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Abstract

The objective of this thesis is to investigate and develop Rh{tatalysed SuzukiMiyaura
cross-couplings of acyclic allylic species with arylboronic acids. While our group has
achieved an asymmetric R¥catalyzed SuzukiMiyaura crosscoupling of cyclic ra@mic
allylic halides and boronic acids, the catalystontrolled stereoselective coupling of more

complex acyclic unsymmetrical molecules has not been explored.

In this thesis, we present our efforts towards the development of a Rtatalyzed
enantioselective SuzukiMiyaura crosscoupling with racemic acyclic substrates that
have few or no symmetry elements. This approach represents an unprecedented advance

that significantly broadens the applicability of this reaction.

We discuss the development of an enantioconvergent Suztlldiyaura crosscoupling of
acyclic allylic systems in Chapter 2, while Chapter 3 explores the asymmetric formation
of all-carbon quaternary stereocentersvia the developed SuzukiMiyaura crosscoupling
of acyclic allylic systems. Additionally, Chapter 4 focuses on SuziMiyaura couplings
using terminal acyclic allylic systems and outlines a modular asymmetric synthesis of 3

aryl-J -tetralones via sequential double arylation.

Overall, the thesis addresses the challenges associated with synthesising acyclic €¢sp
rich compounds using novel asymmetric SuzukMiyaura couplings, with the aim of

developing more efficient methods for producing enantioenriched small molecules.
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List of Abbreviations

° degree

4CzIPN 1,2,3,5tetrakis(carbazol-9-yl)-4,6-dicyanobenzene

d chemical shift in ppm
| wavelength

t micro

0 wavenumber

AAA asymmetric allylic alkylation

AAAr  asymmetric allylic arylation

APCI atmospheric-pressure chemical ionization
ag. aqueous

Ar aromatic

BINAP ¢ h-kisggiphenylphosphino)-p h-pirephthyl
Boc tert-butyloxycarbonyl

br. broad
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day(s); doublet

determined

diastereomeric ratio
3,5-di-tert-butyl-4-methoxyphenyl

dynamic kinetic transformation

enantiomeric excess

electron ionization

equivalent(s)

enantiomeric ratio

electrospray ionization

flash column chromatography

gram(s)

gas chromatography

hour(s) or hextet

Heteronuclear Multiple Bond Correlation experiment
high pressure liquid chromatography

high resolution

Heteronuclear Single Quantum Coherence experiment
Hertz

infrared spectroscopy

Vil



J coupling constant (NMR) in Hz

KR kinetic resolution

L liter

m milli; medium; multiplet
M molar

m.p. melting point

m/z mass over charge ratio
min. minute(s)

MS mass spectrometry

N normal

NMR nuclear magnetic resonance

Ph phenyl

ppm parts per million

r.r. regioisomeric ratio
q quartet; quaternary
S strong; singlet

sat. saturated

SFC supercritical fluid chromatography

t triplet

THF tetrahydrofuran

viii



Tol

Xyl

vol

4-methylphenyl
3,5-dimethylphenyl
volume

weak

weight
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1 An introduction to asymmetric Suzuki -Miyaura couplings



1.1 Role of chirality in the design of biologically

relevant molecules
Despite significant progress in comprehending disease biology and remarkable

technological advancements, developing and introducing new drugs to the market
remains a protracted and expensivg@rocess.The high cost of drug discovery is primarily
due to the high attrition rate in clinical trials.! Therefore, it is crucial to develop
innovative approachesand revised perspectives on drug discovery to deliver medicines

to more patientsand at a lower cost

One such approach that has been extensively used in the past two decadesigh-
throughput screening (HTS).So far, the scope of easily accessible fragmeifits HTShas
been skewed towards essentially planar molecules that lack thregimensionality by
well-developed and reliable Csp?)-C(sp?) couplings?3; SuzukiMiyaura reaction being
dominant in medicinal chemistry. However, the use of C(sf)-rich (flat) scaffolds as
potential drug candidatesin the generation of HTS libraries has some disadvantages.
Increased molecular planarity (mostly twodimensional) provides limited shape
diversity and less efficient interaction toward a threedimensional target binding site4
Among other disadvantages, mlecules with highly planar characteristics tend to pack
tightly in a three-dimensional periodic lattice via A-stacking, leading to poor aqueous
solubility.> Also, sich compounds are considered metabolically labile as flat structures

are prone to unhindered metabolically labile site$.

In recent years, there has been a growing interest in synthesizinggp3)-rich compounds
as potential pharmaceutical agents. Evidence suggests thasg®)-rich compounds have
a higher chance of success in clinical trials compared to their C&gich counterparts.”

For example, research has indicated that when small molecules have a higher Gsp



count, they exhibit decreased promiscuity and a capacity to inhibit drug metabolizing

enzymes such as CYP450

Furthermore, sp3)-containing compounds can possess chiral centres, leading to
differences in efficacy between enantiomers and diastereomersén some cases, these
stereoisomers may exhibitcompletely different pharmacological properties, making it

important to identify and producethe correct sterecisomer in drug development?

As a result, drug discovery endeawrs have been focused on integrating C(8pcarbon
centers to enable more efficient exploration of a greater portion of chemical space and
enhance ontarget selectivity. A significant proportion of drugs approved by the FDA from

1951 to 2021, specifically over 60%¢comprise one or more stereocentergFigure 1.1).
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Number of stereocentres

Figure 1.1. Afrequency bar plot of the overall number oltereocentresin FDA approved
pharmaceutical drugs?°

Many of these drugs are derived from natural products or their derivatives, which
generally exhibit higher molecular complexity and on average, contain more
stereocenters.In fact, over the years chemical information density, largely arising from
chiral centres has increased in FDA approved drugfigure 1.2).
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Figure 1.2 A scatter plot representing the change of chemical information density in FDA
approved chiral and achiral pharmaceutical drugs over time, with an overall line of best
fit. Complex drugs tend to have a high information density, which is primarily due to the
presence of multiplestereocentersl0

Although it may appeaiintuitive that chiral drugs generally exhibit highercomplexity and
have moreinformation density, a more in-depth analysis of the distribution of molecular
complexity and information density (both of these measures gantify the complexity of
chemical systems!-13) based on the number of stereocenters providedistinct evidence
of the impact of chirality onmolecular complexity and chemical information density in
moleculeswithin th e datasetof FDA approved drugs (19512021).1° The Bottcher group
introduced the concept of molecular complexity? (Cn) which is predicated on Shannon's
information theory14, and it is quantified in molecular bits or mcbits. Molecular
complexity captures the cumulative impact of the information content in a moleculé,
and small variations in the numerical value of @correspond to relatively greater changes
in the underlying structural complexity. Typically, larger molecules exhibit higher
complexity. Accordingly, to facilitate meaningful comparisons of molecular complexity, it

is advantageous to consider molecular wght, and therefore it is recommended to



incorporate molecular weight, and express the result as information density in mcbit
mol/g. From the performed analysis, itis clear that as the number of stereocenters
increases in drugs so does theimolecular complexity and information density (Figure

1.3).
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Figure 1.3 A box plot of the distribution of molecular complexity (in mcbits) (left) and
chemical information density (in mcbits mol/g) (right) for compounds with different
numbers of stereogenic centresin the provided visualization, the median is depicted by
a dark horizontal bar, while the interquartile range (IQR) is represented by a box. The
whiskers extend to 1.5 times the IQR, marking the maximum and minimum values. Any
dots present in the visualizaéion are considered outliers, as they fall outside of this rige
on either side of the box30

As such, there is asignificant demand for new efficient methods to produce
enantioenriched small molecules. In thighapter, we investigateexisting methodsfor the
enantioselective production of C(sp) chiral centers using asymmetric SuzukMiyaura
couplings, with the aim of facilitating the efficient enantioselective synthesis of small

molecules



1.2 Palladium -catalysed asymmetric Suzuki -Miyaura

cross-couplings
The SuzukiMiyaura coupling is a crucial carborcarbon bondforming reaction,

especially for constructing @sp?)-C(sp?) bonds (Figure 1.4, a)!> It finds extensive
application in in drug discovery and natural product synthesis due to its broad

applicability, high functional group tolerance, and availability of boronic acigl16

o CLORJ,C(O

X = (pseudo)halide 2).C(sp?)
ach|ral
b. X
2, @ "¢
B(OR),
R R4

X = (pseudo)halide
C(sp®)-C(sp?)

point chirality

Figure 1.4 A general illustration of SuzukiMiyaura crosscoupling reactions. a, A C()-
C(sp) coupling between two aryl fragments. b, An asymmetric C(8pC(sp?) Suzukk
Miyaura cross coupling.

As discussed in the previous sectiont is widely acknowledged that compounds featuring
a higher degree of &aturation and possessing chiral elements are more likely to succeed
throughout the various stages of drug discovery. Accordingly, generating molecules with
three-dimensional characterstics has become an area of significant interest in the
pharmaceutical industry. Asymmetric versions of SuzukiMiyaura couplings are
therefore advantageous, andelow we list effortstowards achieving this goalFigure 1.4,

b).

Palladium-catalyzed cross-coupling reactions have become an essential tool in organic
synthesis, providing access to a wide range of valuable compound&mong these

reactions, the coupling of allylic nucleophiles with aryl and alkenyl electrophiles has

6



received considerable attention due to the potential for the formation of complex and
diverse C(sp?)-rich molecular architectures. Miyaura and colleagues demonstrateca
palladium-catalyzed coupling of terminal allylic potassium trifluoroborates with aryl and
alkenyl bromides (Figure 15). They also achieved an asymmetric version of the reaction
using a MandyPhos ligand (L1Qh x E E A E-subsktd&ionfpfoductsrin good yields,
moderate to excellent regioselectivities (depending on the bromide coupling pamer),

and good enantioselectivities (up to 90% ee)’ Mechanistic studies on this
transformation revealed that the S2' transmetalation of the allylboron species to the
ary-DAT 1 AAEOCTI AT i Pl Ag xAO A 111 xAA AU-ALEAOO
isomerization of the ally-Pd(Il) species could occut8 This mechanism accounts for the

observed regioselectivity and was supported by experimental and computational studies.

CF 5 X
3.0 mol% Pd(OAc), 8 5 CyoP” Fo N NMe:

Br 3.6 mol% (S,S,R)-1-L1 : :
: S, i Ph Ph
CF 3.0 equiv. K,CO3 H N
s H,0/MeOH, 80°C _ MeN — PCy2

Me :

70% (S,S,R)-1-L1

90% ee (MandyPhos series)

9:1 1. '

Figure 15 Pd-catalysed asymmetric crosscoupling of terminal allylic potassium
trifluoroborates couple and aryl bromides.

The Morken research group has made significant contributions to the development of Pd
catalyzed enantioselective cross couplings of allylic electrophiles and allylic boron
pinacol esters(Figure 1.6). Notably, the group has demonstrated that the catalytic system
consisting of palladium and Me@Guryl-BIPHEP (12) displays exceptional
regioselectivities, good yields and enantioselectivities (801% ee) in thecross couplings
of terminal allylic electrophiles and allylic boron pinacol esters? The group has also

demonstrated that both branched and linear (terminal) allyl carbonates can be employed

OA



in cross-couplings with boron pinacol esters, resulting in the formation of quaternary all

carbon stereocenters?0.21

5.0 mol% Pd,(dba);

A 10 mol% (R)-1-L2 D
N OBoc mol7 (KR)-1 —
| P -"BPin > | N
N 1.2 equiv. CsF P
THF, 60°C N
52%
90% ee
>20:1 r.r.
b )
" BocO M 2.0 mol% Pd,(dba); MeO pt X1,
¢ e/ \ 4.0 mol% (R)-1-L2 MZO e o
| N + X" BPin L
_N 3.0 equiv. CsF |
THF, 60°C 2
81% (R)-1-L2
0, '
90% ee ((R)-MeO-furyl-BIPHEP)
>20:1 r.r.
c. 2.0 mol% Pdy(dba)s /
Me Me 4.0 mol% (R)-1-L2
)\/\/\/\ * " BPin > Me Me,
Me OBoc 3.0 equiv. CsF N L =

THF, 60°C Me

96%
52% ee
4:1rr.

Figure 1.6 a, Pdcatalysed enantioselective cross coupling of terminal allylic electrophiles
and allylic boron pinacol esters . b, Asymmetric allydllyl cross-coupling furnishing
guaternary centres. ¢, Enantioselective Suzuliliyaura crosscoupling of terminal allylic
electrophiles and allylic boron pinacol esters vyielding quaternary altarbon
stereocenters.

In addition, the Morken group has demonstrated that similar transformations can be
carried out in a diastereoselective manner(Figure 1.7), where substitution on the
allylboronic ester allows for the introduction of adjacent chiral centers with good
diastereocontrol and enantioselectivities ranging from good to exceller®2 This
methodology has potential for wide application in the synthesis of bioactive compounds,

as demonstrated by its use in a concise asymmetric total synthesis &){cuparenone.

In contrast to Miyaura's mechanistic conclusion, the Morken group proposes that rapid

Pd-allyl isomerization occurs prior to the enantiodetermining reductive elimination in

8



these crosscoupling reactions?! These findings contribute significantly to the
development of enantioselective crossoupling reactions and highlight their utility in the

synthesis of complex molecular structures.

a.

Me !
. % (R)-1-3 :
« o Me 1.0 mol% (R)-1-3 Med |
+ » :
| cl PinB>|\/ 5.0 equiv. CsF =
BocN THF, r.t. BooN I : 0
O
92% i MeO P~Pdcl,
92% ee i MeO O R o
5:1rr. \[\L/)]
: 2
: (R)>-1-3
b. 10mol% (R11.3  Me Me ! ((R)»-MeO-furyl-BIPHEP-
X¢l Me  Me BPin -0 mol% (R)-1- o W"' A : Pd complex)
+ _—
Me)\/\)v 5.0 equiv. CsF Me Z
THF, r.t.
92%
96% ee
>20:1 rr.
3:1dr. :
E O
(o H X
’ 2.5 mol% Pd,(dba)z Me” " MeO P 2
X 5.0 mol% (R)-1-L2 ' MeO PL 0O
©/\/\ M BPin - Z 5 O ‘M]
10 equiv. CsF ! 2
THF, 60°C :
81% E (R)-1-L2
0, '
99% ee ! ((R)-MeO-furyl-BIPHEP)
10:1 d.r.

Figure 1.7 Couplings of terminal allyl chlorides and various allylboronic acid pinacol
esters developed by Morken group.

The Ding group recently reported a palladiumcatalyzed asymmetric allylallyl cross-
coupling reaction of acetates of racemic Moritd8aylis-Hillman adducts and allylB(pin).23
The reaction produced of a series of chiral 1;8ienes bearing a vinylic ester functionality
in good vyields, high branched regioselectivities, and consistently excellent
enantioselectivities (Figure 1.8). Downstream reactions of the allylation products led to
the novel efficient synthesis of chiral polycyclic lactones and lactams, including the

antidepressant ()-Paroxetine23



OAc 0.5 mol% [Pd(C3Hs)Cll» =

1.25 mol% (S,S,S)-1-L4 :

CO,Et CO,Et

=+ N"epin > 2=

5.0 equiv. CsF

Br DCM, r.t. Br H

PPh, Ph,P
97% (S,S,5)-1-L4

97% ee : (S,S,8)-SKP
10:1 r.r. :

Figure 1.8 Asymmetric allylic allylation of racemic Morita-Baylis-Hillman adducts with
allylic boron pinacol esters by Ding and cavorkers.

1.3 Iridium -catalysed asymmetric Suzuki -Miyaura

cross-couplings
The Carreira research group has made significant contributions to the field oftatalyzed

cross-coupling reactions through the development of a methodology for the coupling of
allylic alcohols with boron nucleophiles(Figure 19).24 The reaction can successfully be
performed with vinyl 25 and alkynyl?6 trifluoroborates, furnishing branched products in
good yields and excellent enantioselectivities. The proposed mechanism for this reaction
involves the rapid isomerization of two allytlr intermediates, allowing for the utilization

of racemic starting maerials.2’” The presence of an acid is necessary to promote
substitution of the alcohol substrate, while a fluoride activator is required for the

activation of the boronate.

Through the application of this methodology, the Carreira group has successfully
synthesized a variety of biologically active complex molecules, such as nyasol and

hinikiresinol. 2>

10



a.
OH 4.0 mol% [Ir(COD)Cl], O
_ X BF3K 16 mol% (S)-1-L5
+ —_—_— N
©/k/ ©/\/ 10 mol% nBuyNHSO,4 '
2.0 equiv.HF z
dioxane, 25°C :
wo  CL O
99% ee ' O.
; o PN |
N o T
OH BF3K 4.0 mol% [Ir(COD)CI], (S)-1-L5

~ . G 16 mol% (R)-1-L5 I
10 mol% nBuyNBr
1.5 equiv. KHF, =
2.5 equiv. CF3CO,H O
dioxane, 25°C
88%

99% ee
>50:1r.r.

Figure 1.9 # A O O A E O A-GatalysEdOStiZulEMiyhura couplings of racemic terminal
allylic alcohols and organoboron reagents. a, Vinyl boronate as a coupling partner. b,
Phenethynyl boronate as a coupling partner.

In a similar transformation, Yang and ceworkers disclosed that an allytallyl coupling can
also be achieved in good yields, and excellent regiand enantioselectivities (Figure

1.10).28

OH 4.0 mol% [I(COD)CI],
. 16 mol% (S)-1-L5 | : D
©M + /\/Bpln ) : o

10 mol% Zn(OTf), : P-N |

DCE, 50°C ©/\/ OO o

78%
99% ee ; (5)-1-L5
>50:1 rr.

Figure 1.10 Iridium -catalysed enantioselective coupling of allylic boron pinacol esters
and racemic terminal allylic alcohols by Yang and eaorkers.

In a related study, Niu and ceworkers reported the regio- and enantioselective coupling
of allylic carbonates with a diborylmethane reagen(Figure 1.11).2° They attributed the
improved selectivity of the reaction to the presence of silver additives, which facilitate

the transmetalation step.
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3.0 mol% [Ir(COD)CI], ; Me,
6.0 mol% (RR,R)-1-L6 "B~ ; o )Ph

X OBoc
PinB.__BPi > : : p—
©/\/\ + INBABFIN 5% equiv. LiOtBu Z : o" N Ph
5.0 mol% AgOTf ; OO Me>_

dioxane, 25°C

94%

(R,R,R)-1-L6
93% ee

Figure 1.11 Iridium -catalysed enantioselective SuzukMiyaura coupling, assisted by
silver triflate.

These findings represent important advancements in the field of icatalyzed cross
coupling reactions and highlight the versatility and efficiency of this methodology for the

synthesis of complex biologically active molecules.

1.4 Nickel -catalysed asymmetric Suzuki -Miyaura

cross-couplings
The Fu group has developed numerous Miatalysed crosscouplings. In their

AT AT OET AT 1T OAOCAT O Acbidudarhides with aryib@oniackdphilésA
they achieved excellent enantioselectivities and yieldd-igure 1.12a).30 In addition to the
use of C(sp) hybridised aryl nucleophilic partners, the Fu group has also been at the
forefront of developing a variety of Nicatalysed asymmetric C(sp)-C(sp®) cross
couplings between secondary alkyl halides and alkylboron compound§&igure 1.12b)31
These Nicatalysed asymmetric reactions usually require a directing group in the alkyl
halide coupling partner, with a diverse range of directing groups including amines and
amides being applicable. Fu and Zultanski also reported on an enantioselectivekel-
catalyzed aylation | Achioroamides, in moderate to high yields but an improvement in
enantioselectivity would be desirable (generally up to 90% eejFigure 1.12c¢).32 Fu and
Saito also reported the first asymmetric alkylation of racemic homobenzylic bromides
and alkyl-(9-BBN) species, where proper positioning of the aromatic group is crucial for
good enantioselectivity, as the catalyst system seems to differentiate beten the CHAr
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group and the alkyl group of the homobenzylic bromid€Figure 1.12d).33 In a more exotic
development, the Fu group reported a crossoupling reaction between arylboronic
nucleophiles and a tethered olefin, where transmetallation was followed by Niatalyzed
cyclization to produce 2,3dihydrobenzofuran products (Figure 1.12e)34 This method

was successfully applied in the synthesis of the core of the drug candidate, fasiglifgdn.

4EA DOI DI OAA 1T AAEAT EOI A& O &a&lcAminAsOilbhie OOE A
transmetalation, followed by singleelectron transfer oxidative addition of the racemic

alkyl halide and subsequent reductive elimination to form the alkyhlkyl coupling

product. The Fu group suggests that transmetalation followed by singlectron transfer

| JZEAAOEOA AAAEOQEITI EO OE A-haldaimiAds3d whildh AETA O ET E
calculations by Kozlowski and ceworkers suggest that reductive elimination is

enantiodetermining.3>

In conclusion, the Fu group's development of Ntatalyzed crosscoupling reactions has
made a significant impact in synthetic organic chemistry, providing an efficient and

selective method for the formation of G@C bonds.
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Cl 1.5 equiv. BuOH
toluene, -5°C

0 8.0 mol% [NiBr; -glyme],
J\gﬂ 9-BBN 10 mol% (s S)1-L7 Me ;
+ :
N Me 1 3 equw tBuOK
i CF, @—CF3

~
N

78% :
92% ee : MeHN  NHMe

Ph
Ph 10 mol% [NiBr, -glyme],

Me + '
;}1/\( 9-BBN 1.2 equiv. BUOK Me

b. (S,S)-1-L7

Me CI 2.0 equiv. n-hexanol
iPr0O , r.t.
68%
85% ee
C.
. (0}
o ) 10 mol% [NiBr, -glyme],
JJ\/Y\ PinB 12 mol% (S,S)-1-L9 Ph,N Me
+ -
PhoN Me \© 1.4 equiv. tBUOK ,
Cl 1.8 equiv. n-hexanol :
Et,O/hexanes, r.t. MeHN  NHMe
47% (S,5)1-L8
82% ee
d.

10 mol% Ni(COD), Me
/©qu 12 mol% (R,R)-1-L7 O
+ B ————
MeO Br

9-BBN 1.2 equw tBuOK MeO O
2.0 equiv. iBuOH
iPry0, 5°C
84%
90% ee

. O

<

MeHN NHMe

10 mol% [NiBr, -glyme], :
5 9-BBN 12 mol% (s S)-1-L7
/\/ r +
Bn \/\O 1 .7 equiv. tBUOK (8.5)-1-L9
2.1 equiv. BuOH

iProO/THF, r.t.
7%
95% ee

Figure 112 & 080 AOUIi T AOGOEA AO0OI OOandAdlkgmions] 0 xEO
Enantioselective coupling ofh-chloroamides b, Asymmetric aminglirected Suzuki
OAAAOEI T O 1T &£ OAATT AAOU Al EUI AEI-dhioreahiBled Ah 3 (
d, Enantioselective SuzukMiyaura crosscoupllngs of unactivated homobenzylic

bromide. e, Enantioselective C(sf)-generating cyclisation and crosscoupling cascade

involving arylborons.
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The Molander group has made a seminal contribution to the field of asymmetric cress
coupling reactions through the development of a photoredox/nickel dual catalytic
methodology for the coupling of C(sp)-hybridized organoboron reagents3¢ This

approach represents a new paradigm in the reactivity of alkylmetallic reagents in
transition -metal-catalyzed processes. In a demonstration of the asymmetric utility of this
methodology, a racemic trifluoroborate was subjected to crossoupling with methyl 3-

bromobenzoate in the presence of chiral ligan€iS,3-1-L10. This resulted in the synthesis
of 1,1-diarylethane product in 52% vyield and a promising enantiomeric excess of 50%

(Figure 1.13).

The stereochemical outcome of the singlelectron transmetalation is dictated by the
facial selectivity of the addition of a prochiral alkyl radical to a ligated Ni center. The
observed stereoconvergence provides strong evidence for the proposed mechanism,
which the organotrifluoroborate serves as a carbon radical precursor that is intercepted
by the ligated Ni complex, leading to € bond formationvia reductive elimination. This
preliminary result implies that high levels of stereoselectivity can be ddeved in the
photoredox crosscoupling of secondary alkyl nucleophiles through appropriate
modifications of reaction conditions and ligand structure. A followup study published by
the same group provides further insights into the mechanism of this tranefmation,
revealing an unexpected pathway for stereoinduction involving dynamic Kkinetic
resolution (DKR) of a Ni(lll) intermediate 3> The stereodetermining step in this process

is reductive elimination.

The refinement of this approach to asymmetric crossoupling reactions has the potential
to provide a significant advancement in the field by alleviating the need for the synthesis

of enantioenriched organoboron reagents.
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2.0 mol% [Ir[dFCF3ppyls(bpy)PFgl

Br BF3K 3.0 mol% [Ni(cod),]
3.0 mol% (S,S)-1-L10
. Ve mol% (S,S)- . MeOZC J: />_<\
3.5 equiv. 2,6-lutidine
COMe THF/MeOH
blue LED (S,9)-1-L10

52%
50% ee

Figure 1.13 Enantioselective SuzukiMiyaura coupling involving iridium/nickel
photocatalysis by Molander group.

In a recent study, Shen and cworkers reported a novel approach for the installation of
trifluoromethoxylated stereogenic centers in Nicatalyzed C(sB)zC(sp?) cross
couplings3” 4 EA  OA OA A O A EtAfl0ctomédhoxylatés (bdnAyl byomides in the
couplings with different aryl lithium organoborates, resulting in good yields and
enantioselectivities (Figure 1.14). The study highlighted the importance of the choice of
the reaction partner, with the use of a more reactive lithium organoborate over an
arylboronic acid being crucial for the successfultransmetalation below room
temperature, which led to high levels of enantioselectivity. This research represents a
valuable contribution to the field, providing a new and efficient method for the
installation of trifluoromethoxylated stereogenic centers in C(sp)zC(sp?) cross

couplings.

Me

OCFs oM @ 20 mot% N|Br2 OCF3 :
Br + nBu 1 Me Li 25 mol% (S,S)-1- L11
L @
MeOC THF, 10°C MeOC
89% . )-1-L11
90% ee

Figure 1.14 Nickel-catalysed C(sp)-C(sp?) cross-coupling of benzyl bromides developed
by Shen group.

In 2014, the Doyle group reporteda Nicatalyzed crosscoupling reaction between

arylboroxines and allylic N,QGacetals situated within quinolines (Figure 1.15).38 This
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approach provides modular access to the important pharmaceutical scaffold ofayl-

1,2-dihydroquinolines with moderate to high levels of enantioselectivity.The catalytic,

asymmetric arylation of quinolinium ions represents an underutilized but highly
attractive method for accessing this motif, due to the ready availability of quinolinium
precursors. This study is also a rare example of an enantioselective cressupling of a
racemic electrophile bearing an oxygen leaving group.According to the group's
mechanistic studies, the enantioselective arylation of quinolinium ions relies on the Ni

iminium activation mode 3°

A 5 mol% [Ni(methallyl)CI], A
o) 15 mol% (R,R)-1-L12
N“"oEt + | € > N o
/& 0 BO 15 mol% NaOPh-3H,0 > H
Et0” YO 3 dioxane/tAmOH, r.t. EtO” ~O o

96%
89% ee

(R,R)-1-L12

Figure 1.15 Nickel-catalysed enantioselective SuzukMiyaura crosscoupling of
guinoliniums.

1.5 Copper-catalysed asymmetric Suzuki -Miyaura

cross-couplings
Copper salts have long been recognised for their cestfectiveness and stabilityand have

thus been widely used as catalysts. The synthetic chemistry community has therefore

shown great interest in the area of asymmetric coppecatalyzed reactions*©

The Sawamura group has achieved a significant milestone by developing the first copper
catalyzed catalytic enantioselective allylic substitution reaction with alkylboron

compounds(Figure 1.16) .41 Under the catalysis of a Cu(l) and DTBegPhos system, the
reaction between alkyl9-BBN reagents and primary allylic chlorides exhibited excellent

r-selectivities (Figure 1.16a) The reaction yielded a branched product with an allylic
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stereogenic center in good yields and moderate to good enantioselectivities, even with
functionalized sp3-alkyl groups. The group later expanded this methodology to include
r hdisubstituted primary allyl chlorides as substrates, enabling the generation of
guaternary carbon stereogenic centers(Figure 1.16b)42 The proposed reaction

mechanism involves the additionelimination of a neutral alkyl-copper(l) species.

a. MeO ;
e ¢
MeO ¢ PAr,
5.0 mol% (CuOTf),.toluene H O PAr2
©/\/\/\ j@\/\/ % 10 mol% (R)-1- L13 @/\/\/ f <O
1.1 equiv. KOMe .
dioxane/DCM, 10°C 7 ; (R)-1-L13
o ; Ar = DTBM-CgH,
64%ee (R)-DTBM-SegPhos
>20:1r.r
" | J
10 mol% [CuOT¥.(toluene)] 0_0 | MeO PAr,
(\ % 10 mol% (R)-1-L14 L Meo PAr
)\M’\/ 1.5 equiv. KOEt O
THF/DCM, 15°C
(R)-1-L14

Ar = DTBM-CgH,
(R)-DTBM-MeO-BIPHEP

79%
90% ee

X 10 mol% CuCl 5 Q
©/\/\L Me 10 mol% (S,S)-1-L15.HBF, Me Ph Phcy “BF,
+ d
. > S )

o
P JOEt )\/Bpln 1.2 equiv. KOMe X
0* “OEt THF, -20°C @
OH M¢€

77% :
95% ee (S,S)-1-L15.HBF,

>20:1r.r.

Figure 1.16 Cu-catalysed C(sp)-C(sp?) forming asymmetric reactions by Sawamura and
colleagues. a, Terminal allylic chlorides and alkylborons. b, Terminal allylic phosphates
and allyl boronates. ¢, Quaternangcentre-forming coupling of prochiral allyl chlorides
and alkylboronates.

The same group also reported coppecatalysed enantioselective allyallyl couplings
between allylboronates and eitherZ-acyclic or cyclic allylic phosphated3 This reaction

was accomplished using a new chiral NHC ligand bearing a phenolic hydroxy group. The
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reaction exhibited exceptional N¢ #gpe regioselectivities, delivering chiral 1,5dienes

(Figure 1.169.

The Hayashi group has reported a method for the asymmetric allylic substitution of
prochiral terminal allylic phosphates with organoboronates, catalyzed by a copper and
N-heterocyclic carbene systent* The reaction provides the desiredr-substitution

products with high enantioselectivity (Figure 117).3 Ei E1 AO OOAT OZ&L Oi AGEI

disubstituted allyl phosphates with arylboronates constructs quaternary stereocenter$?

The use of a kdroxy-bearing chiral N-heterocyclic carbene ligandis essential for
achieving high enantioselectivity, as it stabilizes the copper intermediate and controls the
stereochemistry of the reactionMechanistically, the reaction proceeds with neaperfect
1,3-anti stereochemistry and bothE- and Z-substrates produce the same enantiomer as

the major product.

5.0 moI% CuCI
o~ OF O\ _Me 5:5mol% (S,5)1-L16
"P\OEt + C|_©—B\ :><
o 0 Me 20 equiv. NaOMe
THF, 30°C
Opr,

88%

1-L1
93% ee (S.9)- 6
>20:1rr
b cl
Me 5.0 mol% CuCl
~ PpEt . o C B'O:><Me 5.5 mol% (S,S)-1-L17
o “OEt o) Me 290 equiv. NaOMe
THF, 30°C O
PF6
84%
(S,S)-1-L17

89% ee
>20:1r.r.

Figure 1.17 CopperNHC catalysed asymmetric couplings of terminal allylic phosphates
and arylboron reagents.
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Overall, this method provides a powerful tool for the synthesis of enantioenriched
gammasubstituted products and quaternary stereocenters, with broad substrate scope

and high selectivity.

The Hoveyda group has made significant contributions to the field of copper and- N
heterocyclic carbene catalysed enantioselective couplingd-igure 1.18). In particular,
they have developed a crossoupling method that allows for the generation of
guaternary carbon stereogenic centers from terminal allylic phosphates and
commercially available vinylboron reagentst® The group has also identified catalytic
conditions that enable the addition of allenyl groups to similar allylic electrophiles,
resulting in the formation of tertiary or quaternary chiral centers#’” These
transformations are facilitated by a copper/sulfonatebridged bidentate N-heterocyclic

carbene system and proceed with good yields and enantioselectivities.

In addition, the Hoveyda group has demonstrated the asymmetric coupling of terminal
allylic phosphates and diborylmethane, leading to the formation of valuable products that
contain both a stereogenic center and a boron pinacolate handle for further
functionalisation4® The usefulness of this approach has been showcased through its
application in the synthesis of rhopaloic acid A a natural product Propargylic boronic
acids can serve as a coupling partners in the cros®upling reaction for the formation of

guaternary centers too#°

These examples represent only a fraction of the numerous asymmetric coppeatalyzed
methodologies that the Hoveyda group has developed. Overall, their research has greatly
expanded the scope of synthetic chemistry and has opened new avenues for the creati

of chiral molecules with high enantioselectivity?0.51
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Ph, iPr
Me 5.0 mol% CuCl NN
-~ DEt ©\/\ 5.5 mol% (S)-1-L18 Q \Z
P< + — > ®
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Br THF, 22°C : 28vg M€
' o“n O
00
79% :
96% ce (S)-1-L19
10:1 rr. :
c.
OFt 5.0 mol% CuCl .
2.75 mol% (S,S)-1-L20 in
TBSOLApL +  PinB._BPin £ (59) - -
& OEt 1.5 equiv. N\aOMe ~ TBSO A A
THF, 22°C 5 Ph.  Ph
: Q Y
89% Os8, NN Ar
92% ee L 75, Q
>20:1 r.r. / Ar
Ag\Ag
: A Ar
D22
O:S/\N N Ar
' nooe
d. : OPh  'Ph
SiMeg E Ar = 2,4,6-(iPI’)3C6H2
Me 5.0 mol% CuCl Z ' (S,5)-1-L20
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N + . > <
& OEt P'”B\/ 1.2 equiv. NaOMe Z
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Figure 1.18 a. Quaternarycentre-forming enantioselective coupling between terminal
allylic phosphates and vinylboronic acid pinacolate esters. b. EnantioselectivesgSo
coupling of terminal allylic phosphates and allenylboron species. c. Asymmetric coupling
of terminal allylic phosphates and diborylmethane. d. Propargylic boronic acid is utilised
as a coupling partner in quaternary centre forming crossoupling reaction.
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1.6 Rhodium -catalysed asymmetric Suzuki -Miyaura

cross-couplings
The use of rhodium as a metal catalyst in conjunction with organoboron reagents has

been widely employed in catalytic asymmetric SuzukMiyaura couplings.In a report
published by Lautens and colleagues, it was demonstrated that the addition of
arylboronic acids to allylic dicarbonates could be catalyzed by rhodium with high levels

of enantio- and regioselectivity (Figure 1.19)524 EA AOOET OO0 DOI -BryIOA A
Rh intermediate was formed during the reaction, which could then undergo reductive
elimination to give the major regioisomer observed. They suggested that the slow rate of
isomerization of this intermediate enabled &cellent regiocontrol. In a subsequent study,

the authors demonstrated that it was also possible to access the alternative regioisomer

by changingthe ligand used, although with reduced levels of regiocontréP

a. ' OMe
OCO,Et 0 ; N?
2 5.0 mol% [Rh(COD)OH], 0CO,Et : |
. ©/B(OH)2 12 mol% (R)-1-L21‘ ' MeO N PPh,
1.0 equiv. Cs,CO3 ""@ i MeO A PPh2
OCO,Et THF, 50°C ; NI P
87% OM
e
OCO,Et 92% ee ,
18:1rr . (R)-1-L21
through an[Rh] :

Ph

OCO,Et 4.0 mol% [Rh(COD)OH], @ ;o C
B(OH)2 12 mol% (R)-1-L22 s ;
+ ©/ > ! MeO PPh,
1.0 equiv. 082903 MeO PPh,
OCO,Et benzene, 60°C : O
OCO,Et '
2 cl

82%
99% ee
2.8:1rr

(R)-1-L22

Figure 1.19 Rh-catalysed desymmetrisation of cyclic mesdisphosphates.
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In addition, the Lautens group demonstrated that the protocol can be successfully
extended to acyclic terminal allylic systems, specifically acyclimescbiscarbonates

(Figure 1.20).54

OMe
N/

5.0 mol% [RN(CODIOH, .
/\)/OCOZE‘ ©/B(OH)2 12 mol% (R)-1 |_21 ; Meo” Y pph,
+ h
! MeO PPh
Et0,CO0" N7 20 mol% Zn(OTf), ocoet | N 2

1.0 equiv. CszCO3
THF, 50°C NG
85% , OMe
94% ee f (R)-1-L21

Figure 1.20 Rh-catalysed desymmetrisation of cyclic mesdisphosphates.

In one of the studies Gong and colleagues reported the use of Rhtalysis in the
asymmetric allylic arylation of nitroallyl acetate with phenylboronic acid(Figure 1.21) .55
This work builds upon the team's previous research on 1;A&ddition reactions and

suggests that the reaction occursiaa 1,4AAAEOET 1T D OT AA GininatiolA AAET C

of the acetate group and the formation of the final produc

NO 2.5 mol% [Rh(COD)OH], OO
2 (OH); 6.0 mol% (R)-1-L21 NO2 PPh,
ORe ©/ > : PPh,
dioxane/H,0 ‘ OO
50°C 5

56%
97% ee

(R)-1-L21

\

Ph  N<

[T5

O/

oy °
Me
Figure 1.21 SuzukiMiyaura coupling ofnitroallyl acetate and phenylboronic acid.

Oi and coworkers reported on the use of Rbatalysis in theregioselectivecross-coupling
of terminal acyclic allylic ethers with arylboronic acids(Figure 1.22).56 This reaction

demonstrates good yield andexcellentenantiocontrol.
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Nee
2.5 mol% [Rh(nbd)CI], Me o
O Me B(OH),  7.5mol% (R)-1-L13 Z : PAra
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CF3 8.0 equiv. KOH <O O

dioxane/H,0, 50°C
(R)-1-L13
Ar = DTBM-CgH»
(R)-DTBM-SegPhos

75%
92% ee

Figure 1.22 Regioselective arylation of terminal acyclic allylic ethers.

1.7 Conclusions and thesis outline

This chapter has overviewed the progress made in development of asymmetric Suzuki
Miyaura crosscouplings over the past two decades and their crucial role in the synthesis
of biologically significant compounds. Ongoing research in this area leads to novel
methods constantly being reportec®’->° The transformations thus far reported in the
literature have contributed to the development of enantioselective crossouplings and
enabled the synthesis of several pharmaceutical agents and natural produdiespite the
vast amount of asymmetric SuzukMiyaura couplings being constantly developed, the
existing procedures are too substrate specific, many of them work only with
prochiral/achiral starting materials. These procedures fail when notterminal allylic
systemsor non-prochiral starting materials are employed.Hence racemic allylic systems
where both termini of the allylic species contain substituents are often absent as
electrophilesin the reported literature procedures. Given that theoretically the amount
of potential racemic electrophiles is much greater than that of prochird this represents

a significant lack of generality. In addition, many reactionsare limited to using
unfunctionalized aromatic and aliphatic boronic acid derivativesand do not tolerate
heteroaromatic and other nucleophiles containing important functional groups, such
nitrogen. Heteroaryl fragments are prominent pharmacophores in various drug

discovery programmes, small structuraly well-defined rings are commonly incorporated
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in pharmaceutical agents to#1-63 Methods that do not tolerate heteroaryl or saturated
nitrogen containing coupling partners are less likely to adopted by the medicinal

chemistry community and employed in drug discovery campaigns.

These shortcomings have encouraged the rapid development of new stereoconvergent
reactions that can start from the racemic mixture of chiral substrate and offer powerful
opportunities. In particular, there is an aimto address the limitations associated with the
utili sation of terminal allylic electrophiles, thereby enabling access to a diverse array of
racemic coupling partners Nevertheless, these aspects of catalytic asymmetric C{sp
forming cross-coupling reactions have remained almost completely ungatored until our
group developed several rhodium catalysed methodologies to couple racemic allylic
electrophiles and aryl or heteroaryl boronic acid$465>We have continued to expand our
Rh-catalysed asymmetric SuzukMiyaura coupling method in recent years and these
methodologies will be discussed in detail in the next chapter. Enantioselective
procedures on simple cyclic benchmark substrates are now reasably well established
and they pave the way for further exploration in this area of research. However, the
catalyst-controlled stereoselective coupling of more complex, especially acyclic
unsymmetrical molecules is virtually unknown. Developing a Rigatalysed
enantioselective SuzukiMiyaura crosscoupling with racemic acyclic substrates that
have few or no symmetry elements would represent an unprecedented advance and

would significantly expand the applicability of this reaction.

To tackle these exciting challenges, waeveloped an enantioconvergent SuzukMiyaura

cross-coupling of acyclic allylic systems and we discuss it in Chapter(Rigure 1.23).
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Chapter 2

X CO,EL
O Me
Me
. N Me
—_— H
—_— H and Me Me
Me
96% ee 96% ee
(S)-trinorsesquiterpene (S)-curcumene
Chapter 3
Me =z
Z Et0,CO,,|Ph R || me
R | N ‘*t/ ! X Ph
X _-CO,Et
B(OH), z o COLEL
z | M
all-carbon Z R N Car
quaternary R— || Me
stereocentre A Ph CO,H
X CO,Et _
Mutagenesis agents
Chapter 4

OH

3-aryl-a-tetralones Estrogenic stimulator

Figure 1.23 Outline of the work presented in the thesis. Chapter 2 discusses the
development of enantioconvergent SuzukMiyaura crosscouplings of acyclic allylic
systems. Chapter 3 explores the asymmetric formation of altarbon quaternary
stereocenters using the developed SuzukiMiyaura crosscoupling of acyclic allylic
systems Chapter 4 focuses on SuzukVliyaura couplings using terminal acyclic allylic
systems and uncovers amodular asymmetric synthesis of 3aryl-J -tetralones via
sequential double arylation.
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Chapter 3 explores the asymmetric formation of altarbon quaternary stereocentersvia
the developed SuzukiMiyaura crosscoupling of acyclic allylic systems. Chapter 4 focuses
on SuzukiMiyaura couplings using terminal acyclic allylic systems and uncovers a

modular asymmetric synthesis of 3aryl-J -tetralones via sequential double arylation.

In summary, this thesis aims to address the challenges associated with synthesizing
C(sp?)-rich compoundsvia novel asymmetric SuzukiMiyaura couplings and developing
efficient methods to produce enantioenriched small molecules. By doing so, we hope to
contribute to the development of more successful drug candidates and increase the
chances of bringing new and ééctive drugs to market.We anticipate that this work will
inspire progress in asymmetric catalysis, and that methodologies developed, and trends

described here will be the key to solving other challenges in the field.
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2 Enantioconvergent Suzuki -Miyaura cross -coupling of

acyclic allylic systems
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2.1 Introduction

2.1.1 Regioselectivity in Rh -catalysed asymmetric Suzuki -Miyaura
couplings

As mentioned in Chapter 1, asymmetric Suzulivliyaura couplings with racemates have
been reported scarcely. Our group has developed several methodologies for
enantioselective SuzukiMiyaura crosscouplings using cyclic allylic substrates and

(hetero)arylboronic acids (Figure 2.1)54.66.67

OMe
a. s N/ |

MeO” Y “Pxyl,

2.5 mol% [Rh(COD)OH OMe |
(jc' /©/B<OH)2 Pty ((3)-24)_2 L O i MeO A PXyl,
+ - :
MeO 1.0 equiv. Cs,CO4 ‘ g NZ

THF, 60°C

OMe
77% yield :
97% ee ; (S)-2-L2
! (S)-Xyl-MeO-BIPHEP
b. COMe
; o)
cl B(OH), 25 mol% [Rh(COD)OH], : < O
Ot ©OH)2 “eomol% (S)2L3 o o, & 5 0 PPh,
XL SO ey
Me™ Yo MeOC 1.0 equiv. CsOH (aq.) b : <
THF, 65°C ; 5
+ 53% yield :
) oY : (S)-2-L3
86% ee : (S)-SegPhos
>20:1 d.r. H

Figure 2.1 Examples of asymmetric rhodiumcatalysed SuzukiMiyaura couplings of
racemic allyl chlorides and arylboronic acids developed by our group.

These reactions are restricted to electrophiles that are symmetrical about the allyl unit
upon cleavage of the carbotheaving group bond (also known as pseudosymmetric
electrophiles). Furthermore, our experiments have demonstrated that the reaction is
only successful with cyclic substrates where the double bond is fixed in th&

configuration (Figure 2.2).
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Figure 2.2 Previous work in the Fletcher group: cyclic allylic electrophiles.

In the cases where our Ritatalysed SuzukiMiyaura crosscoupling methodology was
attempted with substrates that cannot form a pseuddC2 symmetric intermediate, a
mixture of regioisomers, each formed in excellent enantioselectivity (99% and 98%g),
was observed’. Regioisomeric ratio of almost 1:1 suggests that the process underway is
an enantioselective regiodivergent arylatiorg each enantiomer of the starting material is
converted into a different product (with high e€ by the same catalyst (Figure 2.3). This
process could potentially be useful at synthesis of diverse libraries of enantiopure

compounds however it fails at regioconvergence.

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

Ph Ph
0w = (HO), \© 6.0 mol% (S) SegPhos O 4+ 3
<I> 1.0 equiv. CsOH (aq.) <I> m
THF, 65°C 99% ee 98% ee

4:1d.r. 5:1d.r.

91% vyield
1:1rr.

0 o
one enantiomer - :},,, 0 S
| 7 'Rh-Ph

QD
er ol / rr.=1.0:1.0
(¢

Ph
| one enantiomer ) 3
> oA~FRn-Ph T {I}
(6]

Figure 2.3 Rh-catalysed asymmetric SuzukMiyaura couplings with a substrate not
containing pseudosymmetry.
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2.1.2 Additional challenges of using acyclic substrates
As the conformationalflexibility of the substrates increases, additional issues may arise.

One possible problem stemming from the use of acyclic substrates is that the double bond

z A N s oA

CAT i1 AbBou EO 110 Ai1 OOOAET AA AU OEA OEA CS8

A ET OA OAinh tofnatorEwith rotation about a single bond to form either aZ or
E double bond after reductive elimination% This results in a minimum of eight
stereoisomers with potentially similar energies for the catalytic system to distinguish

between (Figure 2.4).

n—o—n interconversion together with rotation about a single bond

2 regio-, 2 Z/E-, 2 enantiomers — total: 8 stereoisomers

Figure 2.4 Selectivity challenges in acyclic nosymmetric systems.

Regio, E/ Z-, and enantioselective couplings of acyclic internal allylic electrophiles and

arylboronic acids remain elusive but are highly sought after.

2.1.3 Stereocentres in acyclic molecules

Acyclic compounds containing C(s}) stereocentres are prevalent in natural products and
biologically active compounds (Figure 2.5). These compounds often have unique
structural features that make them attractive targets for synthesis in the pharmaceutical
and fine chemical industries. Someof the bestin-class drugs contain a C(sp)
stereocenter attached to an acyclic chain of carbon atoms, such as the @agihma drug

(+)-AA2414%° and the antioxidant aspergilol A9, which have a diaryl stereocenter in an

32

~

) ]



acyclic system. In addition to these synthetic compounds, several natural products also

contain an arykmethyl stereocenter, including §-curcumene, neonulicin B, and shellolic

acid E'1. Of these, neonulicin B has been shown to have antioxidant properties, making

it a potentially interesting compound for biomedical research. Similar structural motif is

also present in the patented Janus kinase inhibité# and natural products chloranholide

B74 and baccharisketone.

Me
\©\:/\/\(Me

Me Me

(S)-curcumene
natural product

(+)-AA2414
thromboxane A2 receptor antagonist

Janus kinase inhibitor

neolinulicin B

anti-inflammatory

Cl
1,
Cl ¢ NHMe

4

N
H

monoamine reuptake inhibitor

aspergilol A

antioxidant

shellolic acid E
natural product

o~ (0]
Me
Me~ "Me

chloranholide B

anti-inflammatory

M6\©\/\/ﬁ\
5 Me

Me” Me

baccharisketone
natural product

Figure 2.5 Natural products and bioactive compounds containing a carbon stereocentre

in an acyclic system.

However, the synthesis of these compounds can be challeng@gmany are derived from

chiral pool natural products or require lengthy multi-step linear syntheseg>78

33



Fragments similar to those present in these bioactive compounds could be potentially
accessed more efficientlyia aforementioned asymmetric SuzukiMiyaura couplings of

acyclic allylic systems.

Stereospecific variant of the regioselective coupling of acyclic allylic electrophiles and

boronic acids has been reported. For example, the Bouzbouz group disclosed that
enantioenriched allylic fluorides undergo arylation with boronic acidsx EOE A @AAT 1 AT
Ol -chirality transfer to yield Z-alkenyl-unsaturated amides using [Cp*RhG]. as a

precatalyst (Figure 2.6Y%. 41 1 00 ET 1T x1 AACAh "1 OUAT 6U cCOl
fluorides is the only regioselective example of SuzulVliyaura coupling with internal

acyclic allylic electrophiles.

4.0 mol% [Cp*RhCI
0 - B(OH), o [Cp 2]2>
HZN)H/\/\/\Me + ©/ H,O z
F 80°C, 16 h HoN O Me

79%, ZIE = 28:1
99% ee

Figure 2.6 Stereospecific coupling of arylboronic acids and acyclic internal allylic
electrophiles.

However, when it comes to regioselective Suzul¥liyaura couplings of acyclic racemic
electrophiles no reliable methods have been established. A-Batalysed crosscoupling
of acyclic allylic acetates and boronic acids has been reported by Uem#rdut the

procedure suffers from a moderate yield and low ee (Figure 2.7).

5.0 mol% Ni(acac),
16 mol% DIBAL-H

Me _~_Me B(OH), Me__~_Me P oph pS ! z,_
: 2 F Q
\/\O{Ac ' ©/ 10 mol% 2-L8 Y : ZND

3.0 equiv. KOH Ph E > .
THF, reflux, 17 h 51% .
21% ee : 2-18

Figure 2.7 An example of an enantioselective coupling of an arylboronic acid and an
acyclic internal allylic acetate.
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Overall, the enantioselective generation of stereocenters in acyclic systems through
asymmetric coupling of acyclic internal allylic systems and corresponding aryl boron
nucleophiles is a major challenge in modern synthetic chemistry. As such, there iseed
for reliable and modular asymmetric SuzukiMiyaura couplings that can regioselectively

form a new C(sB)-C(sp?) stereocenter in an acyclic system.

2.1.4 Project aims

As discussed above, the use of racemic starting materials in asymmetric synthetic
chemistry is often limited by the lack of methods for deracemising complex racemic
compounds8l.82 However, the development of such methods is attractiveas it allows
circumvention of the problem of suitable substrates being restricted to prochiral and
meso materials. In previous work, our group demonstrated the use of racemic starting
materials in the synthesis of simple coupling products from cyclic pselosymmetric
substratesf4.66.67, |n this study, we aimed to expand the scope of these asymmetric Suzuki
Miyaura crosscouplings to acyclic substrates that do not possess pseudosymmetry. The
goal of this project was to design a reliable and versatile asymmetric Riatalysed Qsp?)-
Q(spd) cross-coupling that would generate the desired product with high enantig regio-

, andZ/ E-selectivity from a racemic starting material through the formation of Rim-allyl

complexes (Figure 2.8).

X Rh H R
RB(OH), =
X —_— A
racemic single enantiomer

Figure 2.8 Envisaged Rhkcatalysed enantioconvergent arylation of acyclic allylic species.
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2.2 Results and Discussion

2.2.1 Reaction optimisation

In an attempt to test whether our SuzukiMiyaura crosscoupling reaction is possible to
perform on internal allylic electrophiles we chose several model substrates with
equivalent allylic termini. We sought to first focus on the formation of a "pseude
symmetric" intermediates through oxidative addition to circumvent the potential
formation of complex mixtures of regioisomers that could be difficult to analyse
However, we encountered difficulties with the majority of the prototypical allylic
chlorides examned that have this feature, as they were either unreactive, hydrolysed or

underwent side reactions to yield an inseparable complex mixturé-igure 2.9).

Cl cl N
A N
OhACERS O e He
21 2-3 2.4
OH o
A
X
O O inseparable complex mixture Me/\/LMe
2-2 2-5
o) s
hydrolysis 32% yield

71% ee

Figure 2.9 Substrates initially tried as electrophiles in the asymmetric SuzukMiyaura
coupling.

While the methyl-substituted allylic chloride 2-4 did afford the desired product in low
yield and moderate enantiomeric excess, we ultimately decided not to pursue this
substrate further due to the high volatility of the starting material andthe pentadiene

byproduct (following elimination) , as well as difficulties in purification and analysis of
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the product mixtures, and the limited electrophile scope that the reaction would almost

inevitably have.

cl 2.5 mol% [Rh(COD)OH],
B(OH), 6.0 mol% (S)-2-L2 X
A WV - X
Me + >< .
Me 1.0 equiv. Cs,CO3
THF, 60°C
2-6 2-7d 2-8

elimination

Figure 2.10 Non-pseudosymmetric substratetried as an electrophile in the asymmetric
SuzukiMiyaura coupling.

We then attempted the reaction on an internal allylic system with inequivalent termini to
check whether our catalytic system could somehow distinguish the two ends and result
in a regioselective arylation. Unfortunately, substrate?-6 underwent an elimination to

form a conjugated diengFigure 2.10).

Having examined the behaviour of the aforementioned acyclic allylic systems, we
concluded that, if the desired reactivity was observedpw-yielding intractable mixtures

of isomers that were extremely difficult to even characterize were obtained.
Counterintuitively, the resolution to this problem involved employing a system that
offers a greater range of potential reaction outcomes, enabling both allylic substitution
and 1,4addition. The 1,4A A A E O E [-UnsatOrhted spegies, catalysed by rhodium, is
widely recognised384 and represents the primary pathway observed under specific

conditions investigated in this study.

We also made an observation that all substrates that have undergone the desired Suzuki

Miyaura arylation under our conditions possessed &-double bond84.66.67.85

Hence, we chose compoun@-9a as our next model substrate(Table 2.1). 2-9a is an

acyclic internal allylic electrophile with two electronically different ends of the allylic
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system and aZ-double bond. We chose a carbonate as our leaving group because of their

stability and synthetic accessibility.

We attempted to couple (x}2-9a with phenylboronic acid 2-7a using methods similar to
those previously reported for cyclic allylic halides and arylboronic acid& No desired
product was observed using privileged ligands such as BINARL1 and XytP-Phos2-L2
(Table 1, entries 1 and 2). Conjugated addition produ@-10A &as obtained in reaction
with SegPhos2-L3 (entry 3). Garphos2-L4 gave the desired chemoselectivityproviding
2-10a with 2.3:1 ZE in 73% yield and 92% enantioselectivity (entry 4). Further ligand
screening revealed2-L7 gave highest enantioselectivity, yield and/ E ratio. Generally,
we observed high enantie and regio- selectivity at lower temperatures, however the
conversion was incomplete. In order to increase the conversion, we used a stronger base
however, aqueous caesium hydroxide proved tonhibit the reaction (entry 9). We
managed to achieve good conversion at room temperature in toluene but this time the

enantioselectivity was lowered (entry 10).
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Table 2.1 Reaction optimisation.

[Rh(COD)OH], EtO,CO,,_Me
Et0,CO B(OH), ngand*
CO,Et
COgEt 032003
THF, T X CO2EL

OMe
N7 0
3 ¢
PPh; MeO PXyly o PPh,
N = 0
OMe
(R)-2-L1 )-2-L2 )-2-L3
MeO PAr, MeO PPh,
MeO PAr, MeO PPh,
OMe
R)-2-L4 Ar = Ph (R)-2-L7

(R) -2-L5 Ar = Tol
(S)-2-L6 Ar = Xyl

Al OC 1 ECAI 4 3 UE,?\I;EC)IW / AAja;pan:%. & # UEﬁj\légglmo
P CZ p om T V4 V4 T
q ¢Z ¢ o s V4 V4 T
o ¢Z o o q Z Z op
T GZ 1T om X0 WG 8 p s
v GZ v pm X G wT p8dp p T
0 CZ o Qm LU Pt p8d; p T
X CZ X (O] Yo WY o8f p Lt
W] CZ X 080 X WY 4 T
o CZ X 080 U WX 4 T
p Tt CZ X 080 g WT o8 p T

aConditions: [Rh(COD)OH](2.5 mol %), ligand (6.0 mol %), G&LQ (1.0 equiv.), phenylboronic acid (2.0 equiv.), 16
h. b/50wt% aqueous CsOH used as a bas@oluene used as a solventZ/ E ratios were determined by 1H NMR
spectroscopy on crude reaction mixtures. Yieldsf 2-10a determined by subsequent hydrogenation of the product
mixture. Enantiomeric excesses were determined by hydrogenation of the product mixture and SFC analysis using a
chiral non-racemic stationary phase.

In addition to the ligand, we explored the effect of the leaving group on the yield arfd E
ratio of these reactions (Figure 2.11). Using isopropyl carbonate as the leaving groum
(¥)-2-9b resulted in lower yield and Z/ E ratio. Further increasing steric bulk of the

leaving groupby using atert-butyl carbonategave a higheiZ/ Eratio ((z)-2-9c). However,
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we obtained low yield and unreacted starting material was present indicating that the
reaction had not gone to completion andthat the Z/ E ratio is inflated (see Mechanistic

Studies section).

2.5 mol%[Rh(COD)OH],

ROK[,\M/e B(OH), 6.0 mol% (R)-2-L7 Me
+ >
x_CO,Et ©/ 1.0 equiv.Cs,CO3
THF, 60°C N COE
(£)-2 2-7a 2-10a
Me._O<_O., _Me Me._0O._0O, _Me Me._0O._0O, _Me
h Mol
(0] X CO,Et Me O X COEt Me O X CO,Et
()-2-9a (+)-2-9b (+)-2-9¢
yield Z (E) = 64% (19%) yield Z (E) = 66% (21%)* yield Z (E) = 35% (8%)
ZIE=3.4:1 ZIE=31:1 ZIE=4.4:1
98% ee 98% ee 97% ee
*31% SM
Me
O On Mo 0y © 0 On e S
©/ (/COZEt /©/ 1002& /©/ - COEt Me\/o prOuMe
(0] XxCO,Et
(+)-2-9d (£)-2-9e (+)-2-9f (+)-2-9¢
yield Z (E) = 64% (32%) yield Z (E) = 27% (5%) yield Z (E) = 34% (17%) yield Z (E) = 31% (27%)
ZIE=2:1 ZIE=54:1 ZIE=2.0:1 ZIE=11:1
98% ee een.d. 98% ee 96% ee

Figure 2.11 Effect of using different leaving groups in the asymmetric Suzuiliyaura
coupling. (Z E ratios were determined by IH NMR spectroscopy on crude reaction
mixtures. Yields determined by subsequent hydrogenation of the product mixture.
Enantiomeric excesses were determined by hydrogenation of the product mixture and
SFC analysis using a chiral neracemic stationary phase.

We also varied the electronic properties of the leaving group. Firstly, phenyl carbonate
(¥)-2-9d, where the electron density could be delocalised onto the aromatic ring such
that it serves as a better leaving group, gave full conversion into the desired products in
excellenteealbeit with a lower Z/ Eratio (2 : 1). Both electron donating and withdrawing
substituents in the 4position of the phenyl((x)-2-9e and ()-2-9f) gave lower yields and
no clear trend could be determined. We also attempted the retan using a phosphate

leaving group((x)-2-99g).Zand Eproducts were obtained in 1.1 : 1 ratio in moderate yield
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and good ee however unidentified byproducts suggest the phosphate substrate

decomposes under the reaction conditions.

After a leaving group screeningethyl carbonate remained the leaving group giving the

most favourable combination ofZ/ E (3.4 : 1) selectivity and overall yield (83%).

We then checked whether any additive could be used to enhance the prod@&iE ratio
(Table 2.2). After an extensive additive screening, we found that most triflate salts gave
high total yield of Z and E products with Z/ Eratios varying between 2.5 : 1 for Y(OT$)
and 4.1 : 1 for AgOT{entries 1-4). Surprisingly, addition of zinc chloride, bromide and
iodide salts did not result in any formation of the product (entries 57). Silver containing
salts tended to give lower yield (36-80%) with varying Z/ Eratios (entry 9-14). Bregnsted
acid TfOH also worked relatively welfurnishing the product in 73% yield and 3.1 : IZ/ E
ratio (entry 15). Finally, we identified that full conversion can be achieved using 20 mol%
Zn(OTf at room temperature (entry 17). These conditions conserve high
enantioselectivity and result in higher Z/ E ratio than that observed at elevated

temperatures.
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Table 2.2 Additive screening

2.5 mol% [Rh(COD)OH],

EtO,CO, _Me
2 B(OH), 6.0 mol% (R)-2-L7
co.et * . > Me
NS 2 1.0 equiv. Cs,CO3

20 mol% additive X CO2EL
(t)-2-9a 2-7a THF T 2-10a
Entry Additive 4 3 efg;if NZMZRly(i);d NI?\/IZRJ;/?;d yie-lrc? tc?fl 2 2% ﬁﬁg(ﬁﬁé

1% 1% 10a/% 1%
1 AgOTf 60 98 29 7 36 4.1:1 58
2 Er(OTf)s 60 97 65 24 89 2.7:1 0
3 Y{(OTH)s 60 97 62 25 87 25:1 0
4 Zn(OTf) 60 97 67 25 92 27:1 0
5 ZnCh 60 - 0 0 0 - 85
6 ZnBr 60 - 0 0 0 - 89
7 Znl2 60 - 0 0 0 - 100
8 ZnCk (1.0M in E£O) 60 98 56 19 75 29:1 26
9 AgNTE 60 96 57 23 80 25:1 13
10 AgSbks 60 98 42 9 51 4.7:1 47
11 AgBR 60 98 50 14 64 36:1 36
12 AgPFks 60 99 42 11 53 38:1 43
13 AglOy 60 - 0 0 0 - 0
14 AgClQ 60 96 57 17 74 34:1 10
15 TfOH 60 97 55 18 73 31:1 0
16 Cu(OTfp 60 97 34 8 42  43:1 5
17 Zn(OTf) r.t. 98 75 19 94 40:1 0
18 AgOTf r.t. 98 28 7 36 4.1:1 54
19 TfOH r.t. 97 55 18 73 31:1 20

Conditions: [Rh(COD)OH] (2.5 mol %), (R)-2-L7 (6.0 mol %), CsCQ (1.0 equiv.), additive (0.2 equiv.), phenylboronic
acid (2.0 equiv.), 16 hZ/ Eratios were determined byH NMR spectroscopy on crude reaction mixtures.
Enantiomeric excesses were determined by SFC analysis using a chiral macemic stationary phase.

We speculated that Lewis acid additives could activate the carbonate substrate by
coordinating with the leaving group and hence enable the oxidative addition at a lower

temperature. The utilization of Zn(OTf} as an additive has been previously documented
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to enhance both the substrate activatiof® and turnover frequency” in rhodium-

catalysed reactions.

2.2.2 Scope of the enantioconvergent arylation with acyclic substrates

Table 2.3 Arylboronic acid scope.

2.5 mol% [Rh(COD)OH],

Et0,CO,, _Me ~B(OH) 6.0 mol% (R)-2-L.7 g2 |
T\/ + » 1.0 equiv. Cs,CO; X Me
X COE R 20 mol% Zn(OTf) S CO,E
THF, r.t, 16 h
(+)-2-9a 2.7 standard conditions 2-10
o O g g O
F MeO Me CF3
2-10a 2-10b 2-10c 2-10d 2-10e
94%, 98% ee  90%, 98% ee  93%, 97% ee  98%, 96% ee  78%, 98% ee
ZIE=40:1 ZIE=44:1 ZIE=53:1 ZIE=44:1 ZIE=62:1
o o S > L
cl Br | MeOC
2-10f 2-10g 2-10h 2-10i
60%, 98% ee 74%, 97% ee 57%, 98% ee 82%, 98% ee
ZIE=73:1 ZIE=45:1 ZIE=6.4:1 ZIE=54:1
RO U oL o
F
2-10j 2-10k 2-101 2-10m
88%), 95% ee 98%, 96% ee 94%, 96% ee 83%, 97% ee
ZIE=27:1 ZIE=49:1 ZIE=35:1 ZIE=95:1
DO GUNNG S NRe A
F F 0
2-10n 2-100 2-10p 2-10q
85%, 95% ee 92%, 94% ee 97%, 90% ee 83%, 92% ee
ZIE=6.2:1 ZIE=43:1 ZIE=54:1 ZIE=13:1

Reaction conditions: [RRIOD)OH]2 (2.5 mol%),(R)-2-L7 (6.0 mol%), (+)}2-9a (0.4 mmol, 1.0 equiv)2-7 (2.0 equiv),
C2COs (1.0 equiv), Zn(OTH (20 mol%), THF (0.1 M), r.t., @ h. All experiments were performed on 0.4 mmol scale. All
compounds were isolated as single regioisomers (rr > 9H yatios were determined i NMR spectroscopy on crude
reaction mixtures. Yield&eredetermined by subsequent hydrogenation of the product mixture. Enantiomeric excesses were
determined by hydrogenation of the product mixture and SFC analysis using a chirat@ic stationary phase. Absolute
configurations were assigned by analoggrimduct2-10d, which was converted t&)f-curcumae as determined by comparing
specificoptical rotation values to those previously reported.
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With optimised conditions established, we examined the boronic acid scope of the
reaction (Table 23). The reported Z/ E ratios are based ontH NMR spectroscopy of the

crude reaction mixture. When desired, we found that would could (like in the case &f

10d below) separate theZand Eisomers by careful column chromatography, but for ease

of characterization, the yield andeed © T £ AT | BT 01 AO OADPI OOAA EI
determined on the product of hydrogenation of the alkenes obtained. Hydrogenation of

OEA AT EATAO OOEI C 7EIEET O1IT180 AAOAR21G@ AT 1T OA
2-12s obtained in the arylation reaction to a common productPleasingly, aroad range

of functionality was tolerated, including ether -10c) and halogen @-10f-h, 2-10j, 2-

10Kk) substituents. Disubstituted boronic acids furnished desired products in good yields

and excellent enantioselectiities (2-10m-2-10q). In addition, electronpoor
functionality was well tolerated with trifluoromethyl ( 2-10e) and acetyl @-10i)

substituted boronic acids providing desired product in good yield and excellerge

Table 2.4 Heteroarylboronic acid scope.
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2.5 mol% [Rh(COD)OH],

Et0,CO. _Me -BOH); 6.0mol% (R-2L7 ~ g ]
LCO Et + @/ 1.0 equiv. Cs,CO3 A Me
X402 R 20 mol% Zn(OTf), N COE
THF, rt., 16 h
(#)-2-9a 27 standard conditions 2-10
- -’ S - H
" " . I Ay
= = I Q\D
O
2-10r 2-10s 2-10t 2-10u 2-10v
85%, 76% ee 78%, 91% ee 61%, 99% ee 50%, 80% ee 43%, 96% ee
ZIE=15:1 ZIE=28:1 ZIE=1.8:1 ZIE=2.0:1 ZIE=5.0:1
(/j@"{ NI X ‘?7; F. : N ‘z';
N = N~
Me Cl
2-10w 2-10x 2-10y
45%, 94% ee 64%, 99% ee 52%, 99% ee
Z only Z only Z only

Reaction conditions: [RXOD)OH]z (2.5 mol %),(R)-2-L7 (6.0 mol %), (£)2-9a (0.4 mmol, 1.0 equiv)2-7 (2.0 equiv),
C=2COs (1.0 equiv), Zn(OTH (20 mol %), THF (0.1 M), r.t.,&h. All experiments were performed on 0.4 mmol scale. All
compounds were isolated as single regioisomers (rr > 3R Yatios were determined B NMR spectroscopy on crude
reaction mixtures. Yield&eredetermined by subsequent hydrogenation of the product mixture. Enantiomeric excesses were
determined by hydrogenation of the product mixture and SFC analysis using a chirat@oic stationary phase.

Notably, the more challenging heteroaryl boronic acid®8° displaying a variety of
functional motifs and features common to pharmaceutical agengs.20-92 were suitable
substrates for our methodology(Table 2.4). For example, indolederived boronic acids
produced the corresponding arylated unsaturated esters 2-10v and 2-10w) in
reasonable yields and excellent enantioselectivities. Furan and thiophesaerived
coupling partners also performed well, although a reduction in enantioselectivity was
observed when using furan3-ylboronic acid (2-10r, 2-10s). Pyridyl boronic acids can be
employed too z products were obtained in moderate yield and excellent ee2¢€10x, 2-
10y). The presence of zhalide substituents on the pyridyl boronic acids is essential for
their reactivity; however, these substituents possess the flexibility to be eliminated or

utili sed assites for late-stage functionalisation.

The scope of allylic carbonate coupling partners was investigateto, as presented in

Table 2.5 When employing a different primary alkyisubstituted substrate, chosen
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arbitrarily, favorable outcomes were also achieved. For instance, utilizing-propyl allylic
carbonate (+)-2-11a, the formation of product2-12a was accomplished with a yield of
89%, exhibiting aZz:Eratio of 7:1 and an enantiomeric excesse) of 93%. Similar results
were obtained with the bromine-substituted 2-12b (98%, 3.6:1Z/ E, 93% ee). Examining
the sterically demanding isopropytsubstituted (+)-2-11, the products2-12c and 2-12d

were obtained with >99% eeg albeit with slightly lower yields andZ Eratios.

The introduction of a benzytprotected alcohol on the aliphatic chain of an allylic
AAOATT AOA 1 A A-argdtion pradéct, deduitng 0 Aé formation of 2-12e and
2-12f with high yield and excellent enantioselectivity. Intriguingly, there was a slight
reduction in regioselectivity compared to typical values (>99:1), as evidenced by ratios
of 12:1 r.r. in 2-12e and 16:1 r.r. in 2-12f. This may be due to the competitive
coordination of the benzyl ether with rhodium, which could direct arylation toward the
| BT OEOEIT T &£ OEA AOOAOS

Remarkably, the reaction exhibited tolerance towardsC(sp?)-hybridized phenyl
substituents without requiring alterations to the ligand or any other reaction conditions.
By employing phenytsubstituted (#)-2-11gh  xA OOAAAOOADI 1 U
diarylsubstituted ester 2-12g with a yield of 90% and an ee of 93%, albeit with a lower
Z/ Eratio of 1.7:1. Furthermore, the 3,4chlorodisubstituted product 2-12h was obtained

with 86% yield, aZ/ Eratio of 1.2:1, and excellent enantioselectivity (99%ee).

Crucially, allylic substrates containingortho-substituted phenyl groups @-12k, 2-121,
and 2-12m) were well-tolerated in the reaction, yielding products with >99%ee As
mentioned earlier,ortho-substituted boronic acid nucleophiles displayed unselective 1;4

addition. However, incorporatingortho-groups into the allyl unit facilitated the synthesis
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of products with this substitution pattern. Product 2-12m specifically features anortho-

Br group, providing further opportunities for product elaboration.

and 2-120 with isolated yields above 80% and excellent enantioselectivities (99%¢).

However, exclusive formation of the branched products was not achieved, as evidenced

by a ratio of 8:1 r.r. In the presence of highly electronich substituents on the allyl unit
(2-12i,2-12j,2-12n, and2-120q h  Olprodiictsjwere observedtoo. Nonetheless, the

isolated yields of the desired chiral products remained satisfactory.

4EA OUOOAI Al O1 DPAOAE O0i 6 xAl1l xEAT OEA AOOAC
AT A1 OET OAi AAOEOEOEAO xAOA 1T A0pBARE &4 A AOA

AOI GABDOOH OAT & ¢ AOOAOOS
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Table 2.5 Scope of the allylic carbonate.

2.5 mol% [Rh(COD)OH],

Et0,CO. R - B(OH)2 6.0mol% (R)}-2-L7 & | R COR
+ |l . - A R X B
S_CO,R' V&% 1.0 equiv. Cs,CO3 | 2R
2 R 20 mol% Zn(OTf), X COsR' Z
THF, rt., 16 h . N
(£)-2-11 2-7 2-12 minor regioisomer
standard conditions (a-arylation)
MeO Br. MeO Me Me Me o ph
Me Me Me Me
X COoEL X COLEL X COoEL X COLEL X COLEL
2-12a 2-12b 2-12c 2-12d 2-12e
89%, 93% ee 98%, 93% ee 57%, >99% ee 81%, >99% ee 79%, 96% ee
ZIE=71:1 ZIE=36:1 ZIE=47:1 ZIE=28:1 ZIE=23:1
12:1rr.
MeO O/\Ph MeO. i i Cl i i i i OMe Me i i OMe
Cl
X COLEL X COLEL X COLEL X COLEL X COLEL
2-12f 2-12g 2-12h 2-12i 2-12j
77%, 99% ee 90%, 93% ee 86%, 99% ee 78%, >99% ee 76%, 99% ee
ZIE=28:1 Z/E=17:1 ZE=12:1 ZE=1.0:1 ZE=1.0:1
16:1rr 59:1rr 6.2:1rr.
F Me F Br. s MeO. s
210 A Q00 ¥ v
X COLEL X CO5EL X COLEL X COLEL X COLEL
212k 2121 2-12m 2-12n 2-120
81%, >99% ee 63%, >99% ee 51%, >99% ee 80%, >99% ee 83%, 99% ee
ZE=1.0:1 ZE=25:1 ZE=1.0:1 Z/E=1.0:1 Z/E=1.0:1
8:1rr. 13:1rr.
MeO
Me Br Me Me Me
X COoMe X COoMe X CO,'BuU X CO2BU
2-12p 2-12q 212r 2-12s
89%, 96% ee 94%, 94% ee 87%, 97% ee 70%, 96% ee
Z/E=31:1 Z/E=43:1 Z/E=20:1 Z/E=10:1

Reaction conditions: [RXOD)OH]z (2.5 mol %),(R)-2-L7 (6.0 mol %), (£)2-11 (0.4 mmol, 1.0 equiv)2-7 (2.0 equiv),
C=2COs (1.0 equiv), Zn(OTH (20 mol %), THF (0.1 M), r.t., 14 h, 0.4 mmol. Unless stated otherwise, all compounds were
isolated as single regioisomers (r.r. > 99ZY and regioisomericatios were determined Bi# NMR spectroscopy on crude
reaction mixtures. Yields determined by subsequent hydrogenation of the product mixture. Enantiomeric excesses were
determined by hydrogenation of the product mixture and SFC analysis using a chirat@mic stationary phasexanples
2-12e 2-12f, 2-12i, 2-12j 2-12p and2-12q (includingthesynthesis of the starting materjalge performede Liu. Examples
2-12k, 2-12l, 2-12m, 2-12n, 2-120, 2-12r and 2-12s (including the synthesis of the starting materials) were perfotmed
Stephen J. Webster. Please Egperimentafor moreinformation.

It is worth to note that chiral nonracemic r r-diarylsubstituted carbonyl scaffolds and
their derivatives are present in a number of natural products, pharmaceuticals, and

bioactive compounds?3.94
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%l AT OET A1 @ignfisbbbtiutedr darbonyl compounds are generally prepared
through the transformation of optically pure precursors?-97 Alternative asymmetric
catalysis methods are currently multistep®” and limited in scope®® Development of more
convergent approaches is thus required. Our methodology overcomes this significant
AEAT 1T AT CA AT A DPOI OEAAO Al IdiarEsobktitutéddaibdn@ O O E A
compounds.

2.2.3 Product derivatisation

The reaction product has useful functionality and can be further derivatized using well
established reactionsFirstly, the major Z-product (Z-2-10d, for example)can be isolated

in good yields(Figure 2.12).

2.5 mol% [Rh(COD)OH],

e
Et0,CO B(OH), 6.0 mol% (R)-2-L7 )
H]/\/(;o Et * 1.0 equiv. Cs,CO;3 e
2 Me 20 mol% Zn(OTf), . CO,Et

(+)-2-9a 2-7d THF, rt, 16 h z-2-10d
standard conditions

Z-product:
isolated in 81% vyield
96% ee
Isomerisation via 1,4-addition-elimination strategy

0.3 equiv. PBu3 Me
2 CO,Et
o COEt Toluene, 60 C
2-10a E-2-10a
ZIE=4.0:1 75%
(98% ee) 98% ee

Photocatalytic isomerisation

5.0 mol% 4CzIPN

1.1 equw Ph,S, Me
A CO,Et
—
N COE Blue LED  Me
2-10d E-2-10d
ZIE=44:1 91%
(97% ee) 96% ee

Figure 2.12 Isolation of theZ-product and isomerisation of theZ/ E product mixture to E-
isomer.
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We also developed a procedure to convert the resulting mixture & and Z products to
the more thermodynamically stableE-isomer. Using tributylphosphine to facilitate a 1,4
addition-elimination sequence we manage to obtain the desirel#-isomer of the product
E-2-10a in good yield and conserve the enantiomeric ratio.Moreover, using an
alternative photocatalytic isomerisation setupconsisting of 4CzIPN and P& under blue
LED light, we achieve excellent yieldof E-2-10d and the enantiomeric excess stays

excellent (Figure 2.12).

y Me PBu; Me
e

+ Z > CO,Et —>Tolu R Z > CO,Et
x_CO,Et ene,

Z-2-10a E-2-10a E-2-10a
ZIE=33:1 ZIE=1:49
(98% ee) (98% ee)
0.60] Me
0.40] . 3

3 & | B WCOZEt
0.204 [ \ =
o J E-2-10a
0.80
0.60]

2 o0.40] Me
0.20 Z-Z-IOaLCOZEt
0.001

4 5
“G_‘ [=>]
1.00] bz 2

2 g 2 g 2 ZE=33:1 Crude
- P > N
0.00] ,—Cf—, T, . Sk X
2.00] & 2
1.50 % :

2 100 B 8 8 g ZE=26:1 24 hi rt.
0.504 g et 8
0.004 s s
0.50] § )

0.40 = )

- e & e g ZE=1:18 24h-60 °C
0.204 = r$ A l'. E=1:1. -
0.104 a Is’l § f |
0.0 e - /

0.40] 9
0.304 @ - P

2] S S =8 ZE=1:49 72hi 60 °C

0.10] & = 8 -
0.00 5. x /\ D| Z
1.00 110 120 1.30 1.20 1.50 1.60 1.70 1.50 1.80 2.00 270 220 230 220 250 260

Minutes

Figure 2.13 Z to E isomerisation monitoring over time by SFC. The two top traces are
racemic Eand Z products.
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We sampled the isomerisation reaction (PBareaction conditions) and examined the SFC
traces of the aliquots. As the isomerisation to more thermodynamically stabE-product
proceeds, theeeof both Z and E products remains excellent (Figure 2.8). This data is
consistent with the absolute stereochemistry oZ and E products at the newly formed

stereogenic centre being identical.

One of the main challenges in asymmetric chemistry is the formation of contiguous
stereocentres in acyclic molecules. It can be difficult to control the stereochemistry of
each individual stereocenter, especially when the molecule becomes more complex.sThi
can lead to a mixture of stereoisomers, which can be difficult to separate and can reduce

the overall yield of the desired product.

Table 2.6 Optimization of 1,4-addition to obtain 2-13.

M 2.5 mol% [Rh(CQH4)QC|]2 O
e\©\/\)ci B(OH), 6.0 mol% (S)-2-L1 0
> Me
N~ OEt F/©/ Base OEt

Me dioxane : H,O (10:1) O
T

E-2-10d 2-7b Me 213
Entry Base T/°C Equiv. of2-7b Conversion/ %  d.r.
1 None r.t. 3 - -
2 None 60 3 - -
3 KOH (0.5eq.) r.t. 3 - -
4 KOH (0.5 eg 60 3 81 (78) >20:1
5 KOH (0.5 eq 80 3 67 >20:1
6 KOH (10eq.) 60 3 55 >20:1
7 KOH (0.5 eg) 60 5 46 >20:1

Reaction conditiongRh(C2H2)Cl]2 (2.5 mol %),(R)-2-L 1 (6.0 mol %) ,E-2-10d (0.2 mmol, 1.0 equiv)2-7b, basedioxane
: H20 (10 : 1,02 M), 14 h.Diastereomerigatios were determined By4 NMR spectroscopy on crude reaction mixtures.
Conversion reported byomparing'HNMR integralsto those of an external standddibromomethane). Isolated yield in
parentheses.
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The products ofthe developed allylic arylationreaction are | hynsaturated estersz this
provides an opportunity to form two contiguous stereocentersvia a sequential 1,4
addition. Rhodium-catalysed 1,4additions of arylboronic acids to unsaturated carbonyls
are useful for synthesizing a variety of complex, functionalized molecul&$29.100
Additionally, these reactions are typically performed under mild conditions, which makes

them efficient and convenient to use.

Table 2.7 Optimization of 1,4-addition to obtain 2-14.

F

Me 5.0 mol% [Rh(CZH4)QC|]2 ©
0 B(OH), 12 mol% (R)-2-L1 T 9
+ » Me A
"X “OEt . KOH (0.5 eq.) OEt

Me dioxane : H,O (10:1)
T
E-2-10d 2-7b Me 2414
Entry Rh /% T/°C Equiv. of2-7b  Conversion/%  d.r.

1 2.5 60 3 12 >20:1
2 5.0 60 3 37 >20:1
3 5.0 80 3 72 (68) >20:1
4 5.0 80 5 65 >20:1

Reaction conditiondRh(C2H2)Cl]2 (5.0 mol %) (R)-2-L1 (12.0 mol %),E-2-10d (0.2 mmol, 1.0 equiy), 2-7b, KOH (0.1
mmol, 0.5 equiv.) dioxane : HO (10 : 1,0.2 M), 14 h.Diastereomericatios were determined 3f# NMR spectroscopy on
crude reaction mixturesConversion reported by comparintHNMR integrals to those of an external standard
(dibromomethane). Isolated yield in parentheses.

We attempted to perform 1,4additions of 4-fluorophenylboronic 2-7b acid with our
allylic arylation product E-2-10d. After an extensiveoptimisation (Tables 2.6 and 27),
both diastereomers ofthe product (2-13 and 2-14) could be accessed in reasonable yield
and >20:1 d.r.using the two enantiomers of the chiral ligand. Any of the four
diastereoisomers of the product can be synthesised using different combinations of

ligands from a simple carbonatestarting material (Figure 2.14).
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(S)}2-L1  (R)F2-L1  (R)-2-L1  (R)-2-L1

Ar b a a b Ar 68%, >20:1 d.r.
Me _~_COEt =@ -=--@--; MeY\/COzEt Ar = (4-Me)-Ph
Ar 5 Ar Ar' = (4-F)-Ph
T N N X 2-14
EtOZCO Me :

(/COZEt
""""""" 78%, >20:1 d.r.
\‘/'\/COZEt Ar = (4-Me)-Ph
Ar' = (4-F)-Ph
)-2-L1 )-2-L1

CO,Et
40 <.
()2L1 (S)-2-L1

\/K/

Access to all 4 diastereoisomers

Figure 2.14 Strategy to access any of the four diastereomers of a molecu
contiguous stereocenters. {Rh(COD)OH] (2.5 mol %), (§- or (R)-CFMeOBIP

le with two
HEP (6.0

mol %), CaCQ (1.0 equiv.), Zn(OTf} (0.2 equiv.), (4methyl)phenylboronic acid (2.0
equiv.), 16 h.b[Rh(CHa4)2Cl]2, (§- or (R)-BINAP, KOH, (4luoro)phenylboronic acid,

dioxane: H20, 60 or 80°C).

Metathesis with ethylene affords a simple aliphatic fragmen2-15 in good yield while

conserving theee(Figure 2.15. This can be used in further metathesis reactions with a

variety of different double bonds, including those found in alkenes, dienes,

and other

unsaturated compounds to introduce an aliphatic fragment with a chiral methyl group.

5.0 mol% Hoveyda-Grubbs Il
Me > Me
ethylene (2 Bar)
X COEL toluene, 75°C N

2-10p 215
90% ee 84%, 90% ee

Figure 2.15 Grubbs metathesis to generate a chiral terminal alkene fragment
mixture of Rh-reaction products.

fromZAE

To further demonstrate the synthetic value of this new versatile methodology, we

synthesised natural products §-curcumene and §-4,7-dimethyl-1-tetralone which is a

natural product precursor (Figure 2.16).

2AAOAQET 1 -uiss#raeEdsterp-iod x EOE 7 EI EET OI

1680 -AAOAIT U

substituted esterred-2-18, a key intermediate in the synthesis of both natural products,
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in good yield and excellent enantioselectivity gee Sl for details)Further reduction with
LiAlH4 yields a remotely substituted alcohol 2-16. Oxidation with DessMartin
periodinane and Wittig reaction furnish (§-curcumene2-17 in good yield and excellent

~ A s s s oA N,

transformed into (§-4,7-dimethyl-1-tetralone 2-19 by acid-promoted cyclisation.

The (9-4,7-dimethyl-1-tetralone scaffold is known for its structural versatility and
chemical reactivity, which makes it an attractive starting point for thesynthesis of
complex, functionalized molecules. In particular, 9-4,7-dimethyl-1-tetralone 2-19 is a
key intermediate in the total synthesis of several natural products, for examplez)-
lacvigatin, (§-ar-himachalene, and (+Herogorgiaenel®? Our method provides a
conceptually new approach to these targets and a means to prepare analogues by starting
with different boronic acids. It should allow access to a variety of terpene analogues and

derivatives by starting with different allyl partners.

Me Me
OH —00— A

I\:/Ie I\:/Ie Me
2-16 217

88%, 96% ee 79%, 96% ee

I'Me
: §-arylated acyclic alcohols 5 e
z N '
2-10d Me CO,Et:
96%ee ... :
| 0}
M
e\©\/\i "
a e f
v OEt —O-0—
M H
e Me
red-2-18 2-19
98%, 96% ee 49%, 96% ee

r-arylated acyclic esters (S5)-4,7-dimethyl-1-tetralone

natural product precursor

Figure 2.16 Application of methodology to natural product synthesis.qHz, [Rh(PPh)sCl],
THF.bLiAIH4, THF.cDMP, THF, MeOHlisopropyltriphenylphosphonium iodide, nBulLi.
THF,-15 °C.eLiOH, THF, MeOHTFA, TFAA, 0 °C).
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In addition, by hydrogenating 2-12d and transforming its ester moiety into a methyl
ketone we could obtain baccharisketone2-20, a natural product exhibiting cytotoxic

activity against leukaemia cells (Figure2.17).102

Cyclisation and reductive amination ofed-2-12f (see aboveTable 2.3 is reported103.104
to deliver sertraline (Zoloft®) (Figure 2.17). Sertraline 2-21 is a pharmaceutical drug
that is used to treat a variety of conditions, including depression, anxiety, and obsessive
compulsive disorder105-109 |t belongs to the class of selective serotonin reuptake
inhibitors (SSRIs) and functions by inhibiting the reuptake of serotonin in the brain,
thereby increasing the levels of this neurotransmitter. In addition to its established use
as an antidepressantsertraline and its derivatives have garnered recent attention for

their potential as antiviral, antifungal, and anticancer agents'0-113

M
© Me Me Me
Me 7T - Me
X COZEL COMe

2-12d 2-20
>99% ee baccharisketone
natural product
b.
cl Cl
ref. 34, 35 O O
: 22 o MG
CO,Et NHMe
red-2-12f 2-21

99% ee sertraline (Zoloft®)

antidepressant

Figure 2.17 a. Our products are analogues of natural product baccharisketone. b. Formal
total synthesis of antidepressant sertraline (Zoloft®).

In industry, Zoloft® is synthesized using a multistep process that involves several
different chemical reactions, including aforementioned cyclization and reduction
reactions114 Ultimately, enantiopure sertraline is obtained by resolution, making the

process intrinsically inefficient. Our methodology constitutes a new way of preparing
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sertraline asymmetrically. Libraries of enantioenriched sertraline derivatives

expediently prepared using our methodology could lead to discovery of its more potent

analogues.
. 28 _
(R)-ligand results in (S)-product <::| Lit.- ap™ = +1i_;6 (c. 0.7, CHCl3)
Measured: ap“” = +15.4 (c. 1.0, CHCl3)
(S)-4-(p-tolyl)pentan-1-ol
1
[Rh(COD)OH], SMed > on
Et0,CO,_Me (R)}-2-L7 2
2 ‘»\]/\/ 2.7d Me 1. Ho, [Rh(Ph3P)3C£
X CO,Et > 2. LIAH o
2 C32003, Zn(OTf)2 A COzEt 1 4 216
THF, r.t. Me 96% ee
(+)-2-9a 2-10d
Me Me
(S)-y-curcumene N
Me
Lit.: ap?® = +44.6 (c. 1.0, CHCI3)
217

y  ap? = +42.2 (c. 1.0, CHCI
easured: ap (c. 1.0, CHCl3) Me 96% ee

Figure 2.18 Determination of absolute stereochemistry by comparison of thespecific
optical rotation of 4-(p-tolyl)pentan-1-ol 2-16 with reported literature value .115 Specific
optical rotation value for curcumene2-17 matches the literature reports toa’8

While carrying out the synthesis of curcumengwe have measured the specific optical
rotation value of the intermediates (for example 4-(p-tolyl)pentan-1-ol 2-16) and
curcumene 2-17 itself (Figure 2.18). Comparison of theobserved specific optical
rotations with values reported in the literature revealed that the absolute

stereochemistry at the newly formed chiral centre is §.
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2.2.4 Mechanistic studies

S)-products

(
B(OH), F F
/©/ Me Me
F +
x_CO,Et {
3

Y

Rh
(R)-2-L7 42% 9%  CO,Et
92% ee 94% ee
EORC T A
determined by '°F NMR spectroscopy
N COZEt:
: (S)-2-9a

........... d (R)-product

F \©, Me \©, Me
+
Rh &/COZEt g

(S)-2-L7 93% CO,Et
98% ee 2

~50 : 1
determined by '°F NMR spectroscopy

overall inversion of the
stereocentre

Figure 2.19 Using enantiopure (99%e¢€) (S-2-9a starting material.

Next, we investigated the reaction mechanism. We prepared enantiopure starting
material (S-2-9a and subjected it to the standard reaction conditions using two different
enantiomers of chiral ligand (Figure2.19). Upon reaction with (R)-CkFMeOBIPHEP, §-

2-9a was transformed into an around 1:1 mixture ofE and Z products, both with good
enantioselectivity. When using §-CFMeOBIPHEP Z-product was obtained exclusively

with excellent enantioselectivity. This suggests that when a racemic substrate is used one
enantiomer of the starting material favours forming the Z-product while another
enantiomer forms both Z and E products. These results represent GhatchA A8 AT A
@ismatchA Ac8sesof the steric configuration of substrate and chirality of the ligand used

in the reaction. FinalZ/ Eratio is determined by the nature of boronic acid and its reaction

Oi AOAEAAS AAOAs

m\

DAOOAOT ET OEA Oi
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2.5 mol% [Rh(COD)OH],
6.0 mol% (R)-2-L7 F

Et0,CO,,__Me B(OH)2 - Et0,CO,, _Me
+ 1.0 equiv. Cs,CO3 Me +
xCOEt  E o CO,Et

20 mol% Zn(OTf), xnnCOLEL

THF, r.t, 16 h
(£)-2-9a 2-7b 2-10b (S)-2-9a

Z/E of 2-10b and ee of 2-9a vs conversion

7 y=0875x | 100
R2=0.997 |
6.5 1 80
6 | =
60 =
w . =
Wss @
5 L 40 3
45 e 20
4 L= 0
0 20 40 60 80 100

Conversion / %

® ee of SM/% Z/E - Linear (ee of SM/%)

Figure 2.20 Changes of produc#/ Eratio and eeof starting materials in time.

Further evidence for this process is obtained by monitoringZ/ E ratio of 2-10b as the
reaction proceeds (Figure2.20). At low conversion,Z/ Eratio is high and it decreases over
time until it plateaus as the full conversion is approached. Change & of the starting
material 2-9a over time also supports this hypothesis it is directly proportional to the

conversion.
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geometry fixed 2-23
71%
dr.=11:1 F

00 (4-F)PhB(OH), EtO,CO
Z-double bond g -
EtO,CO Z standard conditions
(%)-2-22

OQZ

CO,Et

%,

Z-double bond Q (4-F)PhB(OH),
) < >
geometry fixed Et0,CO CO,Et standard conditions

but carbonyl (¥)-2-24 At 100°C: no reaction

exocyclic
(4-F)PhB(OH), ‘
no a,B- =
unsaturated EtO,CO standard conditions F
system (£)-2-25 At 100°C: <10% byproduct

(4-F)PhB(OH),

L
v

CO,Et standard conditions

Substrate with
E-double bond Et0,CO

CO,Et

5
\

5
\

F
(+)-2-26 At 50°C: 1,4-addition

Figure 2.21 Control experiments with alternative allylic carbonates.

To establish what features of the starting material are required for these regioselective,
enantioconvergent transformations we prepared a series of model substrates (Figure
22108 # Wabolafe unsaturated ester (£)2-22, with a double bond fixed in thez-
configuration, underwent 1,4-addition to form 2-23116 instead of allylic arylation.
Substrate (x)2-24 with an exocyclic carbonyl, on the other hand, is unreactive, even at
100 °C. This could be due to a number of reasonscluding having more substitution on
the olefin or lack of Rhcarbonyl chelation. Further, 1,4-additions to such exocyclic
electrophiles are rare. The simple allylic carbonate (¥2-25 also gave no arylation under
our standard conditions, and <10% of an unknown product wherthe reaction was
performed at a higher temperature (50°C). In strting materials featuring an E-double
bond (see (x)2-26, Figure 2.21), the allylic system is again unreactivainder standard

reaction conditions. However, upon heating to 50 °C, 1.dddition is observed. Overall
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these experiments provide evidence supporting the regioselective r-arylation being

possibleon allylic enones where the rhodium can chelate to the carbonyl.

O R
O~_R M
jﬁj ©/B(OH)2 standard ©
+ —_— —
Et0,CO = conditions
Chelating Rh-reaction result
Z-substrate ability Z-product E-product E-substrate

(isomerization)

o) Ph Me Me
Me Ph Ph
L mr A ooy
Ph 0 0

(%)-2-27 51% 18% 15%
94% ee 70% ee
Oy OF! O OF! Me
O /J ph)\/\n/OEt not observed
4 4
EtO,CO Ph o}
(£)-2-9a 75% 19%
98% ee 99% ee
OsNEty OsNEt,>
U U not observed not observed
EtO,CO Ph
(£)-2-29 71%

2% ee

Figure 2.22 Control experiments using allylic carbonates with different chelating ability.

The reactivity profile observed when using substrates with different carbonyls (Figure
2.22) is consistent with chelating or directing ability of the carbonyl playing a key role in
the reaction outcome. Amides are prominent directed metalation groupgd’, and under
the standard reaction conditions, amide (£)2-29 furnishes only the Z-product, albeit as
an almost racemic mixture. Ketone (£R-27, on the other hand furnishes Z-product in
51% vyield and 94% ee but the E-product is formed in lower (70%) ee and we also
recovered some isomersed E-ketone while using (x)2-27. Chelationpromoted
reactivity is consistent with substrates (£)}2-22, (£)-2-25 and (x)-2-26 not undergoing
arylation. We speculate that the Ritarbonyl interaction facilitates oxidative adlition and

enables a pathway by which both enantiomers of the starting material may converge on
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a single Rhintermediate before reductive elimination to give a single enantiomer and

regioisomer of product.

This evidence led us to conclude thahe necessary components for the allylic arylation

appear to be an allylic leaving group featuring Z-olefin, conjugated to an ester.

2.2.5 Proposed mechanism

= OO AN Re2r RO P
[RAl JrRn] ] 22250 (¢ DR R
L. o J ) = N/ \P

" o
THF
M *
@\C m B(OH),
‘Rh’.
X-CO2Et HO”  ~THF ©/ _
A n=23
8H, THE reductive transmetalation B(OH)n+1
elimination
/PR /7N
P//,R‘h\\\\P Prn, . WP

Rh
M N ~
e o @ THF
| B
OEt oxidative addition
* C
/Ph\

P,V oP
‘Rh-. solv.  EtO,CO, _Me

-0
I oEt . CO,Et

Me

\
~

\Y

Figure 2.23 Proposed mechanism for the enantioconvergent arylation of allylic enoates
(formation of major product).

Based on these experimental observations and previous mechanistic studf@swe
propose a mechanism for Ritatalyzed allylic arylation of acyclic substrates to form the
major Z-product (Figure 2.23). First, an active catalytic complexA is formed by
bisphospine ligand displacing COD on rhodium precatalyst. A rapid transmetallation of
aryl boronic acid follows to furnish the intermediate complexB. This complex undergoes
an oxidative addition with the substrate to form the intermediateC. Enantiodetermining

irreversible reductive elimination leads to the observedZ-product. A combilA OE T |
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intermediate IV and the minor E-product following a reductive elimination.

2.2.6 Synthesis of an anticancer agent Lasofoxifene

Selective estrogen receptor modulators (SERMSs) are a group of compounds that bind to
estrogen receptors and have agonist or antagonist effects in different tissues. SERMs have
potential for use in the prevention or treatment of various diseases, particuldy those
related to aging, such as osteoporosis. Four chemical classes of SERMs have been
approved for use in humans, including triphenylethylenes, benzothiophenes, indoles, and
naphthalenes. Lasofoxifene (Fablyn}!8.119 a naphthalenetype derivative, has unique
properties among SERMs, including a higher binding affinity to estrogen receptors and
higher oral bioavailability than other SERMs. It has also shown potential for use in the
prevention and treatment of breast caer20 as well as positive effects on urogenital
atrophy12l and serum lipid levels'?2 The current synthetic routes for producing
Lasofoxifene are limited and include the use of expensive or difficutb-obtain
precursors, and the need for chiral chromatography or enzymatic asymmetric

deacylation to produce the enantiomerically pure compoud.

Q\/ D e H“D

HO,C,, A~

Ph,P "D J/ 22 co, j@
J/ 0 OH o)

2-L9 /Pr

O

Resolution
O H, (20 bar), BF3.Et,0 O
[Ir (8)-2-L9)(COD)]BArE O HBr, AcOH O D-tartaric acid O
o T
DCM 59°C, 40 h 105°C, 35 h O‘ EtOH, reflux to r.t. O‘
HO HO

MeO MeO

Lasofoxifene Lasofoxifene tartrate
Nafoxidine .
82% vyield 68% yield 73% yield
o .
83 /oopurlty 90% purity 96% purity
87% ee 86% ee 97.5% ee

Figure 2.24 Example of a recently reported synthesis of Lasofoxifene.

A new approach featuring an asymmetric hydrogenation of Nafoxidine and similar

compounds as a potential route to synthesizing Lasofoxifene tartrate has recently been
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described (Figure 2.24).123 However, stereoselective hydrogenation of tetrasubstituted
olefins is particularly challenging24-126 The reported approach uses a complex system
involving an iridium -based catalyst and the hydrogenation takes place in a biphasic
system, with the catalyst and substrate dissolved in an aqueous phase and the hydrogen
gas supplied in the organic phase. Another disadvantage of the transformation is the
requirement for high Hz gas pressure in order for it to occur. Importantly, when using
this method, Lasofoxifene can be obtained in high purity and enantioselectivity only

following a chiral resolution.

To the best of our knowledge, catalytic asymmetric synthesis of Lasofoxifene that
provides high enantoselectivities has not been reported to date. Our methodology could
enable the addition of both stereocenters prior to cyclisation, thereby circumventing the
need for the sterically demanding hydrogenation and providing a general solution for this

longstanding problem.

OTf [Rh(COD)OH], BnO. OTf
/©/B(OH)2 (R)-2-L7 O O nBusP
EtO,CO + > —_—
BnO Cs,CO3, Zn(OTf), toluene/CHClI3
X COEt THF Xy CO2EL 2.32

2-31 95%

2-30

55%, 99% ee OBn
99% ee, 1.9:1 Z.E .

[Rh(C2H4)2Cll2
(R)-2-L1
KOH (0.5eq) |
dioxane : H,O (10:1) !
80°C :

OTf
R3

O Cross-coupling
O
Reduction O‘
O
HO

O

Lasofoxifene analogues 2-35

Figure 2.25 Structure of anticancer agent Lasofoxifene and an envisaged synthetic route
to its analogues using our methodology.

We found that, using our rhodiumcatalysed arylation methodology as a central ste@/ E

mixture of arylated products 2-31 could be isomerised to yield the thermodynamically
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more stable E-product 2-32 in yields exceeding 90% (Figure 2.82). An asymmetric 1,4
addition to the saidE-| f -unsaturated ester can be envisaged to giverg -arylated ester
2-33 with both Lasofoxifene stereocenters established. Notably, since the absolute
stereochemistry of the newly formed chiral centre can be controlled by choosing an
appropriate ligand in each step, all 4 diastereomers of Lasofoxifene can be accessed. A
Friedel-Crafts acylation followed by a crossoupling and a global reduction to remove
the benzylic ketone aml the benzyl protecting group could complete the synthetic route.
This approach to Lasofoxifene is modulag libraries of drug derivatives bearing different
aryls could be efficiently synthesised. Such an approach is an asset in drug discovery
campaigns where SAR studies necessarily require synthesis of multiple compound

derivatives to identify the one with the highest affinity.

Currently we are in the process of Lasofoxifene synthesis usingur developed
asymmetric SuzukirMiyaura coupling reaction, whichwould allow for the efficient and

selective formation of the compound's complex molecular structure.

2.3 Conclusions

Z
Z Et0,CO. _R R ]
R l * L . N R
X _CO-Et
B(OH). 2 o COLEt
Q Me
Me
N Me

—_—

— H and Me Me

M
96% ee e 96% ee

(S)-trinorsesquiterpene (S)-curcumene

Figure 2.26 Summary of the developed asymmetric Suzutvliyaura coupling with acyclic
allylic substrates.

To sum up, we have described an asymmetric arylation of acyclic internal allylic systems

(Figure 2.26). Our procedure achieves a chemp regio, Z/ E- and enantioselective
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arylation of g-carbonate enoates. The mild and robust reaction conditions are compatible
with a broad range of functionalities and substitution patterns on both boronic acids and
allylic electrophiles. This cross coupling offerstraightforward and modular asymmetric
access to remotely substituted esters and alcohofsa privileged motif in many bioactive
molecules. We exemplified the potential of this strategy with facile asymmetric total
syntheses of natural products §-curcumene and §-4,7-dimethyl-1-tetralone.
Moreover, a novel enantioselelctive route to sertraline (Zoloft®) and its derivatives was
DOl bi OAA8 4EEO | AOET A EO Al OEAEDPAOAA Ol
toolbox. Further research into this reactio and its applications has the potential to lead

to important advances in the field of asymmetricatalysis

2.4 Future directions

2.4.1 Asymmetric Suzuki -Miyaura coupling with vinylboronic acids

Our group has demonstrated that vinylboronic acids are viable coupling partners in Rh
catalysed asymmetric SuzukMiyaura reactions. For example, we coupled an array of
vinylboronic acids with bicyclic allylic chlorides in good yields and enantioselectivies
(Figure 2.27).67

[Rh(COD)OH], Ph
(S)-2-L3 =/_/_

Cl
7S - o TER
Me o)

o) N
CsOH (aq.) MeXD
THF, 65°C (0]
77% yield
95% ee
>20:1 d.r.

Figure 2.27 An example of Ricatalysed diasteree and enantioselective SuzukMiyaura
cross-coupling of a bicyclic allylic halide with a vinylboronic acid.

Vinylboronic acids have not yet been explored for use in regioselective Suzuki couplings

of acyclic substrates. We propose that vinylboronic acids could be equipped in
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enantioconvergent allylic alkylations to generate a more complex acyclic molecute37
with a remote stereocentre (Figure2.28). The subsequent use of Wilkinson's catalyst for
hydrogenation can selectively reduce the electropoor double bond, leaving triply
substituted double bonds intact. Several other protocols for selective 1-fydrogenation

of unsaturated carbonyls have alsdeen reported127.128 This means it is possible to
selectively reduce only the double bond conjugated to the carbonyl and access a remote

allylic stereocenter in an acyclic moleculé2-38).

[Rh(COD)OH], H,

Et R ' S R! R '
02C0O . )R\/B o Ligand Z RNCIPPhy) NN R
i —_—
SUCOEt R NABOH: Tor s addiive R .COEt r R CO,Et
THF, T
2-11 2-36 2-37 238
0
_______ - Me - < o (0]
"""" > Me Me
2-39

3-phenoxybenzyl-4,6-dimethylhept-5-enoate
insecticidal activity

Figure 2.28 Employing vinylboronic acids in enantioconvergent SuzukMiyaura coupling
with acyclic racemic allylic carbonates.

Currently there are no straightforward methods to generate these molecular motifs
asymmetrically. For example, ohenoxybenzyt4,6-dimethylhept-5-enoate2-39 (Figure
2.28) has been synthesised from natural product (+kitronellal already possessing the
chiral centre. The resulting fragment is present in biologically active natural products and
3-phenoxybenzyt4,6-dimethylhept-5-enoate 2-39 in particular has been shown to

possess insecticidal activityt2®

We believe that our approach using vinylboronic acids in enantioconvergent allylic
arylations could be used to access a wide range cfBenoxybenzyt4,6-dimethylhept-5-
enoate derivatives in a rapid and efficient manner, potentially enabling the synthesaf
libraries of biologically active compounds.
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While further research is needed to fully assess the feasibility of this approach, the use of

vinylboronic acids in enantioconvergent allylic arylations shows potential as a means of

synthesizing complex acyclic molecules with controlled stereochemistry.

2.4.2 Synthesis of acyclic compounds with three contiguous
stereocenters

One of the main challenges of enantioselectively forming multiple contiguous

stereocenters in acyclic molecules is that it can be difficult to control the stereochemistry

of each individual stereocenter, especially when the molecule becomes more complex.

This can lead to a mixture of stereocisomers, which can be difficult to separate and can

reduce the overall yield of the desired product.

Our methodology can be used to overcome these challenges. We have shown that two
contiguous  stereocenters can be formed employing  SuzukiMiyaura
arylation/isomerisation/1,4 -addition sequence. The third stereocenter can be
introduced by J -functionalisation of the carbonyl moiety in E-2-12. For example, the
ester could be converted?° into an amide 2-41 that is reported to undergo nicket

catalysed enantioselective -alkylation.131
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[Rh(COD)OH],

Et0,CO._R N -BOH); (R)-2-L7 R nBusP R._\_CO,Et
+ Ry SN R —_—
X CO,Et = Cs,C03, Zn(OTf), toluene/CHClI3
THF X COLEL R_/ |

2-11 2.7 212 <) E212

[Rh(C2Hy),Cll2 o i B

o o) (R)-2-L1 T _

S, <o 0500

A % dioxane : H,0 (10:1) B(OH),

' ' 80°C 2-7

Ar = 3,5-di-t-butylphenyl
2-L8

1. NaDA, -78°C

3. NiBr, . glyme, 2-L8
NEt;, THF, r.t.

CpoZrHCI, THF, |
rt. :
Pinnick [O]

Any of the 8 diastereoisomers can be accessed
using different combinations of chiral catalysts 2.44

metallo-B-lactamase inhibitor

Figure 2.29 A strategy for asymmetric synthesis of acyclic molecules with multiple
contiguous stereocenters.

The absolute stereochemistry of each new chiral centre formed is determined by the
ligand used so alkight diastereomers can be accessed using an appropriate combination

of ligands(Figure 2.29).

Another approach for AT AT OET O Afiindidndligailoh of | carbonyls involves
introducing a chiral auxiliary group onto the carbonyl and then removing it after the
desired stereocenters have been forme#2133 Other methods include the use of
enzymatic catalysig34 or Mukaiyama aldol reaction3>136 which utilises a chiral Lewis
acid catalyst to promote the addition of an aldehyde or ketone to an enolate or imine

intermediate.
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Some acyclic compounds containing three adjacent stereocenters have been reported to
EAOA EIi BT OOAT O AEIT 11 CEAA I-tetraZoR®iogosi© BAddg8 &1 O
exemplified by 2-44, are a class of compounds that are known to have inhibitory activity

against metallof -lactamasest3’” Metallo-| -lactamases are enzymes that are produced by

bacteria and are responsible fohydrolysing 1 -lactam antibiotics, such as penicillins and

cephalosporins. This makes the bacteria resistant to these antibiotics, which can be a

major problem in the treatment of bacterial infections.

By using asymmetric Suzukk EUAOOA AT OP1 ET ¢CO OT1 -terazbyDEAOE UA
propionic acid 2-44 (Figure 2.29), it may be possible to develop compounds with

improved potency and efficacy against metallg -lactamasest3’

2.4.3 Synthesis of chiral indane derivatives

Our methodology offers the potential to synthesize substituted indane derivatives that

feature contiguous stereogenic centers. To achieve this, we propose to employ a starting

material of 22A 01 I T BPEAT Ul OOAOOEOOOAA AAationAOA AT
isomerisation-1,4-addition strategy, to install the two chiral centers into the indane

precursor. Subsequent hydrolysis of the ester moiety could yield the corresponding

carboxylic acid(Figure 2.30).
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Br [Rh(COD)OH], Br
Z N z z
AL B(OH), R)-2-L7 i a1 nBugP
Et0,CO \'R+R_:<j/ ®) > AR A TR B
Z Cs,CO3, Zn(OTH), toluene/CHCl3

XxCO,Et THE X CO2EL
2-11 2-7 2-45
[Rh(C2H4),Cll2 RIS
(R)-2-L1 -
. KOH (0.5 eq) B(OH),
dioxatne : H,O (10:1)
80°C 2-7
NiCl, glyme
dtbpy
4'r[dF(CFeppy]z(dtbpy))F’Fe LiOH, THF
BTMG MeOH
DMSO
500mW, r.t.

(7R,8R)-trans-6-viniferin (1)
antihyperglycemic agent

Figure 2.30 Employing our modular Rhcatalysed methodology to produce viniferin
analogues enantioselectively.

Past studies have demonstrated the utilization of metallophotoredox catalysis for the
coupling of unactivated carboxylic acids and aryl bromide%38.139 |[n our particular

investigation, we focus on the application of photochemical intramolecular
decarboxylative coupling using the bromine handle, offering potential prospects for

synthesizing diverse chiral indanes.

An exemplary compound within this scope, (R 8R)-trans- -viniferin, has been patented
as a promising therapeutic candidate for addressing hyperglycemia, a condition

characterized by elevated blood sugar level@-igure 2.30).140

Overall, the wide range of potential synthetic applications showcase thatnantio- and

regioselective SuzukiMiyaura couplings with acyclic allylic electrophilesand boron
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nucleophilescould be a valuable tool for synthesizing a wide range of compounds with

complex structures and biological activity.
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3 Studies towards asymmetric formation of all -carbon
guaternary stereocenters via Suzuki-Miyaura cross -

coupling of acyclic allylic systems
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3.1 Introduction

3.1.1 All-carbon quaternary stereocenters in acyclic systems

Quaternary carbon stereocenters occur frequently in natural products, drugs and
bioactive molecules(Figure 31).6.141 For instance, out of the top 200 prescription drugs
consumedin the USin 2011, 12% contain quaternary carbon stereocenters#2 The high
frequency of quaternary centers in both established and emerging drugs has generated a
demand for efficient methodologies to introduce these centers. Although strategies for
generating quaternary stereocenters through the addition of unstabiied nucleophiles
have been evaluated in cyclic substrated3 the development of approaches to construct
guaternary centers in acyclic molecules with greater conformational flexibility is

limited. 144-146

CCR5 antagonist NK1/NK3 antagonist
anti-HIV antipsychotic

Me

e —
OMe N
Me)\N NHz N(\ o) Meys
Z
Me)\Me O /©)\/
HO

Dicorantil® SHT1A antagonist (R)-sporochnol A
antiarrhytmic antidepressant natural product

Figure 3.1 Biologically active compounds that featur@cyclicquaternary stereocenters as
part of their structure.
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This gap is further exacerbated in the context of structurally complex and highly
functionalized acyclic molecules. Thus, the synthetic and medicinal chemistry
communities would benefit greatly from the development of novel methods to install

guaternary centers in structurally complex acyclic molecules.

3.1.2 Project aims
Following the successful development of regiand enantioselective allylic arylation of

acyclic allylic carbonate (Figure 3.2, a),he objective of the project discussed in this
chapter is to developan asymmetric C(sfF)-C(sp®) cross-coupling reaction of racemic
acyclic electrophiles with arylboronic acids to generate allicarbon quaternary
stereocenters (Figure 3.2, b) During this process of discovery, we also intendedo
investigate the reactivity patterns and reaction outcomes of allylic substrates as the steric
bulk surrounding the carbon carrying the leaving group is increasedVe recognsed that
tertiary allylic carbonate would be a suitable substrate to achieve this aim. However, the
use of unsymmetrically substituted allylic substrates with significant disparities in steric
bulk and electronics at the twoallylic termini could lead to significant challenges in

achieving regiocontrol.

z
a. Et0,CO, R Z R&
Ceon * & Y
o CO,Et B(OH), . CO,Et
2
z
b. E0,CO. 1R, Z RNE:
e D, @ "N
o CO,Et B(OH), (V X COoEL
2

all-carbon
quaternary
stereocentre

Figure 3.2 a, Asymmetric allylic arylation accomplished in the previous chapter. b, Goal
of this chapter: generation of alcarbon quaternary strereocentres via rhodium-
catalysed allylic arylation.
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The allylic substitution reaction could yield two possible regioisomeric arylated products,
each of which could have two possibl&- or E-stereoisomers,which in turn could produce

two enantiomers each

To summarise, arr goal at the outset of this project was to design reliable asymmetric
rhodium-catalysed system that could regioselectively generate enantienriched all-
carbon quaternary stereocentersn acyclic structures, startingfrom a racemic mixture of

the tertiary allylic substrate.

3.2 Results and Discussion

3.2.1 Synthesis of tertiary allylic substrates
We selected two substrates as the initial point of our study,namely a methytethyl

substituted allylic carbonate 3-3a and a corresponding substrate featuring a phenyl
substituent instead of an ethyl3-3b (for higher reactivity) . The rationale for selecting
these substrates was their potential to generate a new all-carbon quaternary
stereocenter, provided that the regie and enantioselective allylic arylation proceeded in

a manner analogous to that observed with a secondasllylic carbonate, as @tailed in

Chapter 2.
Et Ph
Et0,COun/ 4o Et0,C0u/ 3o
3-3a 3-3b
o 5 % Pd/BaSO
/ COQEt ° . . 4 R
HO>// CI)LoEt EtOch/ quinoline - EtOZCOH‘t'\fe
R Me nBuLi, THF R Me H, (1 atm), THF X CO2Et
3-1 3-2 33
92%, R = 2o 72%, R = 3o

68%, R = }3@ 39%, R = }Q@

Figure 3.3 Synthesis of tertiary allylic carbonate substrates.
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The synthesis of these substrates involved the use of corresponding propargylic alcohols
3-1, wherein the first step included dual deprotonation and coupling with ethyl
chloroformate, followed by partial reduction of the resulting ynoate 3-2a or 3-2b
intermediates to Z-allylic carbonates using Rosenmund catalyst(Figure 3.3)147.
Favaurable yields were achieved for both3-3a and 3-3b substrates in each of the two
steps.

3.2.2 Preliminary results for Rh -catalysed arylation to form

quaternary stereocentres
In our study, we investigated the reaction of the Mt starting material 3-3a under

standard conditions discovered in Chapter ZHdowever, the reaction generated a complex
mixture and did not reach complete conversion at room temperatureNotably, both Z-
andEEFOOA OAT EOT [ -Argafion prasucDEH ware produced in a 1:1 ratio, and
these isomers could not be separated by column chromatography.o enhance the
conversion of the starting material to the desired products, we conducted the reaction at
various elevated temperatures. However, we did not observe an increase in the yield of

the arylation product 3-5a under any ofthe conditions as detailed in Table3.1.
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Table 3.1 Impact of reaction temperature on the yield3-5a (Zand E combined).

Et (W, -COzE
Me oH) 2.5 mol% [Rh(COD)OH],
EtozcotE/t :©/ )2 6.0 mol% (R)-CI-OMe-BIPHEP ~ Me
1.0 Cs,CO
N COZEt 20 rr?gll:/lovZnS(%)Tf)s Me
THF, T, 14h F
3-3a 3-4a 3-5a
Enty T/°C Yield of3-5a/ % Z/E ratio of 3-5a
1 r.t. 42 11:1
2 50 32 10:1
3 60 20 1.1:1
52 70 19 1.2:1
4a 80 14 1.2:1
62 100 7 n.d.

NMR vyieldsof 3-5a are reported by comparing?!HNMR integrals to those of an external standard
(dibromomethane). 21,4-Dioxane used as a solvent.

Moreover, such conditions led to the formation omore complex crude reaction mixtures,

possibly due to the decomposition of the starting material.

To enhance substrate reactivity, we hypothesized that replacing one of the aliphatic
substituents with an aromatic group could improve the leaving group ability of the
carbonate by stabilizing the developing positive chargevia delocalization. We
subsequently subjected the methyphenyl substituted allylic carbonate3-3b to standard

reaction conditions identified during the investigations outlined in Chapter ZFigure 3.4).

2.5 mol% [Rh(COD)OH], F

Et0,CO Meph :©/ (OH)2 6.0 mol% (R)-Cl-OMe-BIPHEP MePh
> Me
HK/COZEt 1.0 equiv.Cs,CO3

20 mol% Zn(OTf), X CO2E

THF, r.t., 14h
3-4a A 3-5b

Figure 3.4 Rh-catalysed arylation of the MePh-substituted substrate 3-3b.

However, we discovered that the Md>h starting material 3-3b decomposed both during
column chromatography purification and the reaction, leading to the formation of lactone

3-6 through cyclization (Figure 3.5).
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Et0,C0.\ %ph o
[ — -
t/cozEt Me—7

Ph
3-3b 3-6

Figure 3.5 Lactonization side reaction.

This lactonization could explain the lack of reproducibility observed with the Mé>h

substrate 3-3b, and thus prompted us to discontinue investigating its reactivity.

3.2.3 Synthesis of a simplified model substrate
In view of the challenges encountered while interpreting the experimental data resulting

from the employment of substrates3-3a and 3-3b in our rhodium-catalysed allylic
arylation reaction, we opted to simplify the substrate structure to facilitate the
acquisition of more comprehensible data through the examination of crude reaction
mixtures. The adoption of substrate3-3c enabled us, in practice, to observe of a smaller
number of products resulting from the arylation reaction, owing to the equivalence df-

and E-J -arylation products.

o 5 % Pd/BaSO
= CO,Et o Pd/BaSO, Me
Ho _#Z Cl)l\OEt Et0,c0, FZ quinoline N Etozco@
Me: Me nBuLi, THF Mé Me Ha (1 atm), THF X CO2Et
3-1c 3-2¢ 3-3c
87% 69%

Figure 3.6 The process ofproduction of a model substratewith reduced complexity.

The synthesis of substrate3-3c involved a double addition of chloroformate to a tertiary
propargylic alcohol, 3-1c, followed by subsequentcisreduction, as in our previous

synthetic strategy (Figure 3.6).

3.2.4 Rh-catalysed arylation of a substrate with reduced complexity
Upon subjecting the reduceecomplexity substrate to standard rhodiumcatalyzed

arylation reaction conditions, we were able to identify three species present in the crude
reaction mixture, alongside the remaining starting material. The major product obsere
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xEOE OEA 11 00 bOE OE-anfaGoh AroducE 5t aihOughxitd gieldOE A
T AOGAO AGAAAAAA v mnb8-adl&idn pdduc @5culisdniedwas 4860 OE A |
(Figure 3.7), using R)-CFMeOBIPHEP, which is the ligand that has been established as a

DAOO 1T £ OOAT A A O Aaryhiioh dt geéoidary alylicEbrabnates A ¢

Me 2.5 mol% [Rh(COD)OH], Me  COEL
EtOzCOHth Mej@/B(OH)Z 6.0 mol% ligand Me A
+ >
1.0 equiv. Cs,CO3
- COE F 20 mol% Zn(OTf), I Me
3-3¢ 3-4a THF, r.t 3-5¢
OMe
5o ® o Qo
MeO PPh, MeO PPh, MeO PPh, PPh, PPh,
MeO. ! PPh, MeO ! PPh, MeO ] PPh, i i PPh, l i PPh,
Cl
OMe
(R)-C-MeO-BIPHEP  (R)-MeO-BIPHEP (R)-Ph-GarPhos (S)-BINAP (S)-Hg-BINAP
44% 32% 34% 29% 30%
OMe
0 N © .0
< P =X
o PPh, MeO PPh, <:o PPh, O PPh, o PPh,
0 PPh, MeO_~ PPh, O PPh, O. PPh, F O PPh,
¢ | J (3 X
OMe
(S)-SegPhos (S)-P-Phos (S)-C3-TunePhos (S)-SynPhos (S)-DifluorPhos
31% 31% 36% 31% 23%

Figure 3.7 Preliminary ligand screen.NMR vyields of3-5c are reported by comparing
IHNMR integrals to those of an external standard (dibromomethane).

Further analysis of the reaction mixture components revealed the formation of two
regioisomers, one of which possessed/ E-isomers when a simplified tertiary allylic

carbonate was used (Figure 3.8).

None of the single products could be obtained as a majority in the preliminary screen,
AT A @®PUITAOETT DHOI AOCAO AT OIT A T1T1U AA -t)AOAET A,
r-product ratio varied between 1.3:1 and 1:1.5, and neither product was highlya¥ored

under any of the conditionstested. The privileged ligands, including the standard ligand

80



established in Chapter 2, did not provide significant differentiation between the

transition states leading to all four stereocisomers that could be obtained during potential

Ak-n EOT I AOEOAOGETT AT A OT OAOCETT AAT OOma@EA AT

AA AOOOEAOOAA O1I Al i PAOEI ¢ AOEOET C £ GAAOh x

position, while the ester promotes the formation of a hypothesized sirnembered

OET AT AUAT A OEAO A&AAposittrOAOAO AOUI AGEI T AO

2.5 mol% [Rh(COD)OH], Mi CO,Et .

Et0,CO MeMe Me]@/B(OH)z 6.0 mol% ligand Me Me
¥ > + Me
AJ&/COZEt F 1.0 equiv. Cs,CO3 Me Me
3-3

20 mol% Zn(OTf), o COLEL
THF, rt. F

-3¢ 3-4a 3-5¢ 3-5d

Composition of the crude

(R)-Ph-GarPhos ]
(S)-DifluorPhos Iy I
(S)-SynPhos [ ]
(S)-C3-TunePhos I [
(S)-P-Phos [ I
(S)-H8-BINAP I
(S)-BINAP [ I
(S)-SegPhos I I
(R)-MeO-BIPHEP I I

(R)-Cl-MeO-BIPHEP I |

0 10 20 30 40 50 60 70 80 90 100
m 3-5¢/% m Z-3-5d/% E-3-5d/% m 3-3¢c/%

Figure 3.8 An in-depth analysis of the composition of the crude reaction mixture in the
preliminary ligand screen. NMR vyields of3-5c and 3-5d are reported by comparing
IHNMR integrals to those of an external standard (dibromomethane).
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Subsequently, we attempted a selection of other ligands; however, liganttat were not
based on a biphenylphosphindike structure exhibited no reactivity with the tertiary

allylic carbonate (Figure 3.9).

2.5 mol% [Rh(COD)OH], Me CO,Et

Et0,CO. L Mo . Me:@/B(OH)Z 6.0 mol% ligand e S
LCOZEt E 1.0 equiv. Cs,CO3 Me
3-4a

20 mol% Zn(OTf),

3-3¢ THF, rt. 35c |

Meun
PPh, p

Me
Q, _PC . PBu . PCy,
Ph2P Fo Y Y2 Ph2P Fe 3 2 @%ﬁ/ e
e H i Me o~
e e >N

JosiPhos SL-J001-1 JosiPhos SL-J002-1 WalPhos SL-W003-1 (R,R)-Me-DuPhos
0% 0% 0% 0%

Me

K Ph,P -
Me 2 % PPh, PPh,
P
\/\F"§ 0_o0 O O
Mé X X Ph,P
Me Me Me
(R,R)-Me-BPE (RR)-DIOP  (1R,1'R,2S,2'S)-DuanPhos (S)-PhanePhos
0% 0% 0% 0%

Figure 3.9 Results of a further ligand screenNMR Yyields of 3-5¢ are reported by
comparing lHNMR integrals to those of an external standard (dibromomethane).

We then attempted variations of the Me@IPHEP ligand to investigate how the steric
bulk of the aryl groups on the phosphorus of the ligand scaffold affects the formation of
O E Aarylption product 3-5c. Unfortunately, none of the variations of Me@IPHEP
provided a higher yield of the desired product than the original diphenykubstituted
MeOBIPHEP (Figure 3.10). Interestigly, K)-Xyl-MeOBIPHEP gave the highest
proportion of the r-arylation products with r to J ratio equalling 2.5 : 1, but this reaction
did not reach full conversion either. Additionally, we discovered that the enantiomers of
OEA 111U AEE O-Arlatidd @rodudd B-6ch coufdlhdt be| separated by any

means, and as a result, enantioselectivity could not be determined.
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2.5 mol% [Rh(COD)OH],

E10,COL] Me . Me]@/B(OHb 6.0 mol% ligand e
L\t\/CozEt F 1.0 equiv. Cs,CO34 Me

20 mol% Zn(OTf),

Me COZEt
S

3-3¢ 3-4a THF, rt. 35c
O 3% 2 ~ Me ~ tBu e OMe
MeO PAr, Ar = :: :: \Me :; :; :; :OMe
MeO O PAn2 Me tBu OMe
Ph-MeO-BIPHEP Tol-MeO-BIPHEP  Xyl-MeO-BIPHEP DTB-MeO-BIPHEP TM-MeO-BIPHEP
32% 28% 24% 9% 8%
~ tBu ~ iPr
; OMe ; NMe,
tBu iPr
DTBM-MeO-BIPHEP NMe,-MeO-BIPHEP
6% 0%
OMe \f"‘ N Me N Me \éf tBu \"f' CF3
O Ar= : ; ; :OMe ; :OMe :
MeO PAr, Me Me tBu CF3
MeO PAr; Ph-GarPhos  Xyl-GarPhos DMM-GarPhos DTBM-GarPhos ~ BTFM-GarPhos
O 34% 20% 21% 0% 0%
0% at 60°C

OMe

Figure 3.10 Results of the finetuning ligand screen.NMR yields of3-5c are reported by
comparing tHNMR integrals to those of an external standard (dibromomethane).

At this point, knowing that the ligand usually has the greatest effect on the regiand Z/ E-
selectivity, we concluded that we would not be able to achieve any of the products in

significant excess.
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2.5 mol% [Rh(COD)OH], Me CO,Et .

Etozco“"\ﬂi'\f . MeD/B(OH)z 6.0 mol% ligand _ Me S . MeMe
; - Me
1.0 equiv. Cs,CO3
N-COzE F 20 mol% Zn(OTf), Me o COLEL
THF, rt. F

3-3c 3-4a 3-5¢ 3-5d

Composition of the crude

(R)-NMe2-MeO-BIPHEP

(R)-DTBM-MeO-BIPHEP [y
(R)-TM-MeO-BIPHEP |
(R)-DTB-MeO-BIPHEP [ |
(R)-Xyl-MeO-BIPHEP . .
(R)-Tol-MeO-BIPHEP I
(R)-BTFM-GarPhos Iy
(R)-DTBM-GarPhos I

(S)-DMM-GarPhos I I
(R)-Xyl-GarPhos " ]
(R)-Ph-GarPhos I — I

0 10 20 30 40 50 60 70 80 90 100
m 3-5¢/% m Z-3-5d/% E-3-5d/% m 3-3¢c/%

Figure 3.11 An in-depth analysis of the composition of the crude reaction mixture in the
fine-tuning ligand screen.NMR vyields of3-5¢ and 3-5d are reported by comparing
IHNMR integrals to those of an external standar@ibromomethane).

Consequently, we decided to discontinue our investigations into the reactivity of tertiary

allyl carbonates3-3c carrying an ester group on one terminus.
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3.3 Conclusions
This chapter aimed to investigate theaeactivity trends and reaction outcomes of allylic

substrates in response to increased steric bulk around the carbon carrying the leaving
group. Our objective was to develop a new rhodium catalytic system to furnish remote
guaternary stereocenters. Although certain ligandssuch as XyiMeOBIPHEP, were
I AGAOOGAA O1T DOl Aagylatibn ptolUAt, we AizeLtidkell challenges in
separating the product mixture into its individual components using column
chromatography. Additionally, we faced challenges in reducing the double bonds in the
acquired mixture of products in an attempt to convergeZ- and E-products into the same

compound.

These issues led us to conclude that an ester substrate is not an ideal candidate for
AAEEAOET ¢ OtfedloseldcAvityE po8sibly due to competing driving forces.
SPAAEZEAAI 1 Uh OOAOEA -pofitios whileQite @dte®promotesithe OET T «
formation of a hypothesized sixi Ai AAOAA OET AT AUAT A OEAOG AAAEI
position.

The encouraging aspect is that using the model substrate with reduced complexity

Ol CAOEAO xEOE AEAZAOAT SAOUE QAOEA Oh D-adlahiDAOOE TAA,
products as the major products under different conditions. This observation is promising

and suggests that by selecting a substrate carrying a group with a stronger directing

ability and a suitable set of ligand, base, and additive, we have a potential opportunity

Ol AO

V)

akylatidn product bearing a remote all carbon quaternary stereocerar.

A
&OOOEAOI T OAn xA AT OI A AAEOOO CGayhktioOphiEtOET T A

OOET C -uAshturatdu parbonyl as the starting material. This result is noteworthy and
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Ol 600AI h AO AT OITEA AAEAO OUDEAAMsituated A O ALl O

systems under rhodium catalysis.

3.4 Future directions

3.4.1 Employing amide as a directing group
Based on the mechanistic experiments described in Chapter 2 and the available

literature, 117 it has been observed that the amide group exhibits a higher coordinating
ability towards rhodium. Consequently, it can be inferred that amides serve as stronger

directing groups in Rhcatalyzed arylation reactions.

Me [Rh(COD)OH], /AN _
Etozcoﬁ - ©/B(OH)Q Ligand Pro, B P R | Me_
X Base, additive o
Xx-CONEt, solvent, T &)k xCONEt,
NEt,
37 3-4 34 3.8

Figure 3.12 Potential to exploit stronger directing ability of an amide to exhibit control
on regioselectivity.

Incorporating an amide substrate3-7 into the reaction may result in the favarable
formation of a sixmembered rhodocycle, ultimately leading to an increased yield of the

r-arylation product 3-8 during the reductive elimination process(Figure 3.12).

A synthetic route for the reduced complexity amide substrateould be established by
following the sequence of transformations outlined in Figure3.13. Initially, hydroxy -
ynamide 3-9 was obtained through a Sonogashira coupling reactionUpon treatment

with ethyl chloroformate under basic conditions, carbonate3-10 was generated.
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0O

Pd(PPh3),Cl
HO>/// X JO]\ (PPh3),Cly e,
) Cul, PPhg, NEt3 Me zZ

Md Me CI” “NEt Phy
MEOH 3.9
3-1a 31%
Pyridine 0
DCM, rt. CI)LOEt
0
Et0,C0. | Me 5 % Pd/CaCO;
G, FEE g
A > (1 atm),
NEt Me” 500,k
311 3-10

67%

Figure 3.13 A proposed synthesis route for an alternative amide starting material.

Subsequently, partial reduction of the triple bond in3-10 using a Lindlar catalyst is
envisioned to furnish the desired @-allylic carbonate 3-11, which bears an amide
functional group at oneterminus (Figure 3.13).

3.4.2 Sythesis of bioactive substances containing remote quaternary

stereocenters
Conditional upon identifying an efficient directing group for the installation of a

guaternary stereocenter with satisfactory regic and enantioselectivity, the presented
methodology holds promise for the modular asymmetric synthesis of bioactive molecules

(Figure 3.14).

For example, the natural product cucurbitacin B has garnered significant attention due to
its numerous biological activities, particularly its potent antitumor effects. For example,

in 2022, the Nan group developed a palladiurcatalysed allylic coupling ofcucurbitacin

B with boronic acids. The methodology presented a orgtep approach to increase the

chemical diversity of the natural product and lead to discovery of potent bioactive
substances, such as3-12.148 Nonetheless, no attempts to establish an adlarbon

stereocenter in an enantioselective manner were reported. Successful implementation of
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our methodology would enable further exploration of the structureactivity relationships
of cucurbitacin B derivatives and utilize stereochemical diversity as a means of

discovering more potent analogues.

Me [Rh(COD)OH], =
EtO0,CO.|_R _~.-B(OH), Ligand R— |l Me
t/ "R B dditve S :
~_CONEt N ase, additive

2 solvent, T X~CONEt,

_— AcO e Me/
CO,Et

AcO
3-12 3-13
A549 cell inhibitor Inhibitor of IL-4and IL-5

anti-lung-cancer agent bronchical asthma treatment

O CO,H
Nar ™o

3-14

DP peptidase-1 inhibitor
respiratory disease treastment

Figure 3.14 Examples of potential application of the methodology to produce bioactive
molecules and their derivatives.

The pharmaceutical industry has directed substantial efforts towards investigating
compounds that feature remote quaternary centersTo cite a few instancescompound

3-13, which exhibits potential as a treatment for bronchial asthma, was patented in

2020.149 |t features an alA AOAT T NOAOGAOT AOU MDATOEDE T T4 A AD MA
unsaturated ester.Similarly, in 2023, DP peptidasel inhibitor 3-14 was patented as a

prospective treatment for respiratory diseases:0
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Once again, our rhodiumcatalysed crosscouplings could potentially provide efficient

access to theseompounds and their numerous chiral analogues
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I Modular asymmetric synthesis of 3 -aryl - -tetralones via

sequential double arylation
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4.1 Introduction

4.1.1 Initial project aims
In Chapter 2 we established a novel regioand enantioselective arylation of

conformationally flexible acyclic allylic carbonatesChapter 3 investigate&l the impact of
increasing steric bulk on one of the allylic termini by incorporating an additional
substituent, revealing a loss of efficient control over regioselectivityThe primary
objective of the presentand final chapter was toelucidate the reactivity trends of the
established allylic substrate as the steric bulk surrounding the carbon atom carrying the

leaving group is varied in the opposite direction (i.e., decreased).

steric bulk at the allylic position

EtO0,CO Et0,CO

R2
R E0,C0.
o CO,Et o CO,E o CO,E

Figure 4.1 Aims of the project: exploration of how steric bulk of the allylic substrate
affects its reactivity.

4EA ET OOI1 A-énd gréup ih thi$ particllar system produces an achiral product,

but altering the regioselectivity of the arylation process has the potential to furnish chiral

IF-AOUT ACGET 1T AT I fiyl@dd Bath8nyl £dmnpdDdrls hpld signiftant value as

they are frequently encountered structural motifs in natural products and
pharmaceutical agents51.152 Although some methods for arylating carbonyl compounds

ET @pBshionjare available1s3156OE A AAOAT T Bi AT O 1 fFE-atylatod1 ADD(
of carbonyl compounds remains an active area of research, arlde past year has

witnessed the emergence of new methods, such as novel photocataly#fcand bismuth-

catalysed>8 techniques. Nevertheless, even with these new protocols, achieving high

enantioselectivity E 1 Otarflation of acyclic carbonyl compounds remains
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challenging?® and the few systems that manage to attain high enantioselectivity exhibit

low yields.160

4 E A-aryjation of acyclic J,f-carbonyl compounds using arylboronic acids would
represent a powerful method to synthesizehesecritical building blocks for diverse and

useful bioactive compounds.

A~ -CO2Et
2.5 mol% [Rh(COD)OH],
Et0,CO Me B(OH)2 6.0 mol% (R)-Cl-OMe-BIPHEP
+ >
k/COQEt F 1.0 equiv. Cs,CO;3
20 mol% Zn(OTf), Me
THF, rt.
4-3 4-4a 45
1 equiv. 2 equiv.

Figure 4.2 Initial desired outcome of the reaction.
0O0ET O 1T AOA OO Adeeting €ontribution &fEh& carbonyl group led us to
anticipate challenges in reversing the regioselectivity of the aryl addition. However, we

contemplated that it might be possible to overcome this effect by carefully selecting the

appropriate combination of ligand, base, additive, and solvent.

4.1.1 Initial experiments
Initially, we subjected our terminal substrate to previously established standard

conditions as described in Chapter 2. As expected, a gamma arylation proddeé was

observed, but it did not constitute the major product. Interestingly, the majority of the

crude reaction mixture was composed of a double arylation produet-7a. Based on our
observations, we proposed that, after the initial este!A E OAAOAA OACET-OAT AAO

arylation, the intermediate 4-6 underwent a sequential rhodiumcatalyzed 1,4addition.
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F

Me
2.5 mol% [Rh(COD)OH], ~ Me
Et0,CO +'V'e]©/5<0“)2 6.0 mol% (R)-Cl-OMe-BIPHEP . Me O
LCOZEt F 1.0 equiv. Cs,CO3 F O CO,Et
20 mol% Zn(OTf), . CO.Et F
THF, rt.
4-3 4-4a 4-6 4-7a

1 equiv. 2 equiv. 28% - minor product 71% - major product

Figure 4.3 Outcome of the reaction of the substrate bearing a primary leaving group and
an arylboronic acid under standard conditions.

The observed major double arylation product4-7a has been used as a@recursor in
synthesis of aset of 3A O U | AtérAldnes] a group of compounds that are valuable due
to their frequent occurrence in natural product and pharmaceutical agent scaffold&s1-
164 Presented with this unexpected result, we decided to look into and evaluate the

current asymmetric syntheses of substituted -tetralones.

4124EA Ei BT OOAT AA AT A Afwaods O OUT OEAOA

~ N, 2 S 70N

s N A oA 2 oA~

demonstrating considerable potency as estrogenic modulato¥&® or fungicides16®
# OO OAT-tétialorfes apd their derivatives are under investigation as possible
therapeutic agents for a diverse range of diseasé® Asymmetric synthesis of such

scaffolds is an area of active research in this field.
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OH O

0
OH OMe O

Calothyrlone A Rubiginone B2 Celahypodiol
natural product natural product natural product
(e} O

O‘O O‘O

7-hydroxy-3-(4-hydroxyphenyl)-3,4-dihydronaphthalen-1(2H)-one 3-(4-bromophenyl)-3,4-dihydronaphthalen-1(2H)-one

estrogenic modulator fungicide

Figure 4.4 Examples of bioactive 3substituted h -tetralones.

&OT 1 AT ET OOEOEOA OOAT APT ET Oh EO -undatritedl OAA|
tetralone through the implementation ofa 1,4AAAAEOET T OA A-Ar@dfurated O1T OE,
ketone.However, the conjugate addition to dehydrotetralone for the purpose of accessing

| -tetralones with a chiral carbon at the 3position is unfeasible due to the inherent

stability of 1-naphthol as the preferred tautomer of dehydrotetralonel’1.172 This leads to

1-naphthol being an unresponsive conjugate acceptofFigure 4.5). Consequently,

alternative and frequently lengthier and more intricate approaches are required to access

the scaffold of 3functionalized tetralones.

(0] (0]
o © o L)
0 Nu or E Nu
O — E
OH

a,B-unsaturated tetralone Aromatisation

Figure 45 Difficulties in functionalisation of "j -unsaturated tetralones due to
tautomerisation.

Y

Murakami and coworkers reported a novel rhodium-catalysed rearrangement reaction

L N A 2 oA s oA o~ A
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tetralones.173 Furthermore, the research group has developed an asymmetric variant of
this reaction, whereby 3,3disubstituted 1-(2-haloaryl)cyclobutanols serve as substrates
O CAT -feahidd pogsessing a chiral quaternary carbon centre at thef®sition
(Figure 4.6). The resulting products wereobtained in good yield and exhibitecacceptable

levels of enantiomeric purity.

-

: P/\/\/P
Br K3POy, dioxane, 120°C Ph .

0 § (;
OH [Rh(COD)OH],, 4-L1 ; @\

96%

p . CO
[Rn(COD)OH],, 4-L2 5 o,
Br 4 K3POy,, dioxane, 120°C e | PTol,
Me 2! Bu | OO

72%
° (R)-4-L2

87% ee ’ (R)-Tol-BINAP
Figure 4.6 3,3-Disubstituted h -tetralone synthesis by Murakami.
$O00ET ¢ OEAEO EIT OAOOECAOEI T ET-bydroxylatoA ofi AAEAT

tetralone-A A O E ékdtdestars using a guanidinebisurea bifunctional organocatalyst in
the presence of cumene hydroperoxide (CHP) to elucidate the origin of stereocontrol in
the reaction, the Nagasawa group accomplished a kinetic resolution that generated 3
applied to design an enantioselective synthesis of &r 3-substituted tetralones through
catalytic oxidative kinetic resolution reaction of tetraloneA A O E ¢kétdesters (Figure
4.7). The kinetic resolution reaction of various tetralone derivatives proceeded with high
yield and enantioselectivity. The potential utility of this oxidative kinetic resolution was

exemplified by the synthesis of a natural product, namely (Hjnoxepin.
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_4as.cHp OztBu COztBu o H @ ,(CH2)s 7CH3

COztBU
H
K,CO :
Cl 2v3 CI Cl N N
LA \_/\ N/\r
toluene, 0°C
47% 46% 4-L3

89% ee 88% ee : Ar = 3,5-(CF3),CgH3

Figure 4.7 Asymmetric synthesis of 3-substituted h-tetralone derivatives through
organocatalytic oxidative kinetic resolution

The Stanley research group has developed a novel method for the synthesis of 3

OOA OOE Oftufodes vja rhodium-catalyzed hydroacylation of orthe
allylbenzaldehydes’> The desired hydroacylation reactions are facilitated by a catalyst
produced in situ from [Rh(COD)CI}, (R)-DTBM-SegPhosand NaBARF. This catalyst has

been shown to promote the desired reaction while simultaneously minimizing the

formation of byproducts from competitive alkene isomerization and ene/dehydration

L N~ A L oA oA A~ A

to-high yields with exceptional enantioselectivities(Figure 4.8.

L0
) 0 L < O
I : 0 P(DTBM),

4-L.4 :
C e CO R DO
O NaBARF, dioxane, 100°C /© : /O O

9 : (R)-4-L4
9?; & : (R)-DTBM-SegPhos
o ee

7/

Figure 4.8 Enantioselective formation of 3functionalised bh-tetralones via
hydroacylation.

Recently, h 2022, the Shenvi research team published a novstrategy for obtaining
neuroactive alkaloids, namely GB22, GB13, and himgalit¥.The group's methodology
revolved around the production of 3A O U1 A-®thalénes) through a photoinduced
electron transfer ring-opening process of siloxycyclopropanes with bromoarerg(Figure

4.9). The products exhibited moderate to good yields; nevertheless, the procedure lacked
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enantioselectivity. Additionally,, the methodology exhibits drawbacks, such as the need

for a high nickel precatalyst loading of 30%.

SO OMe 4CzIPN Q .
NiBry, 4-L5 X L= =
| A + > | P g \ / \ /
e 2,6-lutidine, DMSO Me” "N : N N
Br Blue LED, 45°C OMe ! 4-L5
57% g bpy

Figure 4.9 Shenvi's photochemical synthesis of-arylated h -tetralones.

Overall, several procedures for synthesis of-Binctionalised h -tetralones are present in
the literature. However, often the compounds used as starting materials are more
complex than the desired functionalised tetralone products which means the synthesis of
these tetralone precursors is often inefficient and multistep. Despite a few reports that
have appeared recently, enantioselective synthesis ofa@ylated h-tetralones is still an
underexplored area and new methods would contribute greatly to generatioof libraries

of potentially bioactive compounds and their precursors.

4.1.1 Revised project aims
After identifying the limitations and inconvenience of current approaches for accessing

3-AOUI AtérAldnes;we endeavoured to refine our reaction to generate exclusively
ethyl 3,4-diarylbutanoates, which serve as precursors for 3 O U1 Atétldnes) while

ensuring good enantioselectivitiegFigure 4.10).

Our hypothesis for the potential success of this transformatioassumes that our designed
starting material 4-3 undergoes allylic substitution faster than 1,4addition when

subjected to the same rhodium catalsed system(Figure 4.11).
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B(OH),

a. RJ—\\
Et0,CO [Rh(COD)OH], A
1/ Ligand* ° -
X-COEt  ¢s,c0,, additive B
THF, T

O B(OH), O Bpin
EtO,CO [Rhs_(i;ggat)j?H]z R4 _ R P
@ @o—> R
kcoﬁ Cs,CO,, additive

THF, T

Figure 4.10 General scheme of revised project aims to make enantioenrichedaBylated
| -tetralones.

This, in turn, should enable systematicallyreacting our substrate 4-3 at two distinct
coupling positions in a single stepby using avariety of arylboronic acids and their
derivatives, leading to the formation of more complex molecules where the two aryl

groups added to the starting material are different.

Me B(OH Et0,CO
Et0,CO (OH): 2
Me COZEt
x_COEt F 4-4a
4-3 - F
4-5
instead... Me
Me B(OH),
Et0,CO j©/ .
k/COZEt F 4-4a o COEt
4-3 4-6
then...
Me B(OH), F
. o -
F 4-4a Me
i - 1
o CO,Et . CO,Et
4-6 4-7a

1,4-addition proceeds with product 4-6 but not with the starting material 4-3.

Figure4.11 Hypothesised pathway for the sequential double arylation leading exclusively
to one product.
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4.2 Results and Discussion

4.2.1 Preparation of primary allylic substrate
The selection of gammacarbonate enoate4-3 as the model substrate was based on its

structural similarity to the primary substrate utilized in Chapter 2.We accomplishedhe
synthesis of this substrate through the dual deprotonation of propargylic alcohod-1,

followed by treatment with ethyl chloroformate, leading to intermediate 4-2 in high

yield.147
it
5 % Pd/BaS0y, quinoline Et02,CO
HO Ny __C17 OEt EtOZCO/\ A & quinoline
i COzEt > o CO,Et
nBuLi, THF H, (1 atm), THF

4-1 42 »

1% 60%

Figure 4.12 Synthesis of the ester starting material.

Subsequently, the partiakis-reduction of the triple bond using, ET A tafalgsd O

resulted in the production of themodel substrate 4-3 in good yield (Figure 4.12).

4.2.1 Rh-catalysed arylation of primary substrate
Despite the theoretical expectation thatusing a substrateto-boronic acid ratio of 1:2

would only result in the formation of the double arylation product 4-7a, practical
observations show that the boronic acid4-4a undergoes side reactions, such as
protodeboronation1’7 and homocoupling’8 thereby reducing the amount available for

desired coupling reactions.

Consequentlyto investigate how the distribution of single and double-arylation product

is affected by the proportion of boronic acid used, we conducted experiments varying the
amount of boronic acid. Equimolar amounts of starting material and boronic acid
predominantly yielded the single-arylation product 4-6 and a small amount of double
arylation product 4-7a, while 30% of theunreacted starting material4-3 remained in the

crude reaction mixture.We weredelighted to find increasing the boronic acid lading to
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three equivalents led to the desired product, ethyl R)-3,4-bis(4-fluoro-3-

methylphenyl)butanoate 4-7a, in a high yield of 94%Table 4.1).

Table 4.1 Reaction outcome changes depending on the proportion of boronic acid used.

%l OO0 WNOEEWAT ., . -2 UEMKAR P . -2 UEHTA b
P p Y TT
C q X P cy
o o Wt 3]

Reactionconditions: [RhCOD)OH]z (2.5 mol %),(R)-CI-MeO-BIPHEP (6.0 mol %),4-3 (0.4 mmol, 1.0 equiv)4-4a,
C=CO0;s (1.0 equiv), Zn(OTH (20 mol %), THF (0.1 M), r.t.,&h. All experiments were performed or2@mol scaleNMR
yields of4-7aand4-6 weredeterminecdby comparingH NMR integrals to those of an external standard (dibromomethane).

To determine the enantioselectivity, we reduced the ester group of ethyl 3,4
diarylbutanoate 4-7a to obtain the corresponding alcohol4-9, which displayed an

enantioselectivity of 87% (Figure 4.13.

Figure 4.13 Determination of product enantioenrichment.

Similarly, employing our model substrate alongsid€4-fluorophenyl)boronic 4-4b acid
resulted in ethyl (R)-3,4-bis(4-fluorophenyl)butanoate 4-7b with an excellent yield of

98% and an enantioselectivityof 85% (Figure 4.14).
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