a yellow solid after purification by column
chromatography (4:1 Hexane/EtOAc).

'H NMR (CDCls, 700 MHz) & 7.23 (dd, J=15.3, 10.3 Hz, 1H), 6.21 — 6.10 (m, 2H),
5.75 (d, J=15.3 Hz, 1H), 5.00 — 4.95 (m, 1H), 3.70 (s, 2H), 3.27 — 3.20 (m, 2H), 1.84 (d,
J=6.2 Hz, 3H), 1.65 — 1.58 (m, 2H), 1.45 (s, 9H);

13C NMR (CDCl;s, 175 MHz) 8 166.5, 154.7, 145.1, 139.5, 129.7, 119.0, 79.6, 69.4,

41.0, 30.6, 28.4, 18.6;

HRMS (ESI): caled for Ci6H2sNO4sNa [M+Na]* 318.1676. Found 318.1677.
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MGWLO/UO

3-79 Prepared according to General Procedure E from sorbic acid (1.13 g, 10.0 mmol,
1.0 equiv.) and 6-chlorohexan-1-ol (1.37 g, 10 mmol, 1.0 equiv.). Isolated in 96% yield as
a white solid after purification by column chromatography (10:1 Hexane/EtOAc).

"H NMR (CDCls, 700 MHz) & 7.23 (dd, J=15.5, 10.6 Hz, 1H), 6.21 — 6.09 (m, 2H),
5.76 (d,J=15.5 Hz, 1H), 4.13 (t, /= 6.7 Hz, 2H), 3.52 (t, /= 6.7 Hz, 2H), 1.84 (d, /= 6.4
Hz, 3H), 1.80 — 1.75 (m, 2H), 1.70 — 1.64 (m, 2H), 1.50 — 1.44 (m, 2H), 1.42 — 1.36 (m,
2H);

13C NMR (CDCls, 175 MHz) & 167.3, 145.0, 139.3, 129.8, 118.9, 64.1, 44.9, 32.5,
28.6, 26.6, 25.3, 18.6;

HRMS (ESI): calcd for C12H9ClO;Na [M+Na]™ 253.0966. Found 253.0968.

(@]
mem S AL OMe

Me

3-80 A 100 mL round bottom flask charged with a stir bar and sorbic acid (2.25 g,
20 mmol, 1.0 equiv.) was purged with N>. DCM (46 mL) was added followed by portion
wise addition of 1,1’-carbonyldiimidazole (3.89 g, 24 mmol, 1.2 equiv.) over 5 minutes.
The reaction mixture was stirred for 1 h at room temperature. N> was bubbled through the
solution for 10 minutes. N, O-dimethyl hydroxylamine HCI (2.54 g, 26 mmol, 1.3 equiv.)
was added in one portion and allowed to stir at room temperature overnight. The reaction
mixture was added to saturated NH4Cl (40 mL). The aqueous phase was then extracted

with DCM (3%), combined organic layers were washed with brine, dried over sodium
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sulfate, concentrated in vacuo. Residue was purified by column chromatography (3:2
Hexane/EtOAc). Isolated in 40% yield as a yellow oil.

'"H NMR (CDCl3, 700 MHz) § 7.29 (dd, J= 15.1, 10.9 Hz, 1H), 6.36 (d, /= 15.1 Hz,
1H), 6.27 — 6.21 (m, 1H), 6.16 — 6.09 (m, 1H), 3.69 (s, 3H), 3.24 (s, 3H), 1.84 (dd, /= 6.9,
1.4 Hz, 3H);

13C NMR (CDCl3, 175 MHz) § 167.5, 143.8, 138.5, 130.3, 116.7, 61.7, 32.5, 18.6;

HRMS (ESI): caled for CsHi13NO>Na [M+Na]" 156.1019. Found 156.1020.

Q/WCOZMe

3-81 Prepared according to a literature procedure.'>* Isolated in 24% yield as a brick
red solid after purification by column chromatography (4:1 Hexane/EtOAc).

'"H NMR (CDCls, 700 MHz) & 7.38 (d, J= 7.4 Hz, 2H), 7.30 (t, J= 7.4 Hz, 2H), 7.21
(t,J=7.4 Hz, 1H), 6.77 (dd, J=15.4, 10.8 Hz, 1H), 6.51 (d, /= 15.8 Hz, 1H), 6.30 (dd, J
=15.8,10.8 Hz, 1H), 5.89 (dt, J=15.4, 7.5 Hz, 1H), 3.71 (s, 3H), 3.20 (d, /= 7.5 Hz, 2H);

13C NMR (CDCls, 175 MHz) § 167.5, 137.2, 134.0, 132.2, 128.6, 128.3, 127.5,
126.3, 125.5, 51.9, 38.0;

HRMS (EI) calcd for C13H1402 [M]"202.0993. Found 202.0989.

©/\/\/\/Me

3-82 Prepared according to a literature procedure.'* Isolated in 80% yield as a

colorless oil after purification by column chromatography (20:1 Hexane/EtOAc).
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'H NMR (CDCls, 700 MHz) § 7.37 (d, J= 7.6 Hz, 2H), 7.29 (t, J= 7.6 Hz, 2H), 7.19
(t, J=17.6 Hz, 1H), 6.76 (dd, J= 15.6, 10.5 Hz, 1H), 6.44 (d, J = 15.6 Hz, 1H), 6.21 (dd, J
=15.1, 10.5 Hz, 1H), 5.83 (dt, J= 14.5, 7.2 Hz, 1H), 2.13 (q, J = 7.2 Hz, 2H), 1.46 (sext,
J=7.4Hz, 2H), 0.93 (t, J = 7.4 Hz, 3H);

13C NMR (CDCls, 175 MHz) § 137.7, 135.8, 130.6, 129.9, 129.5, 128.5, 127.0,
126.1, 34.9, 22.5, 13.7;

HRMS (EI) calced for CisHie [M]" 172.1252. Found 172.1256.

S
3-83 Prepared according to a literature procedure.!>® Isolated in 67% vyield as a
colorless oil.
'"H NMR (CDCls, 700 MHz) & 7.41 (d, J= 7.6 Hz, 2H), 7.32 (t, J= 7.6 Hz, 2H), 7.23
(m, 1H), 6.80 (dd, J=15.9, 10.8 Hz, 1H), 6.59 — 6.48 (m, 2H), 5.34 (d, /= 16.8 Hz, 1H),
5.34 (d, J=10.1 Hz, 1H);
13C NMR (CDCls, 175 MHz) § 137.2, 137.1, 132.8, 129.6, 128.6, 127.6, 126.4,

117.6;

HRMS (EI) calcd for CioHio [M]" 130.0782. Found 130.0782.

/@/\/\/\/Me
NC

3-84 In an atmosphere controlled glovebox, potassium phosphate tribasic (2.04 g, 9.6
mmol, 2 equiv.), bis(triphenylphosphine)palladium (II) dichloride (168.5 mg, 0.24 mmol,

0.05 equiv.) were added to an eight dram vial followed by THF (6.5 mL). (E£)-4-(2-(4.,4,5,5-
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tetramethyl-1,3,2-dioxaborolan-2-yl)vinyl)benzonitrile (1.28 g, 5.0 mmol, 1.05 equiv.)
was added in THF (3 mL) followed by (E)-1-iodopent-1-ene (941 mg, 4.8 mmol, 1 equiv.).
The reaction mixture was then removed from the glovebox and water (432.3 pL, 24 mmol,
5 equiv.) was added. The mixture was heated at 60 °C for 1 h at which point the reaction
was complete by 'H NMR. Reaction was diluted with EtOAc, washed with IM KOH,
followed by brine. Organic layer was dried over Na>SOqs, filtered and concentrated in
vacuo. The residue was purified by column chromatography (19:1 Hexane/EtOAc).
Isolated in a 44% yield as an orange oil.

'"H NMR (CDCls, 700 MHz) § 7.56 (d, J = 8.4 Hz, 2H), 7.42 (d, J = 8.4 Hz, 2H),
6.85 (dd, J = 15.6, 10.6 Hz, 1H), 6.42 (d, J = 15.6 Hz, 1H), 6.22 (dd, J = 15.2, 10.6 Hz,
1H), 5.95 (td, J=15.2, 7.1 Hz, 1H), 2.15 (qd, J= 7.1, 1.6 Hz, 2H), 1.50 — 1.44 (m, 2H),
0.94 (t, J= 7.4 Hz, 3H);

13C NMR (CDCls, 175 MHz) § 142.3, 138.9, 133.1, 132.3, 130.1, 127.9, 126.4,
119.1, 109.9, 35.0, 22.3, 13.7;

HRMS (EI) calcd for C14H;sN [M]" 197.1205. Found 197.1205.

Me)K@\/\/\
N F Me

3-85 Prepared according to a literature procedure!®’ from 1-(4-(pent-1-yn-1-yl)
phenyl)ethenone (2.42 g, 13.0 mmol, 1.0 equiv.). Isolated in 84% yield as an off white

solid.
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'H NMR (CDCl;, 700 MHz) & 7.89 (d, J = 8.4 Hz, 2H), 7.43 (d, J = 8.4 Hz, 2H),
6.86 (dd, J = 15.7, 10.5 Hz, 1H), 6.45 (d, J = 15.7 Hz, 1H), 6.28 — 6.21 (m, 1H), 5.96 —
5.90 (m, 1H), 2.58 (s, 3H), 1.85 (dd, J= 6.9, 1.4 Hz, 3H);

13C NMR (CDCls, 175 MHz) & 197.5, 135.5, 132.6, 132.2, 131.6, 128.8, 128.7,
126.3, 126.1, 26.6, 18.5;

HRMS (EI) calcd for C13H140 [M]" 186.1045. Found 186.1045.

©/W\/OH

3-86 Prepared according to a literature procedure'® from methyl (E, E)-6-
phenylhexa-3,5-dienoate (100 mg, 0.7 mmol, 1 equiv.) and LiAlH4 (39 mg, 1.05 mmol, 1.5

equiv.). Isolated in 54% yield as a white solid.

'H NMR (CDCls, 700 MHz) & 7.39 — 7.19 (m, 5H), 6.76 (dd, J= 15.5, 10.7 Hz, 1H),
6.49 (d, J=15.5 Hz, 1H), 6.32 (dd, J = 14.6, 10.7 Hz, 1H), 5.83 — 5.77 (m, 1H), 3.72 (t, J
=6.3,2H), 2.43 (q, J=12.7, 6.2 Hz, 2H), 1.42 (bs, 1H);

13C NMR (CDCls, 175 MHz) & 137.4, 133.4, 131.2, 130.7, 128.8, 128.6, 127.3,

126.2, 62.0, 36.2;

HRMS (EI) calcd for C12H 140 [M]" 174.1044. Found 174.1045.

EtOZCW\/Coan

3-87 In an atmosphere controlled glovebox, CsCO3 (1.76 g, 5.4 mmol, 3 equiv.)
palladium acetate (20.2 mg, 0.09 mmol, 0.05 equiv.) SPhos (73.9 mg, 0.18 mmol, 0.10

equiv.) were added to an eight dram vial followed by THF (10 mL). (£)-ethyl-5-(4,4,5,5-
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tetramethyl-1,3,2-dioxaborolan-2-yl)pent-4-enoate (441 mg, 1.8 mmol, 1.0 equiv.) was
added in THF (4 mL) followed by benzyl (£)-3-bromoprop-2-enoate (650.9 mg, 2.7 mmol,
1.5 equiv.) in THF (10 mL). The reaction mixture was then removed from the glovebox
and water (97.3 mg, 5.4 mmol, 3 equiv.) was added. The mixture was heated at 50 °C for
17 h at which point the reaction was complete by 'H NMR. Reaction was diluted with
EtOAc, washed with water followed by brine. The organic layer was dried over Na>SOs,
filtered and concentrated in vacuo. The residue was purified by column chromatography
(17:5 Hexane/EtOAc). Isolated in a 65% yield as a yellow oil.

'"H NMR (CDCls, 500 MHz) § 7.40-7.24 (m, 7H), 6.25-6.18 (m, 1H), 6.15-6.07
(m, 1H), 6.86 (d, J = 15.4 Hz, 1H), 5.19 (s, 2H), 4.14 (q, J = 7.1 Hz, 2H), 2.53-2.40 (m,
4H), 1.25 (t, J = 7.1 Hz, 3H);

13C NMR (CDCls, 125 MHz) § 172.5, 166.9, 145.0, 141.9, 136.2, 129.3, 128.6,
128.2, 128.2, 119.9, 66.2, 60.6, 33.3, 28.2, 14.3;

HRMS (ESI): calcd for C17H2004Na [M+Na]" 311.1254. Found 311.1254.
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CHAPTER 4 - Rh-Catalyzed Z-Selective Reductive Coupling of Electron Deficient
Dienes and Imines
4.1 Introduction

Functionalized amines are important building blocks in the syntheses of nitrogen
containing molecules.!>* Homoallylic amines especially are useful motifs in alkaloid and
N-heterocycle syntheses.'® 16! Nucleophilic allylmetal (boron, magnesium, lithium, zinc,
silicon and tin) additions to imines and iminium ions serve as a common pathway to access
homoallylic amines (Fig. 4-1).'%*%7 Imine allylation serves as a useful tool to prepare

enantioenriched homoallylic amines by use of chiral auxillaries or chiral catalysts.!63-17

R! t-featl oy R

N
2
RJ\H then H* R)\/\/R

Fig. 4-1 Generic depiction of imine allylation to generate homoallylic amines.

In some cases, imine allylation can be complicated by poor functional group
compatibility of basic metallic or main-group allyl reagents. In addition, there are
limitations to the type of allyl groups that can be added due to the challenges involved in
the preparation of the allyl metal reagents. Potential 1,3-metallotropic shift in allylic metal
precursors can lead to different constitutional and geometrical isomers posing a major
drawback in the preparation of allymetal reagents.!”!"!”* Catalytic reductive coupling
between allyl transition metal nucleophiles generated from alkenes, and imines can be used
to address these complications. Highlights of using alkenes as pronucleophiles in the

transition metal catalyzed addition to carbonyls was presented in Chapter 3.
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Despite many established examples of alkene reductive couplings to imines, the
addition of diene-derived nucleophiles to imines to generate homoallylic amines are rare.
Ru, Cu, Rh, and Ni-catalyzed processes have been reported to generate thermodynamically
more stable E-homoallylic amines (Fig. 4-2).7% 80 171 174175 Ry_catalyzed reductive

175

coupling of a-imino esters'’* and amino alcohols'”® with diene pronucleophiles to generate

o-branched allylic a-amino acid derivatives (Fig. 4-2a) and a-branched allylic
pyrrolidines (Fig. 4-2b) respectively proceeds with the Ru—H addition to the diene to
generate an allylruthenium to which the imine derivative adds. The a-branched allylic
pyrrolidines synthesis is a redox triggered transformation involving the intermediate
generation of 3,4-dihydro-2H-pyrrole from the amino alcohol.!”” Enantioselective
formation of an allylcopper intermediate precedes imine addition to generate homoallylic
amines in the Cu-catalyzed enantioselective reductive coupling of dienes and imines (Fig.
4-2¢).'"" The generality of the processes remain low. In some cases, homoallylation
products are observed to generate 4,5-unsaturated amines, for example in the case of Ni-

catalyzed Et,Zn-mediated reductive coupling (Fig. 4-3).'7
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a. Ru-catalyzed reductive coupling of a-imino esters with dienes

N-PMP 10 mol% RUHCI(CO)(PPhs);  H--PMP
O\\[)LH + ANAph o ~-Ph
OEd 2.0 equiv. iPrOH OEt Me

Toluene, 130 °C
48% vyield, 58:42 dr

b. Ru-catalyzed redox triggered reductive coupling of amino alcohols with dienes

5 mol% RuHCI(CO)(PPhs); T

5 mol% dCypp N
HO NH
1 e AP we >

Toluene, 110 °C
then TsCl

/IIII

Me
73% yield, >95:5 dr

c. Cu-catalyzed enantioselective reductive coupling of imine and dienes

5 mol% Cu(OAc),

\PO)Ph 6 mol% Ph-BPE H.-P(O)Ph,
aa
I + AN ph . . Ph)\l/\,Me
Ph™ "H 5.0 equiv. (MeO),MeSiH Ph
1.0 equiv. tBuOH
THF, rt 75% yield, 88:12 dr, 99% ee

Fig. 4-2. Representative examples of metal-catalyzed reductive coupling of imines and

dienes.

10 mol% Ni(OAc),

0.9 equiv. Et,Zn
N,PMP . )Ai/ q 2 PMP\N,H Me
Ph)LH = THE, 50 °C Phw
generated in-situ 89% yield, 89:11 dr

Fig. 4-3. Ni-catalyzed reductive coupling of imines and dienes to generate 4,5-

unsaturated amines.

Formal stereoselective reductive coupling of dienes and imines to generate Z-

homoallylic amines is limited to the Rh-catalyzed nucleophilic allylation of cyclic imines
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using allylrhodium species derived from d-potassium trifluoroboryl ,y-unsaturated esters
by chain walking (Fig. 4-4).3* In the first step, Cu catalyzes the regioselective
hydroboration of a dienoate substrate using Ba(pin)..!?” Treatment of the product with
KHF; generates the allylic trifluoroborate intermediate which is used in a Rh-catalyzed

allylation using cyclic aryl sulfamic acid-derived imines in the second step

step 1

1) 0.2 mol% CuF(PPh3);-2MeOH
0.24 mol% Josiphos ligand
2.0 equiv. iPrOH

o) , THF, rt 0 BF ;K
e eV e O S
2) 6.0 equiv. KHF,
MeOH:H,0 (1:1), rt

step 2
(0] 00
N\, 0, N
O’S‘N o BF4K 1.5 mol% [Rh(COD)CI], O’S‘NH

5.0 equiv. iPrOH ~
THF, 55 °C Me
69% >95:5dr

=+

Fig. 4-4 Rh-catalyzed Z-selective reductive coupling of allyl boronate and cyclic

iminosulfamidate.

The proposed mechanism of the Rh-catalyzed Z-selective reductive coupling of allyl
boronates and cyclic iminosulfamidates is provided in Fig. 4-5. Transmetallation of Rh to
allyl boronate generates an allylrhodium intermediate that can undergo allylic
isomerization and B-hydride elimination to form a Rh—hydrido diene species. Reinsertion
of the Rh—H into the diene can give new allylrhodium intermediates. These steps enable

the chain-walking allyl isomerization to give, presumably, the more stable Rh-enolate and
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vinylogous Rh-enolates. Addition of the Rh-vinylogous enolate to the cyclic

iminesulfamidate through a chair-like transition state generates the major product.

DY

o’ \N H BX3K
G GNMG
N [Rh]-X
Me y
major product [Rh]
G S
Me

H /
Gz [Rh]
Me G
[Rh] M
—
H imine O:S/NH
G Z Me X
[Rh] :
Me” G

minor product

Fig. 4-5 Proposed mechanism of Rh-catalyzed Z-selective reductive coupling of allyl

boronate and cyclic iminosulfamidates.

To the best of our knowledge, the above example represents the only Z-selective
reductive coupling reaction of diene-derived nucleophiles and imines. The synthesis of Z-
homoallylic amines can currently be conducted on specific substrates, typically by stereo-

retentive reactions of Z-allylic electrophiles, or by Wittig reactions of protected amines.'””-
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4.2 Development of Direct Formic Acid Mediated Z-Selective Reductive Coupling of
Electron Deficient Dienes and Imines

With the Z-selective reductive coupling of electron-poor dienes and aldehydes
mediated by formic acid to generate homoallylic alcohols'*® developed as presented in
Chapter 3, it was envisaged that the same strategy could be used to prepare Z-homoallylic
amines. We hoped the process would provide a more general solution to the catalytic
synthesis of this class of compounds. With the objective, a series of electron-poor dienes
(dienoates, sulfonyl dienes, and aryl dienes) were reacted with various imines derived from
benzaldehyde (N-Ts, N-benzyl, N-Boc, N-Moc) imines under Rh-catalyzed reductive
conditions similar to the ones used for aldehyde trapping. In most cases reductive coupling
products were not obtained, but rather a mixture of diene reduction and imine reduction
dominated. The observation suggests, in line with existing literature, that imine trapping
by an allyl nucleophile is considerably more challenging than aldehyde trapping.

Ultimately, it was found that N-methoxycarbonyl phenyl imine (4-1) was the most
successful electrophile under the conditions screened. The regiochemistry of addition and
stereochemistry of the alkene unit in the product was dependent on the nature of the
electron-withdrawing group on the diene. Using 2 mol% [Rh(COD)CI]», 4 mol% PPhs, and
20 mol% COD with a 1.3:5 mixture of formic acid and tetramethylpiperidine (TMP), ester
and sulfonyl dienes underwent imine trapping at the y-position and generated E-o.,[3-
unsaturated ester, (4-3) or sulfonyl, (4-4) products (formal 5,6-addition). Imine trapping at
the o-position to generate Z-f3,y-unsaturated phenyl product (4-5) was observed for the

phenyl activated diene (Table 4-1).
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2 mol% [Rh(COD)CI],

0 4 mol% PPhj, 20 mol% COD ,
JU reductive coupled
N"OMe + G A AEt roduct
o Ny 12 1.3:5 HCO.H:TMP P
Mog imine ) [0.2 M] MeCN, 35 °C
4-1
Moc\NH Moc\NH Moc\NH
P COzBN PN -S0zPh PR
U Et L _Et Ph Et
4-3 54%? 4-4 78%° 4-5 49%?

Yields determined by caliberated '"H NMR spectroscopy using dibenzyl ether as internal standard.
Stereochemistry of the alkene and diastereoselectivity at the stereocenters are presently not yet
ascertained a) 0.2 mmol scale b) 0.5 mmol scale.

Table 4-1 Reductive coupling of N-methoxycarbonyl phenyl imine with dienes having

different electron-withdrawing groups.

The generality of y-trapping of imines by sulfonyl dienes and dienoates was
confirmed with two other examples 4-6 and 4-7 (Table 4-2). A hypothesis for the observed
regiochemistry of the reductive coupling product of the sulfonyl diene and dienoates as
shown in Fig. 4-6 using dienoate as an example may involve the imine (4-1) addition to
the Rh-dienolate (4-9¢) obtained from the hydrorhodation of the dienoate (4-8) and m-allyl
isomerization processes. The resulting imine trapping at the y-position rather than at the a-
position reduces the steric clash of the carbamate on the imine with the ester or phenyl
sulfonyl group to generate homoallylic amine (4-3) (Fig. 4-6). The formation of y-addition

products is what is observed when vinylketene silyl acetal nucleophiles attack imines.'®-
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2 mol% [Rh(COD)CI],

j\ 4 mol% PPhs, 20 mol% COD duct o
G redauctive couple

)Nl\ OMe = AR product
Ph” “H 42 1.3:5 HCO,H:TMP

Moc imine [0.2 M] MeCN, 35 °C

41
MOC‘NH MOC\NH
ph)\/\/SOZPh Ph)\/\/COZBn
“Me “Ph
4-6 65%° 4-7 45%3

Yields determined by caliberated '"H NMR spectroscopy using dibenzy! ether as internal standard.
Stereochemistry of the alkene and diastereoselectivity at the stereocenters are presently not yet
ascertained a) 0.2 mmol scale b) 0.5 mmol scale.

Table 4-2 Reductive coupling of N-methoxycarbonyl phenyl imine with other dienoate

EtMCOan

Rh-H

Rh
4-9a

and sulfonyl diene.

3.0 equiv. Moc imine
2 mol% [Rh(COD)CIl],

4 mol% PPhs, 20 mol% COD Moc.\
oSN CO2Bn
1.3:5 HCO,H: TMP
2 Bt a3
[0.2 M] MeCN, 35 °C
o)
NJJ\OMe
phH 41
Et CO,Bn ORh
. =z .
\/\/\( Et\/\/\/\
Rh 7 OBn
4-9b 4-9¢

Fig. 4-6 Reductive coupling of N-methoxycarbonyl phenyl imine and dienoate to form -

substituted o,-unsaturated product.
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1-Phenyl-1,3-butadiene can be reductively coupled to N-methoxycarbonyl phenyl
imine (4-1) to generate Z-homoallylic amine, 4-10 as a single isomer in good yield (>98:2
Z/E, 81% yield) (Table 4-3). A range of electronic properties involving electron donating,
4-methoxy group (4-11) and electron withdrawing, 4-cyano group (4-12) can be tolerated
on the phenyl substituent of the diene partner. The reactivity of an alkyl substituted diene
can be improved through activation of the phenyl ring with an electron withdrawing group
such as a 4-acetyl group (4-13) compared to propyl-substituted phenyl diene (4-5) with a

lower yield (Table 4-3).

2 mol% [Rh(COD)ClI],

jj)\ 4 mol% PPhs, 20 mol% COD  MP®*NH
N OMe + AR AR N
N 42a 1.3:5 HCO,H:TMP A L
Moc imine [0.2 M] MeCN, 35 °C
4-1
MOC“NH MOC“NH I\/loc‘NH
Ph)\;/\ Ph)\_{\ Ph)\ﬁ
Ph Me Ar Me Me
4-10 81%2 4-11 Ar = 4-MeO-CgH, 78%" 413 Ar = 4-MeCO-CgH, 78%°

4-12 Ar = 4-CN-CgH, 84%"

All yields determined by caliberated '"H NMR spectroscopy using dibenzyl ether as internal
standard. >98:2 Z:E selectivity a) 0.5 mmol scale, isolated yield b) 0.5 mmol scale. c) 0.2
mmol scale

Table 4-3 Preliminary scope table for the reductive coupling of N-methoxycarbonyl

phenyl imine with aryl dienes.

4.3 Summary and Conclusion
Rh-catalyzed formate mediated reductive coupling of electron-poor dienes and

imines generate different classes of products depending on the nature of diene. Under
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suitable conditions, dienyl esters and sulfonyls undergo imine trapping at the y-position.
Aryl 1,3-butadienes presently show the highest prospect to selectively generate the Z-
homoallylic amine product with the highest stereo- and regioselectivity. The tolerance to a
range of electronic properties shows the possibility of a broad scope. These studies help set
the stage for a more comprehensive understanding of how Rh-catalyzed formate-mediated
reductive coupling reactions can be used to prepare homoallyic amines. Use of different
classes of diene activating groups can tune the selectivity in the preparation of a
homoallylic amine via the reductive coupling process. Experiments to probe reaction
mechanism by use of preformed intermediates such as allylrhodium species and rhodium
dienolate, reaction progress kinetic analysis and expansion of the reaction scope will be the

focus of researchers joining the group in the future.
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4.4 Procedures and Characterization
General Considerations

Unless noted, all reactions were conducted under inert atmosphere employing
standard Schlenk technique or by use of an N»-filled glovebox. All glassware was oven-
dried prior to use. Flash chromatography was performed as described by Still and co-
workers'® (SiliaFlash P60, 40-63um, 60A silica gel, Silicycle) or by automated flash
chromatography (Isolera, HP-SIL or Ultra SNAP silica cartridges, Biotage). Analytical
thin-layer chromatography was performed using glass plates pre-coated with silica
(SiliaPlate G TLC - Glass-Backed, 250um, Silicycle). TLC plates were visualized by UV
light and/or staining with aqueous basic potassium permanganate. NMR spectra ('H, 13C,
YF) were obtained on an Agilent VNMRS 700 MHz, Varian VNMRS 500 MHz,
spectrometer. The chemical shifts are given as parts per million (ppm) and were referenced
to the residual solvent signal (CDCls: 6 H=7.26 ppm, 6 C =77.16 ppm). Unless otherwise
noted, quantitative "H NMR yields were determined from crude reaction mixtures using
dibenzylether as an internal standard. Unless otherwise noted, all reagents were obtained
from commercial vendors and used as supplied.

General Procedure A: In an atmosphere controlled glovebox, [Rh(COD)CI]> (5.0
mg, 0.01 mmol, 0.02 equiv.) and PPhs (5.2 mg, 0.02 mmol, 0.04 equiv.) were weighed into
separate one dram vials. To the vial containing [Rh(COD)Cl], was added MeCN (1 mL)
and the solution was transferred into the vial containing PPh;. MeCN (0.5 mL) was used
to wash the remaining Rh solution into the vial containing the PPh; catalyst mixture. To a
separate one dram vial was weighed diene (0.50 mmol, 1.0 equiv.) followed by imine (1.75

mmol, 3.5 equiv.) (Note: Imine addition to have at least 3.0 equiv. in reaction mixture is
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necessary), 1,5-cyclooctadiene (10.8 mg, 0.1 mmol, 0.20 equiv.) and finally internal
standard (dibenzyl ether). To this mixture was transferred the catalyst solution using MeCN
(0.5 mL) to rinse the remaining solution into the reaction mixture. Tetramethylpiperidine
(353 mg, 2.5 mmol, 5.0 equiv.) was added directly by weight. Formic acid (30 mg, 0.65
mmol, 1.3 equiv.) was weighed into a half dram vial and washed into the reaction mixture
with MeCN (0.5 mL). A stir bar was added into the mixture, the vial was capped with a
PTFE-lined cap, taken out of the glovebox and placed in an aluminum block heated to 35
°C. The reaction progress was monitored periodically via 'H NMR spectroscopy. Once the
reaction reached >98% conversion, the solution was diluted with toluene to quench,

concentrated and purified by silica gel chromatography.

Moc

*NH
oA CO2Bn

Et

o~

4-3 Prepared according to the General Procedure A from the corresponding dienoate 4-8
(135 mg, 0.5 mmol) and N-methoxycarbonyl phenyl imine (285.6 mg, 1.75 mmol, 3.5
equiv.). '"H NMR diene conversion: >99%, crude yield: 54%.

'H NMR (CDCls, 500 MHz) § 7.38 — 7.34 (m, 6H), 7.28 — 7.19 (m, 4H), 5.89 (d,
J=11.7,1H), 5.77 = 5.71 (m, 2H), 5.18 (s, 2H), 4.73 —4.71 (m, 1H), 3.84 — 3.81 (m, 1H),
3.62 (s, 3H), 1.61 — 1.58 (m, 1H), 1.28 — 1.19 (m, 5H), 0.81 (t, /= 6.8 Hz, 3H);

13C NMR (CDCls, 126 MHz) & 172.5, 140.7, 139.8, 139.4, 133.5, 132.1, 129.3,
128.4,127.6, 127.5,127.2, 58.8, 52.2, 42.2, 31.3, 29.1, 22.6, 14.1;

HRMS (ESI): calcd for C24H20NOsNa [M+Na]* 418.1989. Found 418.1984.
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Moc

“NH
Ph)\:/\/SOZPh

“_Et

4-4 Prepared according to the General Procedure A from the corresponding phenyl
sulfonyl diene (118 mg, 0.5 mmol) and N-methoxycarbonyl phenyl imine (285.6 mg, 1.75
mmol, 3.5 equiv.). '"H NMR diene conversion: >99%, crude yield: 78%.

"H NMR (CDCl3, 500 MHz) § 7.83 — 7.82 (m, 2H), 7.63 — 7.60 (m, 1H), 7.54 —
7.51 (m, 2H), 7.32 — 7.29 (m, 2H), 7.26 — 7.23 (m, 3H), 6.33 (d, /= 11.2 Hz, 1H), 5.79 —
5.73 (m, 2H), 4.78 (dd, J="7.7, 5.7 Hz, 1H), 3.92 — 3.84 (m, 1H), 3.65 (s, 3H), 1.63 —
1.59 (m, 1H), 1.28 — 1.03 (m, 5H), 0.79 (t, J = 7.2 Hz, 3H);

13C NMR (CDCls, 126 MHz) & 156.4, 146.7, 141.1, 139.4, 133.5, 132.1, 129.3,
128.4,127.6, 127.5, 127.2, 58.8, 52.2,42.2, 31.3, 29.1, 22.6, 13.8;

HRMS (ESI): calcd for C2oH»7NOsSNa [M+Na]" 424.1553. Found 424.1554.

Moc\NH

Ph)\/\

h Me

T

4-10 Prepared according to the General Procedure A from the corresponding aryl
diene (65.0 mg, 0.5 mmol) and N-methoxycarbonyl phenyl imine (285.6 mg, 1.75 mmol,
3.5 equiv.). 'H NMR diene conversion: >99%, crude yield: 84%, Isolated in 81% yield as
a colorless oil after purification by column chromatography (2:1 Hexane/EtOAc).

'TH NMR (CDCls, 500 MHz) § 7.31 — 7.22 (m, 6H), 7.11 — 7.10 (m, 4H), 5.68 —
5.64 (m, 1H), 5.59 — 5.53 (m, 1H), 5.08 (bs, 1H), 4.99 (bs, 1H), 4.06 — 4.02 (m, 1H), 3.58

(s, 3H), 1.49 (dd, J = 6.8, 1.6 Hz, 3H);
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13C NMR (CDCl3, 126 MHz) § 156.2, 140.5, 129.3, 129.1, 128.5, 128.4, 128.3,
128.0, 127.2, 126.8, 126.6, 59.5, 52.1, 48.8, 13.0;

HRMS (ESI): calcd for CioH2:1NO>Na [M+Na]" 318.1465. Found 318.1459.
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Chapter 5 - Conclusions and Future Works
5.1 Conclusions

The thesis described the synthesis of Z-olefins from electron deficient dienes using
Rh-catalyzed, formic acid mediated reductive processes. Reduction of electron deficient
dienes via 1,6-hydride addition and ability to trap intermediate allylrhodium species
generated from diene hydrorhodation with aldehyde or imine electrophiles in a reductive
coupling process proceeded successfully to give Z-functionalized products. The mild
reaction condition, tolerance to unsaturated and other reducible functionalities and high
stereoselectivity obtained in these transformations make it a complimentary protocol to
already existing access to Z-alkenes.

The addition of hydride equivalents to electron deficient dienes to generate Z-alkenes
depends among other factors on the electron deficient diene having the correct geometry.
The ability of the electron deficient diene to adopt an s-cis conformation appears to enable
selective coordination to Rh which help dictates regio-, stereo- and chemoselectivity
(Chapter 2). Controlled equivalent hydride addition can be used to prevent product
decomposition leading to unproductive isomerization and over-reduction by maintaining a
(Rh—diene)" complex presence in solution, providing an advantage over previously
established Z-selective hydrogenations.

Z-Selective reductive coupling of electron deficient dienes with aldehydes to
generate Z-homoallylic alcohols can also be mediated by formic acid (Chapter 3), an
improvement from the previously available method that used pyrophoric Et;B as terminal
reductant.3® The fast electrophilic aldehyde trapping of the catalytically generated

allylrhodium intermediate prevents protonation and allylrhodium chain walking thereby
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enhancing chemo- and regio-selectivity. The ancillary diene ligand serves as part of the
active catalyst and can induce modest enantioselectivity when a chiral version is used. The
drive for Z-selectivity through the proposed six-membered transition state as shown in the
mechanism (Chapter 3 Fig. 3-10), depend on the alkyl substituent occupying a pseudoaxial
position. This is to avoid a steric clash with the cylooctadiene ligand. This agrees with the
model proposed by Lam and co-workers to explain the Z-selectivity observed in the
rhodium catalyzed nucleophilic allylation of cyclic imines.'®’

Catalytically generated allylrhodium species with suitable nucleophilicity can be
trapped by N-methoxycarbonyl phenyl imine to access Z-homoallylic amines (Chapter 4).
However, the electronic and stearic properties of the diene activating group may have other

roles to play in the stereo- and regioselectivity of the reaction.

5.2 Future Works

The thesis describes the foundation for the synthesis of Z-alkenes from electron
deficient dienes mediated by formic acid. The amenability of the transformations to other
diene functionalizations and enantioselective processes would be an interesting exploit.

The Z-selective reductive coupling of electron deficient dienes and imines described
in Chapter 4 is the report of an optimized reaction condition to synthesize Z-homoallylic
amines. Other necessary understanding and applications of the process are yet to be fully
uncovered. Thought to be similar to the reductive coupling of electron deficient dienes and
aldehydes described in Chapter 3, the different regio- and stereoselectivity observed in the
imine trapping with ester and sulfonyl activated dienes requires further kinetic and

mechanistic experiments for efficient understanding of the new process. In addition, the
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enantio-induction observed in the reductive coupling of electron deficient dienes and
aldehydes in the presence of a chiral diene ligand (Chapter 3) can be explored in the
presence of other chiral dienes or catalysts to access asymmetric reductive coupling of
electron deficient dienes with aldehydes and imines.

Z-Selective 1,6-conjugate addition product via Rh-catalyzed addition of arylboronic
acids to electron deficient dienes has been reported by Csaky and co-workers>* (Fig. 5-1a).
Other methods of Z-selective 1,6-conjugate addition to electron deficient dienes include Ir-
catalyzed addition of arylboronic acids’’ and Fe-catalyzed addition of aryl Grignard
reagents.!8! 182 With the reductive coupling method described in Chapter 3 (Fig. 5-1b), a
one-pot, Z-selective three-component coupling of electron deficient dienes, arylboronic
acids and aldehydes can be achieved (Fig. 5-1¢). Urabe and co-workers described the
methylation of the intermediate dienolate by methyl iodide in the Fe-catalyzed 1,6-addition
of aryl Grignard reagents to electron deficient dienes to form Z-selective three-component
coupling product.'8! 2 Hence, diversion of the Rh-catalyzed 1,6-conjugate addition
pathway via aldehyde trapping of the allyrhodium generated after rhodium aryl addition
over the y,0-unsaturation can afford the three-component coupling product. Although
challenging, due to the regio- and stereoselectivity issues resulting in several isomers that
may arise, this method is currently been optimized by another researcher in the group.
Preliminary studies show the enantioselectivity of the process can be tuned in the presence
of chiral diene ligands and catalysts.

Finally, rhodium belong to the expensive platinum group metals (PGM). Its
recovery after the reduction reactions would therefore be necessary to ensure a cost

effective process. Hence, rhodium wastes generated in each of the reduction screens are
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collected to be combined and recycled later. Recovery of rhodium-containing catalyst has

been reported using polyamine ion exchangers. '

a. Reductive coupling of diene and aldehydes

2.5 mol% [Rh(COD)ClI],
0 5 mol% PPhs OH

)
2
®
A\
Om

1:2 HCO,H:DIPEA
MeCN, 35 °C

b. 1,6-conjugate addition of aryboronic acids to dienes

G
J|/\/G . (HO),B 1.5 mol% [Rh(COD)CI], z
( ] R
R Dioxane:H,0O (10:1)
NEt;
c. One-pot-3-component coupling
o) cat [Rh]
G HO),B
Jl/\/ o U . (HO)2 \© base
R solvent
[Rh(COD)CI],
OH
H,O
z Ar' 2
A R G
f L,Rh-OH ArB(OH),
120 B(OH),
ORhL,
= Ar' LnRh-Ar
Ar RG
R
Ar'CHO NP
R A
RhL,

Fig. 5-1 Basis for the 3-component coupling of electron deficient diene, aldehyde and

arylboronic acids.
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