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Abstract

The work during my Ph.D period was devoted to develop the asymmetric
cross coupling reactions in the presence of chiral guanidinium catalyst. A series of
guanidine-derived organocatalysis was developed in Prof Tan Choon Hong’s lab,
showing great efficiency in asymmetric transformations.

The thesis presented here is divided into three chapters, mainly discussing the
exploration of enantioselective Csp*-Csp? cross coupling to give optically active
products in the presence of metal complex and chiral guanidinium catalyst.

Chapter 1 of this thesis introduces the development of methodology for
asymmetric Csp3-Csp? cross coupling catalyzed by transition metals, assorted by
types of electrophiles and nucleophiles employed in the reactions. Different
transition metal complexes and ligands are discussed and compared in terms of
capacity and disadvantage in asymmetric Csp*-Csp? cross coupling. Proposal and
objectives are raised at the end of Chapter 1 to address the possibility of using
copper(I) salt and guanidinium for the reaction.

The following part in Chapter 2 is the detailed investigation of asymmetric
Csp*-Csp? cross coupling catalyzed by copper(I) complex and guanidinium catalyst.
An array of cyclic allylic bromides were transformed to corresponding arylated or
vinylated products in good yields and high enantioselectivity. Mechanistic
exploration of the cross coupling process involves: (1) X-Ray crystal structure and
reactivity of guanidinium cuprate complex; (2) Cu NMR spectrum to observe the
interaction between copper(I) complex and other reagents; (3) “Hard” nucleophilic
attack pathway determined by change in the stereoselectivity of asymmetric allylic
arylation process.

Chapter 3 describes the extension of the developed methodology from cyclic
bromides to various prochiral acyclic bromides, giving a wider substrate scope of
Sn2” products in good enantioselectivity. The results illustrate the practicality of

our catalyst system in asymmetric allylic substitution with various substrates.
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Abbreviations and Nomenclature

Standard abbreviations and ITUPAC nomenclature are used throughout this thesis.

Less common usages are as follows.

PG Pentanidinium

BG Bisguanidinium

CG Bicyclicguanidinium
Tol Toluene

DCM Dichloromethane
THF Tetrahydrofuran
Hex Hexane

DME Dimethoxyethane
DMI 1,3-Dimethyl-2-imidazolidinone
O.R. Optical rotation

ee Enantiomeric excess
sec Secondary

rt Room temperature
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Chapter One

Introduction

Asymmetric Csp’-Csp?* Cross Coupling

Cat.
Csp3—X + Cgr—Y —— Cgp3—Cyp2

10
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1.1 Introduction

Transition metal catalyzed cross-coupling reaction (Scheme 1.1) is one of the
most important organic transformations in synthetic chemistry because it provides
a broad array of methods for C-C bond construction to create sophisticated organic
compounds.!! The significance of these methods is acknowledged by 2010 Nobel
Prize in Chemistry awarded to Richard F. Heck, Ei-ichi Negishi and Akira Suzuki

for their contribution in developing Pd-catalyzed cross coupling reactions.!

Cat.

R1_X + RZ_M R1_R2 + M-X

Cat.= transition metal catalyst Ni® or Pd°®
M= Sn, Zn, Mg, B, Si, Li...
Scheme 1.1 Transition-metal-catalyzed cross coupling.

Asymmetric cross coupling has been explored extensively by many groups as
it allows the formation of chiral C-C bond for synthesizing optically active
compounds. Among all different types of C-C bonds, the ubiquitous existence of
chiral Csp*-Csp? bond in many important natural products and biologically active
molecules leads to continuous interest in developing enantioselective methodology
for its effective construction.’] Although Ni- or Pd-catalyzed cross coupling
reactions have been extensively examined for over forty years, their catalytic
capacity in the enantioenriched formation of Csp3-Csp? bond proves effective only
in the last decade.!

Among all the organometallic reagents which are usually used as cross
coupling partners including organotin (Stille coupling)®], organozinc (Nigeshi
coupling)[®], organomagnesium  (Kumada  coupling)!], organoboron
(Suzuki-Miyaura coupling)®), organosilicon (Hiyama—Denmark coupling)” and
organolithium (Fringa’s work)!'’], only a few have been demonstrated as suitable
reagents for enantioselective Csp3-Csp? cross coupling. It is usually difficult to
achieve high selectivity, especially when using those highly reactive partners. On

the other hand, Ni and Pd dominate the use of transition metal catalyst for

11
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Csp*-Csp? cross coupling, the pursuit of using less reactive reagents and other
cheap transition metal catalyst for higher atom economy and environmental
sustainability never stops.!!!]

Herein, a summary for the development of enantioselective Csp3-Csp? cross
coupling based on the types of cross coupling partners is presented, covering
mainly those reported work with good selectivity. Initiated with an overlook of the
general mechanism, the following discussion is divided into three subsections: 1)
Csp® nucleophile and Csp? electrophile cross coupling; 2) Csp? nucleophile and
Csp® electrophile cross coupling; 3) Csp? nucleophile and Csp® acyclic allylic
electrophile cross coupling, which is also described as transition-metal-catalyzed
enantioselective allylic substitution (EAS) at y position to give chiral Sx2’ product.
In each subsection, categories based on the reagent type are shown. While most
examples in the discussion are enantioselective versions of cross coupling which
utilize racemic starting material, selected examples of efficient enantiospecific
Csp*-Csp? cross coupling which use chiral starting material are also listed for
complement. However, cross-dehydrogenative-coupling!'?! (CDC reaction) with
external oxidant, Ni catalyzed reductive cross coupling!!*! with external reductant,

and C-H activation cross coupling!'*! are not included herein.

1.2 General Mechanism of Cross Coupling

Cross coupling reactions involves a broad range of C—C bond formation
processes where organometallic nucleophiles couple with organic electrophiles
catalyzed by late transition metal complexes. It is widely accepted that the
mechanism of classical transition-metal-catalyzed cross coupling reactions involves
three basic steps.>!>) A general mechanism of palladium-catalyzed cross coupling
proceeding via a Pd%/Pd" catalytic cycle is shown here for illustration in Scheme
1.2.

The three basic steps includes: (1) An initial oxidative addition of organic

electrophile (R!-X, usually a halide or pseudohalide such as triflate, alcohol, or

12
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carbonate) to an electron-rich Pd’-species, producing an organo-Pd" complex
(R'-Pd"-X); (2) Transmetallation of an organometallic reagent (R2-M, M=Mg, Zn,
Sn, Li, B, Si...) results in the formation of a new organo-Pd" complex (R!-Pd"-R?);
(3) Reductive elimination at Pd" center to form carbon—carbon bond, release the
desired cross coupling product (R'-R?), and at the meantime, regenerate the active
Pd-species. Approximate relative order of reactivity of organic halides in oxidative
addition to Pd® has been estimated as: allyl, propargyl > benzyl, acyl > alkenyl,
alkynyl > aryl >> simple alkyl. The rate determining step is believed to be the

transmetallation of organometallic reagent, which has been extensively explored

R'- RZ?/ \g R1-X

dll R2 d||
(2)
M-X  R%M

with great details.!¢]

(1) oxidative addition (2) transmetalation (3) reductive elimination
R',R?=alkyl, aryl, alkenyl; X=I, Br, Cl, OTf, etc.
Scheme 1.2 Catalytic cycle of transition-metal-catalyzed cross coupling.

Asymmetric Csp3-Csp? cross coupling reactions with chiral catalyst in early
years mostly used alkyl organometallic reagent as nucleophile and aryl halide as
electrophile.l'”) If secondary (sec-) alkyl organometallic nucleophiles are employed
(Scheme 1.3), the enantioselectivity can be achieved via the kinetic resolution of
organometallic reagent, transforming a racemic mixture of the sec-alkyl
organometallic reagent into an optically active product. If the cross coupling occurs
at a rate comparable to the racemization of organometallic reagents, the desired
enantiomerically enriched Csp*-Csp? cross coupling product thus can be formed

with a full conversion of the sec-alkyl organometallic reagent.

13
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Pd/L* R
rMX == XM \7—R3
H R3 H
RZ
racemic chiral

Scheme 1.3 Asymmetric cross coupling with chiral catalyst.

However, the development of asymmetric cross coupling to give chiral
Csp*-Csp? bond is quite slow since its initial discovery. Secondary alkyl metallic
reagents are typically slower than the primary alkyl reagents to undergo
transmetallation to Pd or other metal center for its steric bulkiness.!!”] Similarly,
sec-alkyl electrophiles are more difficult to undergo oxidative addition to
electron-rich metal center compared with aryl and alkenyl halides, as Csp*-X bonds
are more electron-rich than Csp?-X bonds.['®! Since no 7 electrons are available to
interact with the empty d orbitals of metal center, the alkylmetallic intermediate
formed upon either oxidative addition or transmetallation is substantially less stable
than an aryl or alkenyl metal species.!'”! Thus the alkylmetallic intermediate tends
to undergo side reactions, such as B hydride elimination or hydrodehalogenation,
which can outcompete both intermolecular transmetallation and reductive
elimination (Scheme 1.4). Thus, sec-alkyl substrates (either as electrophiles or
nucleophiles) were not widely used as suitable cross coupling partners for

cross-coupling reactions, especially the asymmetric version.

Z/ Nw

B hydride
elimination
Pd” Ar pd”— — s  HX
M-X Ar-M

Scheme 1.4 General catalytic cycle for cross coupling with sec-alkyl electrophiles.

Nevertheless, with the continuous development of fundamental aspects in the

methodology, especially efficient ligands, a great number of asymmetric Csp3-Csp?

14



ATTENTION: The Singapore Copyright Act applies to the use of this document. Nanyang Technological University Library

cross couplings involving sec-alkyl reagents!?’l have been achieved in the last
decade. The development of these new methodologies is significantly expanding
the scope of transition-metal-catalyzed processes. In next section, recent important
development in enantioselective Csp*-Csp? cross coupling using either activated or

non-activated secondary electrophiles will be discussed.
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1.3 Enantioselective Csp*-Csp? Cross Coupling

In this section, discussion is divided into three subsections based on the role of
Csp? alkyl coupling partners. In the first part, the sec-alkyl organometallic reagents
Csp3-M function as nucleophiles, which undergo transmetallation to transition
metal center and then couple with various sp?-hybridized electrophiles Csp?-X,
such as aryl, vinyl and acyl. Configurational liability of sec-alkyl metallic reagents
(M=Mg, Zn, Li)!! allows the racemization of two enantiomers (Scheme 1.3).
Therefore the chirality of transition metal complex will control the formation of
chiral carbon center through the fast equilibrium of certain intermediate.
Specifically, the mechanism of several Pd-catalyzed cross coupling reactions using
stabilized nucleophiles has been described by Trost as dynamic kinetic asymmetric
transformations (DYKAT).[??]

In the second part, sec-alkyl halides Csp3-X function as electrophiles, which
undergo oxidative addition to metal center and couple with sp*-hybridized
nucleophile Csp?:-M. Activated sec-alkyl halides which are substituted by electron
withdrawing group (EWG) are mostly employed in such cross couplings.

In the third part, sp>-hybridized nucleophiles Csp?>-M attacked the y position
of prochiral acyclic allylic substrates to provide chiral Sx2’ product in the presence

of chiral metal catalysis.

1.3.1 Enantioselective Csp*-Csp* Cross Coupling Using Csp*-M
1.3.1.1 sec-Alkyl Magnesium Reagents

The first example of Csp3-Csp? cross coupling was first reported by Kumada
and Tamao in 1972 (Scheme 1.5).4 Ni-catalyzed Csp3-Csp? cross coupling
between ethyl Grignard reagent and phenyl chloride was achieved. The desired
product ethylbenzene 1 was obtained with 98% yield in the presence of catalytic
amount of NiClz(dpe) complex (dpe=1,2-bis(diphenylphosphino)ethane). This

exciting discovery has emerged as a simple protocol for efficient Csp3-Csp? cross

16
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coupling, which is also referred as Grignard coupling.>’l Since the sec-alkyl
Grignard reagents can be easily prepared from commercial available organohalides
with low cost, the enantioselective Grignard coupling was soon explored and

reported from 1973.

Cl' cat. NiCly(dpe
Mg + 2(dpe) ©/\
Et,0, 0 °C-reflux
20h 1
98% yield
Scheme 1.5 First example of Ni-catalyzed Csp3-Csp? cross coupling.

With Ni or Pd complex as catalyst, the enantioselective construction of
Csp3-Csp? bond was achieved by utilizing various chiral phosphine ligands
(Scheme 1.6). Early efforts were mainly focused on developing chiral Ni complex
as catalyst. Diphosphine ligand L1 was reported by Consiglio**! and Kumadal!?’
respectively to deliver low enantioselectivity around 17% ee for
(S)-sec-butylbenzene 2. Further improvement was achieved with revised ligands.[2¢]
Diphosphine ligand L2F71 and L3!**] gave increased ee to 40% and 55% while
carbohydrate-derived ligand L4/?°! was also reported to help build chiral Csp3-Csp?
bond with excellent 99% ee, although with very poor yield in only 5%.

MgX NiCl, / L* Ph

+  PhY —2— »
A Et)\Me

Et Me

H ok
S e SO
PPh :
ol 2 php PP : N g ANPPR,

“PPh, o
L1 L2 L3 L4
X=Br, Y=CI X=Br, Y=Br X=Br, Y=Br X=Br, Y=Br

30% yield, 17% ee 85% yield, 40% ee 50% yield, 55% ee 5% yield, 99% ee
Scheme 1.6 Enantioselective Kumada coupling with phenyl electrophiles.

In 1975, the first palladium-catalyzed Csp*-Csp? Grignard coupling was
realized by Murahashi and co-workers (Scheme 1.7).3% In the presence of catalytic
Pd(PPh3)s, (Z)-prop-1-en-1-ylbenzene 3 can be synthesized almost quantitatively
using methyl Grignard reagent and (Z)-vinyl bromide with full retention of

configuration.
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Me-MgBr  + ©/\ <ot PAPPRa) @
Br Benzene, rt Me
1h 3
99% yield
Scheme 1.7 First example of Pd-catalyzed Csp3-Csp? Grignard coupling.

Accompanied with the pioneer work on Csp*-Csp? Grignard coupling using
aryl halide as sp?-hybridized electrophile, the study using on vinyl electrophile
emerged soon as well. A number of chiral ligands (Scheme 1.8) were designed for
Ni-catalyzed  enantioselective ~ Csp3-Csp*  Grignard  coupling  between
a-methylbenzyl Grignard reagents and vinyl bromides. The chiral ferrocenyl
aminophosphine ligand L5 was first employed together with Ni by Hayashi and
Kumada to deliver the desired chiral product 4 in 68% ee.’!] The authors
postulated a coordination of the dimethylamino group in L5 to Mg, forming a
diastereomeric complex with the Grignard species. The stereoselectivity of the
reaction is determined in the transmetallation step. The ligand LS was later

successfully combined with PdCl> for cross coupling of 1-silyl-substituted alkyl
Grignard reagent 5 with vinyl halides, giving chiral product 6 in 95% ee (Scheme

1.9).31d1
MgCl cat. NiCl, / L* “
)\ + Bl'/\ —

Me Ph™ * "Me
4

Ph

th MezN
N'Vlez PPh \C H
Fe 2 S tBu
PPh J Me, MezN PPh,

L8
95% yleld, 68% ee 95% yleld, 67% ee  50% yleld 46% ee 96% yield, 94% ee

[ N Me Meo_PPh, /Bj
NPPh ,\\17/Me \[ { /\'\’\
2 K OMe N
Ph H MELN  PPh,
L9 L10 L11 L12
66% yield, 32% ee 68% ee 50% yield, 85% ee  95% yield, 61% ee

OPPh, H Me

@f\NMeZ
MeN—PPh, PPh,
L13 [Pd] L14 [Pd]

90% yield, 13% ee 95% yield, 40% ee

Scheme 1.8 Enantioselective Grignard coupling with vinyl bromide.
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Comparable yield and enantioselectivity of 4 was observed when Norphos L6
was employed in the transformation.3?! Macro cyclic sulfide derived ligand L7 was
also capable of catalyzing this reaction though with lower efficiency.[**) Kumada
and co-workers redesigned the B-dimethylaminoalkylphosphine ligand L8, which
showed high reactivity of 96% yield and 94% ee for the same reaction.’* Further
variation in the backbone of chiral phosphine ligands L9-L12 showed no
significant improvement in terms of yield and selectivity.[*>38 Pd complexes with
L13 or L14 also showed moderate capacity for the asymmetric coupling.3%:40]

MgBr Ph Ph
PdCl, /L5 X
oL N Ph PERID  TINT

Ph)\SiMe3 Br SiMe,
5 6
93% yield, 95% ee

Scheme 1.9 Pd-catalyzed enantioselective Grignard coupling.

Configuration of substrates can be retained during Csp*-Csp? cross coupling
reactions.*!l In the presence of PdCl, and ferrocenyl P, N-ligand L15, (E)-styryl
bromide was successfully coupled with sec-alkyl magnesium reagent to afford
(E)-but-1-ene-1,3-diyldibenzene 7 in 89% yield and 93% ee with retention of
configuration (Scheme 1.10).[4*) When (2)-styryl bromide was employed with 5,
NiCl> and a phosphinoaryl oxazoline ligand .16 was used as catalyst to deliver

corresponding product 8 with high yield and decreased ee in 45%.14]

Ph
=
MgCl
0.5 mol% PdCl, / L15
Ph/kM o PN - Ph”* Me
e Et,0, 0°C 7
89% yield, 93% ee
MgCl _ 1.5 mol% NiCl, / L16 " “Ph
Ph)\SiMe3 tPH B Et;0,-19°C Ph”* SiMe;
8
95% yield, 45% ee
Ph Ph PPh
S A 2 ,/BuU
Vam Vi N
Me,N y NMe, { j/
Ph,P PPh, 0
L15 L16

Scheme 1.10 Enantioselective Grignard coupling with retention of configuration.
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1.3.1.2 sec-Alkyl Zinc Reagents

In 1977, organozinc reagent was demonstrated by Negishi to undergo cross
coupling with aryl halide to give C-C bond formation.l*l However, only one
example of enantioselective cross coupling utilizing sec-alkyl zinc reagent and
thioester was reported in 2014 (Scheme 1.11), with the alkyl-acyl coupled product
9 obtained in only 32% ee.*] This asymmetric version of Fukuyama cross
coupling!*®! was catalyzed by Pdx(dba); (dba=dibenzylideneacetone) and a
monodentate phosphoramidite ligand L17.

? 1 mol% Pdy(dba) 0 ’ OO o Ph>_
o Fdy 3 i Me
)Z\HCI /©/\)J\3Ph 2 mol% L17 /@/\)S/Me i N
* i 1 1Me
P Me o ZnCl, THE & | . OO d Ph}
72% yield, 32% ee L17

Scheme 1.11 Pd-catalyzed asymmetric Fukuyama cross coupling.

1.3.1.3 sec-Alkyl Boron Reagents

Suzuki coupling is a powerful methodology for C-C bond construction where
organoboron reagents are coupled with organic electrophiles in the presence of
base catalyzed by transition metal complex.[®! There are continuous reports on the

enantiospecific conversion of chiral sec-alkyl boron reagents.[*”]

However,
examples of non-chiral alkylboron reagent for asymmetric cross coupling
controlled by chiral catalyst are rare. In 2006, the allylic potassium
2-butenyltrifluoroborates 10 which contain allyl Csp? nucleophiles were reported to
couple effectively with aryl or vinyl bromides catalyzed by Pd(OAc). and Josiphos
L18 with K>COj3 as base (Scheme 1.12).[*8] Due to the stability of organoborates,

MeOH and H,O mixture was used as solvent for the reaction with ease.
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: R‘QMNMeZ
3 mol% Pd(OAc), = i CyP Fe

: : Ph
/\/\BFg,K + R-Br 3.6 mol% L18 A : Ph ' =S
K,CO3, MeOH/H,0, 80 °C | H
10 1" : NMe, PCy, L18
MeO,C tBu
11a 11b 11¢c

79% yield, 83% ee 86% yield, 82% ee  72% yield, 86% ee

11d 11e
63% yield, 90% ee 47% yield, 82% ee

Scheme 1.12 Enantioselective cross coupling of alkyl borates with aryl or vinyl bromides.
Both aryl and vinyl bromides were suitable -electrophiles for this

transformation, with chiral Csp*-Csp? products 11 obtained in up to 90% ee.
Diverse aromatic rings with different substitutions, such as ester group, steric bulky
fBu group and electron withdrawing CF; group, can be installed to give product
11a-d, while vinyl group was coupled to give 11e in a lower 47% yield and 82% ee.
A cationic Pd" intermediate [Ph-Pd-L]* was proposed to be formed before
transmetallation with 10, however the detailed enantiodiscrimination mechanism is
not clear.

The work using sec-alkyl boron reagent for direct asymmetric cross coupling
with sp?-hybridized nucleophiles was presented in 2014 by Morken (Scheme
1.13).11 The geminal bis(boronates) which contain two BPin group on one carbon
were used as sec-alkyl nucleophiles. In the presence of Pd(OAc). and chiral
monodentate P,N-ligand L.19, aryl iodides were coupled with bis(boronates) to give
chiral products 12 with up to 92% ee. When vinyl bromides were employed as
sp?-hybridized nucleophiles, an air-stable complex C1 was prepared in advance. It
was found that only 1 mol% of C1 was capable enough to show high efficiency for
Csp*-Csp? cross couplings, giving alkyl-vinyl coupled products 13 with up to 90%
ee as well. The two reactions used similar mild conditions with dioxane and H>O as
solvent at room temperature, which demonstrated the superior property of

organoboron reagents in such transformations.
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5 mol% Pd(OAc),

L LA 10 mol% L19 BPin
R™ "BPin KOH, dioxane/H,0, rt R™ DAr
12
up t0 92% ee
BPin R? 1 mol% C1 BPin R?
+ -
R1)\BPin Br\/\R3 KOH, dioxane/H 0, rt R1/\)\R3
13
up to 90% ee
CFs
Ar. Ar
FsC [ j
Vo, O 0 3 \Q\ Me
uX L PNMe P
o' © ClPd’_
A A By g, Fe
L19 Ar=p-Me-Ph c1

Scheme 1.13 Enantioselective cross coupling of geminal bis(boronates).

1.3.1.4 sec-Alkyl Lithium Reagents

Organolithium reagents are widely used in organic synthesis since they are
either commercially available with cheap price, or readily accessible through
simple protocol. The direct use of alkyl lithium reagent for cross coupling with
sp?-hybridized nucleophiles only emerged in recent years upon Fringa’s pioneering
work.P% Asymmetric cross coupling with sec-alkyl organolithium species usually
occurs via the enantiospecific substitution with electrophiles after asymmetric

deprotonation by lithium base in the presence of a chiral auxiliary or chiral ligand

(Scheme 1.14).151

H\ /H RM, L* H\ /M E+ H\ /E

e “R2 Asymmetric v+, _ Stereoselective «Cv,, )

R deprotonation R' 'R® gubstitution R' R
M=Li, ZnX

Scheme 1.14 Asymmetric deprotonation by organolithium reagent.

In most cases, enantioenriched alkyl lithium intermediate can be converted to
alkyl zinc intermediate which is more configurationally stable for higher selectivity
in subsequent substitution.l>'-3] Through this method, N-Boc-pyrrolidine was

effectively coupled with phenyl bromide to afford chiral product 14 in 92% ee with
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aid of chiral auxiliary L20 (Scheme 1.15). Furthermore, heteroaryl nucleophile like
pyridine can also be employed to produce 15 in 84% ee with L21 and L22.

4 mol% Pd(OAc),
{ \ 1) s-BuLi, L20 5 mol% tBusP-HBF,  { 5"'Ph
N
N 22nCh Ph-Br, rt, 12 h Boc
14
82% vyield, 92% ee
1) s-BuLi, 1 eq L21 5 mol% Pd(OAc),
[ \ 0.25 eq L22 6 mol% tBusP-HBF,4 =
Eoc 2) ZnCly 3-bromopyridine, 60 °C §0c1 \ N
5
46% yield, 84% ee

N G ) \(N
L20 L21 L22

Scheme 1.15 Stoichiometric chiral auxiliary for asymmetric deprotonation.

The utilization of catalytic amount of chiral ligand insteand of stoimectric
chiral auxiliary was reported in 2011 (Scheme 1.16).54 With only 5 mol% of chiral
ligand L23, Gawley and co-workers realized the asymmetric Csp3-Csp? cross
coupling of N-Boc-2-lithiopiperidine. Various sp?-hybridized nucleophiles

including aryl, heterocycle or vinyl can be utilized to product enantiopure products

1) s-BuLi, TMEDA 4 mol% Pd(OAc),
5 mol% L23 8 mol% tBuzP-HBF,_ .,
N /

16 in 84-94% ee, though the overall yields were only moderate.
R
Boc

N i I\N
N 2)ZnCl, R-Br L Me OLi
16 L23

e [ ) M N
OMe Z

16a 16b 16¢c 16d
75% yield, 94% ee  50% yield, 86% ee 63% yield, 84% ee 66% yield, 86% ee

Scheme 1.16 Catalytic chiral ligand for asymmetric deprotonation.
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1.3.2 Enantioselective Csp*-Csp* Cross Coupling Using Csp3-X

In section 1.3.1, excellent reports on asymmetric Csp*-Csp? cross coupling
reactions have been discussed, which use aryl and vinyl halides as electrophiles.
Compared with these Csp?-hybridized electrophiles, sec-alkyl Csp3-hybridized
electrophiles are less suitable for such reactions since they are more electron-rich
and thus more difficult to undergo oxidative addition to metal center. In addition,
the alkylmetallic intermediate formed via oxidative addition is substantially less
stable if no 7 electrons are available to interact with d orbitals of metal. Thus, the
use of sec-alkyl electrophiles for asymmetric Csp*-Csp? cross coupling reactions is
considered challenging. In recent decade, with the development of numerous chiral
ligands, such transformations now can be achieved in good selectivity, albeit
mostly with activated sec-alkyl substrates. Detailed discuss of reactions in this
category is presented as follows, assorted by types of the nucleophilic coupling

partner.

1.3.2.1 sp?>-Hybridized Organomagnesium Reagents

Soon after the discovery of cross coupling using alkyl Grignard reagent as
nucleophile, Kumada and co-workers also investigated the use of alkyl bromide as
electrophile (Scheme 1.17). However, only 58% yield and 34% ee of branched
arylated product 17 was obtained with NiCl> and ferrocenyl aminophosphine ligand
24,53 which indicated the difficulty in developing this methodology. A chiral
diamine ligand L25 was later reported to work with CoClz, facilitating the
formation of chiral product 18 with only 14% ee from in situ formed
organomagnesium reagent.’! The enantioselective cross coupling with

non-activated alkyl halides still remains as challenging task.

0.5 mol% NiCl,/L24 Bh i — o~ \Me;
N — N | PhoP Fe  ['ve
N + PhMgBr EGO, reflux \/\Me ' @ H
17 :
58% yield, 34% ee ' L24
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THF,0°C  py, “Me

18 L25
30% yield, 14% ee

Scheme 1.17 Grignard coupling with non-activated alkyl bromides.

\iag, 1 5 mol% CoCly NMe;
Br | @ 957 ] 10mol% L24  MeO ; O
Ph/\)\Me OMe : NMe,

Exciting progress was reported by Fu in 2010 using activated secondary
bromides (Scheme 18). The use of Ni(Il) and Bis(oxazoline) L26 furnished the
asymmetric Kumada coupling product 19 from a-carbonyl bromides at — 60 °C.57]
A similar ligand L27 was later employed with Co(Il) for highly selective
transformation of racemic a-ester bromides at a lower temperature of — 80 °C.5®!

AL s e

Br DME, -60 °C Ar
19

upto 92% ee ! %ﬁ
o : i/N N
o 10 mol% Col, PR

Me Me

R
M m Me -
Eto)K( ® 4 AgBr 12 mol% L27 Eto)kl/ pe

B THF, -80 °C Ar L27 R=Bn
20
up to 97% ee

Scheme 1.18 Ni-catalyzed Grignard coupling of a-carbonyl bromides.

An example of improved methodology was reported by Nakamura’s work in
2015 (Scheme 1.19).55°1 With the cheap Fe(acac); complex and L28 as catalyst, the
reaction can be conducted at 0 °C which excluded the need of low temperature. In
addition, the more stable a-ester chlorides were used as substrates instead of
bromides to produce a-arylated esters 21, althought the overall yield and

enantioselectivity were not excellent.

O 0]

Me 3 mol% Fe(acac); M i
RO)K( + AMgBr 6 mol% L28 RO)K( ¢ li Me! P P-utBu
cl THF, 0°C Ar 1B “Me
R=Theptyl 21 ' L28
0 O
M
o 0 RO Me RO €
Me
OMe F
21a 21b 21c 21d

82% vyield, 80% ee 70% yield, 78% ee 87% yield, 82% ee 90% vyield, 76% ee
Scheme 1.19 Fe-catalyzed Grignard coupling of a-carbonyl chlorides.
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1.3.2.2 sp>-Hybridized Organozinc Reagents

Upon Fu’s initial work on enantioconvergent alkyl-alkyl cross coupling
reactions of activated sec-alkyl bromide with sp3-hybridized organozinc reagent!®%,
they later established a series of asymmetric transformations on diverse sec-alkyl

halides with sp?>-hybridized nucleophiles.[®!]

10 mol% NiCl,-glyme

NC. R 13 mol% L29 NC\{R
Y . ArznAr 20 mol% TMEDA Ar
Br THF, -78 °C 22 up to 94% ee
N/,
O\\Sp o 10 mol% NiCl,-glyme Z,S'\/R
z” \2/ 13 mol% L26 E
+  Ar-Znl 5 Ar
Br THF, -20 °C 23 up to 99% ee
0
0 15 mol% NiCl,-glyme )S/a”(w
A )S{a'kyl , 16 mol% L30 AT T
r +  Ar-ZnCl F Ar
F Br THF/diglyme, -25 °C

24 up to 78% ee

R
X 3 mol% NiCl,.glyme %
\/alkyl . ARZREL 3.9 mol% L31 \:alkyl
Br glyme, -20 °C Ar
25 up to 94% ee

[ R
AN 0 i NN
abyl 10 m1o3| /:n lelglzégfyg)z \/ alkyl
0 z
OCOR DME/THF, 10 °C Ar
R'=2,4,6-trimethoxyphenyl 26 up to 94% ee
]
O O X H
0 I \ O. Phi. W/\f N \ 0
D ™A
iPr “iPr H
L29 L30 L31

Scheme 1.20 Ni-catalyzed Negishi coupling of activated sec-alkyl substrates.

Activated sec-alkyl bromides were successfully coupled with arylzinc
reagents in high efficiency in the presence of Ni(Il) salt (Scheme 1.20). In the
presence of different bis(oxazoline) ligands, racemic secondary bromides with
cyanide or sulfone as activating group were converted to alkyl-aryl products 22-23
with high selectivity, while tertiary bromides with a carbonyl substitution gave
decreased ee values of product 24 in up to 78%. The sec-alkyl bromides and

carbonates bearing an alkyne substitution were also good coupling partners with
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arylzinc reagents by Ni(II)/L31. Various products 25 and 26 in similar structure

were obtained in high enantioselectivity.

alkyl 6 mol% NiCl,-glyme Fgc\_/alkyl

7.8 mol% L26 :
E/ + AZCl e TO o 20°C Ar
r iglyme, - 27 upto 91% ee

F3C

Scheme 1.21 Ni-catalyzed Negishi coupling of CF3-substituted bromides.

However, Csp*>-Csp? cross coupling of non-activated alkyl bromides with
organozinc reagents is still challenging. Exciting progress has been reported in
2015 by using Ni(I[)/L26 catalytic system (Scheme 1.21).°!1 The secondary
bromides bearing a CF3 group and an alkyl substituent were successfully arylated
at —20 °C to deliver the enantioenriched fluorinated products 27 in up to 91% ee.
Since the enantiodiscrimination process between a CF3 group and an alkyl group is
usually assumed to be very difficult, this work represented the significant attempt

of Csp*-Csp? cross coupling using non-activated alkyl bromides.
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1.3.2.3 sp’>-Hybridized Organoboron Reagents

Asymmetric Suzuki cross coupling of racemic sec-alkyl halides using
arylboron reagents Ar-(9-BBN) was achieved in Ni/diamine catalyst system with
KOBu as base.[2l The first example was reported in 2010 on racemic
a-chloroamide. Aryl groups with different electron density were installed to give
optically active a-arylated amides 28 in good selectivity (Scheme 1.22). The other
enantiomer of L32 was later employed in similar condition to transform o-amino

sec-alkyl bromides into enantioenriched arylated product 29 with 95% ee at room

Me\’?'/\(nHex + Ph-(9-BBN)12Mol% (RR)-L32 Me\'?'/\s/nHex
hBu Br KOtBu, BuOH nBu Ph
iPr,0, it 29
88% yield, 95% ee

Scheme 1.22 Ni-catalyzed Suzuki coupling of aryl-9BBN.

temperature.
o 0
alkyl 8 mol% NiBr,-glyme . J\ralkw ! CF3

N)H/ + Ar-(9-BBN) 10 mol% (S,S)-L32 i

Cl KOtBu, /BUOH A
o : ., _NHMe

Toluene, -5 °C upto 91% ee !
10 mol% NiBr,-glyme i NHMe

High functional group tolerance of organoboron acids and their stability
against moisture and air allow the successful expansion of sp>-hybridized
nucleophile scope to heteroarene and vinyl. Fletcher reported the Rh complex and
chiral diphosphine ligand catalyzed arylation and vinylation of cyclic allylic
chlorides using various boronic acids (Scheme 1.23). Both Xyl-P-PHOS L33 and

BINAP were found to be effective ligands in the reaction.[®*]

OMe

N
2.5 mol% [Rh(cod)(OH)],

' i >
o ReOH 6 mol% L33 R 1 meo P(XyD),
2 (Cs,CO5, THF, 60 °C ! MeO P(Xyl),

‘. |

=
R=(hetero)arene, vinyl N
30
up to 99% ee OMe L33

Scheme 1.23 Rh-catalyzed Suzuki coupling of alkyl chloride with boronic acids.
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Carreira reported a highly enantioselective and regioselective vinylation of
racemic allylic alcohols catalyzed by Ir/LL34 with aid of Brensted acid promoters
(Scheme 1.24).16) Under the mild condition, multi-substituted potassium
alkenyltrifluoroborates were employed as sp?-hybridized nucleophiles in the
reaction, giving optically active 1,4-dienes 31 as products. Two key intermediates
described as (7?-allylic alcohol)iridium(I) and (#3-allyl)iridium(IIl) were prepared

and characterized to further comprehend the catalytic cycle.[64"]

4 mol% [Ir(cod)Cl], Ph | OO o O
OH 16 mol% L34 — ! \P—N
Ph. 10 mol% nBusNHSO, : /
Z T TINTTBRK l 0
Ph 3 HF, dioxane, 25°C  ph~ 7 | O‘
31 :
34

up to 99% ee ' L
Scheme 1.24 Ir-catalyzed asymmetric vinylation of allylic alcohols.

1.3.2.4 sp’-Hybridized Organosilicon Reagents

Racemic versions of Hiyama cross coupling of secondary alkyl electrophiles
and aryl silanes have been reported with Ni or Rh as catalyst.!] However, the only
enantioselective example was demonstrated by Fu in 2008 with Ni/L35 catalyst in
the presence of TBAT (Tetrabutylammonium difluorotriphenylsilicate) as a fluoride
promoter (Scheme 1.25).[6%] The racemic oa-bromo esters were coupled with aryl- or
vinyl-Si(OMe)s to give moderate yield and high ee of desired products 32, although
a very bulky substituent R of ester group is still of necessity for the high

enantioselectivity.[6]

0O

o] :
10 mol% NiCl,-glyme )H/ ¢ Pho Ph
alkyl alkyl | .
RO)K( +  ArSiOMe), —12mol%L3s RO | MeHN  NHMe

Br TBAT, dioxane, rt Ar
ROH=BHT=2,6-di-{Bu-4-methylphenol 32 up to 99% ee L35
Scheme 1.25 Ni-catalyzed asymmetric Hiyama coupling.
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1.3.2.5 sp?>-Hybridized Organozirconium Reagents

The synthetic transformations involving organozirconium reagents are usually
for the installation of alkenyl group since alkenylzirconium reagents can be easily
prepared by treating alkyne substrates with CpZrHCl in THF. As for its
asymmetric cross coupling with secondary halides, Fu’s Ni/bis(oxazoline) catalyst
system showed great capacity on a-carbonyl bromides. The a-vinylated ketones 33
were achieved with up to 98% ee at 10 °C with alkenylzirconium reagents (Scheme
1.26).171 Another CuCl/L37 catalyzed reaction also showed potential for
asymmetric version, with maximum 62% ee of vinylation product 34 obtained from

cyclic allylic bromide at —40°C (Scheme 1.26).1%1

o

i alkyl 3 mol% NiCl,-glyme R’ alkyl i w)g(
R + szclzr\/\R 3.6 mol% L36 Ph“ \)‘Ph
Br DME/THF, 10 °C |
33upto 98% ee i L36

Ph
10 mol% CuCl/AgOTf O Q ><Me

Br
©/ + CpCIZr g 10 mol% L37 E;/V / -N "
DCM, -40 °C > e

Ph

34 up to 62% ee L37

Scheme 1.26 Asymmetric vinylation of sec-alkyl bromides with organozirconium reagents.

1.3.2.6 sp>-Hybridized Organoaluminum Reagents

Although organoaluminum reagents have been effectively used for cross
coupling reaction to form C-C bond, its cross coupling with alkyl electrophiles is
quite rare. A non-chiral cross coupling between benzylic bromides and
sp-hybridized aluminum catalyzed by Ni complex was reported in 2011 by Gau and
co-workers.[®l The only example of asymmetric cross coupling between alkyl
electrophile and sp*>-hybridized nucleophile from organoaluminum was achieved

with PdCl, and BINAP L38 as catalyst (Scheme 1.27).'% At — 35 °C, secondary

benzylic bromides reacted with aryl-substituted alkenylaluminum reagents to

afford chiral products 34 in good yield and high enantioselectivity up to 99% ee.
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e Me :
10 mol% PdCl, o
T B (BupA s 10 mol% L38 Y PPh,
+ 2AIN N !
AT THE, -35°C | PPh,
34 :
upto 99% ee | L38

Scheme 1.27 Asymmetric vinylation of sec-alkyl bromides with organoaluminium reagents.

1.3.3 Asymmetric Cross Coupling of Allylic Halide or Pseudohalide

Enantioselective allylic substitution (EAS) is an efficient C-C bond-forming
reaction for preparing optically active compounds.”!) In the presence transition
metal catalysis, allylic substrates can couple with sp>-hybridized nucleophiles at a
or y position to afford Csp*-Csp? coupled Sn2 or Sn2° product. The latter will
generate a chiral center at y position, which indicates the potential of this
methodology in synthesizing enantioenriched compounds (Scheme 1.28). Tertiary
or quaternary carbon center formed in such reactions bearing multiple aryl or vinyl
groups are valuable structural motifs which are often found in pharmaceuticals or
natural products.’”?! A summary of EAS process using different nucleophilic
organometallic reagents (M=Mg, Zn, Al, Li, B...) catalyzed by copper complex or

other transition metals will be presented herein.

Y a Nu o
cat. N
RN+ N ———— R)y\/ RNy
Sp2' Sp2

Scheme 1.28 Enantioselective allylic substitution.

Mechanism of asymmetric allylic substitution was discussed by Trost in
Pd-catalyzed reactions.[”3] “Soft” or “hard” nucleophilic attack was proposed to
explain the stereoselectivity of y-substituted product (Scheme 1.29). In a Pd
catalyzed reaction, oxidative addition of allylic substrate to Pd gives the #° m-allyl
complex which can be then attacked via either “soft” or “hard” nucleophilic
pathway. Stabilized or "soft" nucleophile will attack the vy position of

allyl-palladium complex directly, followed by decomplexation to afford product in
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a net retention of stereochemistry. In contrast, unstabilized or “hard” nucleophile
will first transmetallate to the metal center, followed by reductive elimination to

give final product with a net inversion of stereochemistry.

Nu MLn decomplexation Nu
D L — *
ML y R~ N
n
ML, |

RNy —s RN

3 D
n° w-allyl 4 .
' ey NUI‘|\|/|Ln reductive Nu
G Ay elimination *
R/\‘/ _— R)\/

Scheme 1.29 Soft/hard nucleophilic attack in enantioselective allylic substitution.
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1.3.3.1 sp?>-Hybridized Organomagnesium Reagents

Arylmagnesium reagent was first reported by Tomioka for EAS reaction with
aliphatic allylic bromides (Scheme 1.30).7#81 At — 78 °C, the y-phenylated product
35 was obtained exclusively in up to 81% ee with CuTC
(TC=thiophene-2-carboxylate) and an amidophosphane ligand L39 as catalyst.
However, for cinnamyl-type substrates, same catalysis system would only afford

the mixture of y- and a-products (84:16 as highest y/a ratio).

2mol% CuTC Ph ,
0 ! N
Alkyl” -"Br +  Ph-MgBr ‘E“CEO—';’S':%Q» A”(yl/'\/ L Pen,
- 35 1 Bu” O
upto 81% ee L39
Scheme 1.30 Cu-catalyzed enantioselective allylic phenylation of aliphatic bromide with Grignard
reagent.

Later, the design of a new Cu-NHC complex C2 helped effectively improve
the y/a selectivity and enantioselectivity for cinnamyl-type allylic bromides
(Scheme 1.31). Various substituted aryl allylic bromides were arylated to give
36a-d in high efficiency. While for aliphatic allylic bromides, the reaction
proceeded smoothly to afford 36e-h but with generally lower

enantioselectivity.[74b<]
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' Ph Ph
S 2 mol% C2 Ar AN N
RO e AN o Teee g | A cual A
R=alkyl, Ar 36 i C2: Ar=2-MeCgH,
07\

@ O @ o4
Me Cl
36a 36b 36¢c 36d
v/o=93:7,95% ee  y/a=93:7, 93% ee y/a=97:3,97% ee v/a=97:3, 92% ee

» © »

36e

36h
v/a=89:11, 94% ee  vy/a= 95.5, 92% ee vylo= 84.16, 87% ee y/a=47:53, 86% ee

Scheme 1.31 Cu-catalyzed enantioselective allylic arylation of cinnamyl bromides.

1.3.3.2 sp?>-Hybridized Organozinc or Organoaluminum Reagents

Organozinc reagents were demonstrated as effective sp*-hybridized
nucleophiles for EAS reaction by Hoveyda.l””) NHC ligand L40 or L4178 were
combined with Cu(Il) salt to catalyze the asymmetric arylation reaction of allylic
phosphate substrates. Silyl-substituted enantioenriched products 37a-b bearing a
tertiary carbon center were prepared with arylzinc reagents in moderate yield and

good ee (Scheme 1.32). However, low temperature of — 78 °C was necessary for

high enantioselectivity of products 37¢-d bearing a quaternary carbon center.

R cat. Cu(OTf), Ar
X
L40 or 41 N
F>h|v|e23i)\/\OPO(OEt)2 v Apn —— > Rgjye,Ph
R=H, Me 37
MeO MeO
H SiMe,Ph HSiMme,ph M€ SiMe,Ph M€’ SiMe,Ph
37a 37b 37c 37d
L40, -15°C L40, -15 °C L41,-78°C L41,-78°C

82% yield, 95% ee 88% yield, 91% ee 72% yield, 85% ee 80% yield, 76% ee
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L40 L41
Scheme 1.32 Cu-catalyzed enantioselective allylic arylation with organozinc reagents.

Similarly, organoaluminum reagents were also employed successfully in the

above system as sp?-hybridized nucleophiles by the same group. Ester- or

silyl-substituted allylic phosphates were coupled successfully with in situ prepared

organoaluminum reagents to produce chiral products 38 bearing quaternary carbon

center. CuCly instead of Cu(OTf), was used to show higher reactivity with ligand

L41. However, this reaction suffers the problem of a very limited scope of both

coupling partners (Scheme 1.33).

Ar-Li
e ¢ cat. CuCl,/L41 Ar\‘/\
. Cu 2 \\c
R)\/\OPO(OEt)Z + [ Ar-AIEt2 l W Me R
38
MeO MeO
Me" Co,tBu Me"Co,tBu M€’ SiMe,Ph M€’ SiMe,Ph
38a 38b 38¢c 38d

98% vyield, 82% ee 87% vyield, 81% ee 81% yield, 92% ee 97% vyield, 94% ee
Scheme 1.33 Cu-catalyzed enantioselective allylic arylation with organoaluminum reagents.

1.3.3.3 sp’>-Hybridized Organolithium Reagents

The direct employment of organolithium reagents for EAS reactions of

cinnamyl-type allylic bromides was recently achieved by Feringa with aid of

Cu-NHC catalysis C2 or C3 (Scheme 1.34).I7" Readily availability of aryl lithium

reagents allowed a wide substrate scope for products 39a-d albeit a very low
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reaction temperature — 80 °C was required for high enantioselectivity. For the
synthesis of products 39e-h bearing a quaternary carbon center, significant
decrease of regioselectivity was observed by lower y/a ratio, although the

enantioselectivity of y-substituted products remained high.

i N=
alkyl alkyl Ar i AN N\R‘Ph
0, 1
pe AN g, ¢ AL BmI%C2orC3 Y, YO,
DCM, -80 °C Ar : CuCl
39 ' C3: Ar=2,4,6-Me;CgHy
o O .0
Cz: @/\/ /@/\/ /@(\/
cl FsC F F
39a, 75% yield 39b, 75% yield 39c, 83% yield 39d, 75% yield

v/0=85:15, 86% ee  y/0=95:5, 92% ee y/0=96:4, 96% ee y/a=85:15, 92% ee

39e, 34% yield 39f, 67% yield 399, 76% yield 39h, 67% yield
y/0=44:56, 92% ee y/a=71:29, 90% ee y/0=80:20, 98% ee y/a=68:32, 96% ee

Scheme 1.34 Cu-catalyzed enantioselective allylic arylation with organolithium reagents.

1.3.3.4 sp>-Hybridized Organoboron Reagents

Due to the readily availability, stability against air and moisture, and high
functionality diversity, boronic acids and its derivatives have gained great interest
as nucleophiles for EAS reaction. Hayashi and co-workers have utilized Cu-NHC
complexes to catalyze the allylic arylation with aryl boronic neopentylglycol esters
41."81 In the presence of Mauduit-type chiral NHC ligand L42 or L43, cinnamyl
phosphates 40 were transformed to tertiary and quaternary arylated products 42
with high efficiency at ambient temperature (Scheme 1.35).
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R 5 mol% Cu(OTf), R
0 Ar T
; Me 5.5 mol% L42 or L43 g
Ph)\/\OPO(OEt)z + Ar—B :>< 3 Ph %%
Me NaOMe, THF, 30 °C
40 R=H, Me a1 42
OMe CO,Me

Cl
42a, 92% yield 42b, 89% yield 42c, 93% yield 42d, 93% yield
v/0=99:1,92% ee y/a=96:4,91% ee 7/a=97:3,90% ee y/0=99:1, 85% ee

L42:

OMe OMe

42e, 97% yield 42f, 84% yield 429, 72% vield  42h, 91% yield
Y0=99:1,91% ee  y/0=96:4, 89% ee  y/a=99:1,89% ee /=991, 76% ee

O / \+ / \ +
O NN NN
PFg PFg
° HO ® HO
L42 L43
Scheme 1.35 Cu-catalyzed enantioselective allylic arylation with boronic esters.

Q

Vinyl boronic pinacol esters 43 is also a suitable reagent for this reaction.
Hoveyda designed the anionic NHC ligand L45 and with Copper together as
catalyst for highly efficient vinylation of prochiral phosphates (Scheme 1.36). The
highly functional group tolerated variation of substituents on the vinyl group
allows the methodology to be applied smoothly for natural product synthesis.” A
allenylboronic acid pinacol ester 45 was also used under the same condition with a

revised ligand L.46 for the asymmetric installation of allene group to y position.
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RZ
R 5 mol% CuCl >
1
Ph)\AOPO(OEt) b R\ BPIn 5.5 mol% L44 R S
2 NaOMe, THF, 22°C  pp, 44 /
43

up to 98% ee

10 mol% CuCl

H /
11 1% L45
mol% Ph)l‘:/

NaOMe, THF, 22 °C

P NN0po(OEY, ¢ S BPin
48 1/0=96:4, 91% ee

OPh Ph Oph,  Ph
056, 00\
R : N
AN NN
L44: R=iPr R L45: R=2,4,6-(iPr);CeH, R

Scheme 1.36 Cu-catalyzed enantioselective allylic substitution with vinyl- or allene-boronic esters.

However, compared with boronic esters, very few example using
sp?-hybridized boronic acids was reported for asymmetric allylic substitution. In
2016, Sato and co-workers used Rh and diphosphine ligand L46
(R'=3,5-Bu-4-MeOC¢H>) as catalyst for EAS reaction with a moderate
enantioselectivity in up to 81% ee (Scheme 1.37).8% The allylic esters 47
underwent the cleavage of C-O bond to couple with aryl boronic acid, giving
v-arylated 48 as optically active products. Although copper complexes with NHC
ligands were effective with several boronic esters, example of boronic acids used in

EAS reactions with copper catalyst has not been reported yet.

5 mol% [Rh(cod)Cl],

.y
Ar 0 PAr,

5.5 mol% L47 :
+ ArB(OH a PAr
R/\/\O/©/ 2 KOH, dioxane, 60 °C R/'\/ e O 2

47 48 (
upto81%ee | O L47

Scheme 1.37 Rh-catalyzed enantioselective allylic arylation with boronic acids.
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Chapter Two

Asymmetric Csp3-Csp? Cross Coupling with Cyclic Allylic

Bromides and Boronic Acids

tBu—gjjlr\?F”tBu

)
@%Br + RB(OH), __ Cu(MeCN);PFq <:>)n_R

K3PO,, CHCl3

45



ATTENTION: The Singapore Copyright Act applies to the use of this document. Nanyang Technological University Library

2.1 Overview: Asymmetric Allylic Cross Coupling with Racemate

Asymmetric Csp3-Csp? cross coupling has emerged as a powerful
methodology of C-C bond construction, which is still under extensive exploration
for higher selectivity and efficiency by many groups. Among all the work,
enantioselective allylic substitution (EAS) is of much interest to us since the
substrates are easily accessible and products are mostly valuable building blocks
for subsequent transformations. However, based on the above discussion in Section
1.3.3, methodology for EAS reaction still needs further improvement in the
following aspects:

I.  Variation of nucleophiles: Most of the sp*-hybridized nucleophiles employed
in EAS reaction are mainly organometallic reagents, which need to be
prepared in situ or in advance. And most organometallic reagents have very
low functional group tolerance. The development of organoboron reagents is
actually attracting more attention due to their stability against air or moisture,
and high functional group tolerance at the same time.

II. Other transition metal catalyst: Late transition metals (including Pd, Rh, Ir, etc.)
are dominant in the metal catalyst for EAS reactions. Compared with other
metals, Cu stands out as an ideal choice because it’s cheap and readily
available. And Cu-NHC complex has been well demonstrated to be highly
effective in several allylic alkylation reactions via Sx2’° pathway.

III. Mild conditions: Highly enantioselective EAS reactions have been achieved by
using different organometallic reagents but almost all of them required very
low temperature to afford high enantioselectivity. The development of
organoboron reagents allows the reactions to be conducted at ambient
temperature with excellent efficiency but a strong base is needed to in situ
generate the Cu-NHC complex from its precursors.

Phase-transfer catalyst has long been recognized as an efficient approach for
asymmetric transformations through ionic interaction between charged species. Our
group recently developed pentanidinium (PG) and bisguanidinium (BG) as

efficient ion pair catalyst for enantioselective alkylation!'¥ and oxidation['*dl. The
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precise stereo-control of anionic species including permanganate, tungstate,
molybdate and silicate exhibited by chiral guanidinium cations encouraged us to
extend the system to organocuprate [CuR»] =~  speciest?) for asymmetric
transformations.

Therefore, in this project, we sought to develop the methodology for
asymmetric Csp*-Csp? cross coupling reaction catalyzed by Cu and guanidinium
complex under mild condition, that is at ambient temperature and weak base used.
sp*-hybridized boronic acids are utilized as nucleophiles and guanidine-derived
chiral catalyst can combine with Cu salt to help produce high regio- and
enantioselectivity. The detailed objectives are:

a. Develop the methodology of Csp3-Csp? cross coupling reactions catalyzed by

Cu salt and guanidinium.

b. Synthesize and analyze diverse chiral Csp*-Csp? cross coupling products from
racemic allylic bromides and boronic acids.

c. Demonstrate the synthetic value of the methodology via transforming products
to other useful building blocks in synthetic chemistry.

d. Analyze the intermediate and pathway of the reaction to propose the possible
mechanism.

A particularly powerful class of EAS reaction (see Section 1.3.3) allows the
conversion of racemic allylic substrates into single enantiomer products, instead of
using prochiral materials (Scheme 2.1). Trost and co-workers reported a series of
reactions in this type catalyzed by Pd, which are generally defined as dynamic
kinetic asymmetric transformations (DYKAT) in terms of mechanism.P?! Different
nucleophiles are utilized for Pd-catalyzed DYKAT process to form chiral C-C, C-N,
C-O bond.! However, there are only scarce successful examples of DYKAT
processes utilizing sp?-hybridized nucleophiles. Diverse boronic acids were
reported as sp?-hybridized nucleophiles for allylic arylation of racemic cyclic
chlorides by Fletcher, with Rh/phosphine ligand complex as catalyst which is quite
expensive.’! Although copper was well demonstrated to catalyze the asymmetric
allylic substitution of prochiral substrates via Sn2’ pathway, the only known

Cu-catalyzed allylic substitution of racemate with sp?-hybridized nucleophiles is
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the coupling of in situ prepared alkenylzirconocene nucleophiles with cyclic allyl

bromides by Fletcher in 2015, yet with the maximum enantioenrichment as 62%

ee.l0]

LG cat. o~ Nu
Scheme 2.1 Conversion of racemic allylic substrate to single chiral enantiomer.

It would be interesting to use copper salt as catalyst in the asymmetric allylic
substitution where boronic acids are employed as nucleophiles instead of
organometallic reagents. And it is still challenging to obtain highly enantioselective
allyl substitution with sp?-hybridized nucleophiles in the presence of Cu. Thus, we
initiated our work by studying the reaction between cyclic allylic substrates with
boronic acid to afford single enantiomer product using copper. The methodology
involving Cu(I) and guanidinium complex was developed after careful screening of
reaction parameters including Cu salt, guanidinium catalyst, base, solvent,
temperature and reagent ratio, which was later successfully applied to produce

various Csp3-Csp? products with high enantioselectivity.

2.2 Reactivity and Condition

2.2.1 Cyclic Allylic Bromides: Synthesis and Properties

3-bromocyclohex-1-ene (la) was first tested for the arylation with
(2-methoxyphenyl)boronic acid with catalytic amount of CuCl as model reaction
(Scheme 2.2). In the presence of excess saturated aqueous K>COs, the desired
product 2'-methoxy-1,2,3,4-tetrahydro-1,1'-biphenyl (3e) was obtained successfully,
though in only 26% yield based on GC-MS analysis.

Br . @EB(OH)Z 10 mol% CuCl O
OMe Sat.chO& DCM, rt. ‘
1a

OMe
3e

Scheme 2.2 Initial attempt with CuCl for allylic arylation reaction.

26% yield
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However, change of allylic bromide to other allylic substrates with different
leaving groups (1b-1e), such as -CI7], -OAc®), -OBz) or -OPO(OEt).", lead to
almost no product formed in the model reaction (Scheme 2.3). Allylic bromides
were found to be the only effective substrate as the electrophilic cross coupling

partner in the system.

QLG @[B(OH)Z Cu(l), Base O
OMe ‘
1

OMe

3e
OJ Br QCI QOAC QOBZ QOPO(OEt)Z
1a 1b 1c 1d 1e

Scheme 2.3 Racemic allylic substrates with different leaving groups.

Therefore, a series of racemic cyclic allylic bromides were prepared via
radical substitution of allylic C-H bond (Scheme 2.4).l'% The allylic C-H bond is
particularly weak because the radical formed through the homolytic cleavage of
C-H bond is stabilized by resonance.''! 3-bromocyclopent-1-ene and
3-bromocyclohept-1-ene were synthesized via same procedure and purified by
vacuum distillation in 40% yield and 78% yield respectively. All allylic bromides
prepared in this project are not quite stable at ambient temperature especially
3-bromocyclopent-1-ene, which reacted quite fast in model reaction with majority

decomposed in the above conditions.

C>)n AIBN, NBS @B
CCly, reflux r
Br

n=0-2

Br ©/Br
40% yield 70% yield 78% yield
Scheme 2.4 Synthesis of cyclic racemic allylic bromides.

2.2.2 Boronic Acids: Synthesis and Properties

The sp*-hybridized boronic acids mainly comprise ary-, heteroaryl- and
vinyl-boronic acids. Most of aryl boronic acids listed in Scheme 2.5 are

commercial available with diverse functional groups, including aryl group with
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different substituents (2a-2j), heterocyle group (2k-2r) and vinyl group with
substituents (2s-2y). Nevertheless, several vinyl boronic acids need to be prepared
in advance with ease through hydroboration and hydrolysis of alkynes.['?!
(E)-(2-(naphthalen-2-yl)vinyl)boronic acid (2z) and
(E)-(3-(naphthalen-2-yloxy)prop-1-en-1-yl)boronic acid (2aa) were prepared from
corresponding terminal alkynes (Scheme 2.6a).['*) Cu(0) catalyzed ligand-free
hydroboration was conducted with bis(pinacolato)diboron (BPin); in high
efficiency, which was followed by acidic hydrolysis to afford the desired vinyl
boronic acids.['¥ Tri-substituted boronic acids (2ab and 2ac) were also synthesized
from either di-substituted!’> or terminal alkynes!!®.. MeOH was used as proton
source to capture the alkenylcopper intermediate (Scheme 2.6b) while Mel as
methyl source (Scheme 2.6¢). All crude boronic acids were used directly for

subsequent reactions after acidic hydrolysis without further purification.

B(O

Me [:;j/ OMe
2a 2b OMe 2d
[::I:WOHb /I::I/MOHb ’l::j/MOH :: . :: _B(OH),
SMe MeS
2f 2g
B(OH), B(OH), B(O B(OH), B(OH),
T {T Q {J ®
N
2k 2l
= B(OH), B(OH), JJ\
C@r Cyr ~7TBOM: oy g(on),
2p 2q 2t
B(OH
csHy/\/B@H)zEj/\V O o1~ BOH), B1_s(0H), 7B,
2u 2v 2w 2x 2y

B(OH), O~ BOH: o~ BOH,  Me

N

~/2v “ /\I; Ph)\/B(OH)Z
Z

2ab 2ac
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10 mol% Cu(0) OJ§<
20 mol% NaOMe ! NalO,4, NH,OAc
— B. _NalOg, NR4OAC B(OH)
A= “BPin EOH, it AT "0 AcetoneH,0 ~ AN (@)
5 mol% CuCl
6 mol% PPh; 0J§<
___ . 20 mol% NaOtBu NalO,, NH,0Ac B(OH
Ph =Bt~ BPin), MeOH Ph/\( Acetone/H,0 ~ Ph™ ™ O (0)
THF, it Et
10 mol% CuCl Me oj§< Nalo. NH.OAc  Me
_ 10 mol% PPh, ' s UG BOH),  (©)
Ph——=—= B~ Acetone/H,0 2
NaOfBu,(BPin), Ph/K/ o 22 Ph
Mel, THF, rt

Scheme 2.5 Variation of sp?-hybridized boronic acids.

Primary test using all the available boronic acids in the reaction with 1a (10
mol% CuCl and CG as catalyst) revealed that electron density on the ary ring and
steric bulkiness of boronic acids affected the profile significantly (Scheme 2.6). For
example, the reactions utilizing phenylboronic acid (2a) and
(meta-methoxyphenyl)boronic acid (2d) gave much decreased reaction rate and
conversion than (para-methoxyphenyl)boronic acid (2¢) and
(otho-methoxyphenyl)boronic acid (2e), probably due to electron deficient nature
of aryl ring in 2a and 2d. Furthermore, (4-(fert-butyl)phenyl)boronic acid (2j)
which contains a tBu group at the para position lead to trace amount of desired
product while a nBu-substituted one (2i) proceeded smoothly. The steric bulkiness
of /Bu is assumed to affect the transmetallation from boronic acid to metal center.!3]
Therefore, the scope of boronic acids for this allylic arylation reaction with copper

guanidinium catalyst is limited to those with electron sufficient and less bulky

substituents.
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CuCl (10 mol%)
CG (10 mol%)

N
tBu-—(H\/i]\i\/g"'”tBu

—Ar |

~Br + Ar—B(OH),
K3PO4, DCM
1a 2 CG
MeO OMe
-0 = = Ko
23°C, 72h 0°C, 24h 23°C, 72h 0°C, 24h

yield 40%, ee 75% vyield 76%, ee 84% yield 44%, ee 70% vyield 72%, ee 82%

23°C, 72h 23°C, 72h
yield 60%, ee 80% yield 12%, ee 62%

Scheme 2.6 Primary test with aryl boronic acids.

Transmetallation process involves the transferring of aryl or vinyl group from
boronic acid to metal center, which requires a base in presence to facilitate
(Scheme 2.7).'7) Saturated aqueous K>COs solution was initially used in our
reaction while screening of other bases such as Na,COs, K3PO4 and CsF was later
conducted as well. It was found that strong bases like KO7Bu or NaOH only lead to
hydrolysis of bromide 1a to the corresponding allylic alcohol, with no desired cross
coupling product formed. Weak bases such as NaHCO; or Na;HPO; were not
strong enough to activate the boronic acid, leaving all substrates intact. Detailed
screening of bases and its effect on conversion and enantioselectivity will be

discussed in Section 2.2.4.

o o
Ar-B(OH), Ar—I|3_—OH % HO—Elf—OH
OH OH

Scheme 2.7 Base activation of boronic acids followed by transmetallation.

2.2.3 Guanidinium Catalyst: Synthesis and Properties

Guanidinium-based chiral catalysis has long been widely reported as efficient
organocatalysis for asymmetric synthesis. Our group recently developed
pentanidinium (PG), bisguanidinium (BG) and cyclic guanidinium (CG) as
efficient ion pair catalyst for enantioselective alkylation'®! and oxidation!!"

(Scheme 2.8). The precise stereo-control of anionic species including enolate,
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permanganate, tungstate, molybdate and silicate exhibited by chiral guanidinium
cations encouraged us to extend the system to organocuprate [CuRz]  species?”

for asymmetric transformations.

Ph, o R Ph Phe oo R Ph
. N N N /\ N
Lo T Lo =T

P” Nerm N77h P N f "N "Pn

R R R R

PG BG
tBu
+ +
N
tBu»(\J\/»”“tBu Bn—(JN\w-'”Bn R= _ \/@\

N~ N N~ >N E3 tBu
HI H HI H

CG cG'

Scheme 2.8 Chiral guanidinium catalyst.

For the asymmetric allylic arylation with boronic acid, these
guanidinium-based catalyst were tested for the catalytic capacity. PG and BG were
found to deliver low reactivity with less than 30% yield and around 20% ee of
arylation product. Change of their substitution group R to other aryl group didn’t
help improve the reactivity.

On the contrary, both CG and its Bn-substituted version CG’ could give the
desired cross coupling product with improved yield and selectivity. Thus in the
following condition screening section, CG and CG’ were used as chiral catalyst to
combine with selected copper salt under different conditions.

2.2.4 Condition Screening of Asymmetric Allylic Arylation

A batch of model reactions between 1a and 2e were carried out with different
parameters including base, copper salt, solvent and reagent ratio (Table 2.1). In the
presence of 10 mol% CuCl and CG, saturated K.COs or K3PO4 aqueous solution
were utilized as base, but only low yield and poor enantioselectivity of desired
product was observed (Entry 1,2). A significant amount of bromide and boronic
acid were hydrolyzed with aqueous base solution, which lead to the direct use of
solid base. Strong base like KOH gave no desired product, while several other solid
bases including K>COs, CsF and K3PO4 were able to afford improved result while
the enantioselectivity still remained moderate (Entry 3-6). CG’, the Bn-substituted
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version of CG, gave slightly lower selectivity in the reaction than the original
(Entry 6). Since Cu(Il) salts gave much decreased reaction rate and yield of the
desired product, a screening of Cu(l) salts was conducted and Cu(MeCN)4PFs was
found to be the best option (Entry 5-8). And the ratio of copper salt against CG
affected the enantioselectivity obviously (Entry 9-12). Finally, the optimized
condition was determined for the reaction: 3 mol% Cu(MeCN)4PFs, 6 mol% CG, 2
eq RB(OH): and 4 eq K3PO4in CHCIl; at room temperature.

CuX (x mol%)

@wsr + Ar-B(OH), ———o U/ mO%) <;><Ar
2 Base, solvent, 23 °C

.
tBu»ﬂJE\l\?""'tBu

1a 2e Ar=2-OMeCgH, 3e CG
Entry CuX/ Catalyst/ Base Yield | ee
x mol% y mol% (%) | (%)

1 CuCl (10) CG (10) sat K2COs 24 15
2 CuCl (10) CG (10) sat K3PO4 15 20
3 CuCl (10) CG (10) KOH n.d. -

4 CuCl (10) CG (10) K2COs 48 12
5 Cul (10) CG (10) CsF 57 27
6 CuCl (10) CG (10) K5PO4 75 43
7 CuCl (10) CG’ (10) K5PO4 43 32
8 CuTC (10)Lcl CG (10) K3PO4 75 53
9 Cu(MeCN)4PFs (10) CG (10) K5PO4 72 70
10t¢-¢l Cu(MeCN)4PFs (5) CG (5) K5PO4 70 85
111d] Cu(MeCN)4PFs (20) CG (5) K5PO4 68 55
12044 Cu(MeCN)4PFs (3) CG (6) K5PO4 82 90

Table 2.1 Condition screening of asymmetric allylic arylation. Reaction was carried out with 1a
(0.05 mmol), 2e¢ (0.10 mmol) and base (0.2 mmol) in CH2Cl> (0.4 mL) for 48 h at room
temmperature. [a] GC yield, 1,1'-biphenyl used as an internal standard. [b] Determined by GC-MS
analysis with chiral column. The absolute configuration was determined by comparison with
reported example. [¢] CuTC=Copper 2-thiophenecarboxylate. [d] CHCls was used instead of
CH:Cl,. [e] Reaction was carried out at 0 °C for 72h. [f] Reaction was carried out under N»
atmosphere.
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2.3 Results and Discussion

2.3.1 Asymmetric Allylic Arylation of 3-Bromocyclohex-1-ene

With the optimized reaction conditions in hand, the substrate scope of aryl
boronic acids was explored in reaction with 1a and the results were summarized in
Scheme 2.9. Phenylboronic acid and its alkyl-substituted derivatives, such as
methyl or nbutyl, reacted smoothly to give optical pure arylated products 3a-3¢
with over 90% ee. Alkoxyl-substituted aryl boronic acids also showed good
reactivity in the reaction and either ortho- or para-methoxyl subtitution didn’t
obviously affect the selectivity, with 3d and 3e obtained respectively with high ee.
Thiomethyl substitution on phenyl ring of boronic acid lead to lower ee values of
80% for ortho-substituion (3g) and 75% ee for para-substituion (3i). However, a
dimethylamino substitution only generate a complete racemic product 3j though
with a good yield, which indicates the possible coordination of long pair of N atom
to copper center. Besides phenyl ring, 1-naphthylboronic acid was also used but

gave a slightly decreased ee value of the product 3h in 76%.
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3 mol% Cu(MeCN)4PFg

QBr +  Ar-B(OH), 6 mol% CG <;><Ar
K3POs, CHCI3, 23 °C
1a 3
‘ OMe

3al yield 46%, ee 91%3bl? yield 55%, ee 92% 3cl? yield 62%, ee 90% 3d yield 79%, ee 90%

OMe OBn O

3e yield 82%, ee 90% 3f yield 79%, ee 84% 39 yield 82%, ee 80% 3h yield 79%, ee 76%

3i yield 79%, ee 75%  3j yield 89%, ee 0% 3k yield 85%, ee 92% 31! yield 82%, ee 84%

QD
N

3mD! yield 70%, ee 90% 3nl! yield 72%, ee 92% 30" yield 62%, ee 90% 3p®! yield 72%, ee 94%
Scheme 2.9 Substrate scope of aryl boronic acids for asymmetric allylic arylation of 1a. Reaction
was carried out with 1a (0.3 mmol), 2 (0.6 mmol) and K3PO4 (0.12 mmol) in CHCI; (1.5 mL) at
room temperature. [a] 8 mol% Cu(I) and 10 mol% CG was used. [b] Reactions were carried out at 0
°C.

Me

Re
%
'b;

N

SMe NMe,

%
%
Q%

5/ )
w
>}\—/(/J
//
5/ \
@)

Heteroarene boronic acids were also employed with ease to display high
reactivity towards 1a under standard conditions. The background reaction between
heteroarene boronic acids and 1a was strong in the absence of CG, maybe because
of their high electron density. Thus in order to obtain optimized enantioselectivity
of the desired products, reaction temperature for reactions involving heteroarene
boronic acids was decreased to 0 °C, which to some extent might help suppress the
background reaction by Cu(I) itself or homocoupling byproduct.?!! With this
revised condition, different heterocycles including benzofuran, benzothiophene,
2-furan, 3-furan, 2-thiophene and 3-thiophene were successfully installed to give
corresponding products 3k-3p with high efficiency. However, when pyridine
boronic acid was used, almost no desired product was detected in the mixture,

indicating again the possible coordination of long pair on N atom to metal center.
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2.3.2 Asymmetric Allylic Arylation of Different Bromides

As asymmetric allylic arylation was successfully achieved with 1a, other
cyclic allylic bromides with different ring sizes were soon tested under the identical
condition (Scheme 2.10). 3-bromocyclopent-1-ene 1f itself is not very stable which
underwent decomposition or hydrolysis if exposed to light or moisture at room
temperature. Since 1f is quite active, its reaction with aryl boronic acids proceeded
very fast as well under standard condition. Therefore, not surprisingly, only gave
poor yield and moderate ee of desired product 4a-4d were obtained. Excess amount
of 1f against boronic acid would help improve the yield of desired product but

hardly affect the enantioselectivity.
) 3 mol% Cu(MeCN),PFg )
n o n
QBr +  Ar-B(OH), 6 mol% CG <1><Ar
K3POy, CHCI3, 23 °C
1n=0-2
OMe ‘ 5\
N

4a yield 27%, ee 51% 4b yield 45%, ee 70% 4c yield 32%, ee 30% 4d yield 19%, ee 40%

OMe O
Q OMe

4el? yield 65%, ee 87% 41l yield 70%, ee 85% 4g yield 78%, ee 86% 4h yield 79%, ee 90%

g
5

Me

%
g
g

nBu

?o
%

OBn SMe
4i yield 70%, ee 72%  4j yield 65%, ee 80% 4k yield 70%, ee 61% 41 yield 71%, ee 80%

p RN,

) S

]
//
ém
//

4mD! yield 70%, ee 92% 4nl°l yield 74%, ee 93% 40! yield 83%, ee 94% 4pl°! yield 81%, ee 86%
Scheme 2.10 Substrate scope of aryl boronic acids with different allylic bromides. Reaction was
carried out with 1 (0.3 mmol), 2 (0.6 mmol) and K3PO4 (1.2 mmol) in CHCI3 (1.5 mL) for 48 h at
room temperature. [a] 8 mol% Cu(I) and 10 mol% CG was used. [b] Reactions were carried out at 0
°C.

Later, 3-bromocyclohept-1-ene 1g with seven-member ring was employed to

expand the scope. To our delight, asymmetric allylic arylation occurred smoothly
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with 1g, which gave comparable results as six-member ring substrate. With various
substitutions on the aryl ring of boronic acids, arylated products 4e-41 were all
obtained with moderate yield and good ee. Elimination of HBr from 1g to give
cyclohepta-1,3-diene was observed on GC-MS, which was a major reason of the
moderate yield. With the active heteroarene boronic acids, desired products 4m-4p

were also achieved with high enantioselectivity.

2.3.3 Asymmetric Allylic Vinylation of Cyclic Allylic Bromides

Besides aryl and heteroarene, vinyl boronic acids can also be used as
sp?-hybridized nucleophiles in our reaction, which afforded 1,4-skipped dienes as
products 5 (Scheme 2.11). 10 mol% CG was found to be necessary for high
selectivity of the asymmetric vinylation reaction. Both of (E)-styrylboronic acid
and its regio-isomer (1-phenylvinyl)boronic acid were installed to cyclic allylic
substrate to give 5a and Sb with 84% and 81% ee respectively. Tri-substituted
(E)-(1-phenylbut-1-en-2-yl)boronic acid used as coupling partner showed no
negative effect on yields and enantioselectivity of desired product Se¢. Vinylation of
seven-member ring bromide also showed satisfying result, leading to formation of

5d in 85% ee.
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) R Cu(MeCN),PFg (8 mol%) R
n R : n
Br + m/\B OH), CG (10 mol%) /
K3PO4 CHC|3 23°C \ R

1n=1-2 RR'HaIkyI aryl

2 o A0 e

6a yield 70%, ee 84% 6b yield 69%, ee 81% 5c¢ yield 79%, ee 91% 6d yield 75%, ee 85%

@M@NOW

5e yield 67%, ee 91% 5f yield 45%, ee 82% 69 yield 50%, ee 51% 5h yield 43%, ee 85%

Sane W

5i yield 52%, ee 89% 5j yield 60%, ee 85%
Scheme 2.11 Substrate scope of vinyl boronic acids with different allylic bromides.

Alkyl-substituted vinyl boronic acids were also effective coupling partner with
allylic bromides. A vinyl boronic acid with the Bn substitution reacted smoothly
with 1a to produce Se in 91% ee while aliphatic ones showed decreased efficiency
in the reaction, with 5f and 5g obtained with only 82% and 51% ee. Furthermore,
(Z£)-prop-1-en-1-ylboronic acid with a (Z)-configuration could lead to 85% ee of
corresponding product Sh. Finally, a vinyl boronic acid with ether substitution
were employed for asymmetric vinylation of both 1a and 1g, giving desired
vinylated products 5i and 5j with good ee. However, the homo-coupling of
alkyl-substituted vinyl boronic acid to conjugated dienes cannot be suppressed
under the standard conditions, which is the major problem leading to moderate

yield of the desired product.
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2.4 Mechanism Exploration

2.4.1 Radical Trap

Radical trap experiments were conducted via adding TEMPO
(2,2,6,6-tetramethylpiperidine  1-oxyl) into the reaction of 1la with
thiophen-2-ylboronic acid 2k (Scheme 2.12). Under standard condition, was
obtained as 72% yield and 92% ee. Meanwhile, the addition of extra 1eq TEMPO
into the reaction didn’t obviously affect the results, with only slight decrease in the
yield of product. It is assumed that no active radical species was present in the
reaction based on the radical trap experiments. In other words, the reaction might

not proceed via radical pathway.

3 mol% Cu(MeCN)4PFg

@MBF * |S B(OH 6 mol% CG S |
E/f (OH) ™ .P0,. CHCI,, 23 °C \
1a 2k

3n
a. as the above condition: yield 72%, ee 92%
b. add 1eq TEMPO: yield 70%, ee 92%

Scheme 2.12 Radical trap experiments.

2.4.2 X-ray Crystallography

In order to gain more information about the mechanism of the enantioselective
allylic substitution with cyclic bromides catalyzed by Cu(I) and CG in the presence
of base, complex CP1 was prepared by mixing CuCl and CG " Cl ~at room
temperature. The crystal structure of complex CP1 was later characterized by X-ray
crystallography (Scheme 2.12a). An anionic cuprate species [CuCl]  was
determined which cooperated with guanidinium cation via ionic interaction.
Complex CP1 was later used to replace the combination of Cu(MeCN)4PFs and
CG in the standard condition to verify its catalytic capacity. Desired arylation
product was obtained in 85% yield and 87% ee, which proved CP1 to be an active
intermediate in the reaction (Scheme 2.12b). The enantioselectivity of arylation
process was proposed to be controlled by chiral guanidinium cation over

organocuprate species formed in the reaction.
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CH,Cl,, 23°C ’( J\” mtBu @)

*CI + CuCl
cerer + tu under Ar, 4 h CP
[CuCIz]
@M C[ H2 cp1 (20 _CP1 (20 mol%) (b)
"CHCl5, KsPO,
3 I\3 4 MeO

yield 85%, ee 87%

Scheme 2.13 Identification of guanidinium cuprate complex as a key catalytic intermediate.

2.4.3 %Cu NMR Study

Much efforts have been devoted to work on identification or isolation of
copper-associated intermediates involving either nucleophile or halide electrophile
in nucleophilic substitution reactions, but generally unfruitful. In 1988, Kennedy
and co-workers utilized “Cu NMR spectrum to detect the weak interaction
between Cu(MeCN)sBF4 and various 2-haloarylazo compounds. The exchange
equilibria of Cu(MeCN)s" with solvents or ligands were demonstrated by changes
in chemical shift and peak width of *Cu resonance. Given the fact that stable
Cu-associated intermediate could hardly be isolated, ©*Cu NMR spectrum could be
a means to probe the interaction between Cu(l) complex and substrates or

organocatalysis in our reaction.??]
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-479,02

(a) Cu(MeCN),PF; _JL

(b) Cu(MeCN),PFs+1a 30min

-488.03
-501.62

(¢) Cu(MeCN),PFs+1a 24h ‘ M|

9
(d) Cu(MeCN),PFs+CG 24h D

i 330 -350 a7 -390 410 430 450 47 490 -510 -530 550 -570 -500
f1 (ppm)

Scheme 2.14 ©*Cu NMR spectrum of copper complex in different conditions.

A batch of experiments on the interaction between Cu(I) complex and other
reagents in our reaction were carried out and the resulting ©*Cu NMR spectrum are
shown in Scheme 2.13. First of all, Cu(MeCN)4PFs complex was dissolved in
CD;CN, giving the chemical shift of — 479ppm which is a sharp peak on %Cu
NMR spectrum (Scheme 2.14a). Next, a mixture of Cu(MeCN)4PFs and cyclic
allylic bromide 1a with 1:1 ratio in CD3CN for 30min led to upfield shift of “Cu
resonance to — 488ppm and the width of the peak increased (Scheme 2.14b),
probably showing the interaction between Cu(I) salt and allylic bromide. In
contrast, mixture of Cu(MeCN)4PFs with aryl boronic acid didn’t cause any shift or
width change of %Cu peak. After Cu(MeCN)4PFs and 1a reacted for 24 hours, the
8Cu resonance shifted further to — 501ppm (Scheme 2.14c), indicating the slow
coordination of 1a to Cu(MeCN)4PFs. A mixture of Cu(MeCN)4PFs and CG was
dissolved in CD3CN and %Cu resonance displayed a significant upfield shift to —
525ppm (Scheme 2.14d). The notable broad ®Cu peak implied the possible
coordination of iodide with copper center, which is in concordance with structure

of CP1.
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2.4.4 Stereoselectivity of Allylic Arylation

In terms of mechanism, how the enantioselectivity is induced is essential to
understand the asymmetric allylic arylation process. In Pd catalyzed EAS reactions,
most of nucleophiles employed are stabilized or “soft”, which will attack the
n-allyl-M intermediate externally to form product. However, for non-stabilized
nucleophiles, they are usually thought to attack the metal center first in a manner of
inner sphere coordination, followed by reductive elimination to afford product with
a net reversion of configuration. The enantiodiscrimination occurs within the
coordination sphere of the intermediate. Therefore, the change of stereochemistry

during the reaction can help differentiate the nucleophilic attack pathway.

Ph,, “Br Ph “\BI' Ar(OH) Ph Ar Ph/,, Ar
’ ' + —2> +
© O standard U Q

condition
(%)-cis-6 (z)-trans-6 (R,R)-cis-7 (R,S)-trans-7
86% ee 30% ee
1 : 4 4 : 1
[ Hyy Ha Ph, Ha
., A
O
4 : 1

g
8B &
L.

her
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Scheme 2.15 Stereoselectivity of allylic arylation.

Since it’s difficult to synthesize enantiopure allylic bromides,
phenyl-substituted allylic bromide 6 (with a cis/frans ratio of 1:4) was prepared for
diastereoselective allylic arylation to gain mechanistic insight (Scheme 2.15).
Under standard condition with Ar(OH) (2e, Ar=2-methoxylphenyl), the mixture of
cis/trans bromide 6 was arylated smoothly to afford the corresponding product 7.

Configuration of product 7 was found to be a net inversion of starting material with
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a cis/trans ratio of 4:1 determined by '"H NMR. The cross peak of Hai (4.10 ppm)
and Hp1 (3.07 ppm) in NOESY spectrum helped confirm the cis-configuration of
major product (Scheme 2.16).
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Scheme 2.16 NOESY spectrum of arylated product 7.

3

The difference between “soft” and “hard” nucleophilic attack pathway is
shown in Scheme 2.17. In “soft” nucleophilic attack pathway, the “soft”
nucleophile will attack directly at the carbon center and kick out the leaving group
of the Cu-m-allyl complex, resulting in the double inversion of stereo-configuration
and giving retention of the dr structure. However, in “hard” nucleophilic attack
pathway, the “hard” nucleophile will attack the Cu center first and then undergo

reductive elimination to give the product, which will result in the inversion of

stereo-configuration in the product. The inversion of stereo-configuration in the

64



ATTENTION: The Singapore Copyright Act applies to the use of this document. Nanyang Technological University Library

asymmetric allylic arylation of 6 indicated that aryl nucleophile from boronic acid
in this Cu catalyzed reaction might attack the allyl-Cu intermediate via the “hard”
nucleophile pathway, where it bounded to Cu center first and then underwent
reductive elimination to give final product. Furthermore, enantioenrichment of cis-
and frans-7 was not identical, where the cis-7 was determined with 86% ee but
trans-7 was 30% ee. The steric hindrance of CG-associated Cu complex and related

intermediate might affect the enantiodiscrimination process significantly.

Ar
CuX )
7 Br Ar
o
@l decomplexation @ (@)
- —_— Y a
Ph Ph
e /Ar
A ) B reductive Ar
5 r S RN
O’ elimination @ (b)
Ph Ph

Scheme 2.17 “Soft/Hard” nucleophilic attack of aryl nucleophile from boronic acid.

Based on the above mechanistic exploration, a plausible mechanism for the
asymmetric allylic arylation reaction catalyzed by Cu(I) and CG was proposed as

Scheme 2.18. An ionic complex CG'CuX, was formed upon interface of solvents,

which underwent ligand exchange process with sp?-nucleophile from boronic acid
in basic condition. Attachment of metal center to allylic moiety and oxidative
addition to  form the Cu-m-allyl complex allowed the racemization of substrate.
Under the control of configuration of CG, the asymmetric functionalized product
was obtained upon reductive elimination and meanwhile, the Cu-CG catalyst was
re-generated. Though this is a plausible mechanism cycle for this asymmetric
allylic arylation and vinylation reaction, another pathway where guanidinium salt
was deprotonated in the basic condition and functioned as coordination ligand to
copper metal cannot be fully excluded. Further mechanistic investigation and
computational calculation with kinetic data would be helpful to verify the reaction

pathway.
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Scheme 2.18 Proposed mechanism of the asymmetric allylic arylation reaction catalyzed by Cu(I)
and CG.

2.5 Diastereoselective Transformations of Products

Optically active products from the enantioselective allylic substitution can be
further transformed diastereoselectively to various organic molecules (Scheme
2.19). Olefin 3d can be exploited with chloramine T trihydrate to produce aziridine
8 in the presence of trimethylphenylammonium tribromide as catalyst.[**]
Alternatively, a simple procedure was conducted for oxidation of the olefin 3d with

m-CPBA, giving access to epoxide product 9 with good yield and selectivity.!*]

OMe

TsNCINa
PhNMe3Br3 A
“NTs

OMe 8, 86%, dr>20:1
O 87% ee
‘ OMe

3d, 90% ee
mCPBA
DCM, rt. !
B
9, 85%, dr 3:1
88% ee

Scheme 2.19 Stereoselectivity transformations of allylic arylated product 3d.
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2.6 Conclusion

In summary, the methodology for highly enantioselective arylation and
vinylation of allylic bromides with wide substrate scope is described.

Racemic cyclic allylic bromides in different ring size were cross coupled with
sp?-hybridized nucleophiles from boronic acids and then transformed to one single
enantiomer catalyzed by Cu(I) complex and CG with K3PO4 as base in CHCl;.
Variation of the boronic acids ranges from (hetero)aryl to substituted vinyl groups.

Mechanism experiments including X-ray crystallography and Cu NMR were
conducted to explore the details in the mechanism. Anionic cuprate complex with
guanidinium cation was recognized as active intermediate and interaction between
copper salt and allylic bromides was observed. Hard nucleophilic attack pathway is
proposed based on stereochemistry of the reaction, while other details in the
mechanism still remain unclear. The utilization of readily available boronic acids
and mild reaction conditions emphasize the practicality and great potential of our
methodology for organic synthesis of valuable chiral motifs.

However, those electron deficient sp?-hybridized nucleophiles cannot be
employed in this methodology, which might require further modification of the

reaction system including structure of chiral catalyst and reaction profiles.
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2.7 Experimental Section

General Information and Materials

'"H NMR and *C NMR spectra were recorded on a Bruker AV400 (400 MHz) or
AV300 (300 MHz) spectrometer at 23 °C. Cu NMR was recorded on a JEOL
ECA400 spectrometer at 23 °C. '"H NMR splitting patterns are designated as singlet
(s), doublet (d), triplet (t), quartet (q), dd (doublet of doublets), m (multiplets), and
etc. All first-order splitting patterns were assigned on the basis of the appearance of
the multiplets. Splitting patterns that could not be easily interpreted are designated
as multiplets (m) or broad (br). Chemical shifts are recorded as o in units of parts
per million (ppm). The residual solvent peak (7.26 ppm for CDCl; and 1.94 ppm
for CD3CN) was used as an internal reference. High resolution mass spectrometry
(HRMS) was performed on Waters Q-TOF Premier mass spectrometer and reported
in units of mass of charge ratio (m/z) within Sppm error. Enantiomeric excess (ee)
values were determined by chiral HPLC analysis on Shimadzu LC-20AT and
LC-2010CHT HPLC workstations with Chiralpak® columns; Or, by chiral GC-MS
on Shimadzu GCMS-QP2010 SE GC-MS station with chiral GC columns. Chiral
GC methods are described as: initial temp °C (hold time min) - rate of temperate
increase - middle temperature °C (hold time min) - rate of temperate increase - final
temp °C (hold time min). Optical rotations were measured at 23 °C using a 1 mL
cell with a 1 cm path length on a Jasco P1030 digital polarimeter and are reported
as follows: [a]'p. Flash chromatography was performed using basified Merck silica
gel 60 with distilled solvents. Thin-layer chromatography (TLC) was carried out on
Merck 60 F254 silica gel plate (0.2 mm thickness). Visualization was performed
using a UV lamp or aqueous basic KMnQOs stain. Procedures involving air- or
moisture-sensitive materials were conducted with degassed solvents under an inert
atmosphere of N> or argon using standard Schlenk techniques.

Solvents used in this work including THF, toluene, acetonitrile, hexane and
dichloromethane were distilled over drying agent under N> atmosphere. Degassed
CHCl; was produced by freeze-pump-thaw technique and stored under N>

atmosphere. Unless stated otherwise, all other reagents are commercially available
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and used without further purification as purchased from Sigma-Aldrich, Fisher
Scientific, Alfa Aesar or TCI. Deuterated solvents were purchased from Cambridge
Isotope Laboratories, Inc. All racemic enantiomers were prepared with 20 mol%

Cu(MeCN)4PFs as catalyst in CHCIs.

General Procedure: Cu-catalyzed Enantioselective Allylic Substitution

OABI’ RBOH) CuX, CG (j
] + - 1
7 2 " KaPO,, CHCly, 1t Z

Catalytic amount of Cu(MeCN)4PFs, CG, boronic acid (2 eq) and K3;PO4 (4 eq)

R

were placed into a 25 ml Schlenk tube equipped with a stir bar. After replacing the
air with N> atmosphere, degassed CHCl; was added into the tube via syringe
followed by addition of allylic bromide (1 eq). The mixture was then stirred at
ambient temperature. Upon full conversion, add water and hexane into mixture to
dilute. Extract the mixture with hexane, and dry the organic phase over Na;SOa.
Solvent was removed in vacuo and flash column chromatography was conducted

with Hex/EA to give desired product.

2.7.1 Preparation of Catalyst and Substrates

Preparation of Cyclic Guanidinium Catalyst:

.

tBu Bu N

1) S=C(SCHj),, MeCN, 100°C B B

I R T e
NH; NHy  2) AcOH, Mel, 110°C H I H
cG

CG and CG’ were prepared according to known literature procedure.?”) For
{Bu-substituted CG: to a solution of free amine (300 mg, 1.4 mmol) in
nitromethane (3 ml), dimethyl trithiocarbonate (190 pl, 1.25 eq) was added
dropwise. The mixture was then heated to reflux at 100 °C for 2 h when free amine
was all consumed. The mixture was allowed to cool to room temperature. Acetic
acid (320 ul, 4 eq) and Mel (260 pl, 2 eq) were added in sequence. The mixture

was heated again to reflux at 110 °C for 3 h and then stir at room temperature
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overnight. The solvent was removed under vacumn and concentrated mixture was
purified by flash column chromatography (MeOH/DCM 100:1) to give product CG
as yellow solid in 55 % yield. It was stored at room temperature in anhydrous
atmosphere. 'H NMR (400 MHz, CDCl3) 6 7.95 (s, 2H), 4.21 — 4.11 (m, 2H), 3.43
(t, J=9.2 Hz, 2H), 3.28 (dd, J = 9.2, 6.8 Hz, 2H), 0.97 (s, 18H). *C NMR (101
MHz, CDCL): 0 167.2, 72.8, 48.6, 33.9, 25.8.

Preparation of Allylic Bromides
Br Br
O NBS, BPO @
CCly, reflux

3-bromocyclohept-1-ene (1g) was prepared according to literature.!'” Under
N2 atmosphere, to a solution of NBS (7.8 g, 43 mmol, 1 eq) and benzoyl peroxide
(50 mg, 0.4 mmol, 0.01 eq) in CCls (20 mL) was added cycloheptene (5 ml, 43
mmol, 1 eq). The mixture was then heated to reflux at 85 °C for 1 h. An aliquot of
mixture was checked on GC-MS to monitor conversion. Upon completion, the
mixture was cooled to 0 °C and then filtered through a pad of Celite. Solid was
washed with Hexane. The filtrate was washed with 5% aq.NaHCOs, dried over
Na;SO4 and concentrated under vacuum. Fractional distillation under reduced
pressure gave a colourless oil (90% pure with impurity of cyclohepta-1,3-diene),
which was used without further purification. 'TH NMR (400 MHz, CDCls) 61.43 —
1.54 (1H, m), 1.75 - 1.91 (2H, m), 1.94 — 2.09 (2H, m), 2.14 — 2.26 (3H, m), 4.91 —
4.96 (1H, m), 5.83 — 5.88 (1H, m), 5.92 — 5.98 (1H, m); '3C NMR (101 MHZ,
CDCh): 6 26.4,26.7, 28.3, 36.3, 53.8, 132.3, 135.5 ppm.

NaBH4 HBr _HBr, AcOH_
“CeCly7H,0
Ph

3—bromo—1,2,3,6—tetrahydro—1,1'—bipheny1 (6) was prepared through reduction
and bromination according to literature.l*) A mixture of trans/cis isomers was
obtained in a ratio of 4:1 which was used for arylation directly without further

purification.
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2.7.2 Characterization and Spectra of Cyclic Products

O Orsom—

(R)-1,2,3,4-tetrahydro-1,1'-biphenyl (3a): Following the general procedure using
phenylboronic acid, catalyzed by 8 mol% Cu(MeCN)4PFs and 10 mol% CG. The
corresponding product was obtained in 46% yield as a colorless oil. 'TH NMR (400
MHz, CDCl;) ¢ 7.33 — 7.27 (m, 2H), 7.25 — 7.16 (m, 3H), 5.89 (ddd, J = 9.8, 6.0,
3.6 Hz, 1H), 5.72 (dd, J = 10.0, 2.1 Hz, 1H), 3.41 (m, 1H), 2.09 (m, 2H), 2.06 —
1.96 (m, 1H), 1.80 — 1.70 (m, 1H), 1.68 — 1.52 (m, 2H). C NMR (101 MHz,
CDCl) 6 146.6, 130.1, 128.3, 128.2, 127.7, 125.9, 41.8, 32.6, 25.0, 21.2. Opt. Rot.:

[, =+132.6 (c=2.18 in CHyClo, 91 % ee). HRMS (ESI) m/z calcd. for C1oHis

[M+H]": 159.1174, found: 159.1172. Enantiomeric excess of 91% was determined
by chiral GC-MS [chiral column Rt®-bDEXse (30 m, 0.25 mmlID, 0.25 um df);
methods: 50 °C (1 min)-1-110 °C (20 min)-15-160 °C (1 min), major enantiomer

tr= 68.6 min; minor enantiomer tg= 70.4 min].

TIC

xxxxx

Peak Report TIC Peak Report TIC
Peak# R.Time Area  Arca% Peak# e rea  Area%s

1 68.879 1635563 50.46 1 68.644 2454457 95.64

70.711 1605767 49.54 2 70451 111976 4.36

3241330 100.00 2366433 100.00

(R)-4'-methyl-1,2,3,4-tetrahydro-1,1'-biphenyl (3b): Following the general
procedure using p-tolylboronic acid, catalyzed by 8 mol% Cu(MeCN)4PFs and 10
mol% CG. The corresponding product was obtained in 55% yield as a colorless oil.
'H NMR (400 MHz, CDCl3) & 7.12 (s, 4H), 5.88 (ddd, J = 9.7, 6.0, 3.5 Hz, 1H),
5.74 — 5.68 (m, 1H), 3.38 (ddt, J = 8.0, 5.3, 2.7 Hz, 1H), 2.33 (s, 3H), 2.14 — 2.05
(m, 2H), 2.05 — 1.94 (m, 1H), 1.82 — 1.70 (m, 1H), 1.68 — 1.51 (m, 2H). 3C NMR
(101 MHz, CDClz) 6 143.6, 135.4, 130.4, 128.9, 128.1, 127.6, 41.4, 32.7, 25.0,
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21.2,21.0. Opt. Rot.: [afs, =+137.8 (c=0.68 in CH2Cls, 92 % ee). HRMS (ESI)

m/z calcd. for Ci3Hi7 [M+H]": 173.1330, found: 173.1326. Enantiomeric excess
of 92% was determined by chiral GC-MS [chiral column Rt®-bDEXse (30 m, 0.25
mmlID, 0.25 um df); methods: 50 °C (1 min)-1-135 °C (1min)-15-160 °C (1 min),

major enantiomer tr= 78 min; minor enantiomer tr= 79 min].

[£:000.000

.....

R.Time Area  Area% ¢

78.080 1158771 49.32 1 78.026

79.012 1190946 50.68 2 79.025
2349717 100.00

Oro - mrlOysom — O~Drm

(R)-4'-butyl-1,2,3,4-tetrahydro-1,1'-biphenyl (3c): Following the general
procedure using (4-butylphenyl) boronic acid, catalyzed by 8 mol%
Cu(MeCN)4PFs and 10 mol% CG. The corresponding product was obtained in

62% yield as a colorless oil. Opt. Rot.: [a] =+120.3 (c=1.58 in CH>Cl>, 90 %

ee). 'H NMR (400 MHz, CDCl3) 8 7.17 — 7.10 (m, 4H), 5.89 (ddd, /=9.8, 5.9, 3.5
Hz, 1H), 5.73 (ddd, J = 10.1, 4.1, 2.0 Hz, 1H), 3.39 (ddt, J = 8.0, 5.3, 2.7 Hz, 1H),
2.65 —2.55 (m, 2H), 2.16 — 2.06 (m, 2H), 2.04 — 1.96 (m, 1H), 1.79 — 1.70 (m, 1H),
1.68 — 1.51 (m, 4H), 1.37 (m, 2H), 0.94 (t, J = 7.3 Hz, 3H). 3C NMR (101 MHz,
CDCl3) 6 143.8, 140.5, 130.5, 128.3, 128.1, 127.6, 41.4, 35.3, 33.7, 32.6, 25.0, 22.4,
21.2, 14.0. HRMS (ESI) m/z calcd. for Ci¢H2s [M+H]™: 215.1800, found: 215.1801.
Enantiomeric excess of 90% was determined by chiral HPLC [chiral column OJH;
methods: Eluting solvent: hexane, flow speed: 0.7 ml/min; major enantiomer tr=

9.5 min; minor enantiomer tr= 8.7 min].
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(R)-4'-methoxy-1,2,3,4-tetrahydro-1,1'-biphenyl  (3d): Following general
procedure using (4-methoxyphenyl) boronic acid, catalyzed by 3 mol%
Cu(MeCN)4PFs and 6 mol% CG. The corresponding product was obtained in 79%

yield as a colorless oil. Opt. Rot.: [a], =+94.6 (c=1.12 in CH2Cl, 90 % ee). 'H

NMR (400 MHz, CDCl3) & 7.19 — 7.12 (m, 2H), 6.90 — 6.80 (m, 2H), 5.89 (ddt, J =
9.8, 5.9, 3.0 Hz, 1H), 5.69 (ddt, J = 15.0, 10.8, 2.2 Hz, 1H), 3.80 (s, 3H), 3.42 —
3.31 (m, 1H), 2.13 — 2.05 (m, 2H), 2.00 (m, J = 13.2, 7.1, 4.1 Hz, 1H), 1.80 — 1.70
(m, 1H), 1.63 (m, J = 8.5, 6.1, 4.9, 2.2 Hz, 1H), 1.58 — 1.49 (m, 1H). 3C NMR
(101 MHz, CDCl3) & 157.9, 138.8, 130.5, 128.6, 128.1, 113.7, 55.3, 41.0, 32.7,
25.0, 21.1. HRMS (ESI) m/z caled. for Ci3HisO [M+H]": 189.1279, found:
189.1283. Enantiomeric excess of 90% was determined by chiral GC-MS [chiral
column Rt®-bDEXse (30 m, 0.25 mmID, 0.25 pum df); methods: 50 °C (1
min)-1-140 °C (15 min)-15-160 °C (1 min), major enantiomer tr= 97.6 min; minor

enantiomer tr= 98.3 min].

Peak Report TIC k Repos
Pc:ka R.Ti Height Area Area% Fm&jﬁ:‘ " ”‘N

1 98.325 136841 1889901 50.20 1 97.680
99.046 121445 1874586 49.80 2 98.374 22
258286 3764487 100.00 400564

Oro o Qpraon
OMe

MeO
(R)-2'-methoxy-1,2,3,4-tetrahydro-1,1'-biphenyl (3e) : Following general

procedure using (2-methoxyphenyl) boronic acid, catalyzed by 3 mol%
Cu(MeCN)4PFs and 6 mol% CG. The corresponding product was obtained in 82%

yield as a colorless oil. Opt. Rot.: [afs, = +65.4 (c=2.85 in CH2Cla, 90 % ee).

[reported -41.2 (¢=1.88 in CHCI3) for S in 74% ee].?®! TH NMR (400 MHz, CDCl5)
§7.20 (dd, J = 12.1, 4.6 Hz, 2H), 6.94 (dd, J = 10.8, 4.1 Hz, 1H), 6.88 (d, J = 7.8
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Hz, 1H), 5.93 (ddd, /=9.7, 5.9, 3.5 Hz, 1H), 5.69 (dd, J = 10.1, 2.2 Hz, 1H), 3.92
—3.87 (m, 1H), 3.85 (s, 3H), 2.14 — 2.07 (m, 2H), 2.07 — 1.97 (m, 1H), 1.77 — 1.59
(m, 2H), 1.59 — 1.48 (m, 1H). '3C NMR (101 MHz, CDCls) § 156.9, 134.5, 130.3,
128.5, 128.4, 126.9, 120.3, 110.2, 55.3, 34.2, 30.2, 25.2, 21.0. HRMS (ESI) m/z
calcd. for Ci3Hi7O [M+H]*: 189.1279, found: 189.1287. Enantiomeric excess of
90% was determined by chiral GC-MS [chiral column Rt®-bDEXse (30 m, 0.25
mmlID, 0.25 pm df); methods: 50 °C (1 min)-1-140 °C (15 min)-15-160 °C (1 min),

major enantiomer tr= 89.7 min; minor enantiomer tg= 91.1 min].

Peak Report TIC Peak Report TIC
Peak# R Time Height Area  Area% Peaké R Time Height Aren  Mrea%
1 £9.440 1094678 13832015 49.86 1 89.758 837471 9888013 95.02
2 90.774 1080438 13910774 50.14 2 91.195 14998 18669 4.9§
2175116 27742789 100.00 882469 10406682 100.00

O Qoo ——
OBn

BnO
(R)-2'-(benzyloxy)-1,2,3,4-tetrahydro-1,1'-biphenyl (3f): Following general
procedure using (2-(benzyloxy) phenyl)boronic acid, catalyzed by 3 mol%
Cu(MeCN)4PFs and 6 mol% CG. The corresponding product was obtained in 79%

yield as a colorless oil. Opt. Rot.: [a]§§9 =+19.3 (¢=2.27 in CHxClz, 84 % ee). 'H

NMR (400 MHz, CDCl3) 6 7.52 — 7.46 (m, 2H), 7.47 — 7.39 (m, 2H), 7.36 (ddd, J
=8.5,4.4, 1.3 Hz, 1H), 7.28 (dd, J=7.5, 1.7 Hz, 1H), 7.21 (td, J= 7.9, 1.8 Hz, 1H),
7.02 — 6.93 (m, 2H), 6.00 — 5.93 (m, 1H), 5.78 — 5.71 (m, 1H), 5.14 (s, 2H), 4.06 —
3.96 (m, 1H), 2.20 — 2.04 (m, 3H), 1.80 — 1.60 (m, 3H). *C NMR (101 MHz,
CDCls) ¢ 156.1, 137.6, 134.9, 130.3, 128.8, 128.6, 128.5, 127.7, 127.0, 127.0,
120.7, 111.7, 69.9, 34.6, 30.2, 25.2, 21.0. HRMS (ESI) m/z calcd. for Ci9H2:0
[M+H]": 265.1592, found: 265.1597. Enantiomeric excess of 84% was determined
by chiral HPLC [chiral column [A-3; methods: Eluting solvent: 1% IPA in hexane,
flow speed: 0.5 ml/min; major enantiomer tr= 8.9 min; minor enantiomer tr= 9.4

min].
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Ora e Opson —
SMe

(R)-methyl(1',2',3",4'-tetrahydro-[1,1'-biphenyl]-2-yl)sulfane (3g) : Following

general procedure using (2-methylthiophenyl) boronic acid, catalyzed by 3 mol%
Cu(MeCN)4PFs and 6 mol% CG. The corresponding product was obtained in 82%

yield as a colorless oil. Opt. Rot.: [a]§§9 = +5.4 (¢=0.85 in CH2Clz, 80 % ee). 'H

NMR (400 MHz, CDCl3) 6 7.23 — 7.19 (m, 3H), & 7.15 — 7.12 (m, 1H), 6 5.96 —
5.91 (m, 1H), 6 5.67 — 5.64 (m, 1H), 3.90 — 3.85 (m, 1H), 2.47 (s, 3H), 2.10 — 2.08
(m, 3H), 1.71 — 1.64 (m, 2H), 1.55 — 1.49 (m, 1H). *C NMR (101 MHz, CDCl;) &
144.1, 136.7, 129.9, 128.7, 127.8, 126.7, 125.7, 125.0, 38.1, 30.4, 25.1, 21.0, 16.1.
HRMS (ESI) m/z caled. for Ci3Hi7S [M+H]": 205.1051, found: 205.1050.
Enantiomeric excess of 80% was determined by chiral GC-MS [chiral column
Rt®-bDEXse (30 m, 0.25 mmlID, 0.25 pm df); methods: 50 °C (1 min)-1-140 °C
(15 min)-15-160 °C (1 min), major enantiomer tr= 109 min; minor enantiomer tr=

109.7 min].

lllll
Peak Report TIC

Peak# R.Tu" 2 Area f\‘:|": eak# e

1 109.0 262931 3207626 51.3 1 108.556

2 10925

109.780 237429 3036745 48.63 2 09.25 58
500360 6244371 100.00 426342 5945383

B(OH), O
O - — (J U

(R)-1-(cyclohex-2-en-1-yl)naphthalene (3h): Following general procedure using

naphthalen-1-ylboronic acid, catalyzed by 3 mol% Cu(MeCN)4PFs and 6 mol%
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CG. The corresponding product was obtained in 79% yield as a colorless oil. Opt.
Rot.: [afs, =+7.2 (c=0.75 in CH:Cl, 76 % ee). '"H NMR (400 MHz, CDCls) &
8.15 (d, J=8Hz, 1H), 7.88 (d, J=8Hz, 1H), 7.73 (d, J = 8Hz, 1H), 7.52 — 7.39 (m,
4H), 6.03 — 6.01 (m, 1H), 5.85 — 5.83 (m, 1H), 4.25 — 4.23 (m, 1H), 2.21 — 2.16 (m,
3H), 1.79 — 1.67 (m, 3H). 3C NMR (101 MHz, CDCl3) & 141.9, 134.0, 131.4,
130.2, 128.9, 128.8, 125.7, 125.4, 125.3, 125.1, 123.4, 37.0, 30.9, 25.3, 20.9.
HRMS (ESI) m/z caled. for CisHi7 [M+H]": 209.1330, found: 209.1332.
Enantiomeric excess of 76% was determined by chiral HPLC [chiral column IB3;
methods: Eluting solvent: hexane, flow speed: 1 ml/min; major enantiomer tr=

14.9 min; minor enantiomer tg= 14.1 min].

0]
Ors - Qysom — O
(6]

(R)-2-(cyclohex-2-en-1-yl)benzofuran (3k): Following general procedure using
benzofuran-2-ylboronic acid, catalyzed by 3 mol% Cu(MeCN)sPFs and 6 mol%
CG. The corresponding product was obtained in 85% yield as a colorless oil. Opt.
Rot.: [a]s, =+133.8 (c=4.4 in CHxCL,, 92 % ee). '"H NMR (400 MHz, CDCl3) &
7.55 —7.50 (m, 1H), 7.49 — 7.44 (m, 1H), 7.27 — 7.18 (m, 2H), 6.42 (t, ] = 0.8 Hz,
1H), 5.99 — 5.92 (m, 1H), 5.92 — 5.85 (m, 1H), 3.68 — 3.61 (m, 1H), 2.16 — 2.06 (m,
3H), 1.96 — 1.87 (m, 1H), 1.84 — 1.74 (m, 1H), 1.73 — 1.63 (m, 1H). 3C NMR (101
MHz, CDCl3) 6 162.1, 154.8, 129.5, 128.9, 126.4, 123.2, 122.4, 120.4, 110.9, 101.8,
77.4, 77.1, 76.7, 35.4, 28.0, 25.0, 20.4. HRMS (ESI) m/z caled. for Ci4Hi50
[M+H]": 199.1123, found: 199.1124. Enantiomeric excess of 92% was determined
by chiral HPLC [chiral column IE; methods: Eluting solvent: hexane, flow speed:

0.3 ml/min; major enantiomer tg= 25.5 min; minor enantiomer tg= 27.2 min].

76



ATTENTION: The Singapore Copyright Act applies to the use of this document. Nanyang Technological University Library

er : ®8(0H>z
S

(R)-2-(cyclohex-2-en-1-yl)benzothiophene (31): Following general procedure
using benzothiophen-2-ylboronic acid, catalyzed by 3 mol% Cu(MeCN)4PFs and 6
mol% CG. The corresponding product was obtained in 80% yield as a colorless oil.
Opt. Rot.: [alh, = +119.3 (c=1.48 in CH.Cl, 84 % ee). 'H NMR (400 MHz,
CDCl) 6 7.80 (dd, J = 7.9, 0.6 Hz, 1H), 7.70 (d, J = 7.5 Hz, 1H), 7.36 — 7.24 (m,
2H), 7.07 (s, 1H), 5.97 — 5.84 (m, 2H), 3.80 — 3.73 (m, 1H), 2.21 — 2.08 (m, 3H),
1.89 — 1.78 (m, 2H), 1.72 — 1.64 (m, 1H). *C NMR (101 MHz, CDCIl3) § 151.2,
140.1, 139.2, 129.0, 128.9, 124.0, 123.4, 122.8, 122.2, 120.0, 77.3, 77.0, 76.7, 37 .4,
31.9, 25.0, 20.6. HRMS (ESI) m/z caled for CisHisS [M+H]": 215.0894, found:
215.0895. Enantiomeric excess of 84% was determined by chiral HPLC [chiral
column IB-3; methods: Eluting solvent: hexane, flow speed: 0.8 ml/min; major

enantiomer tr= 10 min; minor enantiomer tr= 11 min].

e o y-som, (=1

(R)-2-(cyclohex-2-en-1-yl)thiophene (3m): Following general procedure using
thiophen-3-ylboronic acid, catalyzed by 3 mol% Cu(MeCN)4PFs and 6 mol% CG.

The corresponding product was obtained in 70% yield as a colorless oil. Opt. Rot.:
[, =+79.8 (c=3.88 in CHxCls, 90 % ee). '"H NMR (400 MHz, CDCl3) § 7.26
(m, 1H), 7.02 — 6.94 (m, 2H), 5.89 — 5.80 (m, 1H), 5.80 — 5.73 (m, 1H), 3.50 (m,
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1H), 2.03 — 1.96 (m, 3H), 1.78 — 1.66 (m, 1H), 1.66 — 1.56 (m, 2H). 3C NMR (101
MHz, CDCI3) § 147.2, 129.9, 127.9, 127.5, 125.2, 119.9, 36.9, 31.2, 25.0, 20.8.
HRMS (ESI) m/z caled. for CioHi3S [M+H]": 165.0738, found: 165.0740.
Enantiomeric excess of 90% was determined by chiral GC-MS [chiral column
Rt®-bDEXse (30 m, 0.25 mmlID, 0.25 um df); methods: 50 °C (1 min)-1-124 °C (1
min)-15-160 °C (1 min), major enantiomer tr= 72.8 min; minor enantiomer tr=

73.6 min].

xxxxx

Peak# R.Time Basem/z Area  Area%
1 72.001 135.05 1487374 50.24 1 72.884 164.05 0
2 72.651 135.05 1473205 49.76 2 73.576 135.00 153786 4.80
2960579 100.00 3204900  100.00

S
er . QB(OH)Z w

(R)-2-(cyclohex-2-en-1-yl)thiophene (3n): Following general procedure using
thiophen-2-ylboronic acid, catalyzed by 3 mol% Cu(MeCN)4PFs and 6 mol% CG.

The corresponding product was obtained in 72% yield as a colorless oil. Opt. Rot.:
[, =+94.3 (c=8.38 in CH:CL, 91 % ee). '"H NMR (400 MHz, CDCl3) & 7.16 —
7.11 (m, 1H), 6.94 (dd, J= 5.1, 3.5 Hz, 1H), 6.83 (d, J = 3.4 Hz, 1H), 5.88 — 5.76
(m, 2H), 3.69 (s, 1H), 2.13 — 2.03 (m, 3H), 1.81 — 1.69 (m, 2H), 1.69 — 1.59 (m,
1H). BC NMR (101 MHz, CDCI3) 6 147.2, 129.9, 127.9, 127.5, 125.2, 119.9, 36.9,
31.2, 25.0, 20.8. HRMS (ESI) m/z calcd. for CioHi3S [M+H]": 165.0738, found:
165.0738. Enantiomeric excess of 91% was determined by chiral GC-MS [chiral
column Rt®-bDEXse (30 m, 0.25 mmID, 0.25 um df); methods: 50 °C (1
min)-1-120 °C(1 min)-15-160 °C(1 min), major enantiomer tg= 68.1 min; minor

enantiomer tr= 69.1 min].
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TIC

A X
e

Peak Report TIC Peak Report TIC
Peak# RTime Basem/z Area  Area% Peal# RTime Basemz Area  Area%

1 68.194 164.10 3301361 51.00 1 68.990 164.00 2806724 95.74

69.121 164.10 3172412 49.00 y 69.926 164.00 125001 426
6473773 100.00 2931728 100.00

Oy o [y-som, Sad

(R)-2-(cyclohex-2-en-1-yDfuran (3p): Following general procedure using
furan-2-ylboronic acid, catalyzed by 3 mol% Cu(MeCN)4PFs and 6 mol% CG. The

corresponding product was obtained in 72% yield as a colorless oil. Opt. Reot.:
[, =+84.9 (c=3.54 in CH2Clo, 94 % ee). "H NMR (400 MHz, CDCls) § 7.32 (d,
J=1.0 Hz, 1H), 6.29 (dd, J = 3.1, 1.9 Hz, 1H), 5.99 (d, J = 3.1 Hz, 1H), 5.90 —
5.81 (m, 1H), 5.77 (ddd, J = 10.0, 4.7, 2.1 Hz, 1H), 3.52 — 3.42 (m, 1H), 2.10 —
2.02 (m, 2H), 2.01 — 1.93 (m, 1H), 1.81 — 1.68 (m, 2H), 1.61 (dtd, J=9.1, 6.4, 3.1
Hz, 1H). 3C NMR (75 MHz, CDCl3) & 159.0, 140.9, 128.8, 127.1, 109.9, 104 .4,
35.0, 28.2, 24.9, 20.5. HRMS (ESI) m/z calcd. for CioH130 [M+H]": 149.0966,
found: 149.0970. Enantiomeric excess of 94% was determined by chiral GC-MS
[chiral column Rt®-bDEXse (30 m, 0.25 mmID, 0.25 pm df); methods: 50 °C (1
min)-1-95 °C (10 min)-15-160 °C (1 min), major enantiomer tr= 48.5 min; minor

enantiomer tr=49.6 min].

fT e = S

Peak Report TIC
& . 5 i Peak Report TIC
Peak# RTime Basem'z Area  Area’o Peaks# RTime Basem/z Area  Area%
1 49.09 91.05 4117881 50.33 1 91.05 5466681 96.98
50.195 148.10 1064536 19.67 91.05 170002 3.02
8182417 100.00 5636683 100.00

Ore - Oreon —

(R)-3-phenylcyclohept-1-ene (4e): Following general procedure using
phenylboronic acid, catalyzed by 8 mol% Cu(MeCN)4PFs and 10 mol% CG. The
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corresponding product was obtained in 65% yield as a colorless oil. Opt. Rot.:
[, =+21.4 (¢c=0.52 in CH,Cl,, 87 % ee). "H NMR (400 MHz, CDCl3) & 7.32 —
7.26 (m, 2H), 7.24 — 7.18 (m, 3H), 5.87 — 5.82 (m, 1H), 5.78 — 5.74 (m, 1H), 3.54 —
3.52 (m, 1H), 2.27 — 2.20 (m, 2H), 1.97 — 1.92 (m, 1H), 1.86 — 1.79 (m, 1H), 1.78 —
1.62 (m, 3H), 1.50 — 1.44 (m, 1H). *C NMR (101 MHz, CDCl3) & 147.9, 142.1,
137.1, 134.9, 131.6, 128.4, 127.2, 125.8, 47.1, 36.2, 30.2, 28.0, 27.0. HRMS (ESI)
m/z caled. for Ci3sHy7 [M+H]": 173.1330, found: 173.1332. Enantiomeric excess
of 87% was determined by chiral GC-MS [chiral column Rt®-bDEXse (30 m, 0.25
mmlID, 0.25 pum df); methods: 50 °C (1 min)-1-160 °C (1 min), major enantiomer

tr= 79 min; minor enantiomer tg= 79.9 min].

600,000

TIC

Cro  ~Droom —

(R)-3-(p-tolyl)cyclohept-1-ene  (4f): Following general procedure using
p-tolylboronic acid, catalyzed by 8 mol% Cu(MeCN)sPFs and 10 mol% CG. The
corresponding product was obtained in 70% yield as a colorless oil. Opt. Reot.:
[, =+29 (c=1.04 in CH2Cl, 85 % ee). 'H NMR (400 MHz, CDCls) & 7.14 —
7.10 (m, 4H), 5.86 — 5.81 (m, 1H), 5.77 — 5.74 (m, 1H), 3.51 — 3.49 (m, 1H), 2.34
(s, 3H), 2.33 — 2.20 (m, 2H), 1.96 — 1.91 (m, 1H), 1.85 — 1.64 (m, 4H), 1.49 — 1.44
(m, 4H). 3C NMR (101 MHz, CDCls) § 145.0, 137.3, 135.2, 131.5, 129.1, 127.1,
46.7, 36.3, 30.2, 28.8, 27.1, 21.0. HRMS (ESI) m/z calcd. for CisHi9 [M+H]":
187.1487, found: 187.1486. Enantiomeric excess of 85% was determined by
chiral GC-MS [chiral column Rt®-bDEXse (30 m, 0.25 mmID, 0.25 um df);
methods: 50 °C (1 min)-1-160 °C (1 min), major enantiomer tr= 79 min; minor

enantiomer tr= 79.9 min].
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TIC

TIC

i Area  Area%
1 89.315 2396550 49.42 1 89421
2 3 8 2

er + MeOOB(OH)z OMe

(R)-3-(4-methoxyphenyl)cyclohept-1-ene (4g): Following general procedure
using (4-methoxyphenyl)boronic acid, catalyzed by 3 mol% Cu(MeCN)4PFs and 6
mol% CG. The corresponding product was obtained in 75% yield as a colorless oil.
Opt. Rot.: [a]i, = +35.4 (c=2.52 in CHxCl,, 88 % ee). 'H NMR (400 MHz,
CDCls) 6 7.19 — 7.13 (m, 2H), 6.90 — 6.82 (m, 2H), 5.90 — 5.81 (m, 1H), 5.80 —
5.72 (m, 1H), 3.81 (s, 3H), 3.58 — 3.46 (m, 1H), 2.32 — 2.17 (m, 2H), 1.99 — 1.89
(m, 1H), 1.88 — 1.60 (m, 4H), 1.55 — 1.40 (m, 1H). *C NMR (101 MHz, CDCI3) &
157.7, 140.1, 137.4, 131.4, 128.1, 113.8, 55.3, 46.3, 36.4, 30.1, 28.8, 27.0. HRMS
(ESI) m/z calcd. for Ci14H19O [M+H]": 203.1436, found: 203.1439. Enantiomeric
excess of 88% was determined by chiral GC-MS [chiral column Rt®-bDEXse (30
m, 0.25 mmlID, 0.25 pm df); methods: 50 °C (1 min)-1-160 °C (1 min), major

enantiomer tr= 108.5 min; minor enantiomer tg= 108.9 min].

1.000.000

= " hevee—se. = o A= . =
T f T T | — ;
e

Peak Report TIC
Peaks# R.Time Height Area Area%

1 108.807 537884 5541176 50.14 \“ S
109.204 478282 5509284 49.86 N “);5“ "\‘.(‘;‘
1016166 11050460 100.00 285538

QBr + QB(OH)Z

OMe MeO

(R)-3-(2-methoxyphenyl)cyclohept-1-ene (4h): Following general procedure
using (2-methoxyphenyl)boronic acid, catalyzed by 3 mol% Cu(MeCN)4PFs and 6
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mol% CG. The corresponding product was obtained in 79% yield as a colorless oil.
Opt. Rot.: [a]5, =+15 (c=0.4 in CH>Cl>, 90 % ee)."H NMR (400 MHz, CDCl)
0 7.25(dd, J=7.6, 1.6 Hz, 1H), 7.19 (ddd, J = 8.1, 7.5, 1.7 Hz, 1H), 6.94 (td, J =
7.5, 1.1 Hz, 1H), 6.88 (dd, J = 8.2, 0.9 Hz, 1H), 5.92 — 5.80 (m, 1H), 5.77 — 5.69
(m, 1H), 4.05 — 3.93 (m, 1H), 3.84 (s, 3H), 2.33 — 2.22 (m, 2H), 1.98 — 1.89 (m,
1H), 1.84 — 1.73 (m, 3H), 1.73 — 1.63 (m, 1H), 1.56 — 1.42 (m, 1H). 3C NMR (101
MHz, CDCls) ¢ 156.3, 137.2, 136.0, 131.2, 128.1, 126.8, 120.6, 110.5, 55.5, 39.7,
34.7, 30.3, 28.8, 27.3. HRMS (ESI) m/z calcd. for CisHi9O [M+H]": 203.1436,
found: 203.1427. Enantiomeric excess of 90% was determined by chiral HPLC
[chiral column IB3; methods: Eluting solvent: hexane, flow speed: 0.7 ml/min;

major enantiomer tg= 9.5 min; minor enantiomer tr= 12 min].

Qgr N QB(OH)Z - .
OBn

(R)-3-(2-(benzyloxy)phenyl)cyclohept-1-ene (4i): Following general procedure
using (2-(benzyloxy)phenyl) boronic acid, catalyzed by 3 mol% Cu(MeCN)sPFs
and 6 mol% CG. The corresponding product was obtained in 70% yield as a
colorless oil. Opt. Rot.: [a]s, =— 8 (c=2.02 in CH:CL,, 89 % ee). 'H NMR (400
MHz, CDCl3) 6 7.50 — 7.44 (m, 2H), 7.44 — 7.38 (m, 2H), 7.36 — 7.25 (m, 1H), 7.22
—7.12 (m, 1H), 7.00 — 6.91 (m, 1H), 5.94 — 5.83 (m, 2H), 5.83 — 5.75 (m, 1H), 5.12
(s, 1H), 4.13 — 4.02 (m, 2H), 2.32 — 2.20 (m, 2H), 1.99 — 1.89 (m, 1H), 1.86 — 1.74
(m, 3H), 1.73 — 1.61 (m, 1H), 1.53 — 1.43 (m, 1H). ¥C NMR (101 MHz, CDCls) §
155.5, 137.6, 137.0, 136.4, 131.3, 128.5, 128.2, 127.6, 127.0, 126.8, 121.0, 112.2,
70.1, 40.1, 34.7, 30.3, 28.8, 27.3. HRMS (ESI) m/z calcd. for C20H230 [M+H]":
279.1749, found: 279.1761. Enantiomeric excess of 89% was determined by
chiral HPLC [chiral column IE; methods: Eluting solvent: hexane, flow speed: 1

ml/min; major enantiomer tg= 12 min; minor enantiomer tg= 15 min].
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(R)-1-(cyclohept-2-en-1-yl)naphthalene (4j): Following general procedure using
p-tolylboronic acid, catalyzed by 3 mol% Cu(MeCN)4PFs and 6 mol% CG. The

corresponding product was obtained in 65% yield as a colorless oil. Opt. Rot.:
[afs, = —32.2 (c=1.17 in CH2Cl,, 80 % ee). '"H NMR (400 MHz, CDCls) & 8.12

(d, J=8 Hz, 1H), 7.88 (dd, J =8, 16 Hz, 1H), 7.73 (dd, J = 8, 16 Hz, 1H), 7.53 —
7.49 (m, 2H), 7.47 — 7.43 (m, 2H), 5.94 — 5.90 (m, 1H), 5.87 — 5.83 (m, 1H), 4.31 —
4.29 (m, 1H), 2.37 - 2.33 (m, 2H), 2.08 — 1.90 (m, 3H), 1.89 — 1.85 (m, 1H), 1.81 —
1.76 (m, 1H), 1.58 — 1.52 (m, 1H). ¥C NMR (101 MHz, CDCls) & 143.5, 137.4,
134.1, 131.5, 131.1, 128.9, 126.5, 125.6, 125.3, 124.0, 123.9, 42.7, 35.0, 30.8, 28.9,
27.2. HRMS (ESI) m/z caled. for Ci7Hi9 [M+H]": 223.1487, found: 223.1485.
Enantiomeric excess of 80% was determined by chiral HPLC [chiral column IE;

methods: Eluting solvent: hexane, flow speed: 0.7 ml/min; major enantiomer tr=

10min; minor enantiomer tr= 9.4 min].

er + nBu@B(OH)Z nBu

(R)-3-(4-butylphenyl)cyclohept-1-ene (41): Following general procedure using
p-tolylboronic acid, catalyzed by 8 mol% Cu(MeCN)4PFs and 10 mol% CG. The
corresponding product was obtained in 71% yield as a colorless oil. HRMS (ESI)
m/z calcd for Ci14H190 [M+H]": 229.1956, found: 229.1950. Enantiomeric excess
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of 79% was determined by chiral HPLC [chiral column IE; methods: Eluting
solvent: hexane, flow speed: 0.2 ml/min; major enantiomer tr= 23.1 min; minor

enantiomer tr= 22 min].

(R)-2-(cyclohept-2-en-1-yl)furan (4m): Following general procedure D using
furan-2-ylboronic acid, catalyzed by 3 mol% Cu(MeCN)4PFs and 6 mol% CG at
0°C. The corresponding product was obtained in 70% yield as a colorless oil. Opt.
Rot.: [a], =+74.5 (c=3.08 in CHxCl2, 92 % ee). '"H NMR (400 MHz, CDCl3) &
7.32 —7.26 (m, 1H), 6.30 — 6.28 (m, 1H), 6.04 — 6.03 (m, 1H), 5.93 — 5.83 (m, 2H),
3.67 —3.65 (m, 1H), 2.22 — 2.17 (m, 2H), 1.97 — 1.90 (m, 2H), 1.75 — 1.65 (m, 3H),
1.54 — 1.43 (m, 1H). 3C NMR (101 MHz, CDCls) & 159.3, 140.8, 133.3, 132.5,
109.9, 103.9, 39.9, 32.6, 29.8, 28.6, 26.9. HRMS (ESI) m/z calcd. for Ci11Hi50
[M+H]": 163.1123, found: 163.1118. Enantiomeric excess of 92% was determined
by chiral GC-MS [chiral column Rt®-bDEXse (30 m, 0.25 mmlID, 0.25 um df);
methods: 50 °C (1 min)-1-110 °C (1 min)-15-160 °C (1 min), major enantiomer tr=

59.4 min; minor enantiomer trg= 60.3 min].

Peak Report TIC Peak Report TIC
Peak# R Peak# R Time

Height Area  Area% Height Area  Area%
59.582 720321 $267264 49.52 1 59.834 281885 3096267 96.04
60.416 673268 $429008 50.48 2 60.702 13999 127648 3.96
1393589 16696272 100,00 295884 3223915 100.00

S
Ore - Grwen — O
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(R)-2-(cyclohept-2-en-1-yl)thiophene (4n): Following general procedure using
thiophen-2-ylboronic acid, catalyzed by 3 mol% Cu(MeCN)4PFs and 6 mol% CG
at 0°C. The corresponding product was obtained in 74% yield as a colorless oil.
Opt. Rot.: [a]s, = +53.1 (c=3.57 in CH:Cl, 93 % ee). '"H NMR (400 MHz,
CDCl) 6 7.15 (dd, J= 5.1, 1.2 Hz, 1H), 6.95 (dd, J= 5.1, 3.5 Hz, 1H), 6.90 — 6.82
(m, 1H), 6.01 — 5.79 (m, 2H), 3.99 — 3.86 (m, 1H), 2.28 — 2.17 (m, 2H), 2.04 — 1.92
(m, 2H), 1.89 — 1.80 (m, 1H), 1.77 — 1.66 (m, 2H), 1.55 — 1.45 (m, 1H). BC NMR
(101 MHz, CDCl3) & 151.1, 136.4, 132.0, 126.6, 122.9, 122.8, 41.7, 36.5, 29.7,
28.7, 26.9. HRMS (ESI) m/z caled. for CiHisS [M+H]": 179.0894, found:
179.0896. Enantiomeric excess of 93% was determined by chiral GC-MS [chiral
column Rt®-bDEXse (30 m, 0.25 mmID, 0.25 pm df); methods: 50 °C (1
min)-1-133 °C (1 min)-15-160 °C (1 min), major enantiomer tg= 80.0 min; minor

enantiomer tr= 80.6 min].

TiC

TIC

e ——

Peak Report TIC Peak Report TIC
Peakct : % Sper R

20.649 760784 9788677 4825 2 2
1632439 20286804 100.00 1433750

0]
A\
Br - B(OH) O

(R)-2-(cyclohept-2-en-1-yl)benzofuran (40): Following general procedure using
benzofuran-2-ylboronic acid, catalyzed by 3 mol% Cu(MeCN)sPFs and 6 mol%

CG at 0°C. The corresponding product was obtained in 83% yield as a colorless oil.
Opt. Rot.: [a]i, = +61.5 (c=5.15 in CHxCl, 94 % ee). '"H NMR (400 MHz,
CDCl3) & 7.55 —7.50 (m, 1H), 7.49 — 7.42 (m, 1H), 7.27 — 7.18 (m, 2H), 6.47 (t, ]
=0.9 Hz, 1H), 6.04 — 5.94 (m, 2H), 3.87 — 3.78 (m, 1H), 2.35 — 2.19 (m, 2H), 2.13
—2.04 (m, 1H), 2.03 — 1.86 (m, 2H), 1.84 — 1.67 (m, 2H), 1.60 — 1.45 (m, 1H). 3C
NMR (101 MHz, CDCI3) ¢ 162.3, 154.8, 133.2, 132.6, 128.9, 123.2, 122.5, 120.4,
110.9, 101.3, 40.4, 32.4, 29.8, 28.7, 26.9. HRMS (ESI) m/z calcd. for
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CisHi7O[M+H]": 213.1279, found: 213.1284. Enantiomeric excess of 94% was
determined by chiral HPLC [chiral column IB3; methods: Eluting solvent: hexane,
flow speed: 0.8 ml/min; major enantiomer tg= 8.2 min; minor enantiomer tr= 9.0

min].

5004

S
O Qe — OXIC
S

(R)-2-(cyclohep-2-en-1-yl)benzothiophene (4p): Following general procedure
using benzo[b]thiophen-2-ylboronic acid, catalyzed by 3 mol% Cu(MeCN)4PFs
and 6 mol% CG at 0°C. The corresponding product was obtained in 81% yield as a

colorless oil. Opt. Rot.: [a ] = +58.4 (c=3.92 in CH:Cl, 86 % ee). '"H NMR

(400 MHz, CDCls) 6 7.80 (d, J=7.9 Hz, 1H), 7.70 (d, J= 7.5 Hz, 1H), 7.31 (dtd, J
=14.9,7.2, 1.2 Hz, 2H), 7.08 (s, 1H), 5.96 — 5.88 (m, 2H), 3.95 (d, /= 9.3 Hz, 1H),
2.32-2.18 (m, 2H), 2.12 — 2.02 (m, 1H), 1.99 — 1.89 (m, 2H), 1.83 — 1.68 (m, 2H),
1.65 — 1.49 (m, 1H). 3C NMR (101 MHz, CDCls) & 151.6, 140.1, 139.2, 135.3,
132.6, 124.1, 123.5, 122.9, 122.2, 119.5, 42.4, 35.9, 29.5, 28.7, 26.9. HRMS (ESI)
m/z calcd. for CisHi7S[M+H]": 229.1051, found: 229.1042. Enantiomeric excess
of 86% was determined by chiral HPLC [chiral column IE; methods: eluting
solvent: hexane, flow speed: 0.8 ml/min; major enantiomer tr= 17 min; minor

enantiomer tr= 15 min].
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(R,E)-(2-(cyclohex-2-en-1-yl)vinyl)benzene (5a): Following general procedure
using (E)-styrylboronic acid, catalyzed by 8 mol% Cu(MeCN)4PFs and 10 mol%
CG at 0°C. The corresponding product was obtained in 70% yield as a colorless oil.
Opt. Rot.: [a]:, =+271 (c=1.14 in CHxCl,, 84 % ee). [reported -78.8 (c=0.65 in
CHCIls) for S in 96% ee].[2 TH NMR (400 MHz, CDCI3) 8 7.36 (d, J = 7.5 Hz,
2H), 7.29 (t, J = 7.6 Hz, 2H), 7.19 (t, J = 7.3 Hz, 1H), 6.38 (d, J = 15.9 Hz, 1H),
6.19 (dd, ] = 15.9, 7.4 Hz, 1H), 5.84 — 5.77 (m, 1H), 5.68 — 5.61 (m, 1H), 2.96 (m,
1H), 2.06 — 1.99 (m, 2H), 1.94 — 1.83 (m, 1H), 1.80 — 1.69 (m, 1H), 1.64 — 1.47 (m,
2H). 3C NMR (101 MHz, CDCI3) & 137.8, 134.7, 129.5, 129.0, 128.5, 128.1,
126.9, 126.0, 38.7, 29.3, 25.1, 20.5. HRMS (ESI) m/z calcd. for CisHi7 [M+H]":
185.1330, found: 185.1327. Enantiomeric excess of 90% was determined by
chiral GC-MS [chiral column Rt®-bDEXse (30 m, 0.25 mmID, 0.25 pum df);
methods: 50 °C (1 min)-1-135 °C (1 min)-25-160 °C (1 min), major enantiomer tr=

101.1 min; minor enantiomer tg= 100.7 min].

T
101.0 1020

Peak# RTime Basem'z
1 100.706 141.15
101.146 141.10

e Oy eom

(R)-(1-(cyclohex-2-en-1-yl)vinyl)benzene (5b): Following general procedure

using (1-phenylvinyl)boronic acid, catalyzed by 8 mol% Cu(MeCN)sPFs and 10
mol% CG at 0°C. The corresponding product was obtained in 69% yield as a
colorless oil. Opt. Rot.: [a ] = +45 (c=0.5 in CH:CL, 81 % ee). "H NMR (400
MHz, CDCls) 6 7.40 (dd, J= 8.3, 1.2 Hz, 2H), 7.36 — 7.29 (m, 3H), 7.29 — 7.21 (m,
1H), 5.90 — 5.81 (m, 1H), 5.76 — 5.66 (m, 1H), 5.30 (d, J = 1.4 Hz, 1H), 5.06 (s,
1H), 3.37 (m, 1H), 2.05 — 2.00 (m, 2H), 1.87 — 1.75 (m, 1H), 1.73 — 1.63 (m, 1H),
1.61 — 1.50 (m, 1H), 1.50 — 1.40 (m, 1H). 3C NMR (101 MHz, CDCl3) & 152.5,
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142.0, 129.7, 128.3, 128.2, 127.2, 126.6, 113.1, 39.9, 28.4, 25.3, 20.3. HRMS (ESI)
m/z calcd. for CisHi7 [M+H]": 185.1330, found: 185.1331. Enantiomeric excess
of 83% was determined by chiral GC-MS [chiral column Rt®-bDEXse (30 m, 0.25
mmlID, 0.25 pm df); methods: 50 °C (1 min)-1-140 °C (1 min)-15-160 °C (1 min),

major enantiomer tg= 84.3 min; minor enantiomer tr= 85.5 min].

TIC

||||||

Peak Report TIC 5
Peak# R.Time Area : PNF),' R;,E“[HLR T Ases:  Aread
1 84634 2012141 = 338 2092 9141

2 85751 2073865 50.76 5 - W B
4086006  100.00 1789510 100.00

B(OH), O
Ow- ™" —

(R,E)-(2-(cyclohex-2-en-1-yl)but-1-en-1-yl)benzene (5c¢): Following general

1 84.338 4378092 9141
2 85,535 411 .59

procedure using (Z)-(1-phenylbut-1-en-2-yl)boronic acid, catalyzed by 8 mol%
Cu(MeCN)4PFs and 10 mol% CG at 0 °C. The corresponding product was obtained

in 78% yield as a colorless oil. Opt. Rot.: [a]izg =135 (¢=0.36 in CH2Cl, 91 %

ee). '"H NMR (400 MHz, CDCl3) & 7.34— 7.30 (m, 2H), 7.30- 7.24 (m, 2H), 7.21-
7.180 (m, 1H), 6.26 (s, 1H), 5.86 (dt, J = 6.4 Hz, 1H), 5.66 (dd, J = 10 Hz, 1H),
2.96 (m, 1H), 2.47 — 2.42 (m, 1H), 2.21 — 2.15 (m, 1H), 2.08 (m, 2H), 1.93 — 1.89
(m, 1H), 1.79 — 1.76 (m, 1H), 1.63 — 1.56 (m, 2H), 1.12 (t, J = 7.6 Hz, 3H). 13C
NMR (101 MHz, CDCl) o 148.6, 138.8, 130.4, 128.5, 128.1, 128.1, 125.8, 125.3,
41.6, 29.0, 25.3, 23.5, 20.8, 13.6. HRMS (ESI) m/z caled for CisHi7 [M+H]":
185.1330, found: 185.1331. Enantiomeric excess of 91% was determined by
chiral HPLC [chiral column IB3; methods: eluting solvent: hexane, flow speed: 0.3

ml/min; major enantiomer trg= 14.6 min; minor enantiomer tr= 15.6 min].
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Cre- g

(R)-3-(1-phenylvinyl)cyclohept-1-ene (5d): Following general procedure using
(1-phenylvinyl)boronic acid, catalyzed by 8 mol% Cu(MeCN)sPFs and 10 mol%
CG at 0 °C. The corresponding product was obtained in 75% yield as a colorless
oil. Opt. Rot.: [afh, =+12.7 (c=3.8 in CH:2Cl,, 81 % ee). '"H NMR (400 MHz,
CDCl) 6 7.43 — 7.38 (m, 2H), 7.36 — 7.30 (m, 2H), 7.29 — 7.24 (m, 1H), 5.86 (dtd,
J=19,6.0,2.1 Hz, 1H), 5.75 (dd, J = 11.3, 4.5 Hz, 1H), 5.29 (d, J = 1.2 Hz, 1H),
5.14 (t, J = 1.1 Hz, 1H), 3.50 (m, 1H), 2.24 — 2.16 (m, 2H), 1.95 — 1.86 (m, 1H),
1.85-1.77 (m, 1H), 1.75 — 1.64 (m, 1H), 1.63 — 1.55 (m, 2H), 1.52 — 1.42 (m, 1H).
3C NMR (101 MHz, CDCls) & 153.2, 147.2, 142.2, 136.2, 131.7, 128.2, 127.2,
126.6, 112.3, 45.3, 32.9, 29.6, 28.6, 27.0. HRMS (ESI) m/z calcd. for CisHio
[M+H]": 199.1487, found: 199.1492. Enantiomeric excess of 81% was determined
by chiral HPLC [chiral column IB3; methods: eluting solvent: hexane, flow speed:

0.3 ml/min; major enantiomer tr= 15.6 min; minor enantiomer tr= 16.6 min].

Qgr + Bn_\\—B(OH)2 an

(R,E)-(3-(cyclohex-2-en-1-yl)allyl)benzene (5e): Following general procedure
using  (E)-(3-phenylprop-1-en-1-yl)boronic acid, catalyzed by 8 mol%
Cu(MeCN)4PFs and 10 mol% CG at 0 °C. The corresponding product was obtained
in 67% yield as a colorless oil. Opt. Rot.: [a]§§9 = +148.1 (c=1.32 in CHxCL,
91 % ee). '"H NMR (400 MHz, CDCl3) & 7.31 — 7.26 (m, 2H), 7.20 — 7.18 (m, 3H),
5.73 = 5.69 (m, 1H), 5.59 — 5.54 (m, 2H), 5.76 — 5.66 (m, 1H), 3.36 (d, J = 8 Hz,
2H), 2.78 (m, 1H), 1.99 — 1.96 (m, 2H), 1.82 — 1.79 (m, 1H), 1.69 — 1.68 (m, 1H),
1.56 — 1.53 (m, 1H), 1.43 — 1.40 (m, 1H). 3C NMR (101 MHz, CDCl;) & 141.0,
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135.9, 130.1, 128.5, 128.3, 1228.1, 127.5, 125.9, 39.0, 38.2, 29.3, 25.1, 20.6.
HRMS (ESI) m/z caled. for CisHio [M+H]": 199.1487, found: 199.1495.
Enantiomeric excess of 91% was determined by chiral GC-MS [chiral column
Rt®-bDEXse (30 m, 0.25 mmlID, 0.25 pum df); methods: 50 °C (1 min)-1-160 °C

(30 min), major enantiomer tg= 104 min; minor enantiomer tg= 103 min].

TIC

|||||

Report TIC Peak Report TIC
al? R Time Height Area  Area% Peak?  R.Tim Height Area  Area%
' L 2 ’ : 21227 307766 3.84
919555 5141 2 104231 308153 74421 9616
1788720 100.00 320380 8022187 100.00

X
Oro o+ momson — (Y

(S,E)-3-(pent-1-en-1-yl)cyclohex-1-ene (5f): Following general procedure using
(E)-pent-1-en-1-ylboronic acid, catalyzed by 8 mol% Cu(MeCN)4PFs and 10 mol%

869165 48.59 1 103653

CG at 0 °C. The corresponding product was obtained in 45% yield as a colorless
oil. Opt. Rot.: [a], =+160.1 (c=1.85 in CH2Cl, 82 % ee). [lit. +93.6 (c=1.18 in
CHCl;) for analogue 98% ee].?®' TH NMR (400 MHz, CDCl3) 6 5.71 (dtd, J=9.7,
3.6, 2.4 Hz, 1H), 5.55 (ddd, /= 10.0, 4.7, 2.2 Hz, 1H), 5.46 — 5.30 (m, 2H), 2.77 —
2.67 (m, 1H), 2.02 — 1.91 (m, 4H), 1.83 — 1.72 (m, 1H), 1.73 — 1.61 (m, 1H), 1.59 —
1.47 (m, 1H), 1.44 — 1.30 (m, 3H), 0.89 (t, J = 7.4 Hz, 3H). 3C NMR (101 MHz,
CDClh) & 134.4, 130.6, 129.5, 127.2, 38.3, 34.7, 29.5, 25.1, 22.7, 20.6, 13.6.
HRMS (ESI) m/z for Ci4Hi7 [M+H]": 151.1487, found: 151.1489. Enantiomeric
excess of 82% was determined by chiral GC-MS [chiral column Rt®-bDEXse (30
m, 0.25 mmlID, 0.25 pm df); methods: 50 °C (1 min)-1-160 °C (1 min), major

enantiomer tr= 42.6 min; minor enantiomer tr= 42 min].
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TIC
e 430 M
i
Peak Report TIC Peak Report TIC
Peak# R.Tu Height Area Area% Peak# R.Tu Height
1 41.480 1035927 13250798 50.02 1 42028 40394 8
42,056 919703 13240265 49.98 2 42.561 350765 3028013 9121
1955630 26491063 100.00 391159 4306470 100.00

D P —(On

(S,2)-3-(prop-1-en-1-yl)cyclohept-1-ene (5h): Following general procedure using
(Z)-prop-1-en-1-ylboronic acid, catalyzed by 8 mol% Cu(MeCN)4PFs and 10 mol%

CG at 0 °C. The corresponding product was obtained in 45% yield as a colorless
oil. Opt. Rot.: [af, =+45.3 (c=1.05 in CHCL,, 85 % ee). "H NMR (400 MHz,

CDCl) 6 5.76 (dt, J = 10.1, 5.1 Hz, 1H), 5.57 — 5.43 (m, 2H), 5.43 — 5.31 (m, 1H),
3.23 (m, 1H), 2.21 — 2.09 (m, 2H), 2.01 — 1.90 (m, 1H), 1.74 — 1.64 (m, 2H), 1.62
(d, J = 6.6 Hz, 3H), 1.58 (m, 1H), 1.47 — 1.31 (m, 2H). BC NMR (101 MHz,
CDCl) & 137.1, 135.9, 131.3, 122.1, 38.1, 34.2, 30.3, 28.9, 27.1, 12.8. HRMS
(ESI) m/z calcd. for CioHi7[M+H]": 137.1330, found: 137.1324. Enantiomeric
excess of 85% was determined by chiral GC-MS [chiral column Rt®-BDM (30 m,
0.25 mmlID, 0.25 um df); methods: 50 °C (1 min)-1-100 °C (1 min)-15-160 °C (1

min), major enantiomer tg= 24.5 min; minor enantiomer tr= 24.9 min].

:::::::::

1
,,,,,
Peak Report TIC Peak Repont TIC
Peak# R.Time Height Area  Area% Peak: R.Time Height Area%
1 24450 1243232 12834626 50.08 1 24 369756 130511 9249
2 24785 979826 12793989 49,92 2 24.936 33583 254321 51
2223058 25628615 100.00 403339 3384832 100.00

O QO™ e o O
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(R,E)-2-((3-(cyclohex-2-en-1-yl)allyl)oxy)naphthalene (5i): Following general
procedure using (£)-(3-(naphthalen-2-yloxy)prop-1-en-1-yl)boronic acid, catalyzed
by 8 mol% Cu(MeCN)4PFs and 10 mol% CG at 0 °C. The corresponding product
was obtained in 62% yield as a colorless oil. Opt. Rot.: [a]§§9 =+127.3 (c=1.451n

CH:xClz, 89 % ee). 'TH NMR (400 MHz, CDCI3) 8 7.75 (dd, J = 16.9, 8.1 Hz, 3H),
7.49 —7.41 (m, 1H), 7.38 — 7.29 (m, 1H), 7.21 — 7.12 (m, 2H), 5.91 — 5.83 (m, 1H),
5.82 —5.73 (m, 2H), 5.62 (dd, J = 10.1, 2.5 Hz, 1H), 4.62 (d, J = 5.7 Hz, 2H), 2.89
(m, 1H), 2.04 — 1.98 (m, 2H), 1.90 — 1.81 (m, 1H), 1.73 (m, 1H), 1.63 — 1.53 (m,
1H), 1.47 (m, 1H). ¥C NMR (101 MHz, CDCl3) 8§ 156.7, 139.2, 134.6, 129.4,
129.2, 129.0, 128.2, 127.6, 126.7, 126.3, 124.1, 123.6, 119.1, 107.0, 68.9, 38.1,
28.9, 25.1, 20.5. HRMS (ESI) m/z calcd. for Ci9H21O [M]": 265.1592, found:
265.1598. Enantiomeric excess of 89% was determined by chiral HPLC [chiral
column IB3; methods: eluting solvent: hexane, flow speed: 0.7 ml/min; major

enantiomer tr= 62 min; minor enantiomer tg= 67 min].

5 1 g
g Otector AChannel 12280 o { 2
H g ] 4
750004

50000

o

min mi
Detector A Channel 1 229nm Detector A Channel 1 228nm
[Peake Ret. Time| _ Area Height | Height% | Area% | Peaks] Ret. Time | Area Height | _Height% ea% |
1| 50.076] 0573539 181508 50.429|  49.574| 1| 62.173| _5467377| 101497 93.828 94.682
2| 63.874| 0O738196| 178421 _ 49.571 50.426| 2| _67.499| 307101 8677 6.172 5318
[(Total | 19311735] __350030] _ 100.000] _100.000] Total 5774478| 108173 100000 100.000

0.~ BOH), o~ )
- 0O

(R,E)-2-((3-(cyclohept-2-en-1-yl)allyl)oxy)naphthalene (5j): Following general
procedure using (£)-(3-(naphthalen-2-yloxy)prop-1-en-1-yl)boronic acid, catalyzed
by 8 mol% Cu(MeCN)4PFs and 10 mol% CG at 0 °C. The corresponding product
was obtained in 70% yield as a colorless oil. Opt. Rot.: [a] =+33.2 (c=1.01 in
CH,Cl,, 85 % ee). '"H NMR (400 MHz, CDCl3) 8 7.79 — 7.67 (m, 3H), 7.46 — 7.39
(m, 1H), 7.37 = 7.29 (m, 1H), 7.20 — 7.13 (m, 2H), 5.95 (dd, J = 15.5, 7.4 Hz, 1H),
5.85—-5.74 (m, 2H), 5.64 (dd, J = 11.0, 4.5 Hz, 1H), 4.62 (d, J = 6.0 Hz, 2H), 3.05
(m, 1H), 2.19 — 2.09 (m, 2H), 1.96 — 1.86 (m, 1H), 1.77 — 1.70 (m, 1H), 1.67 — 1.57
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(m, 2H), 1.53 — 1.42 (m, 2H). '3C NMR (101 MHz, CDCl3) & 156.7, 139.4, 134.7,
134.5, 132.0, 129.3, 129.0, 127.6, 126.7, 126.3, 123.6, 123.5, 119.1, 107.0, 68.9,
42.9, 33.5, 29.5, 28.7, 27.0. HRMS (ESI) m/z calcd. for CH20 [M+H]":
279.1749, found: 279.1738. Enantiomeric excess of 85% was determined by
chiral HPLC [chiral column IB3; methods: eluting solvent: hexane, flow speed: 0.7

ml/min; major enantiomer tr= 64 min; minor enantiomer tr= 67 min].

G Detecior A Channel 1 229ni

& @ 2]
8 8 150000 3
100 I [ 100000
50000+ o
3
&
o e = 0 = E—— i
T y { T T -
63 B4 65 66 67 68 69 70 ¥4l 62 63 6‘4 65 66 67 68 5‘9
min min
Detector A Ghannel 1.229nm Detector A Channel 1229nm
[Peak| Ret. Time| _ Area Hei hi% | Area% Peak# Ret. Time | __Area “Height | Height%o | _Area%
1| 65571 10109536  176645| 50496  409.763 1] 64.342| 0092836| 162234 91.722 92.544
2| 68.357| 10205988|  173177|  49.504 50.237 | 2| 67.342] 732518 14642 8.278 7.456]
Total 20315523 349822|  100.000] _ 100.000 Total 9825474| _ 176877| _100.000] _ 100.000

(R,R)-4-methoxy-1',2',3',4'-tetrahydro-1,1':3',1""-terphenyl (7): '"H NMR (400
MHz, CDCl3) 8 7.34 — 7.14 (m, 7H), 7.00 — 6.92 (m, 1H), 6.87 (d, J= 8.1 Hz, 1H),
6.00 — 5.93 (m, 1H), 5.78 (d, J = 9.9 Hz, 1H), 4.14 — 4.05 (m, 1H), 3.82 (s, 3H),
3.11 -2.99 (m, 1H), 2.38 (dd, J = 14.7, 4.3 Hz, 1H), 2.33 — 2.12 (m, 2H), 1.66 (dd,
J=23.7,12.5 Hz, 1H). ¥*C NMR (101 MHz, CDCI3)  157.0, 147.0, 134.3, 130.9,
128.4, 127.6, 127.5, 127.1, 126.9, 126.0, 120.7, 110.3, 55.4, 41.1, 38.0, 36.5, 34.0.
HRMS (ESI) m/z caled. for CioH240 [M+H]": 264.1514, found: 264.1510.
Enantiomeric excess was determined by chiral HPLC [chiral column IB3; method:
eluting solvent: hexane, flow speed: 0.5 ml/min; (R,R)-cis-7: major enantiomer tr=
18.4 min; minor enantiomer tr= 20.4 min. (R,S)-trans-7: major enantiomer tr= 16.4

min; minor enantiomer trg= 15.6 min].

OMe OMe
O TsNCINa
PhNMe3Br3 d

“NTs
(1S,28,6R)-2-(4-methoxyphenyl)-7-tosyl-7-azabicyclo[4.1.0|heptane (8): Under
N2 atmosphere, olefin 3d (37.0 mg, 0.2 mmol) and chloramine T trihydrate (84 mg,
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0.3 mmol) were dissolved in acetonitrile, followed by addition of
trimethylphenylammonium tribromide (7 mg, 0.01 mmol). The mixture was then
stirred at ambient temperature and monitored by TLC for conversion. Upon full
conversion, the mixture was filtered through celite and wash with DCM. The
filtrate was concentrated under reduced pressure and then loaded on to silica gel

flash column chromatography to get pure product 8 (57mg, 80% yield). Opt. Rot.:
[a], = —2.66 (c=1.13 in CHxCl,, 87 % ee). "H NMR (400 MHz, CDCls) & 7.81

589
(d, J = 8.1 Hz, 2H), 7.33 (d, J = 8.0 Hz, 2H), 7.07 (d, J = 8.5 Hz, 2H), 6.85 (d, J =
8.5 Hz, 2H), 3.79 (s, 3H), 3.18 = 3.12 (m, 1H), 3.01 (d, J = 6.9 Hz, 1H), 2.98 — 2.90
(m, 1H), 2.45 (s, 3H), 2.03 — 1.91 (m, 1H), 1.82 — 1.71 (m, 2H), 1.47 — 1.32 (m,
2H), 1.30 — 1.15 (m, 1H). BC NMR (101 MHz, CDCl;) & 158.3, 144.2, 136.3,
135.7, 129.7, 128.4, 127.7, 114.0, 55.3, 44.4, 40.5, 39.1, 29.6, 23.0, 21.6, 17.2.
HRMS (ESI) m/z calcd. for CooH24O3NS [M+H]": 358.1477, found: 358.1481.
Enantiomeric excess was determined by chiral HPLC [chiral column [A3;
methods: eluting solvent: 5% IPA/hexane, flow speed: 1 ml/min; major enantiomer

tr= 20.9 min; minor enantiomer tr= 24.9 min].

OMe OMe
‘,/ mCPBA O@/

"0
(1S,28,6R)-2-(4-methoxyphenyl)-7-oxabicyclo[4.1.0lheptane (9): Under N
atmosphere, to a solution of olefin 3d (37.0 mg, 0.2 mmol) in DCM was added
mCPBA (64 mg, 0.3 mmol). The mixture was stirred overnight and monitored by
TCL. Upon finish, it was concentrated and purified by silica gel flash column
chromatography to get the product 9 (30 mg, 75% yield). Opt. Rot.: [a]§§9 = +
6.1 (¢c=2.05 in CH2Cly, 88 % ee). 'TH NMR (400 MHz, CDCl3) 4 7.21 — 7.13 (m,
2H), 6.91 — 6.83 (m, 2H), 3.80 (s, 3H), 3.31 — 3.28 (m, 1H), 3.16 (d, J = 3.7 Hz,
1H), 3.10 (dd, J=9.8, 6.0 Hz, 1H), 2.14 (dt, /= 15.0, 4.7 Hz, 1H), 1.90 — 1.78 (m,
2H), 1.46 — 1.36 (m, 2H), 1.30 — 1.19 (m, 1H). BC NMR (101 MHz, CDCls) §
158.2, 136.4, 128.8, 114.0, 56.4, 55.3, 52.8, 40.4, 29.9, 24.6, 16.9. HRMS (ESI)
m/z caled. for Ci3Hi70, [M+H]": 205.1228, found: 205.1229. Enantiomeric

excess was determined by chiral HPLC [chiral column ODH; methods: eluting
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solvent: 0.5% IPA/hexane, flow speed: 0.3 ml/min; major enantiomer tr= 12.8 min;

minor enantiomer tg= 13.8 min].
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X-Ray Crystal Data

Chemical formula C13H26CI2CuN3
Formula weight 358.81 g/mol
Temperature 1232) K

Wavelength 1.54178 A

Crystal size 0.020 x 0.260 x 0.340 mm
Crystal habit colorless plate

Crystal system monoclinic

Space group P1211

Unit cell dimensions a=12.2576(10) A a=90°
b=92057(6) A B =90.282(6)°
¢ =15.2983(12) A v =90°

Volume 1726.2(2) A3
V4 4
Density (calculated) 1.381 g/cm3

Absorption coefficient 4.554 mm-1
F (000) 752
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Chapter Three

Enantioselective Allylic Substitution of Prochiral Acyclic

Bromides with Boronic Acids

.
N
tBu-—(H\JL?I_'tBu

R-N"Np + RBOH), Cu(MeCN)4PFs e
K5POy, CHCls R

R'=aryl, alkyl, ester
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3.1 Overview: Allylic Arylation of Acyclic Bromides

Copper-catalyzed enantioselective allylic arylation reactions (see Section 1.3.3)
have been extensively explored by Tomioka (organomagnesium reagents), Fringa
(organolithium reagents), Hoveyda (organoaluminum reagents) and Hayashi
(organoboron reagents). Generally, excellent regio- and enantioselectivity were
achieved whereas catalyst used in all the above work was dominated by Cu-NHC
complexes.[!l For organometallic reagents including Mg, Al and Li, reaction
profiles normally require a rather low temperature for high selectivity. While for
organoboron reagents, reactions can normally be conducted at room temperature
with comparable selectivity, which is attractive for practical use, especially
industrial application. The attempt to use readily available and environmentally
benign organoboron reagents instead of organometallic reagents is still challenging
but worth efforts. On the other hand, in copper-catalyzed EAS reactions using
non-NHC ligand, only one example of phosphine ligand used for sp?-hybridized
organozirconium reagents was reported by Fletcher.”l Exploration to use other
catalyst system other than Cu-NHC is also interesting which might help expand the

substrate types to a wide range.

(a) Previous work:

Ar .
. M= Mg (Tomioka)
XN +  vArmr _CUNHC R)\/ Li (Fringa)
Al (Hoveyda)
LG=Br, OPO(OEt), B (Hayashi)
(b) This work:
Ar
1)/ *
RNA"Ngr 4 Ar-B(OH)ZM» R)\/

Scheme 3.1 Asymmetric allyl arylation catalyzed by Cu(I).

The successful EAS reaction of cyclic allyl bromides (see Chapter 2) leads us
to probe the possibility of utilizing the established methodology for that of
prochiral acyclic substrates, which can give access to more synthetically diverse
molecules. Therefore, an array of acyclic allylic bromides were chosen for the test
and promising results were demonstrated as follows. This work also showed that
Cu(I) and guanidinium catalyst system could be a great alternative of Cu-NHC

complex in asymmetric Csp3-Csp? cross coupling reactions.
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3.2 Enantioselective Allylic Substitution

3.2.1 Enantioselective Allylic Arylation

Cinnamyl bromide 10a was initially tested for the asymmetric allylic arylation

with aryl boronic acid 2e. Results were shown in Scheme 3.2.

3 mol% Cu(MeCN),PFe ©\
©/\/\Br . @EB(OH)Z 6 mol% GG £ ome
KPO,, CHCl3, 23 °C ©/v/
OMe
11a

10a 2e

60% yield, 82% ee
SN2':SN2=76:24

Scheme 3.2 Asymmetric allylic arylation of cinnamyl bromide.

In the standard condition where catalytic amount of Cu(MeCN)4PFs and CG
was used, 10a was reacted with (2-methoxyphenyl)boronic acid 2e and
successfully transformed to arylated product. The optically active Sn2” product 11a
was obtained in 82% ee, together with SN2 product in a ratio of 76:24. While in
reported work by Fringa in 2016, (2-methoxyphenyl)lithium reagent was used for
the identical transformation catalyzed by Cu-NHC complex and the desired product
was obtained in only 26% ee.]

However, the moderate regioselectivity towards Sx2’ product in our reaction
was not significantly improved when further changes were made to condition
parameters including copper salt, base, solvent and temperature. This indicates that
enantio- and regio-discrimination process of the reaction strongly depended on the

structure of chiral guanidinium and related intermediates.

Xy CHO PhyP=CHCOMe X XC02Me piBAL-H X X"0H PBry, ELO (1NN
| At prm— oo L,
K DCM, rt S toluene, 0°C ./~ 0°Ctort ~iz
R R R

R
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10a 10b 10c
Me

Cl Br

10d 10e 10f

Scheme 3.3 Synthesis of cinnamyl bromide derivatives.
A series of cinnamyl bromide derivatives 10b-f were prepared (Scheme 3.3)

according to literature procedure.[*! They were later screened under the identical
condition for enantioselective arylation reaction (Scheme 3.4). Substrates with
halogen substitution on the phenyl ring reacted smoothly with 2e to generate
desired SN2’ products 11b, 11¢ and 1le in a similar regioselectivity with 11a.
Ortho-substituted cinnamyl bromide showed little negative effect on the results,
giving Sn2’ product 11d in 80% ee. Alkoxyl- and aryl-substitution of the aryl
boronic acids on different positions was also tolerated which affords 11f-h in good

enantioselectivity as expected.

3 mol% Cu(MeCN)4PFg Ar
9 <
RTN-"gr + Ar-B(OH), 6 mol% CG R/\/
K3PO,, CHCI3, 23 °C

10 R=aryl, alkyl

e e

11a 60%(76:24), ee 82% 11b 70%(79:21), ee 84% 11¢c 75%(81:19), ee 80% 11d 68%(74:26), ee 80%

: OMe

o 0. 6
oY T o7 o

11e 68%(74:26), ee 80% 11f 62%(75:25), ee 82% 119 60%(80:20), ee 82% 11h 62%(80:20), ee 79%

11i 72%(80:20), ee 82% 11j 68%(76:24), ee 92% 11k 82%(13:87), ee 74% 111 75%(50:50), ee 40%
Scheme 3.4 Enantioselective allylic arylation of cinnamyl bromide derivatives. Results of each
product are shown as: yield % (Sn2’:Sn2), ee value.
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Furthermore, heteroarene boronic acids were found to be suitable substrates in
the profile as well, installing benzofuran group in 82% ee and benzothiophene in
92% ee. However, to our disappointment, when 2-furan boronic acid was employed
in the same condition, quite poor regioselectivity with Sx2’:Sn2 ratio of 13:87 was
observed whereas desired Sn2’ product 11k was produced in moderate 74% ee.
Tri-substituted cinnamyl bromide 10f was later tried and desired geminal
di-substituted terminal olefin 111 was obtained in only 40% ee and still poor
regioselectivity, implying that steric effect plays a crucial role in the
enantiodiscrimination process.

Upon established the EAS reaction of cinnamyl bromide derivatives in Cu(I)
and CG system, expansion of scope of allylic bromides was later tried to ester- and
alkyl-substituted allylic bromides (Scheme 3.5).51 Different ester-substituted
bromides 12a-d with variation in steric bulkiness of ester group were prepared via
radical allylic substitution of acid followed by esterification. Alkyl-substituted
allylic bromides 12e-g were prepared by bromination of corresponding allylic

alcohols.

NBS, BPO PN ROH, DCC PN
— = = . X —=——>> ROOC™ X Br
HooC ™" Benzene, reflux HOOC Br ~bem, it

PBrj, Et,O N
Alkyl” N NoH —— 22 Ayl gy

MeO,C~ "Br Et0,67 NBr Pro,CT N "B 8u0,c7 N B

12a 12b 12¢ 12d
Me™ -"gy S O/vsr
12e 12f 129

Scheme 3.5 Synthesis of ester- and alkyl-substituted bromides.

All the above allylic bromides 12 were then successfully utilized to show
good reactivity in asymmetric allylic arylation catalyzed by Cu(I) and CG (Scheme
3.6). First of all, commercial available methyl 4-bromocrotonate 12a was reacted

with alkoxyl- and alkyl-substituted aryl boronic acids under standard condition.
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The reactions proceeded smoothly to give arylated Sn2’ products 13a-d in
moderate ee around 70%. (2-Methoxyphenyl)boronic acid 2e showed the highest
selectivity among all aryl boronic acids, leading the formation of 13e in 86% ee.
Increased bulkiness of the carboxylic ester group didn’t decrease the
enantioselectivity significantly, giving 13f-h with up to 94% ee. Bromide 12d was
also reacted with naphthalen-1-ylboronic acid to afford 13i in 92% ee, showing the
positive effect of steric bulkiness in the reaction. To our pleasure, aliphatic
substituted allylic bromides were found to show good reactivity in the reaction as

well, producing 13j-1 in good enantioselectivity.

3 mol% Cu(MeCN),PFg Ar
0, -
R/\/\Br + Ar-B(OH)2 6 mol% CG RM
K3PO,, CHCI3, 23 °C
12 2 13
Me nBu OMe
Me0,C~ 7 Me0,c~ 7 Me0,c~ 7 Me0,c~ 7

13a 64%(87:13), ee 75% 13b 75%(83:17), ee 65% 13c 75%(85:15), ee 70% 13d 76%(80:20), ee 60%

©\0Me ©\OMe

= < < OMe OMe
Me0,C~ Et0,c” iPro,c” N Bu0,c” N7
13e 74%(79:21), ee 86% 13f 75%(80:20), ee 86% 13g 71%(82:18), ee 87% 13h 75%(80:20), ee 94%

Q.
o9 Q. D

131 71%(75:25), ee 92% 13j 75%(76:54), ee 72% 13k 82%(80:20), ee 82% 131 80%(80:20), ee 81%

Scheme 3.6 Enantioselective allylic arylation of various acyclic bromides. Results are shown as:
yield % (Snx2’:Sn2), ee value.

3.2.2 Enantioselective Allylic Vinylation

Effective enantioselective allylic arylation where aryl group as sp>-hybridized
nucleophile is installed at the y position has been reported be several groups since
2008. However, vinyl group as sp>-hybridized nucleophile has been less explored
probably due to its lower availability in organometallic reagents. Indeed, only

several vinyl boron reagents including borates, esters and acids have been used for
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EAS reactions.

Here we also applied our catalyst system to the enantioselective allylic
vinylation of acyclic bromides. Results are shown in Scheme 3.7. The
prop-1-en-1-ylboronic acid 2y bearing a (Z)-configuration was used for the
vinylation. Cinnamyl bromide 10a was well functionalized with (Z)-vinyl to
produce Sn2’ product 14a in 85% ee and good regioselectivity. A para-substituted
Cl atom didn’t affect the result obviously, giving corresponding product 14b in
87% ee. To our delight, (2)-vinyl was smoothly reacted with either ester- or
alkyl-substituted allylic bromides to give good enantioselectivity of 14¢-f.

In contrast, vinyl boronic with (E)-configuration delivered poor result.
Phenyl-substituted (E)-vinyl group was installed with only 57% ee in the Sn2’
product 14g, which was similar to the poor enantioselectivity in alkyl-substituted
vinylation product 14h-i. Increase of catalyst loading didn’t help improve the

results obviously and decrease of reaction temperature only led to slow reaction

rate.
R'
3 mol% Cu(MeCN)4PFg _/
RN"Ngr + gy -BOH): 6 mol% CG P
2 K3PO,, CHCI3, 23 °C R 14

P /\
A P £
©/\/ C|©/\/ Me0,C~

14a 75%(82:18), ee 85% 14b 82%(74:26), ee 87% 14¢ 65%(70:30), ee 74%

2
I 2R 3/

< ? - /
EtOZC/\/ tBquC/\/ O/\/

14d 80%(80:20), ee 70% 14e 69%(75:25), ee 82% 14f 55%(80:20), ee 80%
Ph

Z nC3H7 nC5H1 1

cl MeOzC/\/ Me™ F

149 65%(55:45), ee 57% 14hlel 7204(35:65), ee 40%  14il® 70%(25:75), ee 55%

Scheme 3.7 Enantioselective allylic vinylation of various acyclic bromides. Results are shown as:
yield % (Snx2’:Sn2), ee value. [a]: GC yield.

As was shown in section 3.2.1 and 3.2.2, the enantioselective arylation and

vinylation of prochiral acyclic allylic bromides with Cu(I)/CG catalyst generally
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proved to be effective while the enantioselectivity was not excellent which requires
further exploration. Several aspects regarding to the reaction are listed as below
which can be considered for achieving improvement.

1. Catalyst structure. As was shown by the different catalytic capacity of CG
and CG’ in Table 2.1, the substituent on guanidinium structure affects the reactivity
significantly. Variation on the substituent group of guanidinium catalyst might help
improve the enantioselectivity during the chirality-generated procedure. Further,
the cyclic structure of guanidinium catalyst can also be varied to rigid cycle or
flexible cycle based on different ring size for different reactivity.

2. Copper salt. Different copper(l) salt with various coordination ligands can
be screened for the reaction. Similar in Table 2.1, obvious improvements can be
obtained when copper salt was changed. A better coordination environment might
help establish the efficient enantioselective process, which might deliver better
selectivity.

3. Reaction conditions. Reaction parameters including concentration,
temperature and solvent can be screened for acyclic substrates since the stability of

the reactive intermediate might rely strongly on them.

3.3 Conclusion

In summary, we have described here an enantioselective arylation and
vinylation of prochiral acyclic allylic bromides with Cu(I)/CG catalyst in the
presence of K3PO4 in CHCIls. Several types of acyclic allyl bromides with aryl,
ester or alkyl substitution were all suitable substrates for the enantioenriched
transformation. Interesting structures such chiral 1,4-skipped dienes were
synthesized with the easy protocol, excluding low temperature condition or the use
of strong base. Indeed, the reaction condition is identical to the direct arylation and
vinylation of cyclic allylic bromides in Chapter 2, showing the excellent capability
of the catalyst system. However, both the regio- and enantioselectivity of the
desired Sn2’ products were not excellent, which requires further modification of

reaction profiles, especially the structure of CG catalyst.
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3.4 Experimental Section

3.4.1 Preparation of Cinnamyl Bromide Derivatives

Xy CHO PhoP=CHCOMe X" CO2Me piBAL-H X X"N0H PBrg, ELO [ XY X CBr
Y% DCM, rt v toluene, 0°C /.~ 0°Ctort Y
R R R

R

Mixture of benzaldehyde (1 eq) and methyl
2-(triphenylphosphoranylidene)acetate (1.05 eq) in DCM was stirred overnight at rt.
Residue was triturated with hexane/Et;O. Filter, concentrate and purify by silica gel
chromatography to give a,p-unsaturated ester. To a solution of ester (1 eq) in DCM

was added DIBAL-H (1 M in toluene, 2.2 eq) slowly at —78 °C. After 2 h, quench

reaction with 10% aq.NaOH. Extract with DCM for three times. Organic layers
were washed with brine, dried over Na>SO4 and concentrated to give allylic alcohol.
To a solution of allylic alcohol in Et2O was added PBr3 (1 eq) dropwise at 0 °C.
Mixture was then poured into aq.NaHCOs. Extract with EtO and organic layers
were washed with aq.NaxS;0; and brine, dried over NaxSOs, filtered and

concentrated to give crude product was used without purification.

3.4.2 Preparation of 4-Bromocrotonates

NBS, BPO g, ROH DCC PN
—_— X ROOC™ X B
Hooc” " Benzene, reflux HOOC Br ~bewm, rt '

The 4-bromocrotonates were prepared according to literature procedure. (1)
To a solution of crotonic acid (1 eq) in benzene was added NBS (1.03 eq) and BPO
(0.01 eq). The mixture was heated to reflux for 2 h and then cooled to 5 °C. Filter
and wash with cold toluene. Concentrated residue was extracted with refluxing
hexane for three times. Recrystalization in hexane gave the 4-bromocrotonic acid
as white colorless solid. (2) 4-bromocrotonic acid (1 eq) was dissolved in DCM.
ROH (1.1 eq) and DMAP (0.1 eq) were added into mixture and then cooled to 0 °C.
DCC (1.05 eq) was added slowly. The mixture was stirred overnight at rt. Upon full

conversion, mixture was filtered and washed with DCM. The filtrate was
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concentrated and purified by flash column chromatography (Hex/EA 100:1) to give

4-bromocrotonates.

3.4.3 Characterization and Spectra of Acyclic Products

e o P
o
OMe ©/\/

(R)-1-methoxy-2-(1-phenylallyl)benzene (11a): Following general procedure
catalyzed by 3 mol% Cu(MeCN)4PFs and 6 mol% CG. The corresponding product
was obtained in 60% yield (Sx2’:Sn2=76:24) as a colorless oil. Opt. Rot.: [a]§§9 =
+6.8 (¢=0.88 in CHCl», 82 % ee). 'H NMR (400 MHz, CDCl3) 8 7.34 — 7.26 (m,
2H), 7.26 — 7.19 (m, 4H), 7.19 — 7.14 (m, 1H), 6.95 (td, J = 7.5, 0.8 Hz, 1H), 6.89
(d, J=8.2 Hz, 1H), 6.38 — 6.28 (m, 1H), 5.26 — 5.16 (m, 2H), 4.95 (dt, J=17.1, 1.6
Hz, 1H), 3.78 (s, 3H). ®*C NMR (101 MHz, CDCls) 8 157.0, 143.2, 140.5, 131.8,
129.3, 128.7, 128.1, 127.6, 126.0, 120.5, 116.0, 110.9, 77.4, 77.1, 76.7, 55.6, 47.6.
HRMS (ESI) m/z caled. for CigHi7O [M+H]": 225.1279, found: 225.1282.
Enantiomeric excess of 82% was determined by chiral HPLC [chiral column IA3;
methods: eluting solvent: hexane, flow speed: 0.5 ml/min; major enantiomer tr=

11.7 min; minor enantiomer trg= 12.5 min].

TIC

.............
““““““““““

‘‘‘‘‘‘

Peak Report TIC
Peak?  RTime Basem?z Area  Area%

2925 22837295 91.15
5865237 100,00 25054861 100.00

< OMe
B(OH), :
X .
/@/\/\Br . ©: =
F OMe /©/\/
F

(R)-1-(1-(4-fluorophenyl)allyl)-2-methoxybenzene (11b): Following general
procedure catalyzed by 3 mol% Cu(MeCN)sPFs and 6 mol% CG. The
corresponding product was obtained in 70% yield (Snx2’:Sn2=79:21) as a colorless
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oil. Opt. Rot.: [a], = —8.89 (c=1.8 in CH:Cl, 84 % ee). '"H NMR (400 MHz,

CDCl3) 6 7.26 — 7.21 (m, 1H), 7.17 — 7.12 (m, 3H), 7.00 — 6.92 (m, 3H), 6.88 (dd, J
=8.2, 0.8 Hz, 1H), 6.36 — 6.22 (m, 1H), 5.22 (dt, /= 10.2, 1.5 Hz, 1H), 5.14 (d, J =
6.6 Hz, 1H), 4.92 (dt, J = 17.1, 1.6 Hz, 1H), 3.77 (s, 3H). 3C NMR (101 MHz,
CDClz) ¢ 162.5, 160.1, 156.9, 140.3, 131.6, 130.1, 130.0, 129.1, 127.7, 120.5,
116.2, 114.9, 114.7, 110.9, 55.5, 46.9. HRMS (ESI) m/z calcd. for CicHisFO
[M+H]": 243.1185, found: 243.1194. Enantiomeric excess of 84% was determined
by chiral HPLC [chiral column IA3; methods: eluting solvent: hexane, flow speed:

0.5 ml/min; major enantiomer tg= 11.7 min; minor enantiomer tg= 12.5 min].

(R)-1-(1-(4-chlorophenyl)allyl)-2-methoxybenzene (11c): Following general
procedure catalyzed by 3 mol% Cu(MeCN)sPFs and 6 mol% CG. The
corresponding product was obtained in 75% yield (Snx2’:Sn2=81:19) as a colorless
oil. Opt. Rot.: [arfy, =+2.2 (c=1.4 in CHaCL,, 80 % ee). [reported +5.0 (c=1 in
CHCI;) for R analogue in 26% ee]™3. 'TH NMR (400 MHz, CDCls) 8 7.36 (d, J =
7.9 Hz, 1H), 7.27 — 7.20 (m, 1H), 7.20 — 7.11 (m, 3H), 7.08 (d, J = 7.4 Hz, 1H),
6.92 (t,J=7.5 Hz, 1H), 6.88 (d, /= 8.2 Hz, 1H), 6.27 — 6.17 (m, 1H), 5.57 (d, J =
5.8 Hz, 1H), 5.24 (d, J=10.2 Hz, 1H), 4.80 (d, J = 17.2 Hz, 1H), 3.76 (s, 3H). 13C
NMR (101 MHz, CDCl) 6 157.2, 140.5, 138.9, 134.5, 130.4, 129.9, 129.5, 129.2,
127.8, 127.4, 126.4, 120.3, 116.5, 110.8, 55.7, 44.3. HRMS (ESI) m/z calcd. for
Ci6H150CI [M+H]": 259.0890, found: 259.0888. Enantiomeric excess of 80% was
determined by chiral GC-MS [chiral column Rt®-BDM (30 m, 0.25 mmlID, 0.25
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pum df); methods: 50 °C (1 min)-1-175 °C (1 min); major enantiomer tr= 123.2 min;

minor enantiomer tr= 122.7 min].

Peak Report TIC
Peaks RT

o L —
+
Cl OMe

(S)-1-chloro-2-(1-(2-methoxyphenyl)allyl)benzene (11d): Following general

procedure using (2-methoxyphenyl) boronic acid, catalyzed by 3 mol%
Cu(MeCN)4PFs and 6 mol% CG. The corresponding product was obtained in 68%

yield (Sn2’:Sn2=74:26) as a colorless oil. Opt. Rot.: [a]§§9 = —24.7 (c=1.75 in

CHaCla, 84 % ee). 'H NMR (400 MHz, CDCL) & 7.36 (d, J = 7.9 Hz, 1H), 7.27 —
7.20 (m, 1H), 7.14 (m, 3H), 7.08 (d, J = 7.4 Hz, 1H), 6.92 (t, /= 7.5 Hz, 1H), 6.88
(d, J=8.2 Hz, 1H), 6.32 - 6.16 (m, 1H), 5.57 (d, /= 5.8 Hz, 1H), 5.24 (d, /= 10.2
Hz, 1H), 4.80 (d, J = 17.2 Hz, 1H), 3.76 (s, 3H). 3C NMR (101 MHz, CDCl3) 3
157.2, 140.5, 138.9, 134.5, 130.4, 129.9, 129.5, 129.2, 127.8, 127.4, 126.4, 120.3,
116.5, 110.8, 55.7, 44.3. HRMS (ESI) m/z calcd. for Ci1sHisOC1 [M+H]": 259.0890,
found: 259.0889. Enantiomeric excess of 80% was determined by chiral HPLC
[chiral column IB3; methods: eluting solvent: hexane, flow speed: 1 ml/min; major

enantiomer tr= 8.2 min; minor enantiomer tr= 7.8 min].
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s 750 .15 8.00 825 850 875 9.00
min
Detector A Channel 1 254nm Detector A Channel 1 254nm
[Peakd] Ret. Time| __Area Arca% [Peak# Ret Time| Area a%
1] 7.860] 248076 49512 17817 99127 9608
2| 8289 262083 50.488 2] 8060 932613 90.302
Tot 501038 100.000 Total 1031740 100.000
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(R)-1-(1-(4-bromophenyl)allyl)-2-methoxybenzene (1le): Following general
procedure using (2-methoxyphenyl) boronic acid, catalyzed by 3 mol%
Cu(MeCN)4PFs and 6 mol% CG. The corresponding product was obtained in 68%
yield (Sn2’:Sn2=74:26) as a colorless oil. Opt. Rot.: [a]§§9 = +2.8 (c=2.67 in
CH>Cl,, 80 % ee). '"H NMR (400 MHz, CDCl3) 8 7.38 (d, J = 8.2 Hz, 2H), 7.23 (4,
J=17.8 Hz, 1H), 7.13 (d, J= 7.5 Hz, 1H), 7.06 (d, J = 8.1 Hz, 2H), 6.94 (t, J= 7.5
Hz, 1H), 6.87 (d, J = 8.2 Hz, 1H), 6.33 — 6.20 (m, 1H), 5.22 (d, J = 10.2 Hz, 1H),
5.10 (d, J = 6.5 Hz, 1H), 4.91 (d, J = 17.1 Hz, 1H), 3.75 (s, 3H). *C NMR (101
MHz, CDCl3) 6 156.9, 142.2, 139.9, 131.2, 130.4, 129.1, 127.8, 120.5, 119.8, 116.5,
110.8, 55.5, 47.2. HRMS (ESI) m/z caled. for CisHisOBr [M+H]": 303.0385,
found: 303.0372. Enantiomeric excess of 80% was determined by chiral HPLC
[chiral column IB3; methods: eluting solvent: hexane, flow speed: 0.8 ml/min;

major enantiomer tr= 10.5 min; minor enantiomer tg= 10.2 min].

mv il

ol DetechnA Clisainel 125471 Detector A Channel 1 254nm
© 150+
2 2
S =
N I\ g
[\ 100 s
25 [ \\ M\
[ [\
504 / \
/ \ I
. s /
o A — — % S R,
o] = S
T T T T T T T T T T T T
95 100 105 o 1.8 120 125 950 975 10.00 1025 10.50 1075 11.00 125 11.50
min min

r A Channel 1 254nm Detector A Ghannel 1 254nm
Area frea

etect
[Peak#| Ret. Time Area% [Peak#| Ret. 'Hme Area%
1 10.715 383671 50.056 L) 10.195 126637 9.689
2 11.148 382812 49 944 2 10492 1180361 90.311

Total 766483 100.000 Totall 1306998 100.000
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(R)-1-(benzyloxy)-2-(1-(4-chlorophenyl)allyl)benzene (11g): Following general
procedure using (2-(benzyloxy)phenyl)boronic acid, catalyzed by 3 mol%
Cu(MeCN)4PFs and 6 mol% CG. The corresponding product was obtained in 60%

yield (Sn2’:Sn2=80:20) as a colorless oil. Opt. Rot.: [a]ﬁzg = +18.7 (c=2.16 in
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CH,Cl,, 82 % ee). '"H NMR (400 MHz, CDCl3) 8 7.36 — 7.30 (m, 3H), 7.24 — 7.14
(m, 6H), 7.08 (dd, J = 6.2, 4.5 Hz, 2H), 6.97 (dd, /= 7.5, 0.8 Hz, 1H), 6.92 (d, J =
8.1 Hz, 1H), 6.31 — 6.22 (m, 1H), 5.22 (dt, /= 10.2, 1.4 Hz, 1H), 5.13 (d, J = 6.6
Hz, 1H), 4.99 (d, J = 3.3 Hz, 2H), 4.91 (dt, J = 17.1, 1.5 Hz, 1H). 3C NMR (101
MHz, CDCl3) 6 155.9, 141.7, 139.9, 137.0, 131.7, 131.6, 130.1, 129.2, 128.4, 128.2,
127.8, 127.3, 120.8, 116.6, 112.0, 70.0, 47.7. HRMS (ESI) m/z calcd. for
C2H19OCI [M+H]": 335.1203, found: 335.1193. Enantiomeric excess of 82% was
determined by chiral HPLC [chiral column IB3; methods: eluting solvent: hexane,
flow speed: 1 ml/min; major enantiomer tr= 15.6 min; minor enantiomer tg= 13.8
min].

Chromatogram

Cl/©/vsr . B(OH)2 - /@/v/
cl

(S)-4-(1-(4-chlorophenyl)allyl)-1,1'-biphenyl (11h): Following general procedure
using [1,1'-biphenyl]-4-ylboronic acid, catalyzed by 3 mol% Cu(MeCN)4PFs and 6
mol% CG. The corresponding product was obtained in 62% yield (Sx2’:Sn2=80:20)
as a colorless oil. Opt. Rot.: [a]§§9 = +7.9 (¢=0.52 in CH2Clz, 80 % ee). "H NMR
(400 MHz, CDCl3) 6 7.61 — 7.51 (m, 4H), 7.43 (m, 2H), 7.36 — 7.31 (m, 1H), 7.31

—7.27 (m, 2H), 7.23 (m, 2H), 7.16 (d, J = 8.4 Hz, 2H), 6.29 (m, 1H), 5.27 (dt, J =
10.2, 1.2 Hz, 1H), 5.03 (dt, J = 17.1, 1.4 Hz, 1H), 4.75 (d, J = 7.2 Hz, 1H). BC

NMR (101 MHz, CDCls) ¢ 141.9, 141.7, 140.8, 140.1, 139.5, 132.3, 123.0, 128.9,

128.7, 128.6, 127.3, 127.2, 127.0, 116.8, 54.0. HRMS (ESI) m/z calcd. for
C21H7Cl [M+H]": 305.1097, found: 305.1101. Enantiomeric excess of 80% was

determined by chiral HPLC [chiral column IB3; methods: eluting solvent: hexane,

148



ATTENTION: The Singapore Copyright Act applies to the use of this document. Nanyang Technological University Library

flow speed: 1 ml/min; major enantiomer trg= 26.2 min; minor enantiomer tr= 19.3
min].

wAU
Chromatogram

\ =
©MBF . mB(OH)z — P
o @/v

(5)-2-(1-phenylallyl)benzofuran (11i): Following general procedure using
benzofuran-2-ylboronic acid, catalyzed by 3 mol% Cu(MeCN)sPFs and 6 mol%
CG. The corresponding product was obtained in 72% yield (Sx2’:Snx2=80:20) as a

colorless oil. Opt. Rot.: [a] =—4.7 (c=0.4 in CH2Cly, 82 % ee). '"H NMR (400

589
MHz, CDCl3) 6 7.52 — 7.47 (m, 1H), 7.43 — 7.39 (m, 1H), 7.36 — 7.31 (m, 2H), 7.31
—7.24 (m, 3H), 7.24 — 7.11 (m, 2H), 6.45 (t, J = 0.9 Hz, 1H), 6.34 — 6.24 (m, 1H),
5.28 (dt, J=10.1, 1.2 Hz, 1H), 5.14 (dt, J=17.1, 1.3 Hz, 1H), 4.87 (d, /= 7.1 Hz,
1H). BC NMR (101 MHz, CDCl3) 8§ 159.2, 155.0, 140.2, 137.4, 128.6, 128.4,
127.8, 127.1, 123.6, 122.6, 120.6, 117.3, 111.1, 103.8. HRMS (ESI) m/z calcd. for
Ci7H140 [M+H]": 235.1123, found: 235.1133. Enantiomeric excess of 82% was
determined by chiral HPLC [chiral column IC; methods: eluting solvent: hexane,
flow speed: 1 ml/min; major enantiomer tg= 9.1 min; minor enantiomer tr= 8.3

min].
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[Peak#| Ret. Time Area Area%
1
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VB 366 352229 8.959
9.102 35679529 91.041
Totall 3931757 100.000
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(R)-2-(1-phenylallyl)benzo[b]thiophene (11j): Following general procedure using
benzothiophen-2-ylboronic acid, catalyzed by 3 mol% Cu(MeCN)4+PF¢ and 6 mol%
CG. The corresponding product was obtained in 68% yield (Snx2’:Sn2=76:24) as a
colorless oil. Opt. Rot.: [al, =+6.2 (c=1.04 in CH2Cls, 92 % ee). '"H NMR (400
MHz, CDCl3) 6 7.74 (d, J = 8.1 Hz, 1H), 7.67 (d, J = 7.4 Hz, 1H), 7.39 — 7.22 (m,
7H), 7.02 (s, 1H), 6.40 — 6.30 (m, 1H), 5.29 (dt, /= 10.1, 1.1 Hz, 1H), 5.19 (dt, J =
17.0, 1.3 Hz, 1H), 4.97 (d, J = 7.4 Hz, 1H). 3C NMR (101 MHz, CDCl;3) & 148.2,
142.3, 139.8, 139.5, 128.6, 128.3, 127.1, 124.1, 123.8, 123.2, 122.2, 121.7, 116.9,
51.2. HRMS (ESI) m/z calcd for Ci7H14S [M+H]*: 251.0894, found: 251.0900.
Enantiomeric excess of 92% was determined by chiral HPLC [chiral column IB3;
methods: eluting solvent: hexane, flow speed: 0.7 ml/min; major enantiomer tr=

16.6 min; minor enantiomer tg= 16.2 min].

B(OH),
MeO,C X"V Br + ©: _— :
OMe

methyl (S)-2-(2-methoxyphenyl)but-3-enoate (13e): Following general
procedure using (2-methoxyphenyl) boronic acid, catalyzed by 3 mol%
Cu(MeCN)4PFs and 6 mol% CG. The corresponding product was obtained in 70%

yield (Sn2’:Sx2=79:21) as a colorless oil. Opt. Rot.: [a]ﬁzg = +65.6 (c=1.94 in

CH.ClL, 86 % ee). 'TH NMR (400 MHz, CDCI3) § 7.31 — 7.20 (m, 2H), 6.95 (t, J =
7.5 Hz, 1H), 6.89 (d, J = 8.1 Hz, 1H), 6.21 (ddd, J = 17.7, 10.1, 7.7 Hz, 1H), 5.21
(d, J=10.2 Hz, 1H), 5.11 (d, J = 17.2 Hz, 1H), 4.64 (d, J = 7.7 Hz, 1H), 3.82 (s,
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3H), 3.69 (s, 3H). 3C NMR (101 MHz, CDCI3) & 173.1, 158.9, 135.9, 130.1,
129.0, 117.2, 114.1, 55.3, 54.8, 52.2. HRMS (ESI) m/z calcd for C12H1403 [M+H]™:
207.1021, found: 207.1022. Enantiomeric excess of 86% was determined by
chiral HPLC [chiral column ASH; methods: eluting solvent: hexane:IPA=99:1,
flow speed: 0.5 ml/min; major enantiomer tg= 10.7 min; minor enantiomer tr= 13.2

min].

tector A Channel 2 275nm
ime Ar

=
£
o
o
il
3

Detector A Channel 2 275nm -

e e| Area rea% eal t.Time| Area | Area% _
1] 10.728] 324780 52.307] 1110771 834096 93.171
2| 13.106] 206134 47.693 2| 13.232 61138 6.829
Total 620915] __100.000 Total 895234 100.000

: OMe

B(OH),
Et0,C7N""Br + @ i
OMe EtO,C~

ethyl (S)-2-(2-methoxyphenyl)but-3-enoate (13f): Following general procedure

using (2-methoxyphenyl) boronic acid, catalyzed by 3 mol% Cu(MeCN)4PFs and 6
mol% CG. The corresponding product was obtained in 75% yield (Sx2’:Sn2=80:20)

as a colorless oil. Opt. Rot.: [a]§§9 = +46.2 (¢=1.9 in CH2Cly, 85 % ee). '"H NMR

(400 MHz, CDCl3) 6 7.30 — 7.24 (m, 2H), 6.99 — 6.94 (m, 1H), 6.94 — 6.87 (m, 1H),
6.28 —6.17 (m, 1H), 5.23 (dt, J=10.2, 1.1 Hz, 1H), 5.14 (dt, J=17.2, 1.3 Hz, 1H),
4.64 (d, J=17.7 Hz, 1H), 4.19 (q, J = 7.1 Hz, 2H), 3.84 (s, 3H), 1.25 (t, /= 7.1 Hz,
3H). BC NMR (101 MHz, CDCls) & 172.8, 156.7, 135.1, 129.0, 128.4, 127.0,
120.7, 117.4, 110.7, 60.8, 55.5, 49.7, 14.2. HRMS (ESI) m/z calcd. for Ci13H1603
[M+H]": 221.1178, found: 221.1179. Enantiomeric excess of 85% was determined
by chiral GC-MS [chiral column Rt®-BDM (30 m, 0.25 mmlID, 0.25 pm df);
methods: 50 °C (1 min)-1-160 °C (1 min), major enantiomer trg= 82.6 min; minor

enantiomer tr= 81.6 min].
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3238831 100.00 31236067 100.00

Pro,C” N"pr ©: - P
OMe Pro,c”

iso-propyl (S)-2-(2-methoxyphenyl)but-3-enoate (13g): Following general
procedure using (2-methoxyphenyl) boronic acid, catalyzed by 3 mol%
Cu(MeCN)4PFs and 6 mol% CG. The corresponding product was obtained in 71%
yield (Sn2’:Sn2=82:18) as a colorless oil. Opt. Rot.: [a 2;9 = +24.1 (c=5.04 in
CHxClz, 87 % ee). '"H NMR (400 MHz, CDCl3) 8 7.27 — 7.20 (m, 2H), 6.94 (t, J =
7.4 Hz, 1H), 6.87 (d, J = 8.2 Hz, 1H), 6.24 — 6.10 (m, 1H), 5.19 (d, J = 10.2 Hz,
1H), 5.11 (d, J = 17.2 Hz, 1H), 5.04 (dt, J = 12.6, 6.2 Hz, 1H), 4.56 (d, J= 7.7 Hz,
1H), 3.81 (s, 3H), 1.20 (dd, J = 12.3, 6.3 Hz, 6H). *C NMR (101 MHz, CDCls) &
172.3, 156.7, 135.2, 128.9, 128.3, 127.9, 120.6, 117.3, 110.6, 68.0, 55.4, 49.9, 21.7,
21.6. HRMS (ESI) m/z calcd. for Ci4sHisO3 [M+H]": 235.1334, found: 235.1333.
Enantiomeric excess of 87% was determined by chiral GC-MS [chiral column
Rt®-BDM (30 m, 0.25 mmID, 0.25 pm df); methods: 50 °C (1 min)-1-160 °C (1

min); major enantiomer tr= 83.8 min; minor enantiomer tr= 82.9 min].

- Mo ul N - -
:::::
Peak Report TIC Peak Report TIC
Peak# RTime Basem/'z Peak# R.Time Basem/z Area Area%
1 £2.890 147.10 1 82.945 147.10 2120935 6.46
2 83.663 147.10 83.840 147.15 30728526 93.54
32849461 100.00
B(OH) ©\
PN 2 < “OMe
BuO,C”™ ™ Br + R L
OMe BuO,C~ N

tert-butyl (S)-2-(2-methoxyphenyl)but-3-enoate (13h): Following general
procedure using (2-methoxyphenyl) boronic acid, catalyzed by 3 mol%
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Cu(MeCN)4PFs and 6 mol% CG. The corresponding product was obtained in 75%
yield (Sn2’:Snx2=80:20) as a colorless oil. Opt. Rot.: [a]§§9 = +25.5 (c=1.63 in
CH2Clz, 94 % ee). 'H NMR (400 MHz, CDCl3) 8 7.29 — 7.23 (m, 2H), 6.96 (t, J =
7.5 Hz, 1H), 6.89 (d, J = 8.4 Hz, 1H), 6.25 — 6.13 (m, 1H), 5.20 (d, J = 10.2 Hz,
1H), 5.13 (d, J=17.2 Hz, 1H), 4.54 (d, J= 7.7 Hz, 1H), 3.84 (s, 3H), 1.45 (s, 9H).
13C NMR (101 MHz, CDCl3) 8 172.0, 156.7, 146.0, 135.5, 128.9, 128.2, 120.6,
117.0, 110.6, 80.6, 55.4, 50.6, 28.0. HRMS (ESI) m/z calcd. for CisH2003 [M+H]":
249.1491, found: 249.1499. Enantiomeric excess of 94% was determined by
chiral GC-MS [chiral column Rt®-BDM (30 m, 0.25 mmID, 0.25 pm df); methods:
50 °C (1 min)-1-165 °C (1 min); major enantiomer tr= 85.4 min; minor enantiomer

tr= 84.7 min].

/S NN &
A C e ——| B / N
s
I
Peak Report TIC Peak Report TIC
Peak# R.Time Basem/z Area Area% Peak# RTime Basem/z Area Area%
 § 84.758 57.10 2809508 49.79 1 84.779 41.10 434332 3.19
2 85.325 57.10 2833199 50.21 2 85.422 57.10 13184694 96.81
5642707 100.00 13619026 100.00
o2
BuO,C X""Br + OO _— P
tBUOzC

tert-butyl  (S)-2-(2-methoxyphenyl)but-3-enoate (13i): Following general
procedure using naphthalen-1-ylboronic acid, catalyzed by 3 mol% Cu(MeCN)4PFs
and 6 mol% CG. The corresponding product was obtained in 77% yield
(Sn2’:Sn2=75:25) as a colorless oil. Opt. Rot.: [a]?;g = +3.72 (c=0.86 in CHCl,,
92 % ee). 'TH NMR (400 MHz, CDCl3) § 8.07 (d, J = 8.4 Hz, 1H), 7.90 — 7.84 (m,
2H), 7.78 (d, J=8.7 Hz, 1H), 7.52 — 7.43 (m, 3H), 7.34 — 7.27 (m, 1H), 6.40 — 6.29
(m, 1H), 5.26 (dt, /= 10.3, 1.1 Hz, 1H), 5.16 (dt,J=17.2, 1.2 Hz, 1H), 4.97 (d, J =
7.3 Hz, 1H), 1.39 (s, 9H). BC NMR (101 MHz, CDCl3) 8 171.9, 135.6, 128.9,
128.3, 127.8, 126.1, 125.8, 125.6, 125.6, 125.5, 125.3, 123.6, 117.6, 81.3, 52.8,
27.9. HRMS (ESI) m/z calcd for CisH2:0, [M+H]": 285.1491, found: 285.1486.
Enantiomeric excess of 92% was determined by chiral HPLC after being

converted to the corresponding methyl ester.” [chiral column AD-H; methods:
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eluting solvent: 99.5:0.5=hexane:IPA, flow speed: 0.7 ml/min; major enantiomer

tr= 12.6 min; minor enantiomer trg= 15.3 min].

“OO TFA  CHgl, K,CO;4 “O O

DCM DMF :
Me0,c” >

wAU

(S)-but-3-en-2-ylbenzene (13j): Following the general procedure with 3 mol%
Cu(MeCN)4PFs and 6 mol% CG. Product was obtained in 75% yield

(Sn2’:Sn2=46:54) as a colorless oil. Opt. Rot.: [a 229 =+9.8 (¢=0.49 in CH:Cl,

72 % ee) for mixture. [reported —3 (c=0.5 in CHCl3) for R in 70% ee].3®) TH NMR
(400 MHz, CDCls) 6 7.35 —7.27 (m, 2H), 7.25 — 7.17 (m, 3H), 6.09 — 5.97 (m, 1H),
5.12 - 5.01 (m, 2H), 3.54 — 3.44 (m, 1H), 1.39 (d, J = 7.0 Hz, 3H). *C NMR (101
MHz, CDCl3) & 145.6, 143.3, 128.5, 128.4, 127.3, 126.1, 113.1, 43.2, 20.7. HRMS
(ESI) m/z caled for CioHi2 [M+H]": 132.0939, found: 132.0935. Enantiomeric
excess of 72% was determined by chiral GC [chiral column Rt®-BDM (30 m, 0.25
mmlID, 0.25 pm df); methods: 50 °C (1 min)-1-165 °C (1 min); major enantiomer

tr= 33.6 min; minor enantiomer tg= 33.1 min].

TIC TIC
[400.000 800,000
A
\‘ \\\
AL A i\
A /N AN / \
e B W e I R A NGV ~ .
320 33.0 340 350 36.0 31‘0 31‘0 3«10 ?5‘0 36.0
min
Peak Report TIC Peak Report TIC
Peak# RTime Basem/z Area  Area% Peak# RTime Basenyz Area  Area%
1 33180 117.10 1232197 49.10 1 33.095  117.10 1554131 13.84
33856 117.10 1277209 50.90 2 33670 117.10 9674351  86.16
2509406 100.00 11228482 100.00

B(OH) ©\
O/MBI_ . @[ 2 . : /OMe
OMe O/\/
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(R)-1-(1-cyclohexylallyl)-2-methoxybenzene (131): Following general procedure
using (2-methoxyphenyl) boronic acid, catalyzed by 3 mol% Cu(MeCN)4PFs and 6
mol% CG. The corresponding product was obtained in 80% yield (Snx2’:Sn2=80:20)

as a colorless oil. Opt. Rot.: [a]§§9 = +356 (c=1.53 in CHxCl,, 81 % ee). 'H

NMR (400 MHz, CDCl3) 6 7.21 — 7.10 (m, 2H), 6.92 (t, J = 7.0 Hz, 1H), 6.86 (d, J
= 8.2 Hz, 1H), 6.11 — 5.97 (m, 1H), 5.06 — 4.95 (m, 2H), 3.82 (s, 3H), 3.45 (t, J =
9.3 Hz, 1H), 1.92 (d, J = 13.0 Hz, 1H), 1.80 — 1.69 (m, 1H), 1.69 — 1.58 (m, 3H),
1.41 (d, J=12.0 Hz, 1H), 1.30 — 1.19 (m, 1H), 1.19 — 1.07 (m, 2H), 0.99 — 0.89 (m,
1H), 0.89 — 0.78 (m, 1H). 3C NMR (101 MHz, CDCl3) & 157.1, 141.0, 132.6,
128.5, 126.7, 120.6, 114.8, 110.9, 55.5, 49.9, 41.1, 31.5, 31.2, 26.6, 26.5, 26.4.
HRMS (ESI) m/z caled for CisH»O [M+H]": 231.1747, found: 231.1749.
Enantiomeric excess of 81% was determined by chiral HPLC [chiral column [A3;
methods: eluting solvent: hexane, flow speed: 0.5 ml/min; major enantiomer tr=

11.7 min; minor enantiomer tg= 12.5 min].

Detector A Channel 2 235nm
Detecior A Channel 1 254nm

o . / ol Y b N
: 7 T

Detector A Ghannel 2 235nm
Peaki 5 Detector A Ghanne
eak# Ret_ Time Area . rea% [Peaki Ret. Time Area
1] 13253 1817450 49715 [ 1] 13273 147326 9588

2] 16287] 1838285 50.285 [_2[_16276] 1389271 90412
Total 3655735] 100,000 [Tota 1536597| 100.000

E

X Br . /~\ , N

/@/\A 5(0H) /@/\/
cl

Cl
(8,2)-1-chloro-4-(hexa-1,4-dien-3-yl)benzene  (14b): Following  general
procedure using (Z)-prop-1l-en-1-ylboronic acid, catalyzed by 3 mol%
Cu(MeCN)4PFs and 6 mol% CG. The corresponding product was obtained in 89%
yield (Sn2’:Sn2=74:26) as a colorless oil. Opt. Rot.: [a]§§9 = +25.2 (c=1.3 in
CH,Cly, 87 % ee). '"H NMR (400 MHz, CDCl3) 8 7.29 — 7.22 (m, 2H), 7.19 — 7.12
(m, 2H), 6.00 — 5.87 (m, 1H), 5.67 — 5.57 (m, 1H), 5.56 — 5.43 (m, 1H), 5.14 — 5.03
(m, 1H), 4.36 — 4.27 (m, 1H), 1.68 (d, J = 1.7 Hz, 3H). 3C NMR (101 MHz,
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CDCl) 6 139.9, 131.1, 129.0, 128.6, 128.5, 127.2, 125.1, 115.0, 46.0, 13.0. HRMS
(ESI) m/z calcd. for Ci2H14Cl [M+H]": 193.0784, found: 193.0785. Enantiomeric
excess of 87% was determined by chiral GC-MS [chiral column Rt®-BDM (30 m,
0.25 mmID, 0.25 um df); methods: 50 °C (1 min)-1-165 °C (1 min); major

enantiomer tr= 105.4 min; minor enantiomer tg= 108 min].

o~ il o e

.....
Peak Report TIC Peak Report TIC
Peak# R.Time Peak# R.Time

1 nwz
1 105.437 142.10
2 108.070 142.10

ase 'z
1 106.434 142,10
108418 14215

/@/\ABr . B(OH), 5
’ ©N - NZ
o /@/\/

Cl
(S,E)-1-chloro-4-(1-phenylpenta-1,4-dien-3-yl)benzene (14c¢): Following general
procedure using (E)-styrylboronic acid, catalyzed by 3 mol% Cu(MeCN)4PFs and 6
mol% CG. The corresponding product was obtained in 89% yield (Sn2’:Sn2=74:26)
as a colorless oil. Opt. Rot.: [a]s, = +40 (c=0.5 in CHCly, 56 % ee). '"H NMR
(400 MHz, CDCl3) 8 7.40 — 7.35 (m, 2H), 7.34 — 7.27 (m, 4H), 7.25 — 7.18 (m, 3H),
6.45-6.31 (m, 2H), 6.13 — 6.01 (m, 1H), 5.21 (dt, J=10.2, 1.3 Hz, 1H), 5.14 (dt, J
=17.2, 1.4 Hz, 1H), 4.21 (t, J = 6.6 Hz, 1H). 3C NMR (101 MHz, CDCls) § 141.1,
139.6, 137.2, 132.3, 131.2, 131.1, 129.5, 128.7, 128.6, 127.4, 126.3, 116.1, 51.7.
HRMS (ESI) m/z caled. for Ci7HisCl [M+H]": 255.0941, found: 255.0948.
Enantiomeric excess of 56% was determined by chiral HPLC [chiral column IB;
methods: eluting solvent: hexane, flow speed: 1 ml/min; major enantiomer tg= 9.2

min; minor enantiomer tr= 8.5 min].
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,,,,,

e Y — E
EtO,C Br + / \B(OH)Z _— :

Ethyl (S,2)-2-vinylpent-3-enoate (14e): Following general procedure using
(Z)-prop-1-en-1-ylboronic acid, catalyzed by 3 mol% Cu(MeCN)4PFs and 6 mol%
CG. The corresponding product was obtained in 75% yield (Sx2’:Sn2=80:20) as a
colorless oil. Opt. Rot.: [al, =+17.8 (c=1.4 in CH2Cls, 70 % ee). "H NMR (400
MHz, CDClI3) 6 5.99 — 5.86 (m, 1H), 5.71 — 5.62 (m, 1H), 5.56 — 5.47 (m, 1H), 5.20
—5.10 (m, 2H), 4.15 (q, J = 7.1 Hz, 2H), 4.03 (t, ] = 8.1 Hz, 1H), 1.66 (dd, J = 6.8,
1.6 Hz, 3H), 1.26 (t, J = 7.1 Hz, 3H). 3C NMR (101 MHz, CDCls) & 172.7, 134.9,
127.2, 126.16, 116.5, 60.9, 47.9, 14.1, 13.0. HRMS (ESI) m/z calcd. for CoHi50:
[M+H]": 155.1072, found: 155.1066. Enantiomeric excess of 70% was determined
by chiral GC-MS [chiral column Rt®-BDM (30 m, 0.25 mmlID, 0.25 pm df);
methods: 50 °C (1 min)-1-165 °C (1 min); major enantiomer tr= 31.3 min; minor

enantiomer tr= 30 min].

e
_ AN
O/MBr + / \B(OH)2 » O/\/

(R,Z)-hexa-1,4-dien-3-ylcyclohexane (14h): Following general procedure using
(Z)-prop-1-en-1-ylboronic acid, catalyzed by 3 mol% Cu(MeCN)4PFs and 6 mol%
CG. The corresponding product was obtained in 89% yield (Sx2’:Sn2=74:26) as a
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colorless oil. Opt. Rot.: [a], =+11.5 (c=0.4 in CH2Cls, 80 % ee). '"H NMR (400

MHz, CDCl3) 6 5.74 — 5.64 (m, 1H), 5.56 — 5.47 (m, 1H), 5.35 —5.25 (m, 1H), 4.99
—4.96 (m, 1H), 4.95 - 4.92 (m, 1H), 2.82 (m, 1H), 1.77 — 1.64 (m, 5H), 1.62 (d, J =
1.8 Hz, 3H), 1.29 — 1.12 (m, 4H), 0.99 — 0.85 (m, 2H). '3C NMR (101 MHz,
CDCl) & 140.6, 131.8, 124.0, 113.8, 47.8, 42.2, 31.0, 30.3, 26.6, 26.5, 26.5, 13.1.
HRMS (ESI) m/z caled for Ci2Hai [M+H]": 165.1643, found: 165.1642.
Enantiomeric excess of 80% was determined by chiral GC-MS [chiral column
Rt®-BDM (30 m, 0.25 mmlID, 0.25 pm df); methods: 50 °C (45 min)-1-160 °C (1

min); major enantiomer tr= 56.6 min; minor enantiomer tr= 57.5 min].

65338040 100.00
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Outlook and Summary

The research work presented in this thesis comprises of two major parts,
focusing on the development of enantioselective construction of Csp3-Csp? bond
catalyzed by copper complex and guanidinium salt under mild condition.

The first part of the work discussed the detailed investigation of asymmetric
Csp*-Csp? cross coupling reaction catalyzed by copper(I) complex and
guanidinium catalyst. An array of cyclic allylic bromides in five-, six- or
seven-member ring were transformed to the corresponding Csp3-Csp? cross
coupling products in good yield and high enantioselectivity. Various nucleophiles
from boronic acids were employed, including aryl, heteroarene and vinyl groups.
Mechanism exploration by X-ray, °Cu NMR and stereoselectivity of asymmetric
allylic arylation process supported a “hard” nucleophilic attack pathway in the

reaction.

"

) ) SR

S e s

) N N R X7
n X=0, S

QBF + R_B(OH)2 CU(MGCN)4PF6

— K3POy4, CHCI3 " { >
n=0-2 @MR )n /

The second part of the thesis described the extension of the developed

methodology from cyclic bromides to various acyclic bromides, giving a broader
scope of Sn2’ products with good enantioselectivity. Though the regio- and
enantio-selectivity of the reaction with prochiral acyclic allylic bromides was
generally moderate, the results illustrated the capacity of our catalyst system in

enantioselective allylic substitution with a wide range of bromide substrates.

tBu—(H\J\IL/E?F”tBU R’

FG/\/\B[- + R'B(OH)2 CU(MeCN)4PF6 = or
K3PQOy4, CHCI5

FG=aryl, ester, alkyl
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