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Abstract

The objective of this thesis is to investigate and develop Rh(I)-catalysed Suzuki-Miyaura
cross-couplings of acyclic allylic species with arylboronic acids. While our group has
achieved an asymmetric Rh-catalyzed Suzuki-Miyaura cross-coupling of cyclic racemic
allylic halides and boronic acids, the catalyst-controlled stereoselective coupling of more

complex acyclic unsymmetrical molecules has not been explored.

In this thesis, we present our efforts towards the development of a Rh-catalyzed
enantioselective Suzuki-Miyaura cross-coupling 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 Suzuki-Miyaura cross-coupling of
acyclic allylic systems in Chapter 2, while Chapter 3 explores the asymmetric formation
of all-carbon quaternary stereocenters via the developed Suzuki-Miyaura cross-coupling
of acyclic allylic systems. Additionally, Chapter 4 focuses on Suzuki-Miyaura couplings
using terminal acyclic allylic systems and outlines a modular asymmetric synthesis of 3-

aryl-a-tetralones via sequential double arylation.

Overall, the thesis addresses the challenges associated with synthesising acyclic C(sp3)-
rich compounds using novel asymmetric Suzuki-Miyaura couplings, with the aim of

developing more efficient methods for producing enantioenriched small molecules.
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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 expensive process. The high cost of drug discovery is primarily
due to the high attrition rate in clinical trials.! Therefore, it is crucial to develop
innovative approaches and revised perspectives on drug discovery to deliver medicines

to more patients and at a lower cost.

One such approach that has been extensively used in the past two decades is high-
throughput screening (HTS). So far, the scope of easily accessible fragments for HTS has
been skewed towards essentially planar molecules that lack three-dimensionality by
well-developed and reliable C(sp?)-C(sp?) couplings?3; Suzuki-Miyaura reaction being
dominant in medicinal chemistry. However, the use of C(sp?)-rich (flat) scaffolds as
potential drug candidates in the generation of HTS libraries has some disadvantages.
Increased molecular planarity (mostly two-dimensional) provides limited shape
diversity and less efficient interaction toward a three-dimensional target binding site.#
Among other disadvantages, molecules with highly planar characteristics tend to pack
tightly in a three-dimensional periodic lattice via m-stacking, leading to poor aqueous
solubility.> Also, such compounds are considered metabolically labile as flat structures

are prone to unhindered metabolically labile sites.®

In recent years, there has been a growing interest in synthesizing C(sp3)-rich compounds
as potential pharmaceutical agents. Evidence suggests that C(sp3)-rich compounds have
a higher chance of success in clinical trials compared to their C(sp?2)-rich counterparts.”

For example, research has indicated that when small molecules have a higher C(sp3)



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

enzymes such as CYP450.8

Furthermore, C(sp3)-containing compounds can possess chiral centres, leading to
differences in efficacy between enantiomers and diastereomers. In some cases, these
stereoisomers may exhibit completely different pharmacological properties, making it

important to identify and produce the correct stereoisomer in drug development.?

As a result, drug discovery endeavours have been focused on integrating C(sp3) carbon
centers to enable more efficient exploration of a greater portion of chemical space and
enhance on-target selectivity. A significant proportion of drugs approved by the FDA from

1951 to 2021, specifically over 60%, comprise one or more stereocenters (Figure 1.1).
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Figure 1.1. A frequency bar plot of the overall number of stereocentres in FDA approved
pharmaceutical drugs.10

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 drugs (Figure 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 multiple stereocenters.10

Although it may appear intuitive that chiral drugs generally exhibit higher complexity and
have more information density, a more in-depth analysis of the distribution of molecular
complexity and information density (both of these measures quantify the complexity of
chemical systems!1-13) based on the number of stereocenters provides distinct evidence
of the impact of chirality on molecular complexity and chemical information density in
molecules within the dataset of FDA approved drugs (1951-2021).1° The Bottcher group
introduced the concept of molecular complexity!! (Cm) which is predicated on Shannon's
information theory!4, and it is quantified in molecular bits or mcbits. Molecular
complexity captures the cumulative impact of the information content in a moleculel?,
and small variations in the numerical value of Cm 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 weight, and therefore it is recommended to



incorporate molecular weight, and express the result as information density in mcbit
mol/g. From the performed analysis, it is clear that as the number of stereocenters
increases in drugs so does their molecular 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 centres. In 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 visualization are considered outliers, as they fall outside of this range
on either side of the box.10

As such, there is a significant demand for new efficient methods to produce
enantioenriched small molecules. In this chapter, we investigate existing methods for the
enantioselective production of C(sp3) chiral centers using asymmetric Suzuki-Miyaura
couplings, with the aim of facilitating the efficient enantioselective synthesis of small

molecules.



1.2 Palladium-catalysed asymmetric Suzuki-Miyaura
cross-couplings

The Suzuki-Miyaura coupling is a crucial carbon-carbon bond-forming reaction,
especially for constructing C(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 acids.1¢

o CLORJ,C(O

X = (pseudo)halide 2).C(sp?)
ach|ral
b. R A
o, @, Y
Z  B(OR),

X = (pseudo)halide
C(sp®)-C(sp?)

point chirality

Figure 1.4 A general illustration of Suzuki-Miyaura cross-coupling reactions. a, A C(sp?)-
C(sp?) coupling between two aryl fragments. b, An asymmetric C(sp3)-C(sp?) Suzuki-
Miyaura cross coupling.

As discussed in the previous section, it is widely acknowledged that compounds featuring
a higher degree of C-saturation and possessing chiral elements are more likely to succeed
throughout the various stages of drug discovery. Accordingly, generating molecules with
three-dimensional characteristics has become an area of significant interest in the
pharmaceutical industry. Asymmetric versions of Suzuki-Miyaura couplings are
therefore advantageous, and below we list efforts towards achieving this goal (Figure 1.4,

b).

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

reactions, the coupling of allylic nucleophiles with aryl and alkenyl electrophiles has
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received considerable attention due to the potential for the formation of complex and
diverse C(sp3)-rich molecular architectures. Miyaura and colleagues demonstrated a
palladium-catalyzed coupling of terminal allylic potassium trifluoroborates with aryl and
alkenyl bromides (Figure 1.5). They also achieved an asymmetric version of the reaction
using a MandyPhos ligand (L1), which yielded y-substitution products in good yields,
moderate to excellent regioselectivities (depending on the bromide coupling partner),
and good enantioselectivities (up to 90% ee).l” Mechanistic studies on this
transformation revealed that the Sn2' transmetalation of the allylboron species to the
aryl-palladium complex was followed by fast reductive elimination before any m-o-1
isomerization of the allyl-Pd(II) species could occur.!® 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
CE 3.0 equiv. K,CO3 H

s H,0/MeOH, 80°C _ MeN — PCy2
Me :
70% (S,S,R)-1-L1

90% ee (MandyPhos series)
9:1rr. '

Figure 1.5 Pd-catalysed asymmetric cross-coupling 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 MeO-furyl-BIPHEP (L2) displays exceptional
regioselectivities, good yields and enantioselectivities (87-91% ee) in the cross couplings
of terminal allylic electrophiles and allylic boron pinacol esters.1® The group has also

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



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

carbon stereocenters.20.21

a.
~ 5i0 mol°o//o F(>d§(;1b€2)3 N
S B 0 mol% (R)-1-
| P o8oe -"BPin > N 7
N 1.2 equiv. CsF »
THF, 60°C N
52%
90% ee
>20:1r.r.
o)
b. BocO M 2.0 mol% Pd,(dba); MeO O pp]z
OC! e .
P 4.0 mol% (R)-1-L2 €
B + \/\BPln > MeO PJ_0O
| _N 3.0 equiv. CsF O l
THF, 60°C 2
81% (R)-1-L2
0, '
90% ee ' ((R)-MeO-furyl-BIPHEP)
>20:1 r.r. H
c. 0
2.0 mol% Pdy(dba); /
Me Me 4.0 mol% (R)-1-L2

=
o,
4
4
o
o]
8
+
u§
3
]
Y
=
(o]
=
\('D

3.0 equiv. CsF X % =
THF, 60°C Me

96%
52% ee
4:1rr.

Figure 1.6 a, Pd-catalysed enantioselective cross coupling of terminal allylic electrophiles
and allylic boron pinacol esters . b, Asymmetric allyl-allyl cross-coupling furnishing
quaternary centres. ¢, Enantioselective Suzuki-Miyaura cross-coupling of terminal allylic
electrophiles and allylic boron pinacol esters yielding quaternary all-carbon
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 excellent.?22 This
methodology has potential for wide application in the synthesis of bioactive compounds,

as demonstrated by its use in a concise asymmetric total synthesis of (R)-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 cross-coupling reactions.?! These findings contribute significantly to the
development of enantioselective cross-coupling reactions and highlight their utility in the

synthesis of complex molecular structures.

a.

Me !
% (R)-1- :
~ e Me 1.0 mol% (R)-1 3‘ Me N :
+ » :
| cl PinB>|\/ 5.0 equiv. CsF =
BocN THF, r.t. BooN I : 0
el
92% { Me0 P>Pdcl,
92% ee i MeO R o
5:1rr. O \[\L/)]
2
' (R)-1-3
b. 10mol% (R11.3  Me Me ' ((R)-MeO-furyl-BIPHEP-
X . Me  Me BPin 0 mol% (R)}-1- - W"’ X : Pd complex)
Me)\/\)v 5.0 equiv. CsF Me Z
THF, r.t.
92%
96% ee
>20:1 rr.
3:1d.r. :
E O
(o H S
’ 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 t ((R)-MeO-furyl-BIPHEP)
10:1 d.r. H

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

The Ding group recently reported a palladium-catalyzed asymmetric allyl-allyl cross-
coupling reaction of acetates of racemic Morita-Baylis-Hillman adducts and allylB(pin).23
The reaction produced of a series of chiral 1,5-dienes bearing a vinylic ester functionality
in good yields, 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 (-)-Paroxetine.23



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 co-workers.

1.3 Iridium-catalysed asymmetric Suzuki-Miyaura
cross-couplings

The Carreira research group has made significant contributions to the field of Ir-catalyzed
cross-coupling reactions through the development of a methodology for the coupling of
allylic alcohols with boron nucleophiles (Figure 1.9).24 The reaction can successfully be
performed with vinyl?> and alkynyl2¢ trifluoroborates, furnishing branched products in
good yields and excellent enantioselectivities. The proposed mechanism for this reaction
involves the rapid isomerization of two allyl-Ir intermediates, allowing for the utilization
of racemic starting materials.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>
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a.
OH 4.0 mol% [Ir(COD)Cl], O
P o BF3K 16 mol% (S)-1-L5
+ —_— N
©/k/ ©/\/ 10 mol% nBuy;NHSO, :
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 Carreira’s iridium-catalysed Suzuki-Miyaura 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 co-workers disclosed that an allyl-allyl coupling can
also be achieved in good yields, and excellent regio- and enantioselectivities (Figure

1.10).28

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

10 mol% Zn(OTf), H . SP-N
DCE, 50°C ©/\/ : O O o) |
78% :
99% ee ; (5)-1-L5
>50:1r.r.

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

In a related study, Niu and co-workers reported the regio- and enantioselective coupling
of allylic carbonates with a diborylmethane reagent (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],

i : Me,
. 6.0 mol% (RR,R)-1-L6 "N ; OO Yeuph
OBoc  ,  pinB._BPin ——> O OspN
2.0 equiv. LiOtBu o~ Ph
5.0 mol% AgOTf ; OO Me)‘

dioxane, 25°C

94%

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

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

These findings represent important advancements in the field of Ir-catalyzed 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 Ni-catalysed cross-couplings. In their

enantioconvergent arylation of racemic a-chloroamides with arylboron nucleophiles,
they achieved excellent enantioselectivities and yields (Figure 1.12a).3% 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 Ni-catalysed asymmetric C(sp3)-C(sp3) cross-
couplings between secondary alkyl halides and alkylboron compounds (Figure 1.12b).31
These Ni-catalysed 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 enantioselective nickel-
catalyzed arylation of y-chloroamides, in moderate to high yields but an improvement in
enantioselectivity would be desirable (generally up to 90% ee) (Figure 1.12¢).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 between the CH2Ar
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group and the alkyl group of the homobenzylic bromide (Figure 1.12d).33 In a more exotic
development, the Fu group reported a cross-coupling reaction between arylboronic
nucleophiles and a tethered olefin, where transmetallation was followed by Ni-catalyzed
cyclization to produce 2,3-dihydrobenzofuran products (Figure 1.12¢).34 This method

was successfully applied in the synthesis of the core of the drug candidate, fasiglifam.34

The proposed mechanism for the asymmetric alkylation of -haloamines involves
transmetalation, followed by single-electron transfer oxidative addition of the racemic
alkyl halide and subsequent reductive elimination to form the alkyl-alkyl coupling
product. The Fu group suggests that transmetalation followed by single-electron transfer
oxidative addition is the enantiodetermining step in [-haloamines,3? while DFT
calculations by Kozlowski and co-workers suggest that reductive elimination is

enantiodetermining.35

In conclusion, the Fu group's development of Ni-catalyzed cross-coupling reactions has
made a significant impact in synthetic organic chemistry, providing an efficient and

selective method for the formation of C-C bonds.
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iPrO , r.t
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W PinB 12mol% (S,S-1-L9  ppN Me
+ _— =
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Figure 1.12 Fu’s asymmetric cross couplings with aryl- and alkylborons. a,
Enantioselective coupling of a-chloroamides. b, Asymmetric amine-directed Suzuki
reactions of secondary alkyl chlorides c, Stereoconvergent coupling of a y-chloroamide.
d, Enantioselective Suzuki-Miyaura cross-couplings of unactivated homobenzylic
bromide. e, Enantioselective C(sp3)-generating cyclisation and cross-coupling cascade
involving arylborons.
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The Molander group has made a seminal contribution to the field of asymmetric cross-
coupling reactions through the development of a photoredox/nickel dual catalytic
methodology for the coupling of C(sp3)-hybridized organoboron reagents.3¢ 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 cross-coupling with methyl 3-
bromobenzoate in the presence of chiral ligand (5,5)-1-L10. This resulted in the synthesis
of 1,1-diarylethane product in 52% yield and a promising enantiomeric excess of 50%

(Figure 1.13).

The stereochemical outcome of the single-electron 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, in
which the organotrifluoroborate serves as a carbon radical precursor that is intercepted
by the ligated Ni complex, leading to C-C bond formation via reductive elimination. This
preliminary result implies that high levels of stereoselectivity can be achieved in the
photoredox cross-coupling of secondary alkyl nucleophiles through appropriate
modifications of reaction conditions and ligand structure. A follow-up study published by
the same group provides further insights into the mechanism of this transformation,
revealing an unexpected pathway for stereoinduction involving dynamic Kkinetic
resolution (DKR) of a Ni(IlI) intermediate.35 The stereodetermining step in this process

is reductive elimination.

The refinement of this approach to asymmetric cross-coupling 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,S)-1-L10

52%
50% ee

Figure 1.13 Enantioselective Suzuki-Miyaura coupling involving iridium/nickel
photocatalysis by Molander group.

In a recent study, Shen and co-workers reported a novel approach for the installation of
trifluoromethoxylated stereogenic centers in Ni-catalyzed C(sp?)-C(sp3) cross-
couplings.3” The researchers utilized a-trifluoromethoxylated benzyl bromides 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 successful transmetalation 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(sp2?)-C(sp3) cross-

couplings.
Me
QCFs o Me & 20 mol% NiBr, OCF; :
Br + nBu 1 Me Li 25 mol% (S,S)-1-L11
g*o Me - > ©
MeOC THF, 10°C MeOC

89% : )-1-L11
90% ee H

Figure 1.14 Nickel-catalysed C(sp3)-C(sp?) cross-coupling of benzyl bromides developed
by Shen group.

In 2014, the Doyle group reported a Ni-catalyzed cross-coupling reaction between

arylboroxines and allylic N,O-acetals situated within quinolines (Figure 1.15).38 This
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approach provides modular access to the important pharmaceutical scaffold of 2-aryl-
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 cross-coupling 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 Suzuki-Miyaura cross-coupling of
quinoliniums.

1.5 Copper-catalysed asymmetric Suzuki-Miyaura

cross-couplings
Copper salts have long been recognised for their cost-effectiveness and stability, and have

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

shown great interest in the area of asymmetric copper-catalyzed reactions.40

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(I) and DTBM-SegPhos system, the
reaction between alkyl-9-BBN reagents and primary allylic chlorides exhibited excellent

y-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
y,y-disubstituted primary allyl chlorides as substrates, enabling the generation of
quaternary carbon stereogenic centers (Figure 1.16b).#2 The proposed reaction

mechanism involves the addition-elimination of a neutral alkyl-copper(I) species.

a. MeO ;
e ¢
MeO 0 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,

79%
90% ee

77%

(R)-DTBM-MeO-BIPHEP

BF,4

BN 10 mol% CuCl Ph Ph Q
Me 10 mol% (S,S)-1-L15.HBF; Me Cy
+ ) > .

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

Cy

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

>20:1r.r.

Figure 1.16 Cu-catalysed C(sp3)-C(sp3) forming asymmetric reactions by Sawamura and
colleagues. a, Terminal allylic chlorides and alkylborons. b, Terminal allylic phosphates
and allyl boronates. ¢, Quaternary-centre-forming coupling of prochiral allyl chlorides
and alkylboronates.

The same group also reported copper-catalysed enantioselective allyl-allyl couplings
between allylboronates and either Z-acyclic or cyclic allylic phosphates.43 This reaction

was accomplished using a new chiral NHC ligand bearing a phenolic hydroxy group. The
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reaction exhibited exceptional Sn2'-type regioselectivities, delivering chiral 1,5-dienes

(Figure 1.16c).

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 system.** The reaction provides the desired y-substitution
products with high enantioselectivity (Figure 1.17). Similar transformation using vy,y-

disubstituted allyl phosphates with arylboronates constructs quaternary stereocenters.4>

The use of a hydroxy-bearing chiral N-heterocyclic carbene ligand is essential for
achieving high enantioselectivity, as it stabilizes the copper intermediate and controls the
stereochemistry of the reaction. Mechanistically, the reaction proceeds with near-perfect
1,3-anti stereochemistry and both E- and Z-substrates produce the same enantiomer as

the major product.

a.
5.0 mol% CuCI
N O 5.5 mol% (S,5)-1-L16
/ Me
FoEt * C'_Q_B\ :><
© 0 Me 2.0 equiv. NaOMe
THF, 30°C
PF6
88%
1-L1
93% ee (S.5)-1-L16
>20:1rr
b. cl
Me 5.0 mol% CuCl
OFt O\ Me 5.5mol% (S,S)-1-L17
NP+ CI—@—B\ :>< o
o] OEt (0] Me 20 equiv. NaOMe
THF, 30°C O
F>F6
84%
(S,8)-1-L17

89% ee
>20:1r.r.

Figure 1.17 Copper-NHC 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
gamma-substituted 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 couplings (Figure 1.18). In particular,
they have developed a cross-coupling method that allows for the generation of
quaternary carbon stereogenic centers from terminal allylic phosphates and
commercially available vinylboron reagents.4¢ 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/sulfonate-bridged 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
functionalisation.*® 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 cross-coupling reaction for the formation of

quaternary centers too.4?

These examples represent only a fraction of the numerous asymmetric copper-catalyzed
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 creation

of chiral molecules with high enantioselectivity.5051
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Figure 1.18 a. Quaternary-centre-forming enantioselective coupling between terminal
allylic phosphates and vinylboronic acid pinacolate esters. b. Enantioselective Sn2’
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 cross-coupling 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 Suzuki-Miyaura 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).52 The authors proposed that a 1,2 o-enyl
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 excellent regiocontrol. In a subsequent study,
the authors demonstrated that it was also possible to access the alternative regioisomer

by changing the ligand used, although with reduced levels of regiocontrol.>3

a. ' OMe
OCO,Et 0 : NZ
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% S
e
OCO,Et 92% ee ,
18:1rr . (R)-1-L21
through an[Rh] :
Ph

b. ?
OCO,Et 4.0 mol% [Rh(COD)OH], @ : cl O

B(OH)2 12 mol% (R)-1-L22 3 :
+ ©/ > : MeO PPh,
1.0 equiv. Cs,CO;3 MeO PPh,
OCO,Et benzene, 60°C :
OCO,Et :
Cl
82%
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281rr

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

(Figure 1.20).54

OMe
: N= |
5.0 mol% [Rh(COD)OH], :
/\)/OCOZEt B(OH), 12 mol% (R)-1-L21 L Me0” Y PPh,
+ - !
Et0,CO"NF ©/ 20 mol% Zn(OTf), i MeO B PPh,
1.0 equiv. Cs,CO; A OCO,Et N.
THF, 50°C
85% : OMe
94% ee : (R)}-1-L21

Figure 1.20 Rh-catalysed desymmetrisation of cyclic meso-bisphosphates.

In one of the studies, Gong and colleagues reported the use of Rh-catalysis in the
asymmetric allylic arylation of nitroallyl acetate with phenylboronic acid (Figure 1.21).5>
This work builds upon the team's previous research on 1,4-addition reactions and
suggests that the reaction occurs via a 1,4-addition process, leading to the (-elimination

of the acetate group and the formation of the final product.

NO 2.5 mol% [Rh(COD)OH], OO
2 B(OH), ~ 6.0 mol% (R)-1-L21 NO2 PPh,
OAe 4 ©/ > : PPh,
dioxane/H,0 ‘ OO
50°C 5

56%
97% ee

(R)-1-L21

PhN.g RN

%\“'ZO

Figure 1.21 Suzuki-Miyaura coupling of nitroallyl acetate and phenylboronic acid.

Oi and coworkers reported on the use of Rh-catalysis in the regioselective cross-coupling
of terminal acyclic allylic ethers with arylboronic acids (Figure 1.22).5¢ This reaction

demonstrates good yield and excellent enantiocontrol.
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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 cross-couplings 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 reported.>’->? The transformations thus far reported in the
literature have contributed to the development of enantioselective cross-couplings and
enabled the synthesis of several pharmaceutical agents and natural products. Despite the
vast amount of asymmetric Suzuki-Miyaura couplings being constantly developed, the
existing procedures are too substrate specificc many of them work only with
prochiral/achiral starting materials. These procedures fail when non-terminal allylic
systems or non-prochiral starting materials are employed. Hence, racemic allylic systems
where both termini of the allylic species contain substituents are often absent as
electrophiles in the reported literature procedures. Given that theoretically the amount
of potential racemic electrophiles is much greater than that of prochiral,? this represents
a significant lack of generality. In addition, many reactions are limited to using
unfunctionalized aromatic and aliphatic boronic acid derivatives, and do not tolerate
heteroaromatic and other nucleophiles containing important functional groups, such
nitrogen. Heteroaryl fragments are prominent pharmacophores in various drug

discovery programmes, small structurally well-defined rings are commonly incorporated
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in pharmaceutical agents t00.61-63 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 aim to address the limitations associated with the
utilisation of terminal allylic electrophiles, thereby enabling access to a diverse array of
racemic coupling partners. Nevertheless, these aspects of catalytic asymmetric C(sp3)
forming cross-coupling reactions have remained almost completely unexplored until our
group developed several rhodium catalysed methodologies to couple racemic allylic
electrophiles and aryl or heteroaryl boronic acids.®465 We have continued to expand our
Rh-catalysed asymmetric Suzuki-Miyaura 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 reasonably 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 Rh-catalysed
enantioselective Suzuki-Miyaura cross-coupling 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, we developed an enantioconvergent Suzuki-Miyaura

cross-coupling of acyclic allylic systems and we discuss it in Chapter 2 (Figure 1.23).
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Figure 1.23 Outline of the work presented in the thesis. Chapter 2 discusses the
development of enantioconvergent Suzuki-Miyaura cross-couplings of acyclic allylic
systems. Chapter 3 explores the asymmetric formation of all-carbon quaternary
stereocenters using the developed Suzuki-Miyaura cross-coupling of acyclic allylic
systems. Chapter 4 focuses on Suzuki-Miyaura couplings using terminal acyclic allylic
systems and uncovers a modular asymmetric synthesis of 3-aryl-a-tetralones via

sequential double arylation.

26



Chapter 3 explores the asymmetric formation of all-carbon quaternary stereocenters via
the developed Suzuki-Miyaura cross-coupling of acyclic allylic systems. Chapter 4 focuses
on Suzuki-Miyaura couplings using terminal acyclic allylic systems and uncovers a

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

In summary, this thesis aims to address the challenges associated with synthesizing
C(sp3)-rich compounds via novel asymmetric Suzuki-Miyaura 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 effective 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 Suzuki-Miyaura couplings with racemates have
been reported scarcely. Our group has developed several methodologies for
enantioselective Suzuki-Miyaura cross-couplings using cyclic allylic substrates and

(hetero)arylboronic acids (Figure 2.1).6466.67

OMe
a. s > |
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i MeO PXyl,
2.5 mol% [Rh(COD)OH], OMe i
@C' /©/B<OH)2 6.0 mol% (S)-2-L2 O | MeO AP
+ - :
MeO 1.0 equiv. Cs,CO3 ‘ N &
THF, 60°C E 1
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,
Me>< D + > 16X \ ; 0 PPh,
Y MeOC 1.0 equiv. CsOH (aq.) Me o : <
THF, 65°C ; 5
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86% ee (S§:SS?_ezg-lP-§os
>20:1 d.r. H

Figure 2.1 Examples of asymmetric rhodium-catalysed Suzuki-Miyaura 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 carbon-leaving 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 the Z

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 Rh-catalysed Suzuki-Miyaura cross-coupling methodology was
attempted with substrates that cannot form a pseudo-C2 symmetric intermediate, a
mixture of regioisomers, each formed in excellent enantioselectivity (99% and 98% ee),
was observed®’. Regioisomeric ratio of almost 1:1 suggests that the process underway is
an enantioselective regiodivergent arylation - each enantiomer of the starting material is
converted into a different product (with high ee) 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 (HO 2.5 mol% [Rh(cod)OH], Ph Ph
O 3 \© 6.0 mol% (S) SegPhos Oa - 4+ {
1.0 equiv. CsOH (aq. ) <I> {;[}
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 Suzuki-Miyaura couplings with a substrate not

containing pseudosymmetry.
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2.1.2 Additional challenges of using acyclic substrates

As the conformational flexibility of the substrates increases, additional issues may arise.
One possible problem stemming from the use of acyclic substrates is that the double bond
geometry is not constrained by the ring. In this case, the allylic system can undergo m-o-
Tt interconversion in combination with rotation about a single bond to form either a Z 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 non-symmetric 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(sp3) 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. Some of the best-in-class drugs contain a C(sp3)
stereocenter attached to an acyclic chain of carbon atoms, such as the anti-asthma drug

(+)-AA2414%° and the antioxidant aspergilol A79, which have a diaryl stereocenter in an
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acyclic system. In addition to these synthetic compounds, several natural products also
contain an aryl-methyl stereocenter, including (S)-curcumene, neonulicin B, and shellolic
acid E71. Of these, neonulicin B72 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 inhibitor73 and natural products chloranholide

B74 and baccharisketone.

Me
\©\:/\/\(Me

Me Me
(S)-curcumene neolinulicin B shellolic acid E
natural product anti-inflammatory natural product

cl
0 2<%
cl “ NHMe

Me
HCI
4 Me” “Me
N
H
(+)-AA2414 monoamine reuptake inhibitor chloranholide B
thromboxane A2 receptor antagonist anti-inflammatory

M6\©\/\/ﬁ\
5 Me

=N O
7 N\ \
N N\_N -
A, v
HN. Z Me Me Me
Janus kinase inhibitor aspergilol A baccharisketone
antioxidant 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 challenging as many are derived from

chiral pool natural products or require lengthy multi-step linear syntheses.”>-78
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Fragments similar to those present in these bioactive compounds could be potentially
accessed more efficiently via aforementioned asymmetric Suzuki-Miyaura 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 acids with excellent a-
to y-chirality transfer to yield Z-alkenyl-unsaturated amides using [Cp*RhClz]2 as a
precatalyst (Figure 2.6)79. To our knowledge, Bouzbouz group’s work with allylic
fluorides is the only regioselective example of Suzuki-Miyaura 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 Suzuki-Miyaura couplings of acyclic racemic
electrophiles no reliable methods have been established. A Ni-catalysed cross-coupling
of acyclic allylic acetates and boronic acids has been reported by Uemura8® but 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 PhP
: ) f :;-o
\/\O{A * ©/ 10 mol% 2-L8 \/\Pl; : Fe N
¢ 3.0 equiv. KOH E >
THF, reflux, 17 h 51% .
21% ee : 2-18

iPr

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 is a need
for reliable and modular asymmetric Suzuki-Miyaura couplings that can regioselectively

form a new C(sp3)-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
compounds.81.82 However, the development of such methods is attractive, as 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 pseudosymmetric
substrates®466.67, In this study, we aimed to expand the scope of these asymmetric Suzuki-
Miyaura cross-couplings to acyclic substrates that do not possess pseudosymmetry. The
goal of this project was to design a reliable and versatile asymmetric Rh-catalysed C(sp?)-
C(sp3) cross-coupling that would generate the desired product with high enantio-, regio-
,and Z/E-selectivity from a racemic starting material through the formation of Rh-m-allyl

complexes (Figure 2.8).

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

Figure 2.8 Envisaged Rh-catalysed 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 Suzuki-Miyaura cross-coupling 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 "pseudo-
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 examined that have this feature, as they were either unreactive, hydrolysed or

underwent side reactions to yield an inseparable complex mixture (Figure 2.9).

Cl Cl

Cl
A X
OhACERS O e He
21 2-3 2.4
OH o
A
X
O O inseparable complex mixture Me/\/LMe
2-2 2-5
hydrolysis 35:/2/yield
b ee

“Rh

RMR

®

F>//, ‘ Ky P
|

Figure 2.9 Substrates initially tried as electrophiles in the asymmetric Suzuki-Miyaura
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 and the 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-L.2 ™
X + /©/ o . ©/\/\
Me K< =
Me 1.0 equiv. Cs,CO3
THF, 60°C
2-6 2-7d 2-8

elimination

Figure 2.10 Non-pseudosymmetric substrate tried as an electrophile in the asymmetric
Suzuki-Miyaura 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 2-6 underwent an elimination to

form a conjugated diene (Figure 2.10).

Having examined the behaviour of the aforementioned acyclic allylic systems, we
concluded that, if the desired reactivity was observed, low-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 1,4-addition. The 1,4-addition to a,3-unsaturated species, catalysed by rhodium, is
widely recognised8384 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 a Z-double bond.64:66.67.85

Hence, we chose compound 2-9a 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 a Z-double bond. We chose a carbonate as our leaving group because of their

stability and synthetic accessibility.

We attempted to couple (*)-2-9a with phenylboronic acid 2-7a using methods similar to
those previously reported for cyclic allylic halides and arylboronic acids.®* No desired
product was observed using privileged ligands such as BINAP 2-L1 and Xyl-P-Phos 2-L2
(Table 1, entries 1 and 2). Conjugated addition product 2-10a’ was obtained in reaction
with SegPhos 2-L3 (entry 3). Garphos 2-L4 gave the desired chemoselectivity providing
2-10a with 2.3:1 Z:E in 73% yield and 92% enantioselectivity (entry 4). Further ligand
screening revealed 2-L7 gave highest enantioselectivity, yield and Z/E ratio. Generally,
we observed high enantio- 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 to inhibit 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,__Me B(OH), Ligand*
+ Me 4 CO,Et
LL&/COZE'( ©/ Cs,CO3,
THF, T X COoEL
(£)-2-9a 2-10a 2-10a'
OMe
O
N ’d
99 J g
MeO PXyl, 0 PPh,
N & 0
OMe
(R)-2-L1 OMe (R)-2-L2 (R)-2-L3
J e
MeO PAr, MeO PPh,
MeO l PAr, MeO l PPh,
Cl
OMe
(R)-2-L4 Ar = Ph (R)-2-L7
(R)-2-L5 Ar = Tol
(S)-2-L6 Ar = Xyl
. o yield of 2-10a eeof 2-10a yield of 2-10a’
1 T Z:Eof2-1
entry igand (0] (%) (%) 0 O0a (%)
1 2-L1 60 0 - - 0
2 2-L2 60 0 - - 0
3 2-L3 60 2 - - 31
4 2-L4 60 73 92 23:1 0
5 2-L5 60 72 90 1.3:1 0
6 2-L6 60 55 84 1.2:1 0
7 2-L7 60 83 98 34:1 0
8 2-L7 r.t. 7 98 - 0
9b 2-L7 r.t. 5 97 - 0
10¢ 2-L7 r.t. 80 90 34:1 0

aConditions: [Rh(COD)OH]z (2.5 mol %), ligand (6.0 mol %), Cs2C03 (1.0 equiv.), phenylboronic acid (2.0 equiv.), 16
h. b50wt% aqueous CsOH used as a base. cToluene used as a solvent. Z/E ratios were determined by 'H NMR
spectroscopy on crude reaction mixtures. Yields of 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 and Z/E

ratio of these reactions (Figure 2.11). Using isopropyl carbonate as the leaving group in

(¥)-2-9b resulted in lower yield and Z/E ratio. Further increasing steric bulk of the

leaving group by using a tert-butyl carbonate gave a higher Z/E ratio ((+)-2-9c). However,



we obtained low yield and unreacted starting material was present indicating that the
reaction had not gone to completion and, that the Z/E ratio is inflated (see Mechanistic

Studies section).

2.5 mol%[Rh(COD)OH],

RO@ 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 O Me o} O O O, _Me 0
©/ (/COZEt /©/ LLK/COZEt /©/ S COsEt MONAOpOu e
(0] XxCO,Et
(+)-2-9d (£)-2-9¢ (+)-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 Suzuki-Miyaura
coupling. (Z/E ratios were determined by H 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 non-racemic 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
excellent ee albeit with a lower Z/E ratio (2 : 1). Both electron donating and withdrawing
substituents in the 4-position of the phenyl ((+)-2-9e and (+)-2-9f) gave lower yields and
no clear trend could be determined. We also attempted the reaction using a phosphate

leaving group ((£)-2-9g). Z and E products 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 screening, ethyl carbonate remained the leaving group giving the

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

We then checked whether any additive could be used to enhance the product Z/E 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/E ratios varying between 2.5 : 1 for Y(OTf)s
and 4.1 : 1 for AgOTf (entries 1-4). Surprisingly, addition of zinc chloride, bromide and
iodide salts did not result in any formation of the product (entries 5-7). Silver containing
salts tended to give lower yields (36-80%) with varying Z/E ratios (entry 9-14). Brgnsted
acid TfOH also worked relatively well furnishing the productin 73% yield and 3.1:1 Z/E
ratio (entry 15). Finally, we identified that full conversion can be achieved using 20 mol%
Zn(OTf)2 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
Z-2-10a  E-2-10a  Total 2-9a (SM)
Entry Additive T (°C) eig;f(y? NMRyield NMR yield yield of 2- ra’tio NMR yield

/% /% 10a/% /%
1 AgOTf 60 98 29 7 36 4.1:1 58
2 Er(OTf)s 60 97 65 24 89  27:1 0
3 Yt(OTf)s3 60 97 62 25 87  25:1 0
4 Zn(OTf)2 60 97 67 25 92 27:1 0
5 ZnCl, 60 - 0 0 0 - 85
6 ZnBr: 60 - 0 0 0 - 89
7 Znlz 60 - 0 0 0 - 100
8  ZnClz (1.0M in Et,0) 60 98 56 19 75  29:1 26
9 AgNTf, 60 96 57 23 80  25:1 13
10 AgSbFe 60 98 42 9 51 47:1 47
11 AgBF.4 60 98 50 14 64  3.6:1 36
12 AgPFe 60 99 42 11 53  38:1 43
13 AglO4 60 - 0 0 0 - 0
14 AgClO4 60 96 57 17 74  34:1 10
15 TfOH 60 97 55 18 73 3.1:1 0
16 Cu(OTH): 60 97 34 8 42 43:1 5
17 Zn(OTf): rt. 98 75 19 94  40:1 0
18 AgOTf rt. 98 28 7 36 41:1 54
19 TfOH rt. 97 55 18 73 3.1:1 20

Conditions: [Rh(COD)OH]z (2.5 mol %), (R)-2-L7 (6.0 mol %), Cs2C0s3 (1.0 equiv.), additive (0.2 equiv.), phenylboronic
acid (2.0 equiv.), 16 h. Z/E ratios were determined by 1H NMR spectroscopy on crude reaction mixtures.
Enantiomeric excesses were determined by SFC analysis using a chiral non-racemic 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(0Tf)2 as an additive has been previously documented
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to enhance both the substrate activation® 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
Ej‘s’ Ej‘s’ Ej’%’ Ej‘s’ Ej‘a’
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
SO G O\ o
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
BOERS NN G CINReSY
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: [Rh(COD)OH]2 (2.5 mol%), (R)-2-L7 (6.0 mol%), (+)-2-9a (0.4 mmol, 1.0 equiv), 2-7 (2.0 equiv),
Cs2C03 (1.0 equiv), Zn(OTf)2 (20 mol%), THF (0.1 M), r.t.,, 16 h. All experiments were performed on 0.4 mmol scale. All
compounds were isolated as single regioisomers (rr > 99:1). Z/E ratios were determined by *H NMR spectroscopy on crude
reaction mixtures. Yields were 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. Absolute
configurations were assigned by analogy to product 2-10d, which was converted to (S)-curcumene as determined by comparing
specific optical rotation values to those previously reported.
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With optimised conditions established, we examined the boronic acid scope of the
reaction (Table 2.3). The reported Z/E ratios are based on 1H NMR spectroscopy of the
crude reaction mixture. When desired, we found that would could (like in the case of 2-
10d below) separate the Z and E isomers by careful column chromatography, but for ease
of characterization, the yield and ee’s of compounds reported in Tables 2 and 3 were
determined on the product of hydrogenation of the alkenes obtained. Hydrogenation of
the alkenes using Wilkinson'’s catalyst converted the Z/E mixture of compounds 2-10 and
2-12s obtained in the arylation reaction to a common product. Pleasingly, a broad range
of functionality was tolerated, including ether (2-10c) and halogen (2-10f-h, 2-10j, 2-
10Kk) substituents. Disubstituted boronic acids furnished desired products in good yields
and excellent enantioselectivities (2-10m-2-10q). In addition, electron-poor
functionality was well tolerated with trifluoromethyl (2-10e) and acetyl (2-10i)

substituted boronic acids providing desired product in good yield and excellent ee.

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: [Rh(COD)OH]2 (2.5 mol %), (R)-2-L7 (6.0 mol %), (+)-2-9a (0.4 mmol, 1.0 equiv), 2-7 (2.0 equiv),
Cs2C03 (1.0 equiv), Zn(OTf)2 (20 mol %), THF (0.1 M), r.t., 16 h. All experiments were performed on 0.4 mmol scale. All
compounds were isolated as single regioisomers (rr > 99:1). Z/E ratios were determined by 'H NMR spectroscopy on crude
reaction mixtures. Yields were 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.

Notably, the more challenging heteroaryl boronic acids,?88° displaying a variety of
functional motifs and features common to pharmaceutical agents,6190-92 were suitable
substrates for our methodology (Table 2.4). For example, indole-derived boronic acids
produced the corresponding arylated unsaturated esters (2-10v and 2-10w) in
reasonable yields and excellent enantioselectivities. Furan and thiophene-derived
coupling partners also performed well, although a reduction in enantioselectivity was
observed when using furan-3-ylboronic acid (2-10r, 2-10s). Pyridyl boronic acids can be
employed too - products were obtained in moderate yield and excellent ee (2-10x, 2-
10y). The presence of 2-halide substituents on the pyridyl boronic acids is essential for
their reactivity; however, these substituents possess the flexibility to be eliminated or

utilised as sites for late-stage functionalisation.

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

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

were obtained with >99% ee, albeit with slightly lower yields and Z/E ratios.

The introduction of a benzyl-protected alcohol on the aliphatic chain of an allylic
carbonate led to the desired y-arylation product, resulting in the 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.or. in 2-12f. This may be due to the competitive
coordination of the benzyl ether with rhodium, which could direct arylation toward the

a position of the ester.

Remarkably, the reaction exhibited tolerance towards C(sp?)-hybridized phenyl
substituents without requiring alterations to the ligand or any other reaction conditions.
By employing phenyl-substituted (*)-2-11g, we successfully obtained the vy,y-
diarylsubstituted ester 2-12g with a yield of 90% and an ee of 93%, albeit with a lower
Z/E ratio of 1.7:1. Furthermore, the 3,4-chlorodisubstituted product 2-12h was obtained

with 86% yield, a Z/E ratio of 1.2:1, and excellent enantioselectivity (99% ee).

Crucially, allylic substrates containing ortho-substituted phenyl groups (2-12k, 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, incorporating ortho-groups into the allyl unit facilitated the synthesis
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of products with this substitution pattern. Product 2-12m specifically features an ortho-

Br group, providing further opportunities for product elaboration.

Moreover, a thiophene-substituted allylic carbonate yielded y-arylation products 2-12n
and 2-120 with isolated yields above 80% and excellent enantioselectivities (99% ee).
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 electron-rich substituents on the allyl unit
(2-12i, 2-12j, 2-12n, and 2-120), some a-products were observed too. Nonetheless, the

isolated yields of the desired chiral products remained satisfactory.

The system also performs well when the ester moiety is varied, and excellent yields and
enantioselectivities were obtained in products containing methyl (2-12p and 2-12q) and

bulky tert-butyl (2-12r and 2-12s) esters.
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Table 2.5 Scope of the allylic carbonate.

2.5 mol% [Rh(COD)OH],

Et0,CO. R - B(OH)2 6.0 mol% (R)-2-L7 R_/ | R COsR'
+ |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
[ ) [ )
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: [Rh(COD)OH]2 (2.5 mol %), (R)-2-L7 (6.0 mol %), (+)-2-11 (0.4 mmol, 1.0 equiv), 2-7 (2.0 equiv),
Cs2C03 (1.0 equiv), Zn(OTf)2 (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. > 99:1). Z/E and regioisomeric ratios were determined by *H 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 non-racemic stationary phase. Examples
2-12e, 2-12f, 2-12i, 2-12j 2-12p and 2-12q (including the synthesis of the starting materials) we performed Ke Liu. Examples
2-12k, 2-121, 2-12m, 2-12n, 2-120, 2-12r and 2-12s (including the synthesis of the starting materials) were performed by
Stephen J. Webster. Please see Experimental for more information.

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

bioactive compounds.?3.94
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Enantioenriched y,y-diarylsubstituted carbonyl compounds are generally prepared
through the transformation of optically pure precursors.?>97 Alternative asymmetric
catalysis methods are currently multi-step?” and limited in scope.’® Development of more
convergent approaches is thus required. Our methodology overcomes this significant
challenge and provides concise asymmetric access to y,y-diarylsubstituted carbonyl

compounds.

2.2.3 Product derivatisation
The reaction product has useful functionality and can be further derivatized using well
established reactions. Firstly, 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
EtO,CO B(OH), 6.0 mol% (R)-2-L7 y
+ _ > e
H]/\/COzEt Me /[ j 1.0 equiv. Cs,CO3

20 mol% Zn(OTf), XxCO,Et
(+)-2-9a 2-7d THF, rt, 16 h z-2-10d
standard conditions
Z-product:
isolated in 81% vyield
96% ee

Isomerisation viag 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 the Z-product and isomerisation of the Z/E product mixture to E-
isomer.
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We also developed a procedure to convert the resulting mixture of E and Z products to
the more thermodynamically stable E-isomer. Using tributylphosphine to facilitate a 1,4-
addition-elimination sequence we manage to obtain the desired E-isomer of the product
E-2-10a in good yield and conserve the enantiomeric ratio. Moreover, using an
alternative photocatalytic isomerisation setup consisting of 4CzIPN and Ph2Sz under blue
LED light, we achieve excellent yield of 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=3.3:1 ZIE=1:49
(98% ee) (98% ee)
0.60 Me

0.204 [rs)
o \ E-2-10a
Me
Z-Z-IOaLCOZEt

0.80
0.60
2 0404

0.204

_22.42-1907

1
8
2 g 5 g ZE=33:1 Crude
0.50] = = -
221 o
8 -
0.004 T, T Dl
2.00] é B
1.50] o =
2 : 5 D
2 1.004 & & 8 ZE=26:1 24 h—rit.
i =
0.504 > et ©
= =
0.00 s s
0.50] S 1
0.404 (: E‘s
2 o] & & Al ZE=1:18 24 h-60°C
0.20] - <N 4
0.10] 3 .-‘e S /
ooh o 2 o
0.40] g
0.304 ] = 2 o
2 0.204 . =} ~ g ZE=1:49 72 h-60°C
0.10] P e s -
i = W =

1.80 1.0 2.00 210 220 2.30 2.40 250 260
Minutes

=]
o
=)
[N
o
W
o
'
=]
@
o
]
=]
~
o

Figure 2.13 Z to E isomerisation monitoring over time by SFC. The two top traces are
racemic E and Z products.
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We sampled the isomerisation reaction (PBus reaction conditions) and examined the SFC
traces of the aliquots. As the isomerisation to more thermodynamically stable E-product
proceeds, the ee of both Z and E products remains excellent (Figure 2.13). This data is
consistent with the absolute stereochemistry of Z 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. This
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.

F

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

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

E-2-10d 2-7b T2

Entry Base T/°C  Equiv. of 2-7b Conversion / % d.r.
1 None r.t. 3 - -
2 None 60 3 - -
3 KOH (0.5 eq.) r.t. 3 - -
4 KOH (0.5 eq.) 60 3 81 (78) >20:1
5 KOH (0.5 eq.) 80 3 67 >20:1
6 KOH (1.0 eq.) 60 3 55 >20:1
7 KOH (0.5 eq.) 60 5 46 >20:1

Reaction conditions: [Rh(C2H2)Cl]2 (2.5 mol %), (R)-2-L1 (6.0 mol %), E-2-10d (0.2 mmol, 1.0 equiv), 2-7b, base, dioxane
: H20 (10 : 1, 0.2 M), 14 h. Diastereomeric ratios were determined by 'H NMR spectroscopy on crude reaction mixtures.
Conversion reported by comparing *HNMR integrals to those of an external standard (dibromomethane). Isolated yield in
parentheses.
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The products of the developed allylic arylation reaction are a,3-unsaturated esters - this
provides an opportunity to form two contiguous stereocenters via a sequential 1,4-
addition. Rhodium-catalysed 1,4-additions of arylboronic acids to unsaturated carbonyls
are useful for synthesizing a variety of complex, functionalized molecules.8499,100
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.

Me 5.0 mol% [Rh(C2H4)QC|]2 ©
0 B(OH), 12 mol% (R)-2-L1 T 9
+ » Me A
X" “OEt KOH (0.5 eq.) OEt
H F
Me

dioxane : H,O (10:1)

T
E-2-10d 2-7b Ve 214
Entry Rh /% T/°C Equiv. of 2-7b  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 conditions: [Rh(C2H2)Cl]2 (5.0 mol %), (R)-2-L1 (12.0 mol %), E-2-10d (0.2 mmol, 1.0 equiv.), 2-7b, KOH (0.1
mmol, 0.5 equiv.), dioxane : H20 (10 : 1, 0.2 M), 14 h. Diastereomeric ratios were determined by *H NMR spectroscopy on
crude reaction mixtures. Conversion reported by comparing *HNMR integrals to those of an external standard
(dibromomethane). Isolated yield in parentheses.

We attempted to perform 1,4-additions of 4-fluorophenylboronic 2-7b acid with our
allylic arylation product E-2-10d. After an extensive optimisation (Tables 2.6 and 2.7),
both diastereomers of the 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 carbonate starting 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 :

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

()2L1 (S)-2-L1

\/K/

CO,Et
-- 0 - - 0

Access to all 4 diastereoisomers

Figure 2.14 Strategy to access any of the four diastereomers of a molecule with two
contiguous stereocenters. (23[Rh(COD)OH]2 (2.5 mol %), (S)- or (R)-Cl-MeO-BIPHEP (6.0
mol %), Cs2C03 (1.0 equiv.), Zn(OTf)2 (0.2 equiv.), (4-methyl)phenylboronic acid (2.0
equiv.), 16 h. P[Rh(CzH4)2Cl]2, (S)- or (R)-BINAP, KOH, (4-fluoro)phenylboronic acid,
dioxane : H20, 60 or 80 2C).

Metathesis with ethylene affords a simple aliphatic fragment 2-15 in good yield while
conserving the ee (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 from a Z/E
mixture of Rh-reaction products.

To further demonstrate the synthetic value of this new versatile methodology, we
synthesised natural products (S)-curcumene and (S)-4,7-dimethyl-1-tetralone which is a

natural product precursor (Figure 2.16).

Reduction of the a,B-unsaturated ester 2-10d with Wilkinson’s catalyst leads to a y-

substituted ester red-2-18, a key intermediate in the synthesis of both natural products,
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in good yield and excellent enantioselectivity (see SI for details). Further reduction with
LiAlH4 yields a remotely substituted alcohol 2-16. Oxidation with Dess-Martin
periodinane and Wittig reaction furnish (S)-curcumene 2-17 in good yield and excellent
enantioselectivity. The y-arylated acyclic ester red-2-18 can also be hydrolysed and

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

The (5)-4,7-dimethyl-1-tetralone scaffold is known for its structural versatility and
chemical reactivity, which makes it an attractive starting point for the synthesis of
complex, functionalized molecules. In particular, (5)-4,7-dimethyl-1-tetralone 2-19 is a
key intermediate in the total synthesis of several natural products, for example (-)-
lacvigatin, (S)-ar-himachalene, and (+)-erogorgiaene.l?  Qur 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
- \ '
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. (2Hz2, [Rh(PPhs)3Cl],
THF. PLiAlH4, THF. <DMP, THF, MeOH. disopropyltriphenylphosphonium iodide, nBulLi.
THF, -15 ©C. ¢LiOH, THF, MeOH. fTFA, TFAA, 0 2C).
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In addition, by hydrogenating 2-12d and transforming its ester moiety into a methyl
ketone we could obtain baccharisketone 2-20, a natural product exhibiting cytotoxic

activity against leukaemia cells (Figure 2.17).102

Cyclisation and reductive amination of red-2-12f (see above Table 2.3) is reported103104
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 disorder.105-109 [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 antidepressant, sertraline and its derivatives have garnered recent attention for

their potential as antiviral, antifungal, and anticancer agents.110-113

Me Me
Me 7T > Me
X COLE COMe
2-12d 2-20
>99% ee baccharisketone

natural product

Cl Cl
O O ref. 34, 35 O O
cl —> <l ‘
CO,Et

red-2-12f 2-21
99% ee

NHMe

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
reactions.114 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

N - ap? = +42.2 (c. 1.0, CHCI
easured: ap (c. 1.0, CHCly) Me 96% ee

Figure 2.18 Determination of absolute stereochemistry by comparison of the specific
optical rotation of 4-(p-tolyl)pentan-1-ol 2-16 with reported literature value.!!> Specific
optical rotation value for curcumene 2-17 matches the literature reports too.”8

While carrying out the synthesis of curcumene, we 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 the observed specific optical
rotations with values reported in the literature revealed that the absolute

stereochemistry at the newly formed chiral centre is (S).
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2.2.4 Mechanistic studies

(S)-products

B(OH), F F
/©/ Me Me
F +
> . CO,Et
Rh . oo
(R)-2-L7 42% 39%  CO,Et
92% ee 94% ee

BT G
: determined by '°F NMR spectroscopy
H X CO,Et:
. (S)-2-9a !
i bbbl Ieh b hile ‘ (R)-product

F \©, Me \©, Me
+
Rh &/COZEt g

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

~50 : 1

overall inversion of the
stereocentre
determined by '°F NMR spectroscopy

Figure 2.19 Using enantiopure (99% ee) (5)-2-9a starting material.

Next, we investigated the reaction mechanism. We prepared enantiopure starting
material (5)-2-9a and subjected it to the standard reaction conditions using two different
enantiomers of chiral ligand (Figure 2.19). Upon reaction with (R)-Cl-MeO-BIPHEP, (S)-
2-9a was transformed into an around 1:1 mixture of E and Z products, both with good
enantioselectivity. When using (S)-Cl-MeO-BIPHEP, 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 ‘matched’ and
‘mismatched’ cases of the steric configuration of substrate and chirality of the ligand used
in the reaction. Final Z/E ratio is determined by the nature of boronic acid and its reaction

pattern in the ‘mismatched’ case.
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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
+ ; Me +
KI/\/CO Et 1.0 equiv. Cs,CO3 L/CO Et
NAPELF 20 mol% Zn(OTf), S COLE N2
THF, rt., 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
. R?=0.997 |
6.5 | 8o
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Wes o . »
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4 = 0
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Figure 2.20 Changes of product Z/E ratio and ee of starting materials in time.

Further evidence for this process is obtained by monitoring Z/E ratio of 2-10b as the
reaction proceeds (Figure 2.20). At low conversion, Z/E ratio is high and it decreases over
time until it plateaus as the full conversion is approached. Change in ee 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
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(+)-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
2.21). Cyclic y-carbonate unsaturated ester (*)-2-22, with a double bond fixed in the Z-
configuration, underwent 1,4-addition to form 2-2311¢ instead of allylic arylation.
Substrate (#)-2-24 with an exocyclic carbonyl, on the other hand, is unreactive, even at
100 2C. This could be due to a number of reasons, including having more substitution on
the olefin or lack of Rh-carbonyl 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 when the reaction was
performed at a higher temperature (50 °C). In starting materials featuring an E-double
bond (see (%)-2-26, Figure 2.21), the allylic system is again unreactive under standard

reaction conditions. However, upon heating to 50 2C, 1,4-addition is observed. Overall,
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these experiments provide evidence supporting the regioselective y-arylation being

possible on 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 groups!!’, and under
the standard reaction conditions, amide (*)-2-29 furnishes only the Z-product, albeit as
an almost racemic mixture. Ketone (*)-2-27, on the other hand, furnishes Z-product in
51% yield and 94% ee but the E-product is formed in lower (70%) ee, and we also
recovered some isomerised E-ketone while using (#)-2-27. Chelation-promoted
reactivity is consistent with substrates (*)-2-22, (¥)-2-25 and (*)-2-26 not undergoing
arylation. We speculate that the Rh-carbonyl interaction facilitates oxidative addition and

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

regioisomer of product.

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

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

2.2.5 Proposed mechanism

= OO AN Re2r RO P
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Figure 2.23 Proposed mechanism for the enantioconvergent arylation of allylic enoates
(formation of major product).

Based on these experimental observations and previous mechanistic studies,8> we
propose a mechanism for Rh-catalyzed allylic arylation of acyclic substrates to form the
major Z-product (Figure 2.23). First, an active catalytic complex A is formed by
bisphospine ligand displacing COD on rhodium precatalyst. A rapid transmetallation of
aryl boronic acid follows to furnish the intermediate complex B. This complex undergoes
an oxidative addition with the substrate to form the intermediate C. Enantiodetermining

irreversible reductive elimination leads to the observed Z-product. A combination of m-
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o-m interconversion and rotation of single bonds can lead to an E double bond in the

intermediate IV and the minor E-product following a reductive elimination.

2.2.6 Synthesis of an anticancer agent Lasofoxifene

Selective estrogen receptor modulators (SERMs) 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, particularly 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),118119 3 naphthalene-type 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 cancer,120 as well as positive effects on urogenital
atrophy2! and serum lipid levels.l22 The current synthetic routes for producing
Lasofoxifene are limited and include the use of expensive or difficult-to-obtain
precursors, and the need for chiral chromatography or enzymatic asymmetric

deacylation to produce the enantiomerically pure compound.

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

62



described (Figure 2.24).123 However, stereoselective hydrogenation of tetrasubstituted
olefins is particularly challenging.124-126 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 H2 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 enantioselectivities 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

2.30 2-31 95%
55%, 99% ee OBn

99% ee, 1.9:1 Z.E .

[Rh(C2Hy)2Cll2

(R)-2-L1

KOH (0.5 eq) :
dioxane : H,O (10:1) !
80°C :

OTf
R3

O Cross-coupling

.
Reduction O‘ MeOH
CO)
HO ] OBn
Lasofoxifene analogues 2-35 2-34 2-33

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

We found that, using our rhodium-catalysed arylation methodology as a central step, Z/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 2.25). An asymmetric 1,4-
addition to the said E-o,-unsaturated ester can be envisaged to give a y,3-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 cross-coupling and a global reduction to remove
the benzylic ketone and the benzyl protecting group could complete the synthetic route.
This approach to Lasofoxifene is modular - 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 using our developed
asymmetric Suzuki-Miyaura coupling reaction, which would 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

—_—

o H and Me Me
Me o
96% ee 96% ee
(S)-trinorsesquiterpene (S)-curcumene

Figure 2.26 Summary of the developed asymmetric Suzuki-Miyaura 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 chemo-, regio-, Z/E- and enantioselective
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arylation of y-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 offers straightforward and modular asymmetric
access to remotely substituted esters and alcohols - a privileged motif in many bioactive
molecules. We exemplified the potential of this strategy with facile asymmetric total
syntheses of natural products (S)-curcumene and (S)-4,7-dimethyl-1-tetralone.
Moreover, a novel enantioselelctive route to sertraline (Zoloft®) and its derivatives was
proposed. This method is anticipated to become a powerful tool in medicinal chemists’
toolbox. Further research into this reaction and its applications has the potential to lead

to important advances in the field of asymmetric catalysis.

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 Suzuki-Miyaura reactions. For example, we coupled an array of
vinylboronic acids with bicyclic allylic chlorides in good yields and enantioselectivities
(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 Rh-catalysed diastereo- and enantioselective Suzuki-Miyaura
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

65



enantioconvergent allylic alkylations to generate a more complex acyclic molecule 2-37
with a remote stereocentre (Figure 2.28). The subsequent use of Wilkinson's catalyst for
hydrogenation can selectively reduce the electron-poor double bond, leaving triply-
substituted double bonds intact. Several other protocols for selective 1,4-hydrogenation
of unsaturated carbonyls have also been reported.127.128 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 molecule (2-38).

Et0,CO. _R ' (Rn(COD)OHI, R' R H, R R
2 . )R\/B on Ligand* Z RhCI(PPhy) Z
i —_—
SUCOEt R NABOH: Tor s addiive R .COEt r R CO,Et
THF, T
211 2-36 2.37 2-38
0
....... » MeY\:/\)J\O O
"""" > Me Me
2-39

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

Figure 2.28 Employing vinylboronic acids in enantioconvergent Suzuki-Miyaura coupling
with acyclic racemic allylic carbonates.

Currently there are no straightforward methods to generate these molecular motifs
asymmetrically. For example, 3-phenoxybenzyl-4,6-dimethylhept-5-enoate 2-39 (Figure
2.28) has been synthesised from natural product (+)-citronellal already possessing the
chiral centre. The resulting fragment is present in biologically active natural products and
3-phenoxybenzyl-4,6-dimethylhept-5-enoate 2-39 in particular has been shown to

possess insecticidal activity.129

We believe that our approach using vinylboronic acids in enantioconvergent allylic
arylations could be used to access a wide range of 3-phenoxybenzyl-4,6-dimethylhept-5-
enoate derivatives in a rapid and efficient manner, potentially enabling the synthesis of

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 stereoisomers, 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  Suzuki-Miyaura
arylation/isomerisation/1,4-addition sequence. The third stereocenter can be
introduced by a-functionalisation of the carbonyl moiety in E-2-12. For example, the
ester could be converted!30 into an amide 2-41 that is reported to undergo nickel-

catalysed enantioselective a-alkylation.131
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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 all eight diastereomers can be accessed using an appropriate combination

of ligands (Figure 2.29).

Another approach for enantioselective o-functionalisation of carbonyls involves
introducing a chiral auxiliary group onto the carbonyl and then removing it after the
desired stereocenters have been formed.132133 QOther methods include the use of
enzymatic catalysis!3* or Mukaiyama aldol reaction,13513¢6 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
have important biological activities. For example, [-tetrazolyl-propionic acids,
exemplified by 2-44, are a class of compounds that are known to have inhibitory activity
against metallo-[3-lactamases.137 Metallo-[3-lactamases are enzymes that are produced by
bacteria and are responsible for hydrolysing 3-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 Suzuki-Miyaura couplings to synthesize analogues of (3-tetrazolyl-
propionic acid 2-44 (Figure 2.29), it may be possible to develop compounds with

improved potency and efficacy against metallo-f3-lactamases.137

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 2-bromophenyl substituted carbonate and implement our y-arylation-
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], PN

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 X CO2EL
THF
2-11 2-7 2-45
[Rh(C2H4),Cll2 RIS
(R)-2-L1 L
. KOH (0.5 eq) B(OH),
dioxatne : H,0 (10:1)
80°C 2-7
NiCl, glyme
dtbpy
4'r[dF(CFappy]z(dtbpy))F’Fe LiOH, THF
BTMG MeOH
DMSO
500mW, r.t.
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Figure 2.30 Employing our modular Rh-catalysed methodology to produce viniferin
analogues enantioselectively.

Past studies have demonstrated the utilization of metallophotoredox catalysis for the
coupling of unactivated carboxylic acids and aryl bromides.138139 [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, (7R,8R)-trans-8-viniferin, has been patented
as a promising therapeutic candidate for addressing hyperglycemia, a condition

characterized by elevated blood sugar levels (Figure 2.30).140

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

regioselective Suzuki-Miyaura couplings with acyclic allylic electrophiles and boron
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nucleophiles could 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
quaternary 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 3.1).6141 For instance, out of the top 200 prescription drugs
consumed in the US in 2011, 12% contain quaternary carbon stereocenters.142 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 unstabilised nucleophiles
have been evaluated in cyclic substrates,143 the development of approaches to construct
quaternary centers in acyclic molecules with greater conformational flexibility is

limited.144-146

CCR5 antagonist NK1/NK3 antagonist
anti-HIV antipsychotic

Me

S ) -
Me — K Me
OMe (\N e \
N NH, @/N\) 0 /©e)\/
Me)\Me o
HO

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

Figure 3.1 Biologically active compounds that feature acyclic quaternary 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

quaternary centers in structurally complex acyclic molecules.

3.1.2 Project aims
Following the successful development of regio-and enantioselective allylic arylation of

acyclic allylic carbonate (Figure 3.2, a), the objective of the project discussed in this
chapter is to develop an asymmetric C(sp?2)-C(sp3) cross-coupling reaction of racemic
acyclic electrophiles with arylboronic acids to generate all-carbon quaternary
stereocenters (Figure 3.2, b). During this process of discovery, we also intended to
investigate the reactivity patterns and reaction outcomes of allylic substrates as the steric
bulk surrounding the carbon carrying the leaving group is increased. We recognised 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 two allylic 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 all-carbon 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 possible Z- or E-stereoisomers, which in turn could produce

two enantiomers each.

To summarise, our goal at the outset of this project was to design a reliable asymmetric
rhodium-catalysed system that could regioselectively generate enantioenriched all-
carbon quaternary stereocenters in acyclic structures, starting from 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 methyl-ethyl

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

Chapter 2.

Et Ph
EtO,CO Me EtO,CO Me

3-3a 3-3b

Co,et 5 % Pd/Baso,

(0]
% g R
HO>// CI)LoEt EtOch/ quinoline - EtOZCOH‘t'\fe

R Me nBuLi, THF R Me H, (1 atm), THF xCOEt
341 3-2 3-3
92%, R = 2 e 72%, R = 3 e

68%, R = }Q@ 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.
Favourable yields were achieved for both 3-3a 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 Me-Et starting material 3-3a under

standard conditions discovered in Chapter 2. However, the reaction generated a complex
mixture and did not reach complete conversion at room temperature. Notably, both Z-
and E-stereoisomers of the a-arylation product 3-5a were produced in a 1:1 ratio, and
these isomers could not be separated by column chromatography. To 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 of the conditions as detailed in Table 3.1.
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Table 3.1 Impact of reaction temperature on the yield 3-5a (Z and E combined).

Et_, -COEt
Ve " 2.5 mol% [Rh(COD)OH,
EtozcotE/t . e:©/B(OH>2 6.0 mol% (R)-C-OMe-BIPHEP  Me
1.0 equiv.Cs,CO3
N COaE F 20 r:gll:/i:vZnS(%)Tf)sz Me
THF, T, 14h F
3-3a 3-4a 3-5a
Entry T/°C Yield of 3-5a / % Z/E ratio of 3-5a
1 r.t. 42 1.1:1
2 50 32 1.0:1
3 60 20 1.1:1
5a 70 19 1.2:1
4a 80 14 1.2:1
62 100 7 n.d.

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

Moreover, such conditions led to the formation of more 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 charge via delocalization. We
subsequently subjected the methyl-phenyl substituted allylic carbonate 3-3b to standard

reaction conditions identified during the investigations outlined in Chapter 2 (Figure 3.4).

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

EtozcoH“J"iF,/r, . Me:©/B(OH)2 6.0 mol% (R)-Cl-OMe-BIPHEP ve
" Me
X CO2Et F 1.0 equiv.Cs,CO;
20 mol% Zn(OTf), X CO2EL
THF, rt., 14h
3-3b 3-4a 3-5b

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

However, we discovered that the Me-Ph 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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Figure 3.5 Lactonization side reaction.
This lactonization could explain the lack of reproducibility observed with the Me-Ph

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 substrates 3-3a 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 substrate 3-3c¢ enabled us, in practice, to observe of a smaller
number of products resulting from the arylation reaction, owing to the equivalence of Z-

and E-a-arylation products.

o 5 % Pd/BaSO
= COzEt o . 8 4 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 of production of a model substrate with reduced complexity.

The synthesis of substrate 3-3c involved a double addition of chloroformate to a tertiary
propargylic alcohol, 3-1c, followed by subsequent cis-reduction, as in our previous

synthetic strategy (Figure 3.6).

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

arylation reaction conditions, we were able to identify three species present in the crude

reaction mixture, alongside the remaining starting material. The major product observed
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with the most privileged ligands was the a-arylation product 3-5c¢, although its yield
never exceeded 50%. The best yield of the a-arylation product 3-5c observed was 44%
(Figure 3.7), using (R)-Cl-MeO-BIPHEP, which is the ligand that has been established as a

part of standard conditions for the y-arylation of secondary allylic carbonates.

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 yields of 3-5c are reported by comparing
ITHNMR 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 Z/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,
and the a-arylation product could only be obtained in moderate yields. The overall a- to
y-product ratio varied between 1.3:1 and 1:1.5, and neither product was highly favored

under any of the conditions tested. The privileged ligands, including the standard ligand
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established in Chapter 2, did not provide significant differentiation between the
transition states leading to all four stereoisomers that could be obtained during potential
T-0-Tt isomerisation and rotation about the double bond in the allylic system. This may
be attributed to competing driving forces, where steric bulk drives the arylation to the a-
position, while the ester promotes the formation of a hypothesized six-membered

rhodocycle that facilitates arylation at the y-position.

Me 2.5 mol% [Rh(COD)OH], Me  COoE F.
Y e
; Me
1.0 equiv. Cs,CO3
X COoEt F 20 mol% Zn(OT¥), Me N COLEL
THF, rt. F
3-3c 3-4a 3-5¢ 3-5d

Composition of the crude

(R)-Ph-GarPhos

(S)-DifluorPhos
(S)-SynPhos

(S)-C3-TunePhos

(S)-P-Phos
(S)-H8-BINAP
(S)-BINAP

(S)-SegPhos

(R)-MeO-BIPHEP

(R)-Cl-MeO-BIPHEP

o

10 20 30 40 50 60 70 80 90 100
m3-5¢/% ®Z-3-5d/%  E-3-5d/% =3-3¢/%

Figure 3.8 An in-depth analysis of the composition of the crude reaction mixture in the
preliminary ligand screen. NMR yields of 3-5c¢ and 3-5d are reported by comparing
IHNMR integrals to those of an external standard (dibromomethane).



Subsequently, we attempted a selection of other ligands; however, ligands that were not
based on a biphenylphosphine-like 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 . MBUB(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,
PhP” Fe X Y2 pnpT Y 2 @% Ve
M M &M i

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

=Zn

R Ph,P -
Me 2 % PPh, PPh,
P
S e ole
Me 4 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 screen. NMR yields of 3-5c are reported by
comparing THNMR integrals to those of an external standard (dibromomethane).

We then attempted variations of the MeO-BIPHEP ligand to investigate how the steric
bulk of the aryl groups on the phosphorus of the ligand scaffold affects the formation of
the a-arylation product 3-5c. Unfortunately, none of the variations of MeO-BIPHEP
provided a higher yield of the desired product than the original diphenyl-substituted
MeO-BIPHEP (Figure 3.10). Interestigly, (R)-Xyl-MeO-BIPHEP gave the highest
proportion of the y-arylation products with y to a ratio equalling 2.5 : 1, but this reaction
did not reach full conversion either. Additionally, we discovered that the enantiomers of
the only chiral product, the a-arylation product 3-5¢, could not be separated by any

means, and as a result, enantioselectivity could not be determined.
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Figure 3.10 Results of the fine-tuning ligand screen. NMR yields of 3-5c¢ 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 regio- and Z/E-

selectivity, we concluded that we would not be able to achieve any of the products in

significant excess.
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Figure 3.11 An in-depth analysis of the composition of the crude reaction mixture in the
fine-tuning ligand screen. NMR yields of 3-5c¢ and 3-5d are reported by comparing
IHNMR integrals to those of an external standard (dibromomethane).

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

allyl carbonates 3-3c carrying an ester group on one terminus.
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3.3 Conclusions

This chapter aimed to investigate the reactivity 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
quaternary stereocenters. Although certain ligands, such as Xyl-MeO-BIPHEP, were
observed to produce the desired y-arylation product, we encountered 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 converge Z- and E-products into the same

compound.

These issues led us to conclude that an ester substrate is not an ideal candidate for
achieving the desired y-regioselectivity, possibly due to competing driving forces.
Specifically, steric bulk drives arylation to the a-position, while the ester promotes the
formation of a hypothesized six-membered rhodocycle that facilitates arylation at the y-

position.

The encouraging aspect is that using the model substrate with reduced complexity
together with different ligands, we obtained both y-arylation products and a-arylation
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
produce a y-arylation product bearing a remote all carbon quaternary stereocenter.
Furthermore, we could adjust the reaction conditions to obtain an a-arylation product

using an a,-unsaturated carbonyl as the starting material. This result is noteworthy and
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unusual, as boronic acids typically perform conjugate addition on o,f-unsaturated

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 Rh-catalyzed arylation reactions.

*

[Rh(COD)OH], /AN y

EtOZCOH'\JAER/ . ©/B(OH)Z Ligand o P//'R'h‘\\\P R_\ | MeR
R —> . —_—
™ Base, additive (@)
- CONEL, solvent, T Y ~._CONE,
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 substrate 3-7 into the reaction may result in the favourable
formation of a six-membered rhodocycle, ultimately leading to an increased yield of the

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

A synthetic route for the reduced complexity amide substrate could be established by
following the sequence of transformations outlined in Figure 3.13. Initially, hydroxy-
ynamide 3-9 was obtained through a Sonogashira coupling reaction. Upon treatment

with ethyl chloroformate under basic conditions, carbonate 3-10 was generated.
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Figure 3.13 A proposed synthesis route for an alternative amide starting material.

Subsequently, partial reduction of the triple bond in 3-10 using a Lindlar catalyst is
envisioned to furnish the desired (Z)-allylic carbonate 3-11, which bears an amide
functional group at one terminus (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

quaternary stereocenter with satisfactory regio- 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 palladium-catalysed allylic coupling of cucurbitacin
B with boronic acids. The methodology presented a one-step approach to increase the
chemical diversity of the natural product and lead to discovery of potent bioactive
substances, such as 3-12.148 Nonetheless, no attempts to establish an all-carbon

stereocenter in an enantioselective manner were reported. Successful implementation of
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our methodology would enable further exploration of the structure-activity 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

0

X9

\ 7/ Ve
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 centers. To cite a few instances, compound
3-13, which exhibits potential as a treatment for bronchial asthma, was patented in
2020.149 It features an all-carbon quaternary center located in the y-position of an «,(3-
unsaturated ester. Similarly, in 2023, DP peptidase-1 inhibitor 3-14 was patented as a

prospective treatment for respiratory diseases.150

88



Once again, our rhodium-catalysed cross-couplings could potentially provide efficient

access to these compounds and their numerous chiral analogues.
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1 Modular asymmetric synthesis of 3-aryl-a-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 regio- and enantioselective arylation of

conformationally flexible acyclic allylic carbonates. Chapter 3 investigated the impact of
increasing steric bulk on one of the allylic termini by incorporating an additional
substituent, revealing a loss of efficient control over regioselectivity. The primary
objective of the present and final chapter was to elucidate 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.

The introduction of a y-aryl group in this particular system produces an achiral product,
but altering the regioselectivity of the arylation process has the potential to furnish chiral
a-arylation compounds. These a-arylated carbonyl compounds hold significant value as
they are frequently encountered structural motifs in natural products and
pharmaceutical agents.1>1.152 Although some methods for arylating carbonyl compounds
in the a-position are available,153-156 the development of novel approaches for a-arylation
of carbonyl compounds remains an active area of research, and the past year has
witnessed the emergence of new methods, such as novel photocatalytic!>7 and bismuth-
catalysed>8 techniques. Nevertheless, even with these new protocols, achieving high

enantioselectivity in the «-arylation of acyclic carbonyl compounds remains
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challenging,1>° and the few systems that manage to attain high enantioselectivity exhibit

low yields.160

The a-arylation of acyclic o,3-carbonyl compounds using arylboronic acids would
represent a powerful method to synthesize these critical 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. F
4-3 4-4a 45
1 equiv. 2 equiv.

Figure 4.2 Initial desired outcome of the reaction.

Prior observations of the y-directing contribution of the 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 product 4-6 was
observed, but it did not constitute the major product. Interestingly, the majority of the
crude reaction mixture was composed of a double arylation product 4-7a. Based on our
observations, we proposed that, after the initial ester-directed regioselective allylic y-

arylation, the intermediate 4-6 underwent a sequential rhodium-catalyzed 1,4-addition.
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2.5 mol% [Rh(COD)OH],  Me

Me
EtO,CO MBD/B(OH)Z 6.0 mol% (R)-Cl-OMe-BIPHEP Me O
+ > +
LCOZEt . 1.0 equiv. Cs,CO; F . O CO,Et

20 mol% Zn(OTf), Xx_CO,Et
THF, r.t.
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 product 4-7a has been used as a precursor in
synthesis of a set of 3-arylated a-tetralones, a group of compounds that are valuable due
to their frequent occurrence in natural products and pharmaceutical agent scaffolds.161-
164 Presented with this unexpected result, we decided to look into and evaluate the

current asymmetric syntheses of substituted a-tetralones.

4.1.2 The importance and current syntheses of a-tetralones
As mentioned above, the presence of chiral a-tetralones bearing functional groups at the

3-position is a common occurrence in natural products and pharmaceutical agents
(Figure 4.4).165-167 There are instances of 3-substituted o-tetralone compounds
demonstrating considerable potency as estrogenic modulators!®® or fungicides.16?
Currently, a-tetralones and their derivatives are under investigation as possible
therapeutic agents for a diverse range of diseases.170 Asymmetric synthesis of such

scaffolds is an area of active research in this field.
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0
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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 3-substituted a-tetralones.

From an intuitive standpoint, it would seem plausible to functionalize an «,3-unsaturated
tetralone through the implementation of a 1,4-addition reaction to the a,3-unsaturated
ketone. However, the conjugate addition to dehydrotetralone for the purpose of accessing
a-tetralones with a chiral carbon at the 3-position is unfeasible due to the inherent
stability of 1-naphthol as the preferred tautomer of dehydrotetralone.171.172 This leads to
1-naphthol being an unresponsive conjugate acceptor (Figure 4.5). Consequently,
alternative and frequently lengthier and more intricate approaches are required to access

the scaffold of 3-functionalized tetralones.

(0] (0]
> =
] Nue or E® Nu o
— E
OH

a,B-unsaturated tetralone Aromatisation

Figure 4.5 Difficulties in functionalisation of o,B-unsaturated tetralones due to

Y

tautomerisation.

Murakami and co-workers reported a novel rhodium-catalysed rearrangement reaction

of 1-(2-haloaryl)cyclobutanols that leads to the formation of 3,3-disubstituted a-
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tetralones.173 Furthermore, the research group has developed an asymmetric variant of
this reaction, whereby 3,3-disubstituted 1-(2-haloaryl)cyclobutanols serve as substrates
to generate a-tetralones possessing a chiral quaternary carbon centre at the 3-position
(Figure 4.6). The resulting products were obtained in good yield and exhibited acceptable

levels of enantiomeric purity.

-

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

0 § (;
OH [Rh(COD)OH],, 4-L1 ; @\

Ph
96%

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

2% (R)-4-L2
87% ee ’ (R)-Tol-BINAP

Figure 4.6 3,3-Disubstituted a-tetralone synthesis by Murakami.

During their investigation into the mechanism of asymmetric a-hydroxylation of
tetralone-derived [3-ketoesters using a guanidine-bisurea 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-
substituted a-tetralones.1’7# The identified transition-state model was subsequently
applied to design an enantioselective synthesis of 2- or 3-substituted tetralones through
catalytic oxidative kinetic resolution reaction of tetralone-derived 3-ketoesters (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 (+)-linoxepin.
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4-13, CHP ©
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89% ee 88% ee ; Ar = 3,5-(CF3),CgH3

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

The Stanley research group has developed a novel method for the synthesis of 3-
substituted a-tetralones via rhodium-catalyzed hydroacylation of ortho-
allylbenzaldehydes.17> The desired hydroacylation reactions are facilitated by a catalyst
produced in situ from [Rh(COD)Cl]z, (R)-DTBM-SegPhos, and 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
pathways. Overall, the reaction affords 3-substituted a-tetralone products in moderate-

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 3-functionalised a-tetralones via
hydroacylation.

Recently, in 2022, the Shenvi research team published a novel strategy for obtaining
neuroactive alkaloids, namely GB22, GB13, and himgaline.17¢ The group's methodology
revolved around the production of 3-arylated o-tetralones through a photoinduced
electron transfer ring-opening process of siloxycyclopropanes with bromoarenes (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 3-arylated a-tetralones.

Overall, several procedures for synthesis of 3-functionalised a-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 multi-step. Despite a few reports that
have appeared recently, enantioselective synthesis of 3-arylated a-tetralones is still an
underexplored area and new methods would contribute greatly to generation of 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-arylated o-tetralones, we endeavoured to refine our reaction to generate exclusively
ethyl 3,4-diarylbutanoates, which serve as precursors for 3-arylated a-tetralones, while

ensuring good enantioselectivities (Figure 4.10).

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

subjected to the same rhodium catalysed system (Figure 4.11).
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Et0,CO
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[Rh(COD)OH],
Ligand*

k/COQEt

Cs,CO3, additive
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Cs,CO3, additive

Figure 4.10 General scheme of revised project aims to make enantioenriched 3-arylated

o-tetralones.

This, in turn, should enable systematically reacting our substrate 4-3 at two distinct

coupling positions in a single step by using a variety 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.

Et0,CO

instead...

Et0,CO

then...

Me

F

Me B(OH),
F 4-4a
e >
Me B(OH),
F 4-4a
Me B(OH),
F 4-4a

\

EtO0,CO
Me COZEt
F
4-5
Me
F
x_CO,Et
4-6

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

Figure 4.11 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 gamma-carbonate enoate 4-3 as the model substrate was based on its

structural similarity to the primary substrate utilized in Chapter 2. We accomplished the
synthesis of this substrate through the dual deprotonation of propargylic alcohol 4-1,

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

yield.147
)OL
5 % Pd/BaS0y, quinoline Et02,CO
HO/\\\ CI” OEt Etozco/\ o 4 quinoiine
. CO,Et > _COLE!
nBuLi, THF H, (1 atm), THF
441 42 s

71% 60%

Figure 4.12 Synthesis of the ester starting material.

Subsequently, the partial cis-reduction of the triple bond using Lindlar’s catalyst

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

4.2.1 Rh-catalysed arylation of primary substrate
Despite the theoretical expectation that using a substrate-to-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 acid 4-4a undergoes side reactions, such as
protodeboronationl’? and homocoupling,178 thereby reducing the amount available for

desired coupling reactions.

Consequently, to 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 the unreacted starting material 4-3 remained in the

crude reaction mixture. We were delighted to find increasing the boronic acid loading 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.

F
2.5 mol% [Rh(COD)OH] Me
EtO,CO +Me:©/B<OH)z 6.0 mol% (R)-CI-OMe-BIPIjEE Me O .
LCOzEt - 1.0 equiv. Cs,CO;  Me F
20 m$|H/oF th(OTf)2 i O CO,Et xCO;Et
4-3 4-4a 4-7a 4-6
Entry Equiv. of 4-4a NMR yield of 4-7a / % NMR yield of 4-6 / %
1 1 8 44
2 2 71 28
3 3 94 5

Reaction conditions: [Rh(COD)OH]. (2.5 mol %), (R)-Cl-MeO-BIPHEP (6.0 mol %), 4-3 (0.4 mmol, 1.0 equiv), 4-4a,
Cs2C0s (1.0 equiv), Zn(OTf)2 (20 mol %), THF (0.1 M), r.t., 16 h. All experiments were performed on 0.2 mmol scale. NMR
yields of 4-7a and 4-6 were determined by comparing *H 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 alcohol 4-9, which displayed an

enantioselectivity of 87% (Figure 4.13).

F F

Me Me
Me O LIBH4 Me O
F g CO2Et THF, 0°C - rt. F g N

enantiomers
inseparable on 87% ee
SFC and HPLC

OH

Figure 4.13 Determination of product enantioenrichment.

Similarly, employing our model substrate alongside (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 enantioselectivity of 85% (Figure 4.14).
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Et0,CO Me B(OH),  2.5mol% [Rh(COD)OH], Me
L + j@/ 6.0 mol% (R)}-Cl-OMe-BIPHEP O
NACOEL p 10 equiv. Cs,CO5 O
20 mol% Zn(OTf), CO,Et
4-3 4-4a THF, rit. Me
3 equiv. 4'13
ArB(OH), 94%
87% ee

F

EtO,CO B(OH), 2.5 mol% [Rh(COD)OH];
+ /©/ 6.0 mol% (R)-Cl-OMe-BIPHEP
X CO5Et £ > O
4-4b

b.

1.0 equiv. Cs,CO3

43 20 mol% Zn(OTf), COAEt
THF, rt.
. 4-7b
3 equiv. 98%
Ar,B(OH), b
85% ee

Figure 4.14 Experiments using one boronic acid species.

In general, employing this approach enables efficient arylation at two distinct positions
on the primary allylic carbonate model substrate, ultimately affording a streamlined
single-step synthesis of 3-arylated a-tetralone precursors in excellent yields and good
enantioselectivities. However, bisphosphine ligands, such as BINAP, have been widely
reported to exhibit remarkable enantioselectivities (typically exceeding 90%) in
rhodium-catalysed 1,4-additions to unsaturated esters.116 Qur experimental findings do
not align with these high levels of enantioselectivity. This discrepancy may be attributed
to two plausible factors. Firstly, the BINAP ligand might be ineffective in inducing
enantioselectivity during 1,4-addition on this specific substrate. Secondly, the initial
allylic arylation reaction could generate two isomeric forms (Z and E) of the intermediate
product, each of which yields opposite absolute stereochemistry following the

subsequent 1,4-addition step.

4.2.1 Rh-catalysed arylation using two distinct boron nucleophiles
The initial step in both rhodium-catalysed allylic arylation and 1,4-addition involves

transmetalation.85179 It is well-known that various boronic acid derivatives

transmetalate to the rhodium catalyst at different rates.180-182 We postulated that this
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phenomenon could be exploited to achieve sequential arylations of our substrate at two

different positions using two distinct boronic species.

We envisioned that the mechanistic pathway of this process could unfold as follows:
initially, the boronic acid 4-4a would transmetalate to the active rhodium-catalyst to
form species II, which would then proceed through the sequence of oxidative addition
and reductive elimination to generate intermediate 4-6, as previously discussed in
Chapter 2. Subsequently, once all the original substrate and boronic acid have been
consumed, the boronic acid pinacol ester 4-10b could initiate transmetalation of the
active rhodium catalyst to form complex V. This transmetalated complex V could then
react with compound 4-6 present in the reaction mixture to form intermediate complex
VI. The Rh-O bond cleavage in complex VI could lead to the formation of the product 4-

11 with two distinct aryl groups (Figure 4.15).

Me
F
m Me B(OH),
B(OR)ns1 ot TN Fj@/
/@ Nsolv N2 o n=23
B(OR),
/©/ OH solv reductive transmetalation B(OH)p+1
F elimination
n=23 /\
/T\ Rh /Kr\ /T\
HOP P | O/ \solv P/"F\"h"\\P Me PI"Rh‘:P
solv Y,
| O =Z OFt |O FD ; solv
Me E vi N~ NOEt oxidative addition

F n VW_/

g 0 H20 ” solv  Et0,CO

O OEt k/COZEt
F 4-11 P, Qr\\ P 4-3

Rh-.q
®\\L|_®D—0Et
v

Figure 4.15 Proposed mechanism for the formation of the doubly arylated species.
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To test our hypothesis, we subjected starting material 4-3 to our standard reaction
conditions using boronic acid 4-4a and boronic acid pinacol ester 4-10b bearing two

different aryl species.

During our investigations, we observed that the proposed second catalytic cycle did not
occur in practice. Instead, a sole y-arylation product 4-6 was obtained with a yield of 46%
(Figure 4.16, a). Attempts to enhance the 1,4-addition process by increasing reaction

temperatures and introducing water did not yield satisfactory results (Figure 4.16, b).

In view of this, we postulated that more vigorous conditions akin to those employed in
1,4-additions of boronic acid pinacol esters would be necessary to accomplish the second
step of the dual arylation process. (R)- or (S)-BINAP, renowned for their efficacy as
ligands in facilitating rhodium-catalysed asymmetric conjugate additions to o,(3-

unsaturated esters183, were employed in our experiments.

In pursuit of this objective, we applied modified conditions to our substrate, which
involved employing (R)-BINAP, KOH, and a higher reaction temperature of 90 °C.
Importantly, we maintained the same quantities and ratios of the arylboronic acid and
arylboronic acid pinacol ester as before (Figure 4.16, c). The primary product detected in
the crude reaction mixture was the desired compound, 4-11, which we isolated with a
yield of 68% and an enantioselectivity of 81%. While a higher level of enantioselectivity
would have been preferable, it is noteworthy that we achieved a satisfactory yield of 68%
for the desired product. The arylboronic acid pinacol ester could be serving as a gradual
release source for boronic acid, facilitating the stepwise incorporation of distinct aryl

groups at two different positions in substrate 4-3.
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Figure 4.16 Experiments using two distinct boronic acid species.

Interestingly, upon examining the 1°F NMR spectrum of the crude reaction mixture, we
observed the byproduct to be ethyl (R)-3,4-bis(4-fluoro-3-methylphenyl)butanoate 4-7a.
This indicates that some double addition of (4-fluoro-3-methylphenyl)boronic acid 4-4a
occurred prior to conjugate addition with (4-fluorophenyl)boronic acid pinacol ester 4-

10b (Figure 4.17).
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Figure 4.17 19F NMR spectra of double arylation products. The bottom spectrum is of the
crude reaction mixture when two distinct arylborons were used.

This observation is consistent with our previous findings, where a small amount of
double addition product was observed during the optimization of boronic acid

equivalents despite incomplete consumption of the starting material (Table 4.1).
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4.2.2 Application in synthesis of biologically active compounds
With the aid of our newly developed methodology, we have successfully synthesized 4-

7c¢, a precursor of 7-hydroxy-3-(4-hydroxyphenyl)-3,4-dihydronaphthalen-1(2H)-one, a
potent estrogenic modulator (Figure 4.18).168 This bioactive compound can be obtained
through subsequent ester hydrolysis, Friedel-Crafts cyclization, and demethylation of the

methoxy groups on the aromatic moieties.168

OMe
EtOZCO 2.5 mol% [Rh(COD)OH],
/©/ 6.0 mol% (R)-CI-OMe-BIPHEP MeO O
COzEt MeO 1.0 equiv. Cs,CO;3 o O
20 mol% Zn(OTf), COzEt
THF, r.t. 4
-7

3 equiv. oc

AraB(OH), 92%

88% ee

HO
ref. 168 O‘
— ®
OH

CO,Et
Estrogenic stimulator

Figure 4.18 Asymmetric one-step synthesis of a precursor to an estrogenic modulating
agent.

7-Hydroxy-3-(4-hydroxyphenyl)-3,4-dihydronaphthalen-1(2H)-one has been patented
for its interaction with [-estrogen receptors and as a potential treatment for Alzheimer's
disease, anxiety disorders and depressive disorders,'8¢ and expeditious modular
asymmetric synthesis of its precursors may prove crucial in discovering more potent

analogues.

4.3 Conclusions

In this chapter we investigated the patterns of reactivity and new reaction outcomes of
the allylic substrate as the steric bulk surrounding the carbon carrying the leaving group

was reduced.
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Drawing on the results of prior optimisation studies and the findings presented in this
chapter, our hypothesis asserts that chelation capacity of the ester group plays a critical
role in enabling markedly accelerated allylic substitution reactions while remaining slow
with respect to 1,4-addition. The use of Z-enoate in the allylic starting material is an
additional influential factor promoting the formation of a 6-membered ring rhodocycle
intermediate (proposed in Chapter 2) that ensures the preferential occurrence of allylic
substitution. These factors ensure that the processes occurring during the reaction are
stepwise and hence that one product is obtained in excess The reduction in steric
hindrance near the carbon atom adjacent to the B-center of the 1,4-acceptor in the
intermediate molecule 4-6 may explain why a subsequent conjugate addition of a boronic
acid can occur under the same conditions that yield a sole y-substituted product when

using a secondary allylic carbonate 2-3.

The investigated reaction has its relative merits - it is important to acknowledge that the
precursors to 1,4-addition can be obtained through other approaches. For example,
intermediate product can be acquired by employing olefin cross-metathesis8> with
acrylic esters or a Wittig reaction utilizing a stabilised phosphorus ylide18¢. Nevertheless,
pursuing either of these methods would inevitably entail an extra step for isolation and

purification.

Finally, we showcased the practicality of our methodology through the efficient one-step
synthesis of a precursor to a B-estrogen receptor modulator, namely, 7-hydroxy-3-(4-
hydroxyphenyl)-3,4-dihydronaphthalen-1(2H)-one 4-7c. In doing so, we established that
our approach facilitates the prompt synthesis of various derivatives of this bioactive

compound using a single, structurally simple precursor. We hold a firm conviction that
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with an increased enantioselectivity this elegant and straightforward methodology will

be incorporated into multiple total syntheses of natural products in the future.

4.4 Future directions

4.4.1 Approaches to increasing enantioselectivity
To enhance the enantioselectivity, it is imperative to determine the underlying factors

responsible for the observed enantioselectivities. This entails assessing whether the
current enantioselectivities result from the choice of ligand or from the formation of Z/E
mixtures of intermediate products. To assess this, we propose to subject the Z-
intermediate product 4-6 to established reaction conditions (Figure 4.19). An increased
enantioselectivity would ascertain that the formation of a Z/E product mixture after the

initial step contribute to the diminished enantiomeric excess.

Me Rh(COD)OH I
Fj@\k/ . Me]@/B(OH)Z (R)[-CI-(OMe-)BIPI]-fEP‘ e O
CCOE ¢ Cs,COs, Zn(OTH, O
6 4-4a

THF, rt.
Ve CO,Et

4-
4-Ta

ee-?

Figure 4.19 Proposed experiment to assess the cause of enantioselectivity erosion.

If this is indeed the case, the aforementioned issue can be overcome by employing an
amide as the starting material. Previous investigations in Chapter 2 have demonstrated
the exclusive formation of the Z-product using an amide substrate, albeit without
enantioenrichment. When employing the primary amide starting material 4-14, the lack
of enantioselectivity becomes inconsequential, as the allylic arylation step does not
generate a stereogenic center. Notably, this approach would exclusively generate Z-
unsaturated amide as an intermediate product. Despite unsaturated amides being less

favourable 1,4-acceptors due to heightened conjugation relative to esters, procedures
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involving rhodium/bisphosphine catalysis have reported successful asymmetric

arylation of a,3-unsaturated amides with boronic acids.8384

Utilizing amide 4-14 as a starting material would also address the issue of double
arylation with boronic acid, which leads to the formation of an undesired byproduct when
employing the ester starting material 4-3. The stronger chelation of the amide to rhodium
is anticipated to accelerate the allylic arylation process, while the increased conjugation
in amides should decelerate the 1,4-addition step. This difference in the relative reaction
rates of the two consecutive steps could prevent the formation of the double arylation

product, ultimately enhancing the yield of the desired product.

The amide substrate 4-14 was prepared by employing the transformations depicted in
Figure 4.20. First, a Sonogashira coupling reaction involving propargylic alcohol 4-1 was

utilised to synthesise the hydroxy-ynamide 4-12.

hi§ i
0 0 5 % Pd/CaCO5 EtO,CO
o P oo —— A
PA(PPhs).Cly HO_Z "2 pyidine E0,CO_Z T2 Hjy (1 atm), THF NN
CU', PPh3, NEt3 DCM. rt
THF T
41 412 413 4-14

43% 67% 72%

Figure 4.20 Synthesis route for an alternative amide starting material.

Subsequently, treatment of 4-12 with ethyl chloroformate under basic conditions led to
the formation of primary carbonate 4-13. Following this, a Lindlar catalyst was utilized
to partially reduce the triple bond in 4-13, resulting in the formation of the desired (Z)-

allylic carbonate 4-14 (Figure 4.20).

4.4.2 Double functionalisation using vinylboronic acids
As previously noted in Chapter 2, our research group has established the viability of

vinylboronic acids as coupling partners in Rh-catalysed asymmetric Suzuki-Miyaura
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reactions. We propose that vinylboronic acids could be incorporated into an allylic
alkylation-1,4-addition sequence to selectively generate complex acyclic molecules from

our easily accessible precursor (Figure 4.21).

For instance, a GPR40 modulator8” that has been patented as a potential diabetes II

therapy could be produced using the sequential double functionalization approach.

Ligand*
igan COR

R
EtO,CO [Rh(COD)OH], R.)\/B(OH)z
k/COR -

Cs,COg3, additive
THF, T

0
MeO

— o
—_— Me/\/\o

z OH

GPR40 modulator
type Il diabetes treatment

Figure 4.21 Double functionalisation using vinyl boronic acids and arylboronic acid
pinacol esters.

While further research is required to fully evaluate the feasibility of this technique, the
utilisation of vinylboronic acids in allylic arylation-1,4-addition reactions displays
potential as a means of generating bioactive acyclic molecules and their derivatives with

regulated stereochemistry.

Likewise, employing vinylboronic acid pinacol esters and aryl boronic acids (in the
reverse order) could lead to the synthesis of a potent squalene epoxidase inhibitor
(Figure 4.22).188 This approach, which allows for diversification at two points within a
single reaction, could facilitate the rapid production of several derivatives of the

aforementioned inhibitor, potentially enhancing its efficacy.
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x_COR — - &——> R |
Cs,CO3, additive X COR
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squalene epoxidase inhibitor

Figure 4.22 Double functionalisation using aryl boronic acids and vinylboronic acid
pinacol esters.

In general, the sequential double alkylation with two distinct boronic acid species and
acyclic allylic electrophiles has the potential to be a valuable approach for synthesizing a
broad range of complex structured and biologically active compounds. We are confident
in the capacity of the methodology we have developed to enable medicinal chemists to

conduct controlled diversity-oriented synthesis in the future.
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5 Experimental
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5.1 General Methods

All reactions were carried out in flame-dried glassware, in anhydrous solvents with
continuous magnetic stirring under an inert argon atmosphere. Heating was performed
using DrySyn heating blocks.

Nuclear magnetic resonance (NMR) spectroscopy measurements were carried out at
room temperature. 'TH NMR, 13C NMR, 1°F NMR, COSY, HSQC, HMBC and NOESY
experiments were carried out using Bruker AVN-400 (400/100 MHz), DQX-400
(400/100 MHz) or AVC-500 (500/125 MHz) spectrometers. Chemical shifts (6) are
reported in ppm relative to the residual solvent peak with corresponding coupling
constants (/) in Hertz (Hz) and multiplicities (s: singlet, d: doublet, t: triplet, q: quartet, m:
multiplet and combinations of these). Peak assignment follows HSQC, COSY, HMBC
spectra, chemical shift and coupling constant analysis. Reported Z:E ratios were
determined by 1H NMR.

Specific optical rotations ([a]p2>) were recorded using a Perkin Elmer-241 Polarimeter.
Concentrations (c) are reported in g/100 mL. Infrared (IR, neat, thin film) spectroscopy
was carried out on a Bruker Tensor 27 FT-IR spectrometer with in internal calibration
range of 4000 - 600 cm-1. Only characteristic bands are reported.

Chiral SFC (supercritical fluid chromatography) separations were conducted on a Waters
Acquity UPC2 system using Waters Empower software. Chiralpak® columns (150x3 mm,
particle size 3 pm) were used as specified in the text. Solvents used were of HPLC grade
(Fisher Scientific, Sigma Aldrich or Rathburn). Chiral GC (gas chromatography)
separations were conducted on an Agilent Technologies 7820A system using Hydrodex
B-3P (25 m, 0.25 mm ID) column.

Commercially available reagents were purchased from Sigma Aldrich, Alfa Aesar, Acros
Organics, Flurochem and Strem Chemicals and unless otherwise stated were used
without further purification. [Rh(cod)OH]2 was bought from Sigma Aldrich and Strem
Chemicals. All boronic acids were used without additional purification. Dry solvents were
collected fresh from an mBraun SPS-800 solvent purification system after having passed
through anhydrous alumina columns. Deuterated solvents were purchased from Sigma
Aldrich.

Medium pressure chromatography was performed on a Combiflash Next Gen 100 system.
5.2 Experimental for Chapter 1

Figures 1.1 - 1.3 are reproduced and adapted from Figure 2 of Scott et al.1° based on the
supplementary material provided in the paper (Appendix A, Multimedia component 1 of
Scott et al.), which consists of an XLSX format table of the molecular complexity,
molecular weight, information density and SMILES descriptions of 1,112 drugs approved
by the FDA between 1951 and 2021.

The authors describe that they obtained the number of stereocentres of each drug from
its SMILES description, automatically where explicitly defined in the SMILES, and by
manual counting for chiral drugs in which the stereocenters are not explicitly defined.
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They then plotted a frequency bar plot of the overall number of centres, box plots of the
distributions of molecular complexity and information density for different numbers of
centres and a scatter plot of the information density of chiral and achiral drugs by their
year of approval, with an overall line of best fit.

To reproduce this work, the XLSX file is first converted to CSV format, the caption
removed, and the contents read. Rather than reproduce the authors’ manual count of the
chiral stereocenters of each drug where they are undefined (which they do not share),
the RDKIT library (Landrum et al.
https://buildmedia.readthedocs.org/media/pdf/rdkit/latest/rdkit.pdf) is used to
automatically detect the number of undefined stereocenters of each drug based on its
SMILES description. Plots similar to those of Scott et al, adapted for clarity of
presentation are then produced using Matplotlib.

The above is all implemented in Python 3.8.10 using the following code (assuming the
CSV file is in location diversityfromstereochemistry.csv):

count_centres count_centres

graphs colours, labels, scatter_line, bar, box
pandas as pd

d = pd.read_csv(

d[ ].apply( smiles: count_centres(smiles))

labels, colours|

: colours|
: colours|
}, colours| ]

centres_filters = {
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centres_filters labels
centres_filters labels

)

The code is dependent on Pandas 0.25.3 and on two other Python scripts placed in the
same folder. The first (count_centres.py), implements the counting of the number of
chiral centres from the SMILES description of each drug, and is itself dependent on RDKIT
2022.09.3:

Chem

count_centres(smiles):

defined_centres = smiles.replace( ).count('@")

defined_centres >
defined_centres

undefined_centres
(Chem.FindMolChiralCenters(Chem.MolFromSmiles(smiles)
= )
e:
(e)
undefined_centres =
undefined_centres

The second (graphs.py) contains functions for plotting the three types of graphs and is
dependent on Matplotlib 3.1.2 and NumPy 1.17.4:

matplotlib.pyplot as plt
numpy as np
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colours ={

scatter_line(df, xcol, ycol, labels, filters, colour_dict, linecolour, fname, xmin=
Xmax= xstep=5):

x = np.array(list(df[xcol]))
y = np.array(list(df[ycol]))
m, ¢ = np.linalg.Istsq(np.vstack([x, np.ones(len(x))]).T, y
plt.figure( =[ 1)
ax = plt.subplot(111)
j in filters:
dfj = df if filters[j] dfffilters][j]]
ax.scatter(dfj[xcol], dfj[ycol], c=colour_dict[j]




ax.plot([min(x) ()], [m * x) + c

= )
ax.set_xticks( (xmin, xmax, xstep))
ax.legend()
ax.set_xlabel(labels[xcol])
ax.set_ylabel(labels[ycol])
ax.spines| ].set_visible(
ax.spines| ].set_visible(
plt.savefig(fname)

bar(df, col, labels, c, fname, ylabel=

nums = list(set(df[col]))

freqgs = [list(df[col]).count(x) X in nums]|
plt.figure()

ax = plt.subplot(111)

ax.bar(nums, freqs =C)
ax.set_xlabel(labels[col])
ax.set_ylabel(ylabel)

ax.spines| ].set_visible(

ax.spines| ].set_visible(
plt.savefig(fname)

box(df, xcol, xfilters, ycol, labels, fname):

m

x) +

=linecolour




plt.figure()

ax = plt.subplot(111)

bp = ax.boxplot([list(df[xfilters[key]][ycol]) key
=)

plt.setp(bp[ ] =colours| D

plt.setp(bp[ ] =colours|
patch in bp[ ]:
patch.set_facecolor(colours| 1)

ax.spines| ].set_visible( )

ax.spines| ].set_visible( )

ax.set_xlabel(labels[xcol])

ax.set_ylabel(labels[ycol])

ax.set_xticklabels(xfilters.keys())

plt.savefig(fname)
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The above code outputs the following plots:

" —— Regression line
16 1 4 . : « Achiral
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1.2 A

1.0 A

0.8

Chemical information density (mcbits mol/g)

0.6

0.4

19‘50 19'55 19'60 19’65 19'70 19'75 19‘80 19’85 19'90 19'95 20'00 20;()5 20'10 20’15 20‘20
Year of FDA approval

Figure 5.1 A scatter plot of chemical information density in FDA approved chiral and
achiral pharmaceutical drugs over time (Figure 1.2 in Chapter 1).
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Figure 5.2 A frequency bar plot of the overall number of stereocentres in FDA approved
pharmaceutical drugs (figure 1.1 in Chapter 1).
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Figure 5.3 A box plot of the distribution of molecular complexity (in mcbits) for
compounds with different numbers of stereogenic centres (Figure 1.3 in Chapter 1).
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Figure 5.4 A box plot of the distribution of chemical information density (in mcbits mol/g)
for compounds with different numbers of stereogenic centres (Figure 1.3 in Chapter 1).
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5.3 Experimental for Chapter 2

5.3.1 Procedures for the synthesis of starting materials

(0]
= COzEt 59 Pd/BaSO,, quinoline R OCO,Et
/ / 45 2
HO\l/ Cl)J\OEt EtOZCO/ . \Q/

R . H, (1 atm), THF X CO2Et
nBuLi, THF R
General Procedure C General Procedure D (¥)-2-9a, R = Me
(x)-2-11a, R = nPr
(£)-2-11b. R = /Pr

General procedure C:

nBulLi (2.5 M in hexane, 2.3 eq) was added to a solution of the propargylic alcohol (1.0 eq)
in THF (0.4 M) at -78 °C. The mixture was stirred at -78 °C for 30 minutes and ethyl
chloroformate (2.2 eq) was added dropwise. The reaction mixture was stirred at room
temperature (23 °C) for 6 hours. A saturated solution of NH4Cl was added at 0 °C and the
aqueous layer was extracted with Et20 (x3). Combined organic layers were washed with
brine, dried over Na2SOs, filtered and concentrated in vacuo. Purification by automated
medium-pressure flash chromatography (Et20/hexane) afforded the corresponding

alkyne products S1, S2 and S3.
General procedure D:

Rosenmund catalyst (Pd on BaSOs4, 0.15 equiv.) and quinoline (0.18 equiv.) were
suspended in THF (0.37 M) and the suspension was purged with hydrogen gas (balloon)
for 10 minutes. Then a solution of alkyne (1.0 equiv.) in THF (2 mL) was added and the
reaction mixture was stirred under an atmosphere of Hz (balloon) for 3 hours while being
monitored. Upon consumption of starting material, the reaction was filtered through a
plug of silica eluting with Et20 and concentrated in vacuo. Purification by automated
medium-pressure flash chromatography (Et20/hexane) afforded products (+)-2-9a, (¥)-
2-11aand (*)-2-11b.

Substrates (¥)-2-11c, (1)-2-11f, (£)-2-11g, (£)-2-11h and (#)-2-11j we prepared by
Stephen ]. Webster. Substrates (+)-2-11e and (%)-2-11i were prepared by Ke Liu.

Detailed procedures for preparation of these substrates and their full characterisation
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data can be found in ‘Chelation enables selectivity control in enantioconvergent
Suzuki-Miyaura cross-couplings on acyclic allylic systems’, Violeta Stojalnikova,

Stephen J. Webster, Ke Liu and Stephen P. Fletcher. 2023, Nature Chemistry. Accepted.
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(0]
CO.Et & o o
Ho/ c|)LOEt EtOZCO/ 5 % Pd/BaSO,, qumolmi J.'\’E)j/oEt

Me nBuLi, THF Me H, (1 atm), THF EtO,CO Z

St (#)-2-9a

75% 89%

0]
9
N

8 = 10 Me
2 10
Mevo\ﬁ/o - 3/
7
0] Me
5

Ethyl 4-((ethoxycarbonyl)oxy)pent-2-ynoate S1

Ethyl 4-((ethoxycarbonyl)oxy)pent-2-ynoate S1 was prepared from but-3-yn-2-ol (4.70
mL, 60.0 mmol, 1.0 eq) using General procedure C. Purification by automated medium-
Et20/hexane) afforded ethyl
((ethoxycarbonyl)oxy)pent-2-ynoate S1 (9.64 g, 45.0 mmol, 75%) as a colourless oil.

pressure flash chromatography (0 to 20% 4-

Characterisation data match literature reports.197

1H NMR (400 MHz, CDCl3) & 5.39 (q,/ = 6.8 Hz, 1H, C(4)-H), 4.23 (q x2,] = 7.1 Hz, 4H, C(7)-
Hz and C(9)-Hz), 1.59 (d, ] = 6.9 Hz, 3H, C(5)-Hs), 1.33 (t,J = 7.0 Hz, 3H, C(8)-H3), 1.29 (t, ]
= 7.0 Hz, 3H, C(10)-Hs).

13C NMR (101 MHz, CDCls) & 153.9 (C(1)), 152.9 (C(6)), 83.9 (C(3)), 76.9 (C(2)), 64.6
(C(5)), 63.1 (C(7)), 62.2 (C(9)), 20.4 (C(5)), 14.2 (C(8)), 13.9 (C(10)).

HRMS (ESI): m/z calculated for C10H140sNa* [M+Na]* 237.0733 found 237.0728.
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Ethyl (Z)-4-((ethoxycarbonyl)oxy)pent-2-enoate (+)-2-9a

Ethyl (I)-4-((ethoxycarbonyl)oxy)pent-2-enoate (+)-2-9a was prepared from ethyl 4-
((ethoxycarbonyl)oxy)pent-2-ynoate S1 (4.07 g, 19.0 mmol, 1.0 eq) using General
procedure D. Purification by automated medium-pressure flash chromatography
(gradient of 0 to 15% Et20/hexane in 10 minutes) afforded ethyl (Z)-4-
((ethoxycarbonyl)oxy)pent-2-enoate (+)-2-9a (3.66 g, 16.9 mmol, 89%) as a colourless

oil.

1H NMR (400 MHz, CDCl3) & 6.15 (m, 2H, C(3)-H and C(4)-H), 5.77 (m, 1H, C(2)-H), 4.15
(qx2,] = 7.1 Hz, 4H, C(7)-Hz and C(9)-Hz), 1.39 (d, ] = 6.4 Hz, 3H, C(5)-Hs), 1.26 (tx2, ] =
7.1 Hz, 6H, C(8)-Hs and C(10)-Hs).

13C NMR (101 MHz, CDCl3) § 165.2 (C(1)), 154.3 (C(6)), 147.7 (C(3)), 120.1 (C(2)), 72.0
(C(4)), 63.9 (C(7)), 60.4 (C(9)), 19.5 (C(5)), 14.2 (C(10)), 14.1 (C(8)).

HRMS (ESI): m/z calculated for CioH160sNa* [M+Na]* 239.0890 found 239.0890.

IR (CHsCl film): 2981 (m), 1746 (s), 1719 (s), 1654 (w), 1449 (w), 1371 (m), 1258 (s),
1195 (s), 1124 (m), 1042 (s), 1008 (m), 849 (m), 823 (m), 792 (m) cm-L.

The enantiopure (S)-2-9a used in the mechanistic studies was prepared using the same
set of procedures as (*)-2-9a but with (S§)-but-3-yn-2-ol as a starting material. The
resulting ethyl (S)-(ethyl (Z)-4-((ethoxycarbonyl)oxy)pent-2-enoate (S)-2-9a was
obtained with 99% ee (as shown by SFC analysis, SI Figure 6.131).

SFC: Chiralpak® IG, 1500 psi, 30 °C; flow: 1.0 mL/min; 1% to 30% MeOH over 5 min,

99.5:0.5 e.r. (minor enantiomer tr = 1.27 min, major enantiomer tr = 1.20 min).

126



0
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Ethyl 4-((ethoxycarbonyl)oxy)hept-2-ynoate S2

Ethyl 4-((ethoxycarbonyl)oxy)hept-2-ynoate S2 was prepared from hex-1-yn-3-ol (2.19

mL, 20.0 mmol, 1.0 equiv.) using General procedure C. Purification by automated

medium-pressure flash chromatography (0 to 20% Et20/hexane) afforded ethyl 4-

((ethoxycarbonyl)oxy)hept-2-ynoate S2 (3.88 g, 16.0 mmol, 80%) as a yellow oil.

1H NMR (400 MHz, CDCl3) 6 5.30 (t, ] = 6.7 Hz, 1H, C(4)-H), 4.21 (qx2,] = 7.1 Hz, 4H, C(9)-
Hz and C(11)-Hz), 1.83 (m, 2H, C(5)-Hz), 1.49 (h, ] = 7.5 Hz, 2H, C(6)-Hz), 1.30 (q, ] = 7.1

Hz, 6H, C(10)-Hs and C(12)-Hs), 0.94 (t, ] = 7.4 Hz, 3H, C(7)-Hs).

13C NMR (101 MHz, CDCl3) § 154.1 (C(1)), 153.0 (C(8)), 83.4 (C(3)), 77.5 (C(2)), 66.7
(C(4)), 64.6 (C(9)), 62.2 (C(11)), 36.0 (C(5)), 18.1 (C(6)), 14.2 (C(10)), 13.9 (C(12)), 13.4

(C(7)).

HRMS (ESI): m/z calculated for C12H180sNa* [M+Na]* 265.1046 found 265.1040.

IR (CHsCl film): 2965 (w), 1751 (m), 1717 (m), 1467 (w), 1372 (w), 1242 (s), 1074 (w),

1008 (m), 951 (w), 913 (w), 878 (w), 790 (w), 733 (m) cm-L.
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Ethyl (Z)-4-((ethoxycarbonyl)oxy)hept-2-enoate (*)-2-11a

Ethyl (Z)-4-((ethoxycarbonyl)oxy)hept-2-enoate (+)-2-11a was prepared from ethyl 4-
((ethoxycarbonyl)oxy)hept-2-ynoate S2 (3.88 g, 16.0 mmol, 1.0 equiv.) using General
procedure D. Purification by automated medium-pressure flash chromatography
(gradient of 0 to 20% Et20/hexane in 10 minutes) afforded ethyl (Z)-4-
((ethoxycarbonyl)oxy)hept-2-enoate (+)-2-11a (2.15 g, 8.80 mmol, 55%) as a colourless

oil.

1H NMR (400 MHz, CDCl3) § 6.12 (m, 2H, C(3)-H and C(4)-H), 5.83 (m, 1H, C(2)-H), 4.18
(p,J = 7.1 Hz, 4H, C(9)-Hz and C(11)-Hz), 1.75 (m, 1H, C(5)-H), 1.63 (m, 1H, C(5)-H), 1.44
(m, 2H, C(6)-Hz), 1.29 (td, ] = 7.1, 1.3 Hz, 6H, C(10)-Hs and C(12)-H3), 0.93 (t, ] = 7.3 Hz,
3H, C(7)-Ha).

13C NMR (101 MHz, CDCl3) § 165.3 (C(1)), 154.7 (C(8)), 146.9 (C(3)), 120.7 (C(2)), 75.1
(C(4)), 63.9 (C(9)), 60.4 (C(11)), 36.0 (C(5)), 18.3 (C(6)), 14.2 (C(10) and C(12)), 13.8
(C(7)).

HRMS (ESI): m/z calculated for C12H200sNa* [M+Na]* 267.1203 found 267.1202.

IR (CH3CI film): 2964 (w), 1746 (m), 1719 (m), 1372 (w), 1257 (s), 1192 (m), 1010 (w),
954 (w), 910 (m), 825 (w), 750 (s), 649 (w) cmL.
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Ethyl 4-((ethoxycarbonyl)oxy)-5-methylhex-2-ynoate S3

Ethyl 4-((ethoxycarbonyl)oxy)-5-methylhex-2-ynoate S3 was prepared from 4-
methylpent-1-yn-3-ol (1.00 g, 10.0 mmol, 1.0 equiv.) using General procedure C.
Purification by automated medium-pressure flash chromatography (0 to 20%
Et20/hexane) afforded ethyl 4-((ethoxycarbonyl)oxy)-5-methylhex-2-ynoate $3 (2.09 g,

8.62 mmol, 86%) as a colourless oil.

1H NMR (400 MHz, CDCl3) 8 5.14 (d, ] = 6.3 Hz, 1H, C(4)-H), 4.22 (q, ] = 7.2 Hz, 4H, C(8)-
Hz and C(10)-Hz), 2.11 (dh, ] = 7.0, 6.5 Hz, 1H, C(5)-H), 1.30 (q, ] = 7.6, Hz, 6H, C(9)-H3 and
C(11)-Hs), 1.05 (m, 6H, C(6)-Hs x2).

13C NMR (101 MHz, CDCl3) & 154.3 (C(1)), 153.0 (C(7)), 82.4 (C(3)), 78.2 (C(2)), 71.9
(C(4)), 64.6 (C(8)), 62.2 (C(10)), 32.4 (C(5)), 18.0 (C(6)), 17.6 (C(6)), 14.2 (C(9)), 14.0
(C(11)).

HRMS (ESI): m/z calculated for C12H180sNa* [M+Na]* 265.1046 found 265.1048.

IR (CH3Cl film): 2979 (w), 1751 (m), 1716 (m), 1468 (w), 1372 (w), 1241 (s), 1007 (m),
910 (m), 880 (w), 789 (w), 732 (m) cm-1.
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Ethyl (Z2)-4-((ethoxycarbonyl)oxy)-5-methylhex-2-enoate (+)-2-11b

Ethyl (Z2)-4-((ethoxycarbonyl)oxy)-5-methylhex-2-enoate (+)-2-11b was prepared from
ethyl 4-((ethoxycarbonyl)oxy)-5-methylhex-2-ynoate S3 (1.05 g, 4.32 mmol, 1.0 equiv.)
using General procedure D. Purification by automated medium-pressure flash
chromatography (gradient of 0 to 20% Et20/hexane in 10 minutes) afforded ethyl (2)-4-
((ethoxycarbonyl)oxy)-5-methylhex-2-enoate (*)-2-11b (0.795 g, 2.9 mmol, 66%) as a

colourless oil.

1H NMR (400 MHz, CDCl3) § 6.09 (dd, ] = 11.6, 8.4 Hz, 1H, C(3)-H), 6.02 (ddd, ] = 8.4, 5.3,
1.0 Hz, 1H, C(4)-H), 5.91 (dd, ] = 11.6, 1.0 Hz, 1H, C(2)-H), 4.18 (m, 4H, C(8)-Hz and C(10)-
Hz), 2.04 (heptd, ] = 6.9, 5.2 Hz, 1H, C(5)-H), 1.29 (tx2, ] = 7.2 Hz, 6H, C(9)-Hs and C(11)-
H3), 0.98 (d, ] = 6.9 Hz, 6H, C(6)-Hs x2).

13C NMR (101 MHz, CDCl3) § 165.3 (C(1)), 154.8 (C(7)), 145.3 (C(3)), 122.0 (C(2)), 78.6
(C(4)), 63.9 (C(8)), 60.4 (C(10)), 32.4 (C(5)), 18.3 (C(9)), 17.2 (C(11)), 14.2 (C(6)), 14.1
(C(6)).

HRMS (ESI): m/z calculated for C12H200sNa* [M+Na]* 267.1203 found 267.1206.

IR (CHsCl film): 2981 (w), 1745 (w), 1372 (w), 1258 (m), 1196 (m), 1008 (w), 945 (w),
908 (s), 650 (w) cm-L.
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Ethyl 4-hydroxy-4-phenylbut-2-ynoate S4

Ethyl propiolate (3.04 mL, 30.0 mmol, 1.0 equiv.) was dissolved in THF (75 mL, 0.40 M).
nBuLi (2.5 M in hexane, 13.20 mL, 33.0 mmol, 1.1 equiv.) was added dropwise at -78 °C
and the reaction mixture was stirred at -78 °C for 30 minutes. Then, benzaldehyde (3.35
mL, 33.0 mmol, 1.1 equiv.) was added dropwise, the reaction mixture was warmed to
room temperature and stirred for 6 hours. A saturated solution of NH4Cl was added at 0
°C and the aqueous layer was extracted with EtOAc (x3). Combined organic layers were
washed with brine, dried over Na2S0s, filtered and concentrated in vacuo. Purification by
flash chromatography (EtOAc/hexane) afforded ethyl 4-hydroxy-4-phenylbut-2-ynoate
S$4 (2.55 g, 12.5 mmol, 42%) as a yellow oil. Characterisation data match literature

reports.198

1H NMR (400 MHz, CDCls) § 7.51 (m, 2H, C(7)-H and C(9)-H), 7.38 (m, 3H, C(6)-H, , C(8)-
Hand, C(10)-H), 5.55 (d, ] = 5.5 Hz, 1H, C(4)-H), 4.24 (q,] = 7.1 Hz, 2H, C(11)-Hz), 2.92 (d,
J = 6.0 Hz, 1H, -OH), 1.30 (t, ] = 7.1 Hz, 3H, C(12)-Hs).

13C NMR (101 MHz, CDCls) § 153.4 (C(1)), 138.6 (C(5)), 128.9 (C(8)), 128.8 (C(7) and
C(9)), 126.7 (C(6) and C(10)), 86.2 (C(3)), 77.9 (C(2)), 64.3 (C(4)), 62.3 (C(11)), 14.0
(C(12)).

HRMS (ESI): m/z calculated for C12H1203Na* [M+Na]* 227.0679 found 227.0678.
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Ethyl 4-((ethoxycarbonyl)oxy)-4-phenylbut-2-ynoate S5

Following a modified procedure by Lindner!47, ethyl 4-hydroxy-4-phenylbut-2-ynoate S4
(2.55 g, 12.5 mmol, 1.0 equiv.) and ethyl chloroformate (1.31 mL, 13.7 mmol, 1.1 equiv.)
were dissolved in DCM (62 mL, 0.20 M). To this mixture, pyridine (1.21 mL, 15.0 mmol,
1.2 equiv.) was added at 0 °C. The reaction mixture was allowed to warm to room
temperature and stirred for 3 hours. A 1 M aqueous KHSO4 solution was added and the
aqueous layer was extracted with DCM (x3). Combined organic layers were washed with
saturated aqueous NaHCOs solution, brine, dried over Na2S04, filtered and concentrated
in vacuo. Purification by flash chromatography (Et20/hexane) afforded ethyl 4-
((ethoxycarbonyl)oxy)-4-phenylbut-2-ynoate S5 (2.00g, 8.3 mmol, 67%) as a colourless

oil.

1H NMR (400 MHz, CDCl3) & 7.52 (m, 2H, C(7)-H and C(9)-H), 7.39 (m, 3H, C(6)-H, C(8)-H
and C(10)-H), 6.37 (s, 1H, C(4)-H), 4.23 (m, 4H, C(12)-Hz and C(14)-Hz), 1.30 (tx2,] = 7.1
Hz, 6H, C(13)-Hs and C(15)-Hs).

13C NMR (101 MHz, CDCl3) § 153.9 (C(1)), 152.9 (C(11)), 134.6 (C(5)), 129.7 (C(8)), 128.9
(C(7) and C(9)), 127.8 (C(6) and C(10)), 82.1 (C(3)), 79.0 (C(2)), 68.5 (C(4)), 64.9 (C(12)
or C(14)), 62.3 (C(12) or C(14)), 14.2 (C(13) or C(15)), 14.0 (C(13) or C(15)).

HRMS (ESI): m/z calculated for C1sH160sNa* [M+Na]* 299.0890 found 299.0891.

IR (CH3Cl film): 1750 (m), 1713 (m), 1371 (w), 1239 (m), 1006 (w), 908 (s), 730 (s), 697
(w), 650 (w) cmL.
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Ethyl (Z)-4-((ethoxycarbonyl)oxy)-4-phenylbut-2-enoate (+)-2-11d

Rosenmund catalyst (Pd on BaSO4, 132.4 mg, 1.2 mmol, 0.15 equiv.) and quinoline (0.17
mL, 1.4 mmol, 0.18 equiv.) were suspended in THF (22 mL, 0.37 M) and the suspension
was purged with hydrogen gas (balloon) for 10 minutes. Then a solution of ethyl 4-
((ethoxycarbonyl)oxy)-4-phenylbut-2-ynoate S5 (2.29 g, 8.3 mmol, 1.0 equiv.) in THF (2
mL) was added and the reaction mixture was stirred under an atmosphere of Hz (balloon)
for 3 hours while being monitored. Upon consumption of starting material, the reaction
was filtered through a plug of silica eluting with Et20 and concentrated in vacuo.
Purification by automated medium-pressure flash chromatography (gradient of 0 to 15%
Et20/hexane in 10 minutes) afforded ethyl (Z)-4-((ethoxycarbonyl)oxy)-4-phenylbut-2-
enoate (*)-2-11d (1.12g, 4.0mmol, 49%) as a colourless oil.

1H NMR (400 MHz, CDCls) § 7.51 (m, 2H, C(7)-H and C(9)-H), 7.33 (m, 4H, C(4)-H, C(6)-
H, C(8)-H and C(10)-H), 6.39 (dd, J = 11.5, 8.7 Hz, 1H, C(3)-H), 5.90 (dd, ] = 11.6, 1.2 Hz,
1H, C(2)-H), 4.20 (m, 4H, C(12)-Hz and C(14)-Hz), 1.29 (t x2, ] = 7.1 Hz, 6H, C(13)-Hs and
C(15)-Hs).

13C NMR (101 MHz, CDCl3) § 165.3 (C(1)), 154.1 (C(11)), 144.4 (C(3)), 138.2 (C(5)), 128.7
(C(Ar) x2), 128.5 (C(8)), 127.1 (C(Ar) x2), 120.9 (C(3)), 75.2 (C(4)), 64.2 (C(12) or C(14)),
60.6 (C(12) or C(14)), 14.2 (C(13) or C(15)), 14.2 (C(13) or C(15)).

HRMS (ESI): m/z calculated for C1sH180sNa* [M+Na]* 301.1046 found 301.1047.

IR (CHsCl film): 1748 (m), 1718 (m), 1653 (w), 1455 (w), 1371 (w), 1254 (s), 1199 (m),
1005 (w), 909 (s), 790 (w), 731 (s), 701 (m), 650 (w) cm-L.
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5.3.2 Procedures for the rhodium-catalysed reactions

[Rh(COD)OH], _ R
Et0,CO (OH), _ (R)}-C-OMe-BIPHEP gL | Ha, [Rh(PPh3);Cl]

NS R >

Cs,CO Zn(OTf)2 - z

X -COR O/ 273 THF - |
THF xwCOR R

rt, 16 h 2 X

General procedure A General procedure B

General procedure A (Rhodium-catalysed arylation)

All reactions were carried out under an inert argon atmosphere using standard Schlenk

techniques with all reagents weighed open to air.

[Rh(cod)OH]2 (20.5 mg, 0.045 mmol, 2.5 mol%) and (R)-Cl-MeO-BIPHEP (70.4 mg, 0.108
mmol, 6.0 mol%) were added to 25 mL flask containing a stirring bar, and dissolved in
dry THF (18.0 mL) under an argon atmosphere at ambient temperature (23 °C). This
solution was stirred for 5 minutes and used for four asymmetric reactions on a 0.4 mmol

scale).

Boronic acid (0.80 mmol, 2.0 equiv.), Cs2C03 (130.3 mg, 0.40 mmol, 1.0 equiv.) and
Zn(0Tf)2 (29.1 mg, 0.08 mmol, 0.2 equiv.) were added to a 7 mL vial containing a stirring
bar. To this vial a stock solution of the rhodium hydroxy complex (4.0 mL) was added via
syringe under an argon atmosphere. The allylic carbonate (0.40 mmol, 1.0 equiv.) was
added via microsyringe and the reaction mixture was stirred at ambient temperature (23

°Q).

The mixture was diluted with hexane (4.0 mL) and filtered through a plug of silica. The
crude was loaded onto Chem Tube-Hydromatrix and flash column chromatography was

performed to afford the desired products.
General procedure B (Hydrogenation)

Hydrogen (~1 atm, from a balloon) was bubbled through a solution of [RhCl(PPh3)s3]
(37.1 mg, 0.040 mmol, 0.10 equiv.) in THF (0.70 mL) for 5 minutes. A mixture of Z- and E-
products obtained from the rhodium arylation reaction (General procedure A) dissolved
in THF (0.30 mL) was then added via syringe to the catalyst solution. Hydrogen (~1 atm,

from a balloon) was bubbled through the reaction mixture for a further 5 minutes. The
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reaction mixture was equipped with a hydrogen balloon and stirred at ambient

temperature (23 °C) for 16 h.

Then, the mixture was diluted with hexane (4.0 mL) and filtered through a plug of silica.
The crude was loaded onto Chem Tube-Hydromatrix and flash column chromatography

was performed to afford the desired product.
Racemates

Racemic samples were prepared using (z)-Cl-MeO-BIPHEP instead of (R)-Cl-MeO-
BIPHEP on a 0.2 mmol scale.
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Rh-catalysed reactions of (*)-2-9a

[Rh(COD)OH], Me COEt
Et0,CO., Me B(OH), _ (RICHOMe-BIPHEP Ve N 2102 and
—L&/COZEt ’ ©/ Cs2C0g, Zn(OTH), ' £-2-10a were
THFP X~ CO2Et isolated
rt, 16 h separately
(+)-2-9a 2-7a Z-2-10a E-2-10a

General procedure A

Z-2-10a and E-2-10a were prepared using General procedure A with phenylboronic acid.
Crude mixture (Z:E=4.0:1) was purified by automated medium-pressure chromatography
(E2tO/hexane =0/100 to 15/85) to afford (+)-ethyl (S,Z)-4-phenylpent-2-enoate Z-2-10a
(61.3 mg, 0.30 mmol, 75%) as a colourless oil and (-)-ethyl (S,E)-4-phenylpent-2-enoate
E-2-10a (15.5 mg, 0.08 mmol, 19%) as a colourless oil. SFC analysis showed an
enantiomeric excess of 98% of Z-2-10a and 99% of E-2-10a.

(+)-Ethyl (S,Z)-4-phenylpent-2-enoate Z-2-10a

1H NMR (400 MHz, CDCls) § 7.22 (m, 4H, C(Ar)-H x4), 7.13 (m, 1H, C(9)-H), 6.17 (dd, ] =
11.4,10.3 Hz, 1H, C(3)-H), 5.65 (dd, ] = 11.5, 1.0 Hz, 1H, C(2)-H), 4.83 (dq, ] = 10.4, 6.9 Hz,
1H, C(4)-H), 4.12 (q, ] = 7.0 Hz, 2H, C(12)-Hz), 1.32 (d, ] = 6.9 Hz, 3H, C(5)-H3), 1.22 (t,] =
7.1 Hz, 3H, C(13)-Hs).

13C NMR (101 MHz, CDCls) § 166.3 (C(1)), 153.7 (C(3)), 144.6 (C(6)), 128.6 (C(Ar) x2),
127.1 (C(Ar) x2), 126.4 (C(2)), 117.9 (C(9)), 60.0 (C(12)), 37.7 (C(4)), 20.9 (C(5)), 14.3
(C(13)).

IR (CHsClI film): 3027 (w), 2980 (w), 1716 (m), 1614 (w), 1414 (w), 1184 (s), 1030 (w),
830 (w), 754 (s), 700 (m), 668 (w) cm-L.

HRMS (ESI): m/z calculated for C13H1602Na* [M+Na]* 227.1043 found 227.1044.

SFC: Chiralpak® IG, 1500 psi, 30 °C; flow: 1.0 mL/min; 1% to 30% MeOH over 5 min,

98.8:1.2 e.r. (minor enantiomer tr = 1.46 min, major enantiomer tr = 1.30 min).

[a]p?5 = +326.2 (c = 1.0, CHCl3).
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(-)-Ethyl (S,E)-4-phenylpent-2-enoate E-2-10a

1H NMR (400 MHz, CDCl3) § 7.32 (m, 2H, C(Ar)-H x2), 7.22 (m, 3H, C(Ar)-H, x3), 7.12 (dd,
J=15.7, 6.7 Hz, 1H, C(3)-H), 5.81 (dd, ] = 15.7, 1.5Hz, 1H, C(2)-H), 4.18 (q, ] = 7.1 Hz, 2H,
C(12)-Hz), 3.62 (pd, J = 7.0, 1.6 Hz, 1H, C(4)-H), 1.44 (d, ] = 7.0 Hz, 3H, C(5)-Hs), 1.28 (t, ]
= 7.1 Hz, 3H, C(13)-Hs).

13C NMR (101 MHz, CDCls) § 166.8 (C(1)), 152.6 (C(3)), 143.4 (C(6)), 128.7 (C(Ar) x2),
127.4 (C(Ar) x2), 126.7 (C(9)), 120.2 (C(2)), 60.3 (C(12)), 42.1 (C(4)), 20.2 (C(5)), 14.3
(C(13)).

IR (CHsCl film): 2952 (w), 1722 (m), 1653 (m), 1437 (m), 1281 (m), 1173 (m), 1018 (m),
909 (m), 762 (m), 729 (m), 699 (s) cm-L

HRMS (ESI): m/z calculated for C13H1702* [M+H]* 205.1223 found 205.1225.

SFC: Chiralpak® IG, 1500 psi, 30 °C; flow: 1.0 mL/min; 1% to 30% MeOH over 5 min,

99.5:0.5 e.r. (minor enantiomer tr = 1.85 min, major enantiomer tr = 1.68 min).

[a]p?5 = -14.8 (c = 1.0, CHCl3).
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(+)-Ethyl (S)-4-phenylpentanoate red-2-10a

(+)-Ethyl (S)-4-phenylpentanoate red-2-10a was prepared using General procedure A
with phenylboronic acid 2-7a, followed by reduction of the resulting crude mixture of
products (Z:E=4.0:1) using General procedure B. Purification by automated medium-
pressure chromatography (E2tO/hexane = 0/100 to 15/85) afforded (+)-ethyl (S)-4-
phenylpentanoate red-2-10a (77.6 mg, 0.38 mmol, 94%) as a colourless oil. SFC analysis

showed an enantiomeric excess of 98%.

1H NMR (400 MHz, CDCl3) § 7.30 (td, ] = 7.0, 1.3 Hz, 2H, C(Ar)-H x2), 7.19 (td, ] = 7.0, 1.5
Hz, 3H, C(Ar)-H x3), 4.09 (q, ] = 7.1 Hz, 2H, C(12)-Hz), 2.72 (h, ] = 7.0 Hz, 1H. C(4)-H), 2.18
(m, 2H, C(2)-Hz), 1.92 (m, 2H, C(3)-Hz), 1.28 (d, ] = 7.0 Hz, 3H, C(5)-Hs), 1.23 (t, ] = 7.1 Hz,
3H, C(13)-Hs).

13C NMR (101 MHz, CDCl3) § 173.7 (C(1)), 146.3 (C(6)), 128.5 (C(Ar) x2), 127.0 (C(Ar)
x2), 126.2 (C(Ar)), 60.2 (C(12)), 39.5 (C(4)), 33.3 (C(2)), 32.6 (C(3)), 22.2 (C(5)), 14.2
(C(13)).

IR (CHsCl film): 2963 (w), 1733 (s), 1453 (w), 1375 (w), 1216 (m), 1163 (m), 1027 (w),
754 (s), 701 (s), 668 (w) cm1.

HRMS (ESI): m/z calculated for C13H1802Na* [M+Na]* 229.1199 found 229.1200.

SFC: Chiralpak® IG, 1500 psi, 30 °C; flow: 1.0 mL/min; 1% to 30% MeOH over 5 min, 99:1

e.r. (minor enantiomer tr = 1.64 min, major enantiomer tr = 1.52 min

[a]p25 = +19.4 (c = 1.0, CHCl3).
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(+)-Ethyl (S)-4-(4-fluorophenyl)pentanoate red-2-10b

(+)-Ethyl (S)-4-(4-fluorophenyl)pentanoate red-2-10b was prepared using General
procedure A with 4-fluorophenyl boronic acid 2-7b, followed by reduction of the
resulting crude mixture of products (Z:E=4.4:1) using General procedure B. Purification
by automated medium-pressure chromatography (E2tO/hexane = 0/100 to 20/80)
afforded (+)-ethyl (S)-4-(4-fluorophenyl)pentanoate red-2-10b (80.7 mg, 0.36 mmol,

90%) as a colourless oil. SFC analysis showed an enantiomeric excess of 98%.

1H NMR (400 MHz, CDzCl3) § 7.12 (m, 2H, C(Ar)-H x2), 6.97 (m, 2H, C(Ar)-H x2), 4.08 (g,
J =7.1Hz, 2H, C(12)-Hz), 2.71 (dp, ] = 8.9, 6.8 Hz, 1H, C(4)-H), 2.16 (m, 2H, C(2)-Hz), 1.88
(m, 2H, C(3)-Hz), 1.23 (m, 6H, C(5)-Hs and C(13)-Hs).

13C NMR (101 MHz, CDCl3) § 173.5 (C(1)), 161.4 (d, ] = 243.6 Hz, C(9)), 141.9 (d, J = 3.1
Hz, C(6)), 128.3 (d, ] = 7.8 Hz, C(7) and C(11)), 115.2 (d, ] = 21.0 Hz, C(8) and C(10)), 60.3
(C(12)), 38.7 (C(4)), 33.3 (C(3)), 32.5 (C(2)), 22.3 (C(5)), 14.2 (C(13)).

19F (13C)NMR (376 MHz, CDCl3) § -117.3.

IR (CH3Cl film): 2980 (w), 1733 (m), 1510 (s), 1377 (m), 1223 (s), 1159 (s), 1033 (w),
835 (m), 757 (s), 668 (w) cm1.

HRMS (ESI): m/z calculated for C13H1802F* [M+H]* 225.1285 found 225.1286.

SFC: Chiralpak® IG, 1500 psi, 30 °C; flow: 1.0 mL/min; 1% to 30% MeOH over 5 min, 99:1

e.r. (minor enantiomer tr = 1.54 min, major enantiomer tr = 1.31 min).

[a]p?5 = +19.9 (c = 1.0, CHCl3).
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(+)-Ethyl (S)-4-(4-methoxyphenyl)pentanoate red-2-10c

(+)-Ethyl (S)-4-(4-methoxyphenyl)pentanoate red-2-10c was prepared using General
procedure A with 4-methoxyphenylboronic acid 2-7¢, followed by reduction of the
resulting crude mixture of products (Z:E=5.3:1) using General procedure B. Purification
by automated medium-pressure chromatography (E2tO/hexane = 0/100 to 15/85)
afforded (+)-ethyl (S)-4-(4-methoxyphenyl)pentanoate red-2-10c (87.9 mg, 0.37 mmol,

93%) as a colourless oil. SFC analysis showed an enantiomeric excess of 97%.

14 NMR (400 MHz, CDCl3) § 7.09 (d, ] = 8.6 Hz, 2H, C(Ar)-H x2), 6.84 (d, J = 8.6 Hz, 2H,
C(Ar)-H x2), 4.08 (q, ] = 7.1 Hz, 2H, C(13)-Hz), 3.79 (s, 3H, C(12)-H3), 2.67 (h, ] = 6.8 Hz,
1H, C(4)-H), 2.18 (m, 2H, C(2)-Hz), 1.87 (m, 2H, C(3)-Hz), 1.23 (m, 6H, C(5)-H3 and C(14)-
Hs).

13C NMR (101 MHz, CDCls) § 173.7 (C(1)), 158.0 (C(9)), 138.4 (C(6)), 127.9 (C(7) and
C(11)), 113.8 (C(8) and C(10)), 60.2 (C(13)), 55.2 (C(12)), 38.6 (C(4)), 33.4 (C(2)), 32.6
(C(3)), 22.3 (C(5)), 14.2 (C(14)).

IR (CH3Cl film): 2981 (w), 1733 (s), 1513 (s), 1377 (m), 1247 (s), 1178 (m), 1035 (m),
831 (m), 755 (m), 668 (w) cm1.

HRMS (ESI): m/z calculated for C14H2003Na* [M+Na]* 259.1305 found 259.1304.

SFC: Chiralpak® IG, 1500 psi, 30 °C; flow: 1.0 mL/min; 1% to 30% MeOH over 5 min,

98.6:1.4 e.r. (minor enantiomer tr = 2.42 min, major enantiomer tr = 2.01 min).

[a]p25 = +21.6 (c = 1.0, CHCl3).

140



[Rh(COD)OH,

Me '
R)-Cl-OMe-BIPHEP H,, [Rh(PPh3)sCl] &
Cs,CO03, Zn(OTH), Me — >
e THF :
N COLE ;

rt, 16 h b :

Z-3d + E-3d ' ®  red-3d :

General procedure A General procedure B~~~

Me
12

(+)-Ethyl (S)-4-(p-tolyl)pentanoate red-2-10d

(+)-Ethyl (S)-4-(p-tolyl)pentanoate red-2-10d was prepared using General procedure A
with p-tolylboronic acid 2-7d, followed by reduction of the resulting crude mixture of
products (Z:E=4.4:1) using General procedure B. Purification by automated medium-
pressure chromatography (E2tO/hexane = 0/100 to 15/85) afforded (+)-ethyl (5)-4-(p-
tolyl)pentanoate red-2-10d (85.9 mg, 0.39 mmol, 98%) as a colourless oil. SFC analysis
showed an enantiomeric excess of 96%. Characterisation data match literature

reports.189

1H NMR (400 MHz, CDCl3) § 7.12 (dd, ] = 8.0, 2.3 Hz, 2H, C(Ar)-H x2), 7.08 (d, ] = 8.1 Hz,
2H, C(Ar)-H x2), 4.10 (q, ] = 7.1 Hz, 2H, C(13)-Hz), 2.69 (dp, ] = 8.7, 6.8 Hz, 1H, C(4)-H),
2.33 (s, 3H, C(12)-H3), 2.19 (m, 2H, C(2)-Hz), 1.90 (m, 2H, C(3)-Hz), 1.27 (d, ] = 7.0 Hz, 3H,
C(5)-H3), 1.23 (t,] = 7.1 Hz, 3H, C(14)-Hs3).

13C NMR (101 MHz, CDCl3) § 173.7 (C(1)), 143.3 (C(6)), 135.6 (C(9)), 129.1 (C(Ar) x2),
126.9 (C(Ar) x2), 60.2 (C(13)), 39.0 (C(4)), 33.3 (C(2)), 32.6 (C(3)), 22.3 (C(12)), 21.0
(C(5)), 14.2 (C(14)).

IR (CH3Cl film): 3021 (w), 1728 (m), 1515 (w), 1217 (m), 1033 (w), 819 (w), 755 (s), 668
(w) cm-1,

HRMS (ESI): m/z calculated for C14H2002Na* [M+Na]* 243.1356 found 243.1357.

SFC: Chiralpak® IG, 1500 psi, 30 °C; flow: 1.0 mL/min; 1% to 30% MeOH over 5 min,

98.6:1.4 e.r. (minor enantiomer tr = 1.83 min, major enantiomer tr = 1.64 min).
[a]p?5 = +18.4 (c = 1.0, CHCI3) (Lit'8.: [a]p25 = +13.9 (c = 4.9, CHCI3)).
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(+)-Ethyl (S)-4-(4-(trifluoromethyl)phenyl)pentanoate red-2-10e

(+)-Ethyl (S)-4-(4-(trifluoromethyl)phenyl)pentanoate red-2-10e was prepared using
General procedure A with 4-(trifluoromethyl boronic acid 2-7e, followed by reduction of
the resulting crude mixture of products (Z:E=6.2:1) using General procedure B.
Purification by automated medium-pressure chromatography (E2tO/hexane = 0/100 to
20/80) afforded (+)-ethyl (S)-4-(4-(trifluoromethyl)pentanoate red-3e (85.6 mg, 0.31

mmol, 78%) as a colourless oil. SFC analysis showed an enantiomeric excess of 98%.

1H NMR (400 MHz, CDCl3) & 7.55 (d, J = 8.0 Hz, 2H, C(8)-H and C(10)-H), 7.29 (d, ] = 8.0
Hz, 2H, C(7)-H and C(11)-H), 4.08 (q, ] = 7.1 Hz, 2H, C(13)-Hz), 2.80 (dp,/ = 8.7, 6.9 Hz, 1H,
C(4)-H), 2.17 (m, 2H, C(2)-Hz), 1.93 (m, 2H, C(3)-Hz), 1.28 (d, ] = 7.0 Hz, 3H, C(5)-Hs), 1.22
(t,] = 7.1 Hz, 3H, C(14)-Hs).

13C NMR (101 MHz, CDCl3) § 173.3 (C(1)), 150.5 (C(6)), 128.6 (q,] = 32.2 Hz, C(9)), 127.4
(C(7) and C(11)), 125.4 (q, ] = 3.8 Hz, C(8) and C(10)), 124.3 (q, ] = 271.8 Hz, C(12)), 60.3
(C(13)), 39.3 (C(4)), 33.0 (C(2)), 32.4 (C(3)), 21.9 (C(5)), 14.2 (C(14)).

19F (13C)NMR (376 MHz, CDCl3) § -62.4.

IR (CHsCl film): 2980 (w), 1735 (s), 1619 (w), 1327 (s), 1164 (s), 1122 (s), 1069 (m),
1017 (w), 841 (m) cm-1.

HRMS (ESI): m/z calculated for C14H1802F3* [M+H]* 275.1253 found 275.1254.

SFC: Chiralpak® IG, 1500 psi, 30 °C; flow: 1.0 mL/min; 1% to 30% MeOH over 5 min,

98.8:1.2 e.r. (minor enantiomer tr = 1.30 min, major enantiomer tr = 1.08 min).
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[a]p25 = +18.6 (c = 1.0, CHCls).
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[Rh(COD)OH], Me CO,Et;

cl .
(R)-Cl-OMe-BIPHEP H,, [Rh(PPh3)sCl !
Cs,CO03, Zn(OTf), Me - >
THF X CO2E THF :

rt, 16 h 2 :

Z-2-10f + E-2-10f \ red-2-10f :

General procedure A General procedure B

(+)-Ethyl (S)-4-(4-chlorophenyl)pentanoate red-2-10f

(+)-Ethyl (S)-4-(4-chlorophenyl)pentanoate red-2-10f was prepared using General
procedure A with (4-chlorophenyl)boronic acid 2-7f, followed by reduction of the
resulting crude mixture of products (Z:E=7.3:1) using General procedure B. Purification
by automated medium-pressure chromatography (E2tO/hexane = 0/100 to 15/85)
afforded (+)-ethyl (S)-4-(4-chlorophenyl)pentanoate red-2-10f (57.8 mg, 0.24 mmol,

60%) as a colourless oil. SFC analysis showed an enantiomeric excess of 98%.

1H NMR (400 MHz, CDCls) & 7.26 (d, ] = 8.5 Hz, 2H, C(Ar)-H x2), 7.11 (d, ] = 8.4 Hz, 2H,
C(Ar)-H x2), 4.08 (q, ] = 7.2 Hz, 2H, C(12)-Hz), 2.70 (dp, ] = 8.9, 6.8 Hz, 1H, C(4)-H), 2.16
(m, 2H, C(2)-Hz), 1.88 (m, 2H, C(3)-Hz), 1.23 (m, 6H, C(5)-Hs and C(13)-Ha).

13C NMR (101 MHz, CDCl3) § 173.5 (C(1)), 144.8 (C(6)), 131.8 (C(9)), 128.6 (C(Ar) x2),
128.4 (C(Ar) x2), 60.3 (C(12)), 38.9 (C(4)), 33.1 (C(2)), 32.5 (C(3)), 22.1 (C(5)), 14.2
(C(13)).

IR (CHsCl film): 2970 (w), 1733 (s), 1459 (w), 1375 (w), 1215 (m), 1063 (m), 1033 (w),
754 (s), 698 (m), 668 (w) cm-L.

HRMS (ESI): m/z calculated for C13H1802Cl* [M+H]* 241.0990 found 241.0991.

SFC: Chiralpak® IG, 1500 psi, 30 °C; flow: 1.0 mL/min; 1% to 30% MeOH over 5 min,

98.9:1.1 e.r. (minor enantiomer tr = 2.17 min, major enantiomer tr = 1.75 min).

[a]p25 = +24.1 (c = 1.0, CHCl3).
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[Rh(COD)OH],

Br. H
EtO,CO,, _Me B(OH),  (R)-CI-OMe-BIPHEP Hy, [Rh(PPh3)sCll !
+ - Me -
»‘K/COZEt /©/ Cs,CO03, Zn(OTf), THE :
Br THF :
X CO2EL :
rt, 16 h : B :
(£)-2-9a 2-7g Z-2-10g + E-2-10g . r red-2-10g !
General procedure A General procedure BT

(+)-Ethyl (S)-4-(4-bromophenyl)pentanoate red-2-10g

(+)-Ethyl (S)-4-(4-bromophenyl)pentanoate red-2-10g was prepared using General
procedure A with (4-bromophenyl)boronic acid 2-7g, followed by reduction of the
resulting crude mixture of products (Z:E=4.5:1) using General procedure B. Purification
by automated medium-pressure chromatography (Et20/hexane = 0/100 to 15/85)
afforded (+)-ethyl (S)-4-(4-bromophenyl)pentanoate red-2-10g (84.4 mg, 0.30 mmol,

74%) as a colourless oil. SFC analysis showed an enantiomeric excess of 97%.

1H NMR (400 MHz, CDCl3) & 7.41 (d, ] = 8.4 Hz, 1H, C(8)-H and C(10)-H), 7.05 (d, ] = 8.4
Hz, 1H, C(7)-H and C(11)-H), 4.08 (q,/ = 7.2 Hz, 2H, C(12)-Hz), 2.69 (dp, ] = 8.9, 6.9 Hz, 1H,
C(4)-H), 2.16 (m, 2H, C(2)-Hz), 1.88 (m, 2H, C(3)-Hz), 1.23 (m, 6H, C(5)-Hs and C(13)-Hs).

13C NMR (101 MHz, CDCl3) § 173.4 (C(1)), 145.3 (C(6)), 131.5 (C(7) and C(11)), 128.8
(C(8) and C(10)), 119.8 (C(9)), 60.3 (C(12)), 38.9 (C(4)), 33.1 (C(2)), 32.4 (C(3)), 22.0
(C(5)), 14.2 (C(13)).

IR (CHsCl film): 2963 (w), 1732 (s), 1490 (w), 1215 (m), 1010 (w), 824 (w), 755 (s), 668

(w) cm-L.
HRMS (ESI): m/z calculated for C13H1802Br* [M+H]* 285.0485 found 285.0485.

SFC: Chiralpak® IG, 1500 psi, 30 °C; flow: 1.0 mL/min; 1% to 30% MeOH over 5 min,

98.4:1.6 e.r. (minor enantiomer tr = 2.62 min, major enantiomer tr = 2.04 min).

[a]p25 = +23.0 (c = 1.0, CHCl3).
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[Rh(COD)OH],

I :
Et0,CO., _Me B(OH),  (R)-Cl-OMe-BIPHEP H,, [Rh(PPhs),Cl1 !
+ - Me -
mI;/COzEt |/©/ CSZCO%'HZFn(OTf) 2 THF :
rt, 16 h N COE o ;
(£)-2-9a 2-7h Z-2-10h + E-2-10h ' red-2-10h
General procedure A General procedure BT

(+)-Ethyl (S)-4-(4-iodophenyl)pentanoate red-2-10h

(+)-Ethyl (S)-4-(4-iodophenyl)pentanoate red-2-10h was prepared using General
procedure A with (4-iodophenyl)boronic acid 2-7h, followed by reduction of the
resulting crude mixture of products (Z:E=6.4:1) using General procedure B. Purification
by automated medium-pressure chromatography (E2tO/hexane = 0/100 to 15/85)
afforded (+)-ethyl (S)-4-(4-iodophenyl)pentanoate red-2-10h (75.7 mg, 0.23 mmol,

57%) as a colourless oil. SFC analysis showed an enantiomeric excess of 98%.

1H NMR (400 MHz, CDCl3) & 7.61 (d, J = 8.3 Hz, 2H, C(8)-H and C(10)-H), 6.93 (d, ] = 8.3
Hz, 2H, C(7)-H and C(11)-H), 4.08 (q,] = 7.1 Hz, 2H, C(12)-Hz), 2.67 (dp, ] = 9.0, 6.8 Hz, 1H,
C(4)-H), 2.17 (m, 2H, C(2)-Hz), 1.88 (m, 2H, C(3)-Hz), 1.23 (m, 6H, C(5)-Hs and C(13)-Hs).

13C NMR (101 MHz, CDCls) § 173.5 (C(1)), 146.0 (C(6)), 137.5 (C(8) and C(10)), 129.2
(C(7) and C(11)), 91.2 (C(9)), 60.3 (C(12)), 39.0 (C(4)), 33.0 (C(2)), 32.4 (C(3)), 22.0
(C(5)), 14.2 (C(13)).

IR (CH3Cl film): 2962 (w), 1732 (s), 1486 (w), 1375 (m), 1162 (m), 1031 (m), 1006 (m),
821 (m), 756 (s), 668 (w) cm1.

HRMS (ESI): m/z calculated for C13H18021* [M+H]* 333.0346 found 333.0346.

SFC: Chiralpak® IF, 1500 psi, 30 °C; flow: 1.0 mL/min; 1% to 30% MeOH over 5 min,

98.8:1.2 e.r. (minor enantiomer tr = 2.66 min, major enantiomer tr = 2.21 min).

[a]p25 = +22.8 (c = 1.0, CHCl3).
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[Rh(COD)OHL,  peoc iMe COEL;

Et0,CO.,_Me /©/B(OH>2 (R)-C-OMe-BIPHEP Hy, [Rh(PPhy),Cl]
+ - Me —_— :

Cs,C04, Zn(OTf), :

ﬂK/COZEt MeOC THF ~ THF :

rt, 16 h COEt L SoM ;
(+)-2-9a 2-7i Z-2-10i + E-2-10i : ©ed-2-10i !

General procedure A General procedure B

(+)-Ethyl (S)-4-(4-acetylphenyl)pentanoate red-2-10i

(+)-Ethyl (5)-4-(4-acetylphenyl)pentanoate red-2-10i was prepared using General
procedure A with (4-acetylphenyl)boronic acid 2-7i, followed by reduction of the
resulting crude mixture of products (Z:E=5.4:1) using General procedure B. Purification
by automated medium-pressure chromatography (E2tO/hexane = 0/100 to 40/60)
afforded (+)-ethyl (S)-4-(4-acetylphenyl)pentanoate red-2-10i (81.4 mg, 0.33 mmol,

82%) as a colourless oil. SFC analysis showed an enantiomeric excess of 98%.

1H NMR (400 MHz, CDCl3) & 7.90 (d, J = 8.2 Hz, 1H, C(7)-H and C(11)-H), 7.27 (d, ] = 8.1
Hz, 1H, 1H, C(8)-H and C(10)-H), 4.09 (q,/ = 7.2 Hz, 2H, C(14)-Hz), 2.80 (dp, ] = 8.7, 6.8 Hz,
1H, C(4)-H), 2.58 (s, 3H, C(13)-H3), 2.17 (m, 2H, C(2)-Hz), 1.94 (m, 2H, C(3)-Hz), 1.29 (d, ]
= 6.9 Hz, 3H, C(5)-Hs), 1.22 (t, ] = 7.1 Hz, 3H, C(15)-H3).

13C NMR (101 MHz, CDCl3) § 197.8 (C(12)), 173.4 (C(1)), 152.1 (C(6)), 135.5 (C(9)), 128.7
(C(8) and C(10)), 127.3 (C(7) and C(11)), 60.3 (C(14)), 39.5 (C(4)), 32.9 (C(2)), 32.4
(C(3)), 26.5 (C(13)), 21.8 (C(5)), 14.2 (C(15)).

IR (CH3Cl film): 2965 (w), 1733 (s), 1683 (s), 1607 (m), 1458 (w), 1360 (m), 1267 (s),
1183 (m), 1032 (w), 957 (m), 835 (m) cm-L.

HRMS (ESI): m/z calculated for C1sH2103* [M+H]* 249.1485 found 249.1486.

SFC: Chiralpak® IG, 1500 psi, 30 °C; flow: 1.0 mL/min; 1% to 30% MeOH over 5 min,

98.8:1.2 e.r. (minor enantiomer tr = 3.87 min, major enantiomer tr = 3.31 min).

[a]p25 = +27.6 (c = 1.0, CHCl3).
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(+)-Ethyl (S)-4-(3-chlorophenyl)pentanoate red-2-10j

(+)-Ethyl (S)-4-(3-chlorophenyl)pentanoate red-2-10j was prepared using General
procedure A with 3-chlorophenyl boronic acid 2-7j, followed by reduction of the resulting
crude mixture of products (Z:E=2.7:1) using General procedure B. Purification by
automated medium-pressure chromatography (E2tO/hexane =0/100 to 15/85) afforded
(+)-ethyl (S)-4-(3-chlorophenyl)pentanoate red-2-10j (84.7 mg, 0.35 mmol, 88%) as a

colourless oil. SFC analysis showed an enantiomeric excess of 95%.

1H NMR (400 MHz, CDCl3) § 7.22 (dd, J = 8.6, 7.4 Hz, 1H, C(8)-H), 7.17 (m, 2H, C(Ar)-H
x2),7.05 (dt, ] = 7.5, 1.5 Hz, 1H, C(7)-H), 4.09 (q, ] = 7.2 Hz, 2H, C(12)-Hz), 2.70 (dp, ] = 8.8,
6.8 Hz, 1H, C(4)-H), 2.17 (m, 2H, C(2)-Hz), 1.90 (m, 2H, C(3)-Hz), 1.24 (m, 6H, C(5)-Hs and
C(13)-Ha).

13C NMR (101 MHz, CDCl3) § 173.4 (C(1)), 148.5 (C(6)), 134.3 (C(10)), 129.7 (C(Ar)),
127.2 (C(Ar)), 126.4 (C(Ar)), 125.3 (C(Ar)), 60.3 (C(12)), 39.2 (C(4)), 33.0 (C(2)), 32.4
(C(3)), 21.9 (C(5)), 14.2 (C(13)).

IR (CH3Cl film): 2970 (w), 1733 (s), 1459 (m), 1375 (m), 1215 (m), 1163 (m), 1033 (w),
754 (s), 698 (m), 668 (w) cm-1L.

HRMS (ESI): m/z calculated for C13H1802Cl* [M+H]* 241.0990 found 241.0991.

SFC: Chiralpak® ID, 1500 psi, 30 °C; flow: 1.0 mL/min; 1% to 30% MeOH over 5 min,

97.6:2.4 e.r. (minor enantiomer tr = 1.29 min, major enantiomer tr = 1.36 min).

[a]p25 = +21.1 (c = 1.0, CHCl3)
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(+)-Ethyl (S)-4-(3-bromophenyl)pentanoate red-2-10k

(+)-Ethyl (S5)-4-(3-bromophenyl)pentanoate red-2-10k was prepared using General
procedure A with 3-bromophenyl boronic acid 2-7k, followed by reduction of the
resulting crude mixture of products (Z:E=4.9:1) using General procedure B. Purification
by automated medium-pressure chromatography (E2tO/hexane = 0/100 to 15/85)
afforded (+)-ethyl (5)-4-(3-bromophenyl)pentanoate red-2-10k (111.4 mg, 0.39 mmol,

98%) as a colourless oil. SFC analysis showed an enantiomeric excess of 96%.

14 NMR (400 MHz, CDCl3) § 7.32 (m, 2H, C(Ar)-H x2), 7.16 (t, ] = 8.0 Hz, 1H, C(8)-H), 7.10
(dt, ] = 7.7, 1.5 Hz, 1H, C(7)-H), 4.09 (q, ] = 7.2 Hz, 2H, C(12)-H2), 2.69 (dp, ] = 8.7, 6.8 Hz,
1H, C(4)-H), 2.17 (m, 2H, C(2)-Hz), 1.89 (m, 2H, C(3)-Hz), 1.24 (m, 6H, C(5)-H3 and C(13)-
Hs).

13C NMR (101 MHz, CDCls) § 173.4 (C(1)), 148.8 (C(6)), 130.2 (C(Ar)), 130.1 (C(Ar)),
129.3 (C(Ar)), 125.8 (C(Ar)), 122.6 (C(10)), 60.3 (C(12)), 39.2 (C(4)), 33.0 (C(2)), 32.4
(C(3)), 22.0 (C(5)), 14.2 (C(13)).

IR (CH3Cl film): 2969 (w), 1734 (s), 1491 (w), 1235 (m), 1215 (m), 1017 (w), 823 (w),
756 (s), 668 (w) cm1.

HRMS (ESI): m/z calculated for C13H1802Br* [M+H]* 287.0465 found 287.0464.

SFC: Chiralpak® IF, 1500 psi, 30 °C; flow: 1.0 mL/min; 1% to 30% MeOH over 5 min,

98.2:1.8 e.r. (minor enantiomer tr = 1.64 min, major enantiomer tr = 1.69 min).

[a]p25 = +20.8 (c = 1.0, CHCl3)
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(+)-Ethyl (S)-4-(m-tolyl)pentanoate red-2-101

(+)-Ethyl (S)-4-(m-tolyl)pentanoate red-2-101 was prepared using General procedure A
with m-tolyl boronic acid 2-71, followed by reduction of the resulting crude mixture of
products (Z:E=3.5:1) using General procedure B. Purification by automated medium-
pressure chromatography (E2tO/hexane = 0/100 to 15/85) afforded (+)-ethyl (5)-4-(m-
tolyl)pentanoate red-2-101 (82.8 mg, 0.38 mmol, 94%) as a colourless oil. SFC analysis

showed an enantiomeric excess of 96%.

1H NMR (400 MHz, CDCls) § 7.19 (td, J = 7.3, 1.1 Hz, 1H, C(Ar)-H), 7.00 (m, 3H, C(Ar)-H
x3), 4.10 (g, J = 7.1 Hz, 2H, C(13)-Hz), 2.69 (dp, ] = 8.5, 6.8 Hz, 1H, C(4)-H), 2.34 (s, 3H,
C(12)-Hs), 2.20 (m, 2H, C(2)-Hz), 1.91 (m, 2H, C(3)-Hz), 1.27 (d, ] = 6.9 Hz, 3H, C(5)-H3),
1.24 (t,J = 7.1 Hz, 3H, C(14)-Hs).

13C NMR (101 MHz, CDCls) & 173.7 (C(1)), 146.3 (C(6)), 137.9 (C(10)), 128.3 (C(Ar)),
127.8 (C(Ar)), 126.9 (C(Ar)), 124.0 (C(Ar)), 60.2 (C(13)), 39.4 (C(4)), 33.2 (C(2)), 32.7
(C(3)), 22.2 (C(12)), 21.5 (C(5)), 14.2 (C(14)).

IR (CH3Cl film): 2960 (w), 2928 (w), 1725 (s), 1458 (m), 1376 (m), 1181 (m), 1035 (w),
751 (s), 668 (m) cm1.

HRMS (ESI): m/z calculated for C14H2102* [M+H]* 221.1536 found 221.1538.

SFC: Chiralpak® IG, 1500 psi, 30 °C; flow: 1.0 mL/min; 1% to 30% MeOH over 5 min,

97.8:2.2 e.r. (minor enantiomer tr = 1.42 min, major enantiomer tr = 1.35 min).

[a]p25 = +19.8 (c = 1.0, CHCl3)
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[Rh(COD)OH], F i Mo COEL
(R)-C-OMe-BIPHEP H, [Rh(PPh3);Cll 5
Cs,C03, Zn(OTf) M ; E
REOF © THF : :

rt, 16 h xnnCOoEL [ :
Z-2-10m + E-2-10m L [?(_1:%-_1_[{!31_':
General procedure A General procedure B

(+)-Ethyl (S)-4-(3,5-difluorophenyl)pentanoate red-2-10m

(+)-Ethyl (5)-4-(3,5-difluorophenyl)pentanoate red-2-10m was prepared using General
procedure A with 3,5-difluorophenyl boronic acid 2-7m, followed by reduction of the
resulting crude mixture of products (Z:E=9.5:1) using General procedure B. Purification
by automated medium-pressure chromatography (Et20/hexane = 0/100 to 20/80)
afforded (+)-ethyl (S)-4-(3,5-difluorophenyl)pentanoate red-2-10m (80.4 mg, 0.33

mmol, 83%) as a colourless oil. SFC analysis showed an enantiomeric excess of 97%.

1H NMR (400 MHz, CDCl3) § 6.69 (m, 2H, C(7)-H and C(11)-H), 6.62 (tt, ] = 8.9, 2.3 Hz, 1H,
C(9)-H), 4.09 (q, ] = 7.1 Hz, 2H, C(12)-Hz), 2.72 (dp, ] = 8.5, 6.7 Hz, 1H, C(4)-H), 2.19 (m,
2H, C(2)-Hz2), 1.88 (m, 2H, C(3)-Hz), 1.23 (m, 6H, C(5)-Hs and C(13)-Hs).

13C NMR (101 MHz, CDCl3) § 173.2 (C(1)), 163.13 (dd, J = 248.0, 12.9 Hz, C(8) and C(10)),
150.5 (t, ] = 8.4 Hz, C(6)), 109.8 (d, ] = 24.6Hz, C(7) and C(11)), 101.6 (t, ] = 25.3 Hz, C(9)),
60.3 (C(12)), 39.3 (t,] = 2.0 Hz, C(4)), 32.8 (C(2)), 32.3 (C(3)), 21.7 (C(5)), 14.2 (C(13)).

19F (13C)NMR (376 MHz, CDCl3) § -110.2.

IR (CHsCl film): 2936 (w), 2360 (w), 1725 (s), 1624 (s), 1597 (s), 1461 (s), 1375 (m),
1307 (w), 1263 (w), 1182 (m), 1138 (s), 1035 (w), 944 (s), 849 (s), 750 (s), 693 (m) cm-

1-
HRMS (GC EI MS): m/z calculated for Ci3H16F202* [M]* 242.11129 found 242.11268.

SFC: Chiralpak® IG, 1500 psi, 30 °C; flow: 1.0 mL/min; isocratic: 100% CO2 for 3 min then
gradient: 0% to 10% MeOH/COz over 5 min, 98.6:1.4 e.r. (minor enantiomer tr = 3.75 min,

major enantiomer tr = 4.20 min).
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[a]p?5 = +25.0 (c = 1.0, CHCl3)
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[Rh(COD)OH], E { Me CO,Et:

Et0,CO., _Me cl B(OH), (R)-Cl-OMe-BIPHEP Hy, [Rh(PPh3)sCll
+ - Me —_—

VT\\/CozEt j@/ Cs,CO03, Zn(OTH), cl THE :

F THF :

N COLEL '

rt, 16 h : :
(£)-2-9a 2-7n Z-2-10n + E-2-10n red-2-10n j
General procedure A General procedure B

Cl

(+)-Ethyl (S)-4-(3-chloro-4-fluorophenyl)pentanoate red-2-10n

(+)-Ethyl (S)-4-(3-chloro-4-fluorophenyl)pentanoate red-2-10n was prepared using
General procedure A with 3-chloro-4-fluorophenyl boronic acid 2-7n, followed by
reduction of the resulting crude mixture of products (Z:E=6.2:1) using General procedure
B. Purification by automated medium-pressure chromatography (E2tO/hexane = 0/100
to 20/80) afforded (+)-ethyl (5)-4-(3-chloro-4-fluorophenyl)pentanoate red-2-10n (88.0
mg, 0.34 mmol, 85%) as a colourless oil. SFC analysis showed an enantiomeric excess of

95%.

1H NMR (400 MHz, CDCl3) § 7.20 (dd, J = 7.1, 2.0 Hz, 1H, C(8)-H), 7.05 (m, 2H, C(Ar)-H
x2), 4.09 (q, / = 7.2 Hz, 2H, C(12)-Hz), 2.70 (dp, J = 8.8, 6.9 Hz, 1H, C(4)-H), 2.17 (m, 2H,
C(2)-Hz), 1.87 (m, 2H, C(3)-Hz2), 1.23 (t, ] = 7.1 Hz, 6H, C(5)-Hs and C(13)-Hs).

13C NMR (101 MHz, CDCls) § 173.3 (C(1)), 156.6 (d, ] = 246.8 Hz, C(9)), 143.4 (d, ] = 3.9
Hz, C(6)), 129.0 (C(11)), 126.6 (d, ] = 6.8 Hz, C(7)), 120.7 (d, ] = 17.7 Hz, C(10)), 116.4 (d,
J = 20.7 Hz, C(8)), 60.3 (C(12)), 38.6 (C(4)), 33.1 (C(2)), 32.4 (C(3)), 22.0 (C(5)), 14.2

(C(13)).
19F (13C)NMR (376 MHz, CDCl3) § -119.4.

IR (CHsCl film): 2962 (w), 2361 (w), 1732 (s), 1507 (s), 1460 (w), 1374 (w), 1249 (s),
1205 (m), 1165 (m), 1099 (w), 1061 (m), 1034 (m), 823 (w), 754 (w) cm-1L.

HRMS (ESI): m/z calculated for C13H17CIFO2* [M+H]* 259.0896 found 259.0897.

SFC: Chiralpak® IG, 1500 psi, 30 °C; flow: 1.0 mL/min; 1% to 30% MeOH over 5 min,

97.6:2.4 e.r. (minor enantiomer tr = 1.48 min, major enantiomer tr = 1.43 min).
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[a]p?5 = +24.7 (c = 1.0, CHCI3)
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[Rh(COD)OH], E { Me CO,Et:

EtO,CO., _Me Me B(OH), (R)-Cl-OMe-BIPHEP Hy, [Rh(PPh3)sCll
+ - Me —_—

F THF :

N COLEL '

rt, 16 h : :
(+)-2-9a 2-70 Z-2-100 + E-2-100 red-2-1 00}
General procedure A General procedure B

Me

(+)-Ethyl (S)-4-(4-fluoro-3-methylphenyl)pentanoate red-2-100

(+)-Ethyl (S)-4-(4-fluoro-3-methylphenyl)pentanoate red-2-100 was prepared using
General procedure A with 4-fluoro-3-methylphenyl boronic acid 2-70, followed by
reduction of the resulting crude mixture of products (Z:E=4.3:1) using General procedure
B. Purification by automated medium-pressure chromatography (E2tO/hexane = 0/100
to 20/80) afforded (+)-ethyl (S)-4-(4-fluoro-3-methylphenyl)pentanoate red-2-100
(87.7mg, 0.37 mmol, 92%) as a colourless oil. SFC analysis showed an enantiomeric

excess of 949%.

1H NMR (400 MHz, CDCl3) & 6.97 (dt, ] = 8.3, 1.4 Hz, 1H, C(7)-H), 6.92 (m, 2H, C(Ar)-H),
4.09 (q,J = 7.1 Hz, 2H, C(13)-Hz), 2.66 (dp, ] = 9.0, 6.8 Hz, 1H, C(4)-H), 2.25 (d, ] = 2.0 Hz,
3H, C(12)-Hs), 2.17 (m, 2H, C(2)-Hz), 1.87 (m, 2H, C(3)-Hz), 1.24 (m, 6H, C(5)-H3 and
C(14)-Hs).

13C NMR (101 MHz, CDCls) & 173.6 (C(1)), 159.9 (d, ] = 242.4 Hz, C(9)), 141.7 (d, ] = 3.6
Hz, C(6)), 129.9 (d, ] = 5.0 Hz, C(11)), 125.5 (d, ] = 7.8 Hz, C(7)), 124.5 (d, J = 17.1 Hz,
C(10)), 114.8 (d, ] = 22.1 Hz, C(8)), 60.2 (C(13)), 38.7 (C(4)), 33.3 (C(2)), 32.5 (C(3)), 22.3
(C(5)), 14.6 (d, ] = 3.6 Hz, C(12)), 14.2 (C(14)).

19F (13C)NMR (376 MHz, CDCl3) § -121.63.

IR (CHsCl film): 2961 (w), 2361 (w), 1725 (w), 1504 (s), 1453 (w), 1375 (w), 1247 (m),
1213 (s), 1177 (m), 1121 (m), 1035 (m), 885 (w), 821 (m), 762 (s) cm-L.

HRMS (ESI): m/z calculated for C14H2002F* [M+H]* 239.1442 found 239.1444.
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SFC: Chiralpak® IG, 1500 psi, 30 °C; flow: 1.0 mL/min; isocratic: 100% CO2 for 3 min then
gradient: 0% to 10% MeOH/COz over 5 min, 96.8:3.2 e.r. (minor enantiomer tr = 4.62 min,

major enantiomer tr = 3.75 min).

[a]p25 = +22.0 (c = 1.0, CHCl3).
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[Rh(COD)OH], ‘Me CO,Et}

Et0,CO.._Me B(OH),  (R-C-OMe-BIPHEP OO Hy, [Rh(PPh)sCll
+ = Me _— .
T\vcozEt ©92008, In(OTD: THF ! O
o COZE '
rt., 16 h H
2-7p 7-2-10p + E-2-10p :

General procedure A General procedure B L bttt

(+)-2-9a

(+)-Ethyl (S)-4-(naphthalen-2-yl)pentanoate red-2-10p

(+)-Ethyl (S)-4-(naphthalen-2-yl)pentanoate red-2-10p was prepared using General
procedure A with naphthalen-2-ylboronic acid 2-7p, followed by reduction of the
resulting crude mixture of products (Z:E=5.4:1) using General procedure B. Purification
by automated medium-pressure chromatography (E2tO/hexane = 0/100 to 15/85)
afforded (+)-ethyl (S)-4-(naphthalen-2-yl)pentanoate red-2-10p (99.5 mg, 0.39 mmol,

97%) as a colourless oil. SFC analysis showed an enantiomeric excess of 90%.

1H NMR (400 MHz, CDCl3) § 7.81 (m, 3H, C(Ar)-H x3), 7.62 (d, ] = 2.0 Hz, 1H, C(7)-H), 7.47
(t,] = 7.1 Hz, 1H, C(Ar)-H), 7.44 (t, ] = 6.6 Hz, 1H, C(Ar)-H), 7.36 (dd, ] = 8.5, 1.8 Hz, 1H,
C(Ar)-H), 4.08 (q, ] = 7.2 Hz, 2H, C(16)-Hz), 2.92 (h, ] = 7.1 Hz, 1H, C(4)-H), 2.23 (m, 2H,
C(2)-Hz2), 2.03 (m, 2H, C(3)-Hz2), 1.38 (d, J = 6.9 Hz, 3H, C(5)-Hs), 1.22 (t, J = 7.4 Hz, 3H,
C(17)-Hsa).

13C NMR (101 MHz, CDCls) § 173.7 (C(1)), 143.7 (C(6)), 133.6 (C(8)), 132.3 (C(9)), 128.2
(C(Ar)), 127.62 (C(Ar)), 127.59 (C(Ar)), 126.0 (C(Ar)), 125.6 (C(Ar)), 125.4 (C(Ar)), 125.3
(C(Ar)), 60.2 (C(16)), 39.6 (C(4)), 33.1 (C(2)), 32.6 (C(3)), 22.2 (C(5)), 14.2 (C(17)).

IR (CHsCl film): 2965 (w), 1729 (w), 1507 (w), 1457 (w), 1374 (w), 1216 (m), 1032 (m),
885 (w), 856 (w), 820 (w), 753 (s), 668 (w) cm-L.

HRMS (ESI): m/z calculated for C17H2002Na* [M+Na]* 279.1356 found 279.1355.

SFC: Chiralpak® IG, 1500 psi, 30 °C; flow: 1.0 mL/min; 1% to 30% MeOH over 5 min,

95.1:4.9 e.r. (minor enantiomer tr = 2.79 min, major enantiomer tr = 2.51 min).

[a]p?5 = +22.3 (c = 1.0, CHCl3).
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[Rh(COD)OHI,

o ‘Me CO,Et:

Et0,CO.. _Me o B(OH), _ (R-CLOMe-BIPHEP ¢ " Ho, [Rh(PPha)sCll ;
+ (D/ Cs,CO4, Zn(OTH), = O e _— :

2CO3, 2 H :

“‘I;/COZEt o THF . COLEL THF 5 :

rt, 16 h : O :

(+)-2-9a 2-7q Z-2-10q + E-2-10q '
General procedure A General procedure B R b iunbivtvis. .
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8
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(+)-Ethyl (S)-4-(benzo[d][1,3]dioxol-5-yl)pentanoate red-2-10q

(+)-Ethyl (5)-4-(benzo[d][1,3]dioxol-5-yl)pentanoate red-2-10q was prepared using
General procedure A with benzo[d][1,3]dioxol-5-ylboronic acid 2-7q, followed by
reduction of the resulting crude mixture of products (Z:E=13:1) using General procedure
B. Purification by automated medium-pressure chromatography (E2tO/hexane = 0/100
to 20/80) afforded (+)-ethyl (S)-4-( benzo[d][1,3]dioxol-5-yl)pentanoate red-2-10q
(83.1 mg, 0.33 mmol, 83%) as a colourless oil. SFC analysis showed an enantiomeric

excess of 92%.

1H NMR (400 MHz, CDCls) 6 6.72 (d, ] = 7.9 Hz, 1H, C(10)-H), 6.67 (d, ] = 1.7 Hz, 1H, C(7)-
H), 6.61 (dd, ] = 7.9, 1.8 Hz, 1H, C(11)-H), 5.91 (s, 2H, C(12)-Hz), 4.09 (q, J = 7.3 Hz, 2H,
C(13)-Hz), 2.64 (h, ] = 6.8 Hz, 1H, C(4)-H), 2.17 (m, 2H, C(2)-Hz), 1.86 (m, 2H, C(3)-Hz),
1.23 (m, 6H, C(5)-Hs and C(14)-Hs).

13C NMR (101 MHz, CDCl3) § 173.6 (C(1)), 147.7 (C(6)), 145.8 (C(8)), 140.3 (C(9)), 120.0
(C(7)), 108.1 (C(11)), 107.2 (C(10)), 100.8 (C(12)), 60.2 (C(13)), 39.2 (C(4)), 33.4 (C(2)),
32.5 (C(3)), 22.4 (C(5)), 14.2 (C(14)).

IR (CH3Cl film): 2962 (m), 1732 (s), 1505 (m), 1487 (s), 1440 (m), 1374 (m), 1214 (s),
1039 (s), 938 (m), 859 (w), 812 (m), 755 (s), 639 (w) cm-L

HRMS (ESI): m/z calculated for C14H1804Na* [M+Na]* 273.1097 found 273.1096.

SFC: Chiralpak® IG, 1500 psi, 30 °C; flow: 1.0 mL/min; 1% to 30% MeOH over 5 min,

96.0:4.0 e.r. (minor enantiomer tr = 2.53 min, major enantiomer tr = 2.79 min).

[a]p25 = +26.5 (c = 1.0, CHCl3).
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[Rh(COD)OH], o ‘Me CO,Et:
Et0,CO., Me B(OH), _ FICrOMeBIPHEP _ L Ha, [Rh(PPh3)Cll ;
r e H '
(/ * o\/i]/ Cs,CO03, Zn(OTf), —_— A :
XCOzEt — THF THF H \ ,
X COLEL H (o} :
rt., 16 h 1 red-2-10r !
(+)-2-9a 2-7r Z-2-10r + E-2-10r
General procedure A General procedure B
0]
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(+)-Ethyl (S)-4-(furan-3-yl)pentanoate red-2-10r

(+)-Ethyl (S)-4-(furan-3-yl)pentanoate red-2-10r was prepared using General procedure
A with furan-3-ylboronic acid 2-7r, followed by reduction of the resulting crude mixture
of products (Z:E=1.5:1) using General procedure B. Purification by automated medium-
pressure chromatography (Et20/hexane = 0/100 to 35/65) afforded (+)-ethyl (S)-4-
(furan-3-yl)pentanoate red-2-10r (66.7 mg, 0.34 mmol, 85%) as a colourless oil. SFC

analysis showed an enantiomeric excess of 76%.

1H NMR (400 MHz, CDCls) § 7.35 (t, ] = 1.7 Hz, 1H, C(Ar)-H), 7.21 (dt, ] = 1.6, 0.8 Hz, 1H,
C(Ar)-H), 6.28 (dd, ] = 2.0, 0.9 Hz, 1H, C(Ar)-H), 4.11 (g, ] = 7.2 Hz, 2H, C(10)-Hz), 2.68 (h,
] = 6.9 Hz, 1H, C(4)-H), 2.25 (t, ] = 8.0 Hz, 2H, C(2)-Hz2), 1.83 (m, 2H, C(3)-H2), 1.24 (t, ] =
7.1 Hz, 3H, C(11)-Hs), 1.21 (d, ] = 6.9 Hz, 3H, C(5)-H3).

13C NMR (101 MHz, CDCl3) § 173.7 (C(1)), 142.9 (C(Ar)), 138.3 (C(Ar)), 129.7 (C(6)),
109.3 (C(7)), 60.3 (C(10)), 32.5 (C(4)), 32.2 (C(2)), 29.7 (C(3)), 21.1 (C(5)), 14.2 (C(11)).

IR (CH3Cl film): 2962 (w), 1733 (s), 1456 (w), 1375 (w), 1164 (s), 1027 (m), 874 (m), 755
(s), 668 (W) cm-L.

HRMS (ESI): m/z calculated for C11H1703* [M+H]* 197.1172 found 197.1174.

SFC: Chiralpak® IG, 1500 psi, 30 °C; flow: 1.0 mL/min; 1% to 30% MeOH over 5 min,

87.8:12.2 e.r. (minor enantiomer tr = 1.53 min, major enantiomer tr = 1.36 min).

[a]p25 = +12.9 (c = 1.0, CHCl3).
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[Rh(COD)OH, [P .

S +Me CO,Et:
Et0,CO.,_Me B(OH), __(R-CrOMe-BIPHEP (] Hz, [Rh(PPh3)sCll 0
> Me - :
* S\/ir Cs,CO03, Zn(OTH) >
X CO,Et — 223 2 H AN :
2 THF N COE THF b d :
rt., 16 h H red-2-10s !
(+)-2-9a 2-7s Z-2-10s + E-2-10s
General procedure A General procedure B

(+)-Ethyl (S)-4-(thiophen-3-yl)pentanoate red-2-10s

(+)-Ethyl (S)-4-(thiophen-3-yl)pentanoate red-2-10s was prepared using General
procedure A with thiophen-3-ylboronic acid 2-7s, followed by reduction of the resulting
crude mixture of products (Z:E=2.8:1) using General procedure B. Purification by
automated medium-pressure chromatography (Et20/hexane =0/100 to 30/70) afforded
(+)-ethyl (S)-4-(thiophen-3-yl)pentanoate red-2-10s (66.2 mg, 0.31 mmol, 78%) as a

colourless oil. SFC analysis showed an enantiomeric excess of 91%.

1H NMR (400 MHz, CDCl3) § 7.17 (dd, ] = 4.9, 2.9 Hz, 1H, C(Ar)-H), 6.88 (dd, ] = 5.0, 1.3 Hz,
1H, C(Ar)-H), 6.86 (dd, ] = 3.0, 1.4 Hz, 1H, C(Ar)-H), 4.02 (q, ] = 7.2 Hz, 2H, C(10)-Hz), 2.80
(h,J = 7.0 Hz, 1H, C(4)-H), 2.14 (m, 2H, C(2)-Hz), 1.82 (m, 2H, C(3)-Hz), 1.19 (d, ] = 7.0 Hz,
3H, C(5)-Hs), 1.15 (t, ] = 7.1 Hz, 3H, C(11)-Hs).

13C NMR (101 MHz, CDCl3) & 173.7 (C(1)), 147.3 (C(4)), 126.6 (C(Ar)), 125.5 (C(Ar)),
119.4 (C(Ar)), 60.2 (C(10)), 34.7 (C(4)), 33.1 (C(2)), 32.4 (C(3)), 21.7 (C(5)), 14.2 (C(11)).

IR (CHsCl film): 2966 (w), 2361 (w), 1727 (w), 1457 (w), 1376 (w), 1322 (w), 1216 (m),
1035 (m), 1033 (w), 931 (w), 852 (w), 753 (s), 668 (w) cm-L.

HRMS (GC EI MS): m/z calculated for C11H16025* [M]* 212.08655 found 212.09113.

SFC: Chiralpak® IG, 1500 psi, 30 °C; flow: 1.0 mL/min; 1% to 30% MeOH over 5 min,

95.5:4.5 e.r. (minor enantiomer tr = 2.03 min, major enantiomer tr = 1.79 min).

[a]p25 = +24.8 (c = 1.0, CHCl3).
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[Rh(COD)OH],

o} . .
R)-Cl-OMe-BIPHEP \ Hy, [Rh(PPha)Cl] & Me COLEt}
> Me ' H
Cs,C03, Zn(OTH), —_—> :
] AN :
THF N~ COLEL THF : !

rt, 16 h : O

d-2-10t }

Z-2-10t + £-2-10t
General procedure A General procedure B

(+)-Ethyl (S)-4-(benzofuran-3-yl)pentanoate red-2-10t

(+)-Ethyl (S5)-4-(benzofuran-3-yl)pentanoate red-2-10t was prepared using General
procedure A with benzofuran-3-ylboronic acid 2-7t, followed by reduction of the
resulting crude mixture of products (Z:E=1.8:1) using General procedure B. Purification
by automated medium-pressure chromatography (Et20/hexane = 0/100 to 25/75)
afforded (+)-ethyl (S)-4-(benzofuran-3-yl)pentanoate red-2-10t (60.1 mg, 0.24 mmol,

61%) as a colourless oil. SFC analysis showed an enantiomeric excess of 99%.

1H NMR (400 MHz, CDCl3) § 7.61 (ddd, ] = 7.6, 1.5, 0.8 Hz, 1H, C(Ar)-H), 7.47 (dt, ] = 8.3,
0.9 Hz, 1H, C(Ar)-H), 7.40 (d, J = 0.8 Hz, 1H, C(9)-H), 7.27 (m, 1H, C(Ar)-H), 7.22 (td, ] =
7.4,1.1 Hz, 1H, C(Ar)-H), 4.09 (q, ] = 7.1 Hz, 2H, C(14)-Hz), 3.00 (h, ] = 7.0 Hz, 1H, C(4)-H),
2.32 (t,] = 7.9 Hz, 2H, C(2)-Hz2), 2.12 (dq, ] = 13.6, 7.6 Hz, 1H, C(3)-H), 1.98 (ddt, ] = 13.8,
8.1,7.2 Hz, 1H, C(3)-H), 1.38 (d, ] = 7.0 Hz, 3H, C(5)-Hs), 1.22 (t, ] = 7.1 Hz, 3H, C(15)-H3).

13C NMR (101 MHz, CDCls) § 173.6 (C(1)), 155.6 (C(8)), 140.6 (hC(9)), 127.3 (C(Ar)),
124.8 (C(Ar)), 124.1 (C(Ar)), 122.2 (C(Ar)), 120.2 (C(Ar)), 111.6 (C(13)), 60.3 (C(14)),
32.3 (C(4)), 31.5 (C(2)), 29.4 (C(3)), 20.3 (C(5)), 14.2 (C(15)).

IR (CHsCl film): 2960 (w), 1728 (w), 1512 (m), 1453 (w), 1243 (m), 1211 (s), (m), 1103
(w), 1034 (m), 885 (w), 762 (s), 668 (w) cm-L.

HRMS (ESI): m/z calculated for CisH1803Na* [M+Na]* 269.1148 found 269.1148.

SFC: Chiralpak® IG, 1500 psi, 30 °C; flow: 1.0 mL/min; 1% to 30% MeOH over 5 min,

99.7:0.3 e.r. (minor enantiomer tr = 2.67 min, major enantiomer tr = 2.26 min).

[a]p25 = +20.9 (c = 1.0, CHCl3).
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[Rh(COD)OH], ‘Me CO,Et!

Et0,CO. _Me S<,B(OH);  (R)-C-OMe-BIPHEP s H,, [Rh(PPhg)sCl] !
+ | - = Me > N
'L&/COZEt Cs,CO3, Zn(0OTf), THE ¢S

THE CO,Et :

rt, 16 h A 2 :
red-2-10u
(£)-2-9a 2-7u Z-210u + E-2-1Qu ~ TTTTTTemmeTeTees

General procedure A General procedure B

(+)-Ethyl (S)-4-(benzo[b]thiophen-2-yl)pentanoate red-2-10u

(+)-Ethyl (S)-4-(benzo[b]thiophen-2-yl)pentanoate red-2-10u was prepared using
General procedure A with benzo[b]thiophen-3-yl boronic acid 2-7u, followed by
reduction of the resulting crude mixture of products (Z:E=2.0:1) using General procedure
B. Purification by automated medium-pressure chromatography (Et20/hexane = 0/100
to 20/80) afforded (+)-ethyl (S)-4-(benzo[b]thiophen-3-yl)pentanoate red-2-10u (52.5
mg, 0.20 mmol, 50%) as a colourless oil. SFC analysis showed an enantiomeric excess of

80%.

1H NMR (400 MHz, CDCls) § 7.78 (ddt, ] = 7.8, 1.4, 0.8 Hz, 1H, C(Ar)-H), 7.68 (ddd, ] = 7.8,
1.4,0.7 Hz, 1H, C(Ar)-H), 7.29 (m, 2H, C(Ar)-H x2), 7.03 (d, ] = 0.8 Hz, 1H, C(7)-H), 4.11 (q,
J = 7.2 Hz, 2H, C(14)-Hz), 3.15 (m, 1H, C(4)-H), 2.32 (m, 2H, C(2)-Hz), 2.02 (m, 2H, C(3)-
Hz), 1.41 (d, ] = 6.9 Hz, 3H, C(5)-H3), 1.24 (t, ] = 7.1 Hz, 3H, C(15)-Hs).

13C NMR (101 MHz, CDCl3) § 173.4 (C(1)), 151.3 (C(6)), 139.9 (C(Ar)), 138.9 (C(Ar)),
124.1 (C(Ar)), 123.6 (C(Ar)), 122.9 (C(Ar)), 122.3 (C(Ar)), 119.7 (C(7)), 60.3 (C(14)), 35.6
(C(4)), 33.6 (C(2)), 32.2 (C(3)), 22.7 (C(5)), 14.2 (C(15)).

IR (CHsCl film): 2968 (w), 1732 (s), 1457 (w), 1437 (w), 1376 (w), 1316 (m), 1216 (m),
1184 (m), 1097 (w), 1024 (m), 857 (w), 827 (m), 750 (s), 727 (m), 668 (w) cm-L.

HRMS (ESI): m/z calculated for C1sH1802NaS* [M+Na]* 285.0920 found 285.0920.

SFC: Chiralpak® IG, 1500 psi, 30 °C; flow: 1.0 mL/min; 1% to 30% MeOH over 5 min,

89.9:10.1 e.r. (minor enantiomer tr = 3.40 min, major enantiomer tr = 2.95 min).
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[a]p25 = +33.2 (c = 1.0, CHCl3).
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[Rh(COD)OHI, iMe COEt

Et0,CO,,_Me . H B(OH), (R)-CI-OMe-BIPHEP= /N e Hy, [Rh(PPh3)3CIl‘E
ﬂ];/COZEt @ Cs,CO03, Zn(OTH), H THE ;
THF X nCO2E ; NH
rt, 16 h H
red-2-10v
(£)-2-9a 2-7v 7.2-10v + E-2-10v  TTTmmmmmmmmmmeees
General procedure A General procedure B

(+)-Ethyl (S)-4-(1H-indol-6-yl)pentanoate red-2-10v

(+)-Ethyl (S)-4-(1H-indol-6-yl)pentanoate red-2-10v was prepared using General
procedure A with (1H-indol-6-yl)boronic acid 2-7v, followed by reduction of the
resulting crude mixture of products (Z:E=5.0:1) using General procedure B. Purification
by automated medium-pressure chromatography (EtOAc/hexane = 0/100 to 30/70)
afforded (+)-ethyl (S)-4-(1H-indol-6-yl)pentanoate red-2-10v (98.1 mg, 0.17 mmol,

43%) as a colourless oil. SFC analysis showed an enantiomeric excess of 96%.

1H NMR (400 MHz, CDCl3) & 8.10 (s, 1H, -NH), 7.57 (dt, ] = 8.2, 0.8 Hz, 1H, C(Ar)-H), 7.19
(dt,J = 1.4, 0.7 Hz, 1H, C(Ar)-H), 7.16 (dd, ] = 3.2, 2.4 Hz, 1H, C(Ar)-H), 6.97 (dd, /= 8.2, 1.5
Hz, 1H, C(Ar)-H), 6.51 (ddd, ] = 3.1, 2.0, 1.0 Hz, 1H, C(Ar)-H), 4.08 (q, ] = 7.2 Hz, 2H, C(14)-
Hz), 2.82 (dp,J = 8.8, 6.9 Hz, 1H, C(4)-H), 2.21 (m, 2H, C(2)-Hz), 1.97 (m, 2H, C(3)-Hz), 1.33
(d,] = 7.0 Hz, 3H, C(5)-H3), 1.22 (t,] = 7.1 Hz, 3H, C(15)-Hs).

13C NMR (101 MHz, CDCls) § 174.0 (C(1)), 140.5 (C(6)), 136.2 (C(8)), 126.4 (C(9)), 123.8
(C(Ar)), 120.6 (C(Ar)), 119.5 (C(Ar)), 109.1 (C(Ar)), 102.4 (C(Ar)), 60.2 (C(14)), 39.7
(C(4)), 33.7 (C(2)), 32.8 (C(3)), 22.8 (C(5)), 14.2 (C(15)).

IR (CH3Cl film): 2962 (w), 1731 (m), 1455 (w), 1376 (w), 1298 (m), 1243 (m), 1150 (m),
1065 (m), 921 (m), 743(s) cm-1L.

HRMS (ESI): m/z calculated for C1sH1902NNa * [M+Na]* 268.1308 found 268.1307.

SFC: Chiralpak® IG, 1500 psi, 30 °C; flow: 1.0 mL/min; 1% to 30% MeOH over 5 min,

97.8:2.2 e.r. (minor enantiomer tr = 3.95 min, major enantiomer tr = 3.42 min).
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[a]p?5 = +34.1 (c = 1.0, CHCI3).
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[Rh(COD)OH,

Me
Et0,CO. _Me (/D/B(OH)z (R)-Cl-OMe-BIPHEP N
+ > \ M
C52C03, Zn(OTf)2 €
1/0025‘ N THF

rt, 16 h X CO2Et

(£)-2-9a 2-Tw Z-2-10w (Z only)
General procedure A

(+)-Ethyl (S,Z2)-4-(1-methyl-1H-indol-5-yl)pent-2-enoate Z-2-10w

(+)-Ethyl (S,2)-4-(1-methyl-1H-indol-5-yl)pent-2-enoate Z-2-10w was prepared using
General procedure A with (1-methyl-1H-indol-5-yl)boronic acid 2-7w. Only Z product
was observed in the crude mixture. Purification by automated medium-pressure
chromatography (Et20/hexane = 0/100 to 25/75) afforded (+)-ethyl (S,2)-4-(1-methyl-
1H-indol-5-yl)pent-2-enoate Z-2-10w (46.32 mg, 0.18 mmol, 45%) as a colourless oil.

SFC analysis showed an enantiomeric excess of 94%.

1H NMR (400 MHz, CDCls) § 7.47 (dd, J = 1.8, 0.8 Hz, 1H, C(11)-H), 7.18 (dd, ] = 8.9, 1.0 Hz,
1H, C(Ar)-H), 7.10 (dd, ] = 8.5, 1.7 Hz, 1H, C(Ar)-H), 6.94 (d, J = 3.1 Hz, 1H, (12)-H), 6.36
(dd,J = 3.1, 0.8 Hz, 1H, C(13)-H), 6.25 (dd, ] = 11.4, 10.5 Hz, 1H, C(3)-H), 5.61 (dd, ] = 11.4,
1.0 Hz, 1H, C(2)-H), 4.92 (dq, J = 10.5, 6.9 Hz, 1H, C(4)-H), 4.14 (q, ] = 7.2 Hz, 2H, C(15)-
Hs), 3.68 (s, 3H, C(14)-Hs), 1.38 (d, ] = 7.0 Hz, 3H, C(5)-H3), 1.24 (t, ] = 7.1 Hz, 3H, C(16)-
H3s).

13C NMR (101 MHz, CDCls) § 166.5 (C(1)), 155.0 (C(3)), 135.6 (C(Ar)), 129.1 (C(Ar)),
128.7 (C(Ar)), 121.3 (C(2)), 118.7 (C(Ar)), 116.9 (C(Ar)), 109.3 (C(Ar)), 100.8 (C(Ar)),
59.9 (C(15)), 37.7 (C(6)), 32.8 (C(14)), 21.3 (C(5)), 14.3 (C(16)).

IR (CH3Cl film): 2961 (w), 1716 (s), 1608 (s), 1504 (s), 1453 (w), 1375 (w), 1169 (m),
1123 (m), 1033 (m), 825 (m), 755 (m), 668 (w) cm-1.

HRMS (ESI): m/z calculated for C16H2002N* [M+H]* 258.1489 found 258.1489.

SFC: Chiralpak® ID, 1500 psi, 30 °C; flow: 1.0 mL/min; 1% to 30% MeOH over 5 min,

96.8:3.2 e.r. (minor enantiomer tr = 2.23 min, major enantiomer tr = 2.15 min).
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[a]p25 = +332.0 (c = 1.0, CHCla).

[Rh(COD)OH], Clw N
EtO,CO,,_Me Ny BOH): (R)-Cl-OMe-BIPHEP z |
+ - NS Me
“L&/COZEt | _ Cs,C03, Zn(OTf),
cl THE N COE
rt, 16 h 2
()1 2x Z-3x (Z only)

General procedure A

(+)-Ethyl (S,Z)-4-(6-chloropyridin-3-yl)pent-2-enoate Z-2-10x

(+)-Ethyl (S,Z)-4-(6-chloropyridin-3-yl)pent-2-enoate Z-2-10x was prepared using
General procedure A with 6-chloropyridin-3-ylboronic acid 2-7x. Only Z product was
observed in the crude mixture. Purification by automated medium-pressure
chromatography (Et20/hexane = 0/100 to 45/55) afforded (+)-ethyl (S,2)-4-(6-
chloropyridin-3-yl)pent-2-enoate Z-2-10x (61.4 mg, 0.26 mmol, 64%) as a colourless oil.

SFC analysis showed an enantiomeric excess of 99%.

1H NMR (400 MHz, CDCl3) § 8.31 (dd, ] = 2.6, 0.7 Hz, 1H, C(7)-H), 7.57 (ddd, ] = 8.3, 2.6 Hz,
1H, C(10)-H), 7.24 (dd, J = 8.2, 0.7 Hz, 1H, C(9)-H), 6.16 (dd, J = 11.3, 10.1 Hz, 1H, C(3)-H),
5.78 (dd, ] = 11.4, 1.0 Hz, 1H, C(2)-H), 4.91 (dq,J = 10.2, 7.4 Hz, 1H, C(4)-H), 4.17 (q,/ = 7.1
Hz, 2H, C(11)-Hz), 1.39 (d, ] = 7.0 Hz, 3H, C(5)-H3), 1.28 (t,] = 7.1 Hz, 3H, C(12)-Hs).

13C NMR (101 MHz, CDCls) & 165.9 (C(1)), 151.4 (C(3)), 149.5 (C(8)), 148.6 (C(7)), 138.9
(C(6)), 137.6 (C(10)), 124.1 (C(2)), 119.3 (C(9)), 60.2 (C(11)), 34.7 (C(4)), 20.6 (C(5)),
14.2 (C(12)).

IR (CH3Cl film): 1715 (s), 1614 (w), 1457 (s), 1386 (m), 1107 (s), 1111 (m), 1029 (m),
829 (m), 753 (m), 633 (w) cmL.

HRMS (ESI): m/z calculated for C12H1502NCI* [M+H]* 240.0786 found 240.0786.

SFC: Chiralpak® IG, 1500 psi, 30 °C; flow: 1.0 mL/min; 1% to 30% MeOH over 5 min,

99.5:0.5 e.r. (minor enantiomer tr = 2.03 min, major enantiomer tr = 1.96 min).
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[a]p25 = +321.6 (c = 1.0, CHCI3).
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[Rh(COD)OH],

’
Etozcoml/\lvlj F N B(OH), (R)—CI—OMe—BIPHEP‘ N\ | y
M Cs,COy, Zn(OTH, ~ F e
X _-CO,Et N 2V Y3, 2
’ o THE X COEL
rt, 16 h
(+)-2-9a 2-7y Z-10-2y (Z only)

General procedure A

(+)-Ethyl (S,Z)-4-(2-fluoropyridin-4-yl)pent-2-enoate Z-2-10y

(+)-Ethyl (S,2)-4-(2-fluoropyridin-4-yl)pent-2-enoate Z-2-10y was prepared using
General procedure A with 2-fluoropyridin-4-yl boronic acid 2-7y. Only Z product was
observed in the crude mixture. Purification by automated medium-pressure
chromatography (Et20/hexane = 0/100 to 40/60) afforded (+)-ethyl (S,2)-4-(2-
fluoropyridin-4-yl)pent-2-enoate Z-2-10y (46.4 mg, 0.21 mmol, 52%) as a colourless oil.

SFC analysis showed an enantiomeric excess of 99%.

1H NMR (400 MHz, CDCl3) § 8.13 (d, ] = 2.0 Hz, 1H, C(Ar)-H), 7.71 (tdd, ] = 7.8, 2.6, 0.5 Hz,
1H, C(Ar)-H), 6.86 (dd, ] = 8.5, 3.0 Hz, 1H, C(Ar)-H), 6.18 (dd, J = 11.3, 10.2 Hz, 1H, C(3)-
H), 5.78 (dd, J = 11.4, 1.0 Hz, 1H, C(2)-H), 4.94 (dq, ] = 10.2, 7.0 Hz, 1H, C(4)-H), 4.19 (q, J
=7.1 Hz, 2H, C(11)-Hz), 1.41 (d, ] = 7.0 Hz, 3H, C(5)-Hs), 1.29 (t, ] = 7.1 Hz, 3H, C(12)-Hs).

13C NMR (101 MHz, CDCls) § 166.0 (C(1)), 162.5 (d, ] = 237.6 Hz, C(8)-H), 151.8 (C(3)),
146.1 (d, ] = 14.7 Hz, C(6)), 139.9 (d, ] = 7.8 Hz, C(Ar)), 137.6 (d, ] = 4.5 Hz, C(Ar)), 119.1
(C(2)), 109.3 (d, ] = 37.4 Hz, C(7)), 60.2 (C(11)), 34.5 (C(4)), 20.7 (C(5)), 14.2 (C(12)).

19F (13C)NMR (376 MHz, CDCl3) § -119.4.

IR (CH3Cl film): 1719 (s), 1621 (w), 1458 (m), 1109(s), 1113 (m), 1033 (m), 829 (m), 755
(s), 638 (w) cm-L.

HRMS (ESI): m/z calculated for C12H1sFNO2* [M+H]* 224.1081 found 224.1082.

SFC: Chiralpak® IG, 1500 psi, 30 °C; flow: 1.0 mL/min; 1% to 30% MeOH over 5 min,

99.6:0.4 e.r. (minor enantiomer tr = 1.94 min, major enantiomer tr = 1.76 min).

[a]p25 = +323.8 (c = 1.0, CHCl3).
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5.3.2.1 1,4-Addition of ortho-boronic acid to (+)-2-9a

The use of ortho-boronic acids gave rise to 1,4-addition to (*)-2-9a instead of the y-
selective Suzuki-Miyarua reaction. In the case of the reaction between ortho-
methylphenyl boronic acid and (#)-2-9a under the standard reaction conditions, the 1,4-
addition product was obtained in 30% yield, as a 1.4:1 ratio of diastereomers with 80%
ee in the major diastereomer. Asymmetric 1,4-addition is well described, so we did not

pursue these results any further. (Experiment performed by Stephen J. Webster).

[Rh(COD)OH]2 "
EtO,CO B(OH), R)-CI-OMe-BIPHEP e
> M
T\,co £t ©i Cs,C03, Zn(OTf), € Et0,CO
2 THF M
Me X ~COEt €
rt, 16 h 2 Et0,C
2-10a’
(+)-2-9a Not observed Observed

General procedure A

Major diastereomer of ethyl 4-((ethoxycarbonyl)oxy)-3-(o-tolyl)pentanoate 2-10a’:

1H NMR (400 MHz, CDCl3) § 7.23 (dd, ] = 7.4, 1.6 Hz, 1H, C(Ar)-H), 7.14 (m, 3H, C(Ar)-H
x3), 4.99 (qd, ] = 6.4, 4.9 Hz, 1H, C(4)-H), 4.17 (q, ] = 7.1 Hz, 2H, C(14)-Hz or C(16)-Hz),
4.01 (q,J = 7.1 Hz, 2H, C(14)-Hz or C(16)-Hz), 3.82 (ddd, ] = 9.2, 6.2, 4.9 Hz, 1H, C(3)-H),
2.81 (m, 2H, C(2)-Hz), 2.44 (s, 3H, C(12)-Hs), 1.28 (t,] = 7.1 Hz, 3H, C(15)-H3 or C(17)-Hs3),
1.18 (d, ] = 6.4 Hz, 3H, C(5)-H3), 1.10 (t, ] = 7.1 Hz, 3H, C(15)-H3 or C(17)-Hs).

13C NMR (101 MHz, CDCls) § 172.1 (C(1)), 154.8 (C(13)), 137.7 (C(Ar)), 137.3 (C(Ar)),
130.6 (C(Ar)), 127.2 (C(Ar)), 126.9 (C(Ar)), 126.2 (C(Ar)), 76.2 (C(4)), 64.0 (C(14) or
C(16)), 60.6 (C(14) or C(16)), 40.9 (C(3)), 35.6 (C(2)), 20.0 (C(12)), 16.4 (C(5)), 14.4
(C(15) or C(17)), 14.1 (C(15) or C(17)).

IR (CH3Cl film): 2987, 2362, 2339, 1744, 1466, 1374, 1270, 1178, 1036 cm1.
HRMS (ESI): m/z calculated for C17H240sNa* [M+Na]* 331.1516 found 331.1512.

SFC: Chiralpak® IG, 1500 psi, 30 °C; flow: 1.0 mL/min; 1% to 30% MeOH over 5 min,

89.9:10.1 e.r. (minor enantiomer tr = 2.40 min, major enantiomer tr = 2.04 min).
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5.3.2.2 Rh-catalysed reactions of (+)-2-11a-j

Voo Me CO,Et
[Rh(COD)OH], € H,
Me\/\[O/COZEt . /©/B(OH)2 (R)-Cl-OMe-BIPHEP ve  [RN(PPRS)SCI
—_—
X CO2Et Cs,CO3, Zn(OTH) THF
MeO 2L 03, 2
© THF, rt., 16 h o COLEL
OMe
(£)-2-11a 2-7c Z-2-12a and E-2-12a red-2-12a

General procedure B

OMe
14

(+)-Ethyl (S)-4-(4-methoxyphenyl)heptanoate red-2-12a

(+)-Ethyl (S)-4-(4-methoxyphenyl)heptanoate red-2-12a was prepared using General
procedure A with 4-methoxyphenyl boronic acid 2-7c, followed by reduction of the
resulting crude mixture of products (Z:E = 7.1:1) using General procedure B. Purification
by automated medium-pressure chromatography (Et20/hexane = 0/100 to 15/85) was
performed to afford (+)-ethyl (S)-4-(4-methoxyphenyl)heptanoate red-2-12a (94.1 mg,

0.36 mmol, 89%) as a colourless oil. SFC analysis showed an enantiomeric excess of 93%.

1H NMR (400 MHz, CDCl3) & 7.04 (d, ] = 8.7 Hz, 2H, C(9)-H and C(13)-H), 6.83 (d, ] = 8.6
Hz, 2H, C(10)-H and C(12)-H), 4.07 (q, ] = 7.2 Hz, 1H, C(15)-Hz), 3.79 (s, 3H, C(14)-H3),
2.47 (tt, ] = 9.9, 5.2 Hz, 1H, C(4)-H), 2.11 (m, 2H, C(2)-Hz), 1.98 (m, 1H, C(3)-H), 1.77 (m,
1H, C(3)-H), 1.56 (m, 2H, C(5)-Hz), 1.20 (m, 5H, C(6)-Hz and C(16)-Hs), 0.83 (t,] = 7.3 Hz,
3H, C(7)-Hs).

13C NMR (101 MHz, CDCls) § 173.8 (C(1)), 157.9 (C(11)), 136.8 (C(8)), 128.5 (C(9) and
C(13)), 113.8 (C(10) and C(12)), 60.2 (C(15)), 55.2 (C(14)), 44.3 (C(4)), 39.2 (C(5)), 32.5
(C(2)), 32.0 (C(3)), 20.6 (C(6)), 14.2 (C(16)), 14.1 (C(7)).

HRMS (ESI): m/z calculated for C16H2503* [M+H]* 265.1798 found 265.1798.

IR (CH3Cl film): 2956 (w), 2932 (w), 2871 (w), 1734 (s), 1612 (w), 1584 (w), 1513 (s),
1464 (w), 1375 (w), 1302 (w), 1248 (s), 1178 (m), 1116 (w), 1037 (m), 810 (m), 762 (w)

cml,
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SFC: Chiralpak® IF, 1500 psi, 30 °C; flow: 0.6 mL/min; 1% to 5% MeOH over 11 min,

96.5:3.5 e.r. (minor enantiomer tr = 6.19 min, major enantiomer tr = 6.34 min).

[a]p25 = +12.3 (c = 1.0, CHCl3).
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Me C02Et

Br.
[Rh(COD)OH], H,
Me\/\QO/COzEt . /©/B<OH)2 (R)-Cl-OMe-BIPHEP ve [RN(PPhg);CI]
> —_—
X-COEt o, Cs,CO3, Zn(0Tf), “ THF

THF, It 16 h COzEt

(£)-2-11a 2-7g Z-2-12b and Z-2-12b red-2-12b

General procedure B

(+)-Ethyl (S)-4-(4-bromophenyl)heptanoate red-2-12b

(+)-Ethyl (S5)-4-(4-bromophenyl)heptanoate red-2-12b was prepared using General
procedure A with 4-bromophenyl boronic acid 2-7g, followed by reduction of the
resulting crude mixture of products (Z:E = 3.6:1) using General procedure B. Purification
by automated medium-pressure chromatogramphy (Et20/hexane=0/100 to 20/80) was
performed to afford (+)-ethyl (S)-4-(4-bromophenyl)heptanoate red-2-12b (122.8 mg,

0.39 mmol, 98%) as a colourless oil. SFC analysis showed an enantiomeric excess of 93%.

1H NMR (400 MHz, CDCl3) & 7.40 (d, ] = 8.4 Hz, 2H, C(9)-H and C(13)-H), 7.01 (d, ] = 8.4
Hz, 2H, C(10)-H and C(12)-H), 4.07 (q, ] = 7.1 Hz, 2H, C(14)-Hz), 2.50 (tt, ] = 9.9, 5.1 Hz,
1H, C(4)-H), 2.10 (dd, J = 9.1, 7.2 Hz, 2H, C(2)-Hz), 2.00 (m, 1H, C(3)-H), 1.78 (m, 1H, C(3)-
H), 1.55 (m, 2H, C(5)-Hz), 1.21 (t, ] = 7.1 Hz, 3H, C(15)-Hs), 1.15 (m, 2H, C(6)-Hz), 0.83 (¢,
J = 7.3 Hz, 3H, C(7)-Hs).

13C NMR (101 MHz, CDCl3) § 173.5 (C(1)), 143.8 (C(4)), 131.5 (C(Ar) x2), 129.5 (C(Ar)
x2), 119.8 (C(11)), 60.3 (C(14)), 44.7 (C(4)), 38.9 (C(5)), 32.4 (C(3)), 31.7 (C(2)), 20.5
(C(6)), 14.2 (C(15)), 14.0 (C(7)).

HRMS (ESI): m/z calculated for C1sH2202Br* [M+H]* 315.0777 found 315.0777.

IR (CHsCl film): 2958 (w), 1732 (m), 1486 (w), 1376 (w), 1217 (w), 1160 (w), 1074 (w),
1035 (w), 1010 (w), 823 (w), 758 (s), 668 (w) cm-L.

SFC: Chiralpak® IG, 1500 psi, 30 °C; flow: 1.0 mL/min; 1% to 30% MeOH over 5 min,
96.5:3.5 e.r. (minor enantiomer tr = 2.01 min, major enantiomer tr = 1.90 min).
[a]p25 = +15.1 (c = 1.0, CHCl3).
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Me BoH), . [Rh(COD)OH], MO Ve Hy Me COoEt
)\Cjoza . /@/ 2 (R)-Cl-OMe-BIPHEP [Rh(PPh3)5Cl]
Me’ - Me —_—
Cs,CO3, Zn(OTH) THF
MeO 2CU3 2
SO0 THF, rt, 16 h X~ CO2Et

OMe
(+)-2-11b 2-7c Z-2-12¢ and E-2-12c red-2-12c

General procedure B

OMe
13

(+)-Ethyl (R)-4-(4-methoxyphenyl)-5-methylhexanoate red-2-12c

(+)-Ethyl (R)-4-(4-methoxyphenyl)-5-methylhexanoate red-2-12c¢ was prepared using
General procedure A with 4-methoxyphenyl boronic acid 2-7c, followed by reduction of
the resulting crude mixture of products (Z:E = 4.7:1) using General procedure B.
Purification by automated medium-pressure chromatography (E2tO/hexane = 0/100 to
15/85) was performed to afford (+)-ethyl (R)-4-(4-methoxyphenyl)-5-methylhexanoate
red-2-12c (60.3 mg, 0.23 mmol, 57%) as a colourless oil. SFC analysis showed an

enantiomeric excess of >99%,.

1H NMR (400 MHz, CDCl3) & 7.01 (d, J = 8.7 Hz, 2H, C(8)-H and C(12)-H), 6.82 (d, ] = 8.7
Hz, 1H, C(9)-H and C(11)-H), 4.06 (q, ] = 7.2 Hz, 2H, C(14)-Hz), 3.79 (s, 3H, C(13)-Hs), 2.16
(m, 1H, C(4)-H and C(5)-H), 2.04 (m, 1H, C(2)-Hz), 1.80 (m, 1H, C(3)-Hz2), 1.21 (t, ] = 7.1
Hz, 3H, C(15)-Hs), 0.96 (d, ] = 6.6 Hz, 3H, C(6)-Hs), 0.71 (d, ] = 6.7 Hz, 3H, C(6)-Hs).

13C NMR (101 MHz, CDCls) § 173.9 (C(1)), 157.9 (C(11)), 135.4 (C(7)), 129.3 (C(8) and
C(12)), 113.5 (C(9) and C(11)), 60.1 (C(14)), 55.2 (C(13)), 51.8 (C(4)), 33.6 (C(2)), 32.9
(C(3)), 28.3 (C(5)), 20.9 (C(6)), 20.7 (C(6)), 14.2 (C(15)).

HRMS (ESI): m/z calculated for Ci6H2503* [M+H]* 265.1798 found 265.1798.

IR (CH3Cl film): 2958 (w), 2874 (w), 1733 (s), 1611 (w), 1512 (s), 1466 (w), 1369 (w),
1303 (w), 1248 (s), 1216 (m), 1179 (m), 1038 (m), 828 (w), 757 (s), 668 (w) cm-L.

SFC: Chiralpak® IG, 1500 psi, 30 °C; flow: 1.0 mL/min; 1% to 30% MeOH over 5 min,

99.8:0.2 e.r. (minor enantiomer tr = 1.97 min, major enantiomer tr = 1.82 min).
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[a]o25 = +9.0 (c = 1.0, CHCl3).
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N B(OH), [RN(CODIOHI, M@ Me H, Me CO,Et
M )\C/COZEt . /©/ 2 (R)-Cl-OMe-BIPHEP [Rh(PPhs);Cl]
© > Me ————>
CO,Et Me' Cs,C0O3, Zn(OTf), THF
02 THF, rt., 16 h X COEL

Me
(£)-2-11b 2-7d Z-2-12d and E-2-12d red-2-12d

General procedure B
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(+)-Ethyl (R)-5-methyl-4-(p-tolyl)hexanoate red-2-12d

(+)-Ethyl (R)-5-methyl-4-(p-tolyl)hexanoate red-2-12d was prepared using General
procedure A with p-tolyl boronic acid 2-7d, followed by reduction of the resulting crude
mixture of products (Z:E = 2.8:1) using General procedure B. Purification by automated
medium-pressure chromatography (E2tO/hexane = 0/100 to 15/85) was performed to
afford (+)-ethyl (R)-5-methyl-4-(p-tolyl)hexanoate red-2-12d (80.5 mg, 0.32 mmol, 81%)

as a colourless oil. SFC analysis showed an enantiomeric excess of >99%.

1H NMR (400 MHz, CDCls3) & 7.08 (d, ] = 8.0 Hz, 2H, C(Ar)-H x2), 6.98 (d, ] = 7.9 Hz, 2H,
C(Ar)-H x2), 4.06 (q, / = 7.1 Hz, 2H, C(14)-Hz), 2.32 (s, 3H, C(13)-Hs), 2.20 (m, 1H, C(4)-
H), 2.12 (m, 1H, C(5)-H), 2.05 (m, 2H, C(2)-Hz), 1.82 (m, 2H, C(3)-Hz), 1.20 (t, ] = 7.1 Hz,
3H, C(15)-H3), 0.96 (d, ] = 6.7 Hz, 3H, C(6)-Hs), 0.72 (d, ] = 6.7 Hz, 3H, C(6)-H3).

13C NMR (101 MHz, CDCl3) § 173.9 (C(1)), 140.3 (C(7)), 135.5 (C(10)), 128.8 (C(Ar) x2),

128.3 (C(Ar) x2), 60.1 (C(14)), 52.2 (C(4)), 33.5 (C(5)), 32.9 (C(2)), 28.2 (C(3)), 21.0
(C(13)), 20.9 (C(6)), 20.8 (C(6)), 14.2 (C(15)).

HRMS (ESI): m/z calculated for Ci6H2502* [M+H]* 249.1849 found 249.1849.

IR (CH3Cl film): 2958 (w), 2873 (w), 1736 (s), 1514 (w), 1452 (w), 1370 (w), 1305 (w),
1246 (m), 1217 (m), 1162 (m), 1038 (w), 812 (w), 764 (s), 669 (s), 641 (w), 618 (w) cm"

1-

SFC: Chiralpak® IC, 1500 psi, 30 °C; flow: 0.6 mL/min; 1% to 5% MeOH over 8 min,

>99.9:0.1 e.r. (minor enantiomer tr = 3.80 min, major enantiomer tr = 3.64 min).
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[a]p?5 = +11.1 (c = 1.0, CHCI3).
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(-)-Ethyl (R)-4-(4-methoxyphenyl)-4-phenylbutanoate red-2-12g

Ethyl (R)-4-(4-methoxyphenyl)-4-phenylbutanoate red-2-12g was prepared using
General procedure A with 4-methoxyphenyl boronic acid 2-7c, followed by reduction of
the resulting crude mixture of products (Z:E = 1.7:1) using General procedure B.
Purification by automated medium-pressure chromatography (E2tO/hexane = 0/100 to
25/75) was performed to afford ethyl (R)-4-(4-methoxyphenyl)-4-phenylbutanoate red-
2-12g (107.4 mg, 0.36 mmol, 90%) as a colourless oil. SFC analysis showed an

enantiomeric excess of 93%. Characterisation data match literature reports.190

1H NMR (400 MHz, CDCl3) § 7.17 (m, 4H, C(Ar)-H x4), 7.08 (m, 3H, C(Ar)-H x3), 6.75 (d, ]
= 8.7 Hz, 2H, C(13)-H and C(15)-H), 4.02 (q, J = 7.1 Hz, 2H, C(18)-Hz), 3.80 (t, ] = 7.8 Hz,
1H, C(4)-H), 3.69 (s, 3H, C(17)-Hz), 2.27 (m, 2H, C(2)-Hz), 2.18 (m, 2H, C(3)-Hz), 1.15 (t, ]
=7.1 Hz, 3H, C(19)-Hs).

13C NMR (101 MHz, CDCls) § 173.5 (C(1)), 158.1 (C(14)), 144.6 (C(11)), 136.3 (C(5)),
128.8 (C(Ar) x2), 128.5 (C(Ar) x2), 127.8 (C(Ar) x2), 126.3 (C(8)), 113.9 (C(13) and
C(15)), 60.3 (C(18)), 55.2 (C(17)), 49.7 (C(4)), 32.9 (C(2)), 30.8 (C(3)), 14.3 (C(19)).

HRMS (ESI): m/z calculated for C19H2203Naz* [M+Na]* 321.1461 found 321.1461.

IR (CH3Cl film): 2952 (w), 1732 (s), 1611 (w), 1512 (s), 1453 (w), 1376 (w), 1303 (m),
1250 (s), 1178 (m), 1036 (m), 830 (w), 763 (s), 701 (m), 668 (m), 655 (w) cm-L.
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SFC: Chiralpak® IE, 1500 psi, 30 °C; flow: 1.0 mL/min; 1% to 10% MeOH over 5 min,

96.3:3.7 e.r. (minor enantiomer tr = 5.06 min, major enantiomer tr = 5.19 min).

[a]p25 = 3.0 (c = 1.0, CHCla).
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Ethyl (R)-4-(3,4-dichlorophenyl)-4-phenylbutanoate red-2-12h

Ethyl (R)-4-(3,4-dichlorophenyl)-4-phenylbutanoate red-2-12h was prepared using
General procedure A with 3,4-dichlorophenyl boronic acid, followed by reduction of the
resulting crude mixture of products (Z:E = 1.2:1) using General procedure B. Purification
by automated medium-pressure chromatography (E2tO/hexane = 0/100 to 25/75) was
performed to afford ethyl (R)-4-(3,4-dichlorophenyl)-4-phenylbutanoate red-2-12h
(116.0 mg, 0.34 mmol, 86%) as a colourless oil. SFC analysis showed an enantiomeric

excess of 99%. Characterisation data match literature reports.191

1H NMR (400 MHz, CDCl3) & 7.35 (d, ] = 8.3 Hz, 1H, C(Ar)-H), 7.31 (m, 3H, C(Ar)-H x3),
7.20 (m, 3H, C(Ar)-H x3), 7.07 (ddd, ] = 8.3, 2.2, 0.5 Hz, 1H, C(Ar)-H), 4.11 (q, ] = 7.1 Hz,
2H, C(17)-Hz), 3.90 (t, ] = 7.8 Hz, 1H, C(4)-H), 2.34 (m, 2H, C(2)-Hz), 2.26 (m, 2H, C(3)-Hz),
1.24 (t,] = 7.1 Hz, 3H, C(18)-Hs).

13C NMR (101 MHz, CDCls) § 173.1 (C(1)), 144.6 (C(Ar)), 142.8 (C(Ar)), 132.5 (C(Ar)),
130.5 (C(Ar)), 130.4 (C(Ar)), 129.8 (C(Ar)), 128.8 (C(Ar) x2), 127.8 (C(Ar) x2), 127.3
(C(Ar)), 126.9 (C(Ar)), 60.5 (C(17)), 49.7 (C(4)), 32.5 (C(2)), 30.3 (C(3)), 14.2 (C(18)).

HRMS (ESI): m/z calculated for C1sH1902Cl2* [M+H]* 337.0757 found 337.0756.

IR (CHsCl film): 3028 (w), 2885 (w), 1732 (s), 1472 (m), 1376 (w), 1239 (m), 1180 (m),
1156 (m), 1030 (m), 886 (m), 763 (s), 700 (m), 678 (w), 654 (w), 642 (w), 618 (w) cm-L.
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SFC: Chiralpak® IA, 1500 psi, 30 °C; flow: 1.0 mL/min; 1% to 30% MeOH over 5 min,

99.5:0.5 e.r. (minor enantiomer tr = 2.52 min, major enantiomer tr = 2.66 min).
[a]p?5 = -4.5 (c = 1.0, CHCI3).

Absolute configuration was determined by comparing specific optical rotation of red-2-

12h to that of (R)-methyl 4-(3,4-dichlorophenyl)-4-phenylbutanoate.192
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Products (S)-2-12e, (S)-2-12f, (5)-2-12i, (5)-2-12j, (S)-2-12p and (S5)-2-12q were
prepared by Ke Liu. Products (5)-2-12K, (5)-2-121, (5)-2-12m, (5)-2-12n, (5)-2-120, (S5)-
2-12r and (S)-2-12s we prepared by Stephen ]. Webster. Detailed procedures for
preparation of these compounds and their full characterisation data can be found in
‘Chelation enables selectivity control in enantioconvergent Suzuki-Miyaura cross-
couplings on acyclic allylic systems’, Violeta Stojalnikova, Stephen J. Webster, Ke Liu

and Stephen P. Fletcher. 2023, Nature Chemistry. Accepted.
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5.3.3 Procedures for the product derivatization

(+)-Ethyl (S,2)-4-(p-tolyl)pent-2-enoate Z-2-10d

General Procedure A was carried out using (4-methyl)phenylboronic acid 2-7d (108.8
mg, 0.80 mmol, 2.0 equiv.) and only Z-product was isolated by medium-pressure
automated flash chromatography to afford (+)-ethyl (S,2)-4-(p-tolyl)pent-2-enoate Z-2-
10d (70.7 mg, 32.4 mmol, 81%) as a colourless oil. SFC analysis showed an enantiomeric

excess of 96%.

1H NMR (400 MHz, CDCl3) & 7.20 (d, J = 8.1 Hz, 2H, C(7)-H and C(11)-H), 7.13 (d, ] = 7.9
Hz, 2H, C(8)-H and C(10)-H), 6.25 (dd, J = 11.4, 10.4 Hz, 1H, C(3)-H), 5.72 (dd, ] = 11.4, 1.0
Hz, 1H, C(2)-H), 4.87 (dq, ] = 10.4, 7.0 Hz, 1H, C(4)-H), 4.20 (q, ] = 7.2 Hz, 2H, C(13)-Hz),
2.32 (s, 3H, C(12)-Hs), 1.39 (d, ] = 6.9 Hz, 3H, C(5)-H3), 1.31 (t, ] = 7.1 Hz, 3H, C(14)-Hs).

13C NMR (101 MHz, CDCl3) § 166.3 (C(1)), 154.0 (C(3)), 141.7 (C(6)), 136.0 (C(9)), 129.3
(C(8) and C(10)), 126.9 (C(7) and C(11)), 117.6 (C(2)), 59.9 (C(13)), 37.3 (C(4)), 21.0
(C(12)), 20.9 (C(5)), 14.3 (C(14)).

IR (CH3Cl film): 2978 (w), 1718 (s), 1642 (m), 1513 (m), 1455(w), 1441 (w), 1100 (s),
1098 (w), 1033 (m), 815 (m), 755 (s) cm-L.

HRMS (ESI): m/z calculated for C14H1902* [M+H]* 219.1380 found 219.1382.

SFC: Chiralpak® IG, 1500 psi, 30 °C; flow: 1.0 mL/min; 1% to 30% MeOH over 5 min,

97.8:2.2 e.r. (minor enantiomer tr = 1.72 min, major enantiomer tr = 1.52 min).

[a]p25 = +337.5 (c = 1.0, CHCl3)
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Me Me
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91% (over 2 steps)

96% ee

(-)-Ethyl (S,E)-4-(p-tolyl)pent-2-enoate E-2-10d

General Procedure A was carried out using (p-tolyl)phenylboronic acid 2-7d (108.8 mg,
0.80 mmol, 2.0 equiv.) and crude product (containing Z-2-10d and E-2-10d with Z:E ratio

of 4.4:1) was used in the next step.

4CzIPN (15.8 mg, 0.020 mmol, 0.05 equiv.), diphenyl disulphide (96.1 mg, 0.44 mmol, 1.1
equiv.) and THF (4.0 mL) were added to the crude product (containing Z-2-10d and E-2-
10d) and the reaction mixture was irradiated with blue light (Evoluchem 450PF 450 nm
CREE XPE (part number HCK1012-01-002), 18 W power consumption and 34 mW/cm?2
output relative irradiance) for 2 h. The mixture was filtered through a plug of silica with
Et20 and the solvent was removed in vacuo. Purification by flash chromatography
afforded (-)-ethyl (§,E)-4-(p-tolyl)pent-2-enoate E-2-10d (79.5 mg, 0.36 mmol, 91%) as
a colourless oil. SFC analysis showed an enantiomeric excess of 96%. Characterisation

data match literature reports.19?

1H NMR (400 MHz, CDCls) & 7.10 (m, 5H, C(3)-H, C(7)-H, C(8)-H, C(10)-H and C(11)-H),
5.79 (dd, J = 15.7, 1.6 Hz, 1H, C(2)-H), 4.17 (q, ] = 7.1 Hz, 2H, C(13)-Hz), 3.58 (m, 1H, C(4)-
H), 2.33 (s, 3H, C(12)-H3), 1.41 (d, ] = 7.0 Hz, 3H, C(5)-Hs), 1.27 (t, ] = 7.1 Hz, 3H, C(14)-
H3s).
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13C NMR (101 MHz, CDCls) § 166.8 (C(1)), 152.8 (C(3)), 140.3 (C(6)), 136.3 (C(9)), 129.4
(C(8) and C(10)), 127.2 (C(7) and C(11)), 120.0 (C(2)), 60.3 (C(13)), 41.7 (C(4)), 21.0
(C(12)), 20.3 (C(5)), 14.3 (C(14)).

IR (CH3Cl film): 2971 (w), 1716 (m), 1651 (w), 1514 (w), 1455(w), 1368 (w), 1268 (m),
1216 (m), 1174 (m), 1131 (w), 1036 (m), 1016 (w), 981 (w), 866 (w), 818 (m), 754 (s),
668 (m), cm-L.

HRMS (ESI): m/z calculated for C1aH1902* [M+H]* 219.1380 found 219.1379.

SFC: Chiralpak® IG, 1500 psi, 30 °C; flow: 1.0 mL/min; 1% to 30% MeOH over 5 min,

97.9:2.1 e.r. (minor enantiomer tr = 2.27 min, major enantiomer tr = 1.86 min).

[a]p?5 = -11.2 (c = 1.0, CHCl3) (Lit!15.: [a]p30 = —13.6 (c = 1.3, CHCl3)).
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(+)-Ethyl (35,4S5)-3-(4-fluorophenyl)-4-(p-tolyl)pentanoate 2-13

[Rh(C2H4)2Cl]2 (1.9 mg, 0.005 mmol, 0.025 equiv.) and (S)-BINAP (7.5 mg, 0.012 mmo],
0.06 equiv.) were dissolved in dioxane (1.0 mL, 0.2 M) and stirred for 10 minutes. KOH (1
M/H20, 0.10 mL, 0.10 mmol, 0.5 equiv.) was added; the mixture was stirred for further 5
minutes and transferred into a flask containing (4-fluoro)phenylboronic acid 2-7b (84.0
mg, 0.60 mmol, 3.0 equiv.). (-)-Ethyl (S,E)-4-(p-tolyl)pent-2-enoate E-2-10d (43.7 mg,
0.20 mmol, 1.0 equiv.) was added and the reaction mixture was stirred at 60 °C for 14 h.
The reaction was quenched with hexane (5 mL) and filtered through a plug of silica. The
solvent was evaporated in vacuo and the residue was purified by column
chromatography to give (+)-ethyl (35,4S5)-3-(4-fluorophenyl)-4-(p-tolyl)pentanoate 2-13
(49.0 mg, 0.16 mmol, 78%) as a colourless oil.

1H NMR (400 MHz, CDCl3) § 6.98 (dd, J = 7.5, 0.8 Hz, 2H, C(Ar)-H x2), 6.86 (m, 6H, C(Ar)-
H x6), 3.97 (m, 2H, C(19)-Hz), 3.34 (ddd, ] = 10.0, 7.2, 5.7 Hz, 1H, C(3)-H), 2.97 (p, ] = 7.1
Hz, 1H, C(4)-H), 2.76 (dd, ] = 15.3, 5.7 Hz, 1H, C(2)-H), 2.57 (dd, ] = 15.3, 10.0 Hz, 1H, C(2)-
H), 2.27 (s, 3H, C(12)-Hs), 1.27 (d, ] = 7.1 Hz, 3H, C(5)-Hs), 1.07 (t, ] = 7.1 Hz, 3H, C(20)-
Ha).

13C NMR (126 MHz, CDCl3) § 172.4 ((C(1)), 161.4 (d, ] = 243.9 Hz, C(16)), 140.7 (C(Ar)),
137.4 (d, J = 3.2 Hz, C(13)), 135.7 (C(Ar)), 129.9 (d, ] = 7.8 Hz, C(14) and C(18)), 128.6
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(C(Ar) x2), 128.0 (C(Ar) x2), 114.5 (d, J = 21.2 Hz, C(15) and C(17)), 60.3 (C(19)), 47.8
(C(3)), 44.5 (C(4)), 38.2 (C(2)), 21.0 (C(12)), 18.8 (C(5)), 14.1 (C(20)).

19F (13C)NMR (470 MHz, CDCl3) § -116.6.

IR (CH3Cl film): 3968 (br), 1732 (s), 1605 (m), 1511 (s), 1375 (m), 1219 (s), 1159 (s),
1103 (w), 1017 (w), 834 (m), 756 (s), 668 (w), 629 (w) cm1L.

HRMS (ESI): m/z calculated for C20H2302FNa* [M+Na]* 337.1574 found 337.1574.

[a]p25 = +25.3 (c = 1.0, CHCl3)
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(+)-Ethyl (3R,4S)-3-(4-fluorophenyl)-4-(p-tolyl)pentanoate 2-14

[Rh(C2H4)2Cl]2 (3.9 mg, 0.010 mmol, 0.05 equiv.) and (R)-BINAP (14.9 mg, 0.024 mmo],
0.12 equiv.) were dissolved in dioxane (1.0 mL, 0.2 M) and stirred for 10 minutes. KOH (1
M/H20, 0.10 mL, 0.10 mmol, 0.5 equiv.) was added; the mixture was stirred for further 5
minutes and transferred into a flask containing (4-fluoro)phenylboronic acid 2-7b (84.0
mg, 0.60 mmol, 3.0 equiv.). (-)-Ethyl (S,E)-4-(p-tolyl)pent-2-enoate E-2-10d (43.7 mg,
0.20 mmol, 1.0 equiv.) was added and the reaction mixture was stirred at 80 °C for 14 h.
The reaction was quenched with hexane (5 mL) and filtered through a plug of silica. The
solvent was evaporated in vacuo and the residue was purified by column
chromatography to give (+)-ethyl (3R,4S5)-3-(4-fluorophenyl)-4-(p-tolyl)pentanoate 2-
14 (42.8 mg, 0.14 mmol, 68%) as a colourless oil.

1H NMR (400 MHz, CDCl3) § 7.19 (m, 2H), 7.12 (m, 4H), 7.00 (m, 2H), 3.84 (g, ] = 7.2 Hz,
2H), 3.20 (td, ] = 10.0, 5.6 Hz, 1H), 2.80 (dq, ] = 10.4, 6.9 Hz, 1H), 2.40 (d, ] = 2.2 Hz, 1H),
2.38 (d, ] = 6.4 Hz, 1H), 2.34 (s, 3H), 1.00 (m, 6H).

13C NMR (126 MHz, CDCl3) § 172.3, 161.6 (d, ] = 244.1 Hz), 142.1, 138.4 (d, ] = 3.5 Hz),
136.1,129.6 (d,] = 7.7 Hz), 129.3, 127.4, 115.1 (d, ] = 21.0 Hz), 60.1, 48.6, 45.5, 40.2, 21.0,
20.6, 14.0.

19F (13C)NMR (470 MHz, CDCl3) § -116.6.

IR (CHsCl film): 2974 (m), 2361 (w), 1733 (s), 1605 (m), 1510 (s), 1455 (m), 1374 (m),
1224 (s), 1159 (s), 1103 (m) cm1.

HRMS (ESI): m/z calculated for C20H2402F* [M+H]* 315.1755 found 315.1755.

[a]p?5 = +4.5 (c = 1.0, CHCl3)
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Absolute stereochemistry was assigned by comparing 1H NMR and [a]p of 2-14 to those
of ethyl (35,4R)-3,4-diphenylpentanoate.201
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(+)-(S)-2-(but-3-en-2-yl)naphthalene 2-15

A mixture of (5,2)-and (S,E)-4-(naphthalen-2-yl)pent-2-enoate Z-2-10p and E-2-10p
resulting from the Rh-catalysed coupling reaction (0.4 mmol, 1.0 equiv.) was dissolved in
toluene (2.0 mL) in a 10 mL ampoule fitted with a Young'’s valve and Hoveyda-Grubbs II
catalyst (12.5 mg, 0.02 mmol, 5 mol%) was added. The ampoule was cycled onto a
Schlenk line, carefully evacuated, and then pressurised to 2 Bar with ethylene. The
reaction mixture was stirred at 75 °C for 24 h, after which the ampoule was vented
carefully. The reaction mixture was diluted with hexane, filtered through a short plug of
silica eluting with hexane and concentrated in vacuo. Purification by flash column
chromatography (hexane, 100%) afforded (+)-(S)-2-(but-3-en-2-yl)naphthalene 2-15
(61.2 mg, 0.34 mmol, 84%) as a colourless oil. SFC analysis showed an enantiomeric

excess of 90%. Characterisation data match literature reports.200

1H NMR (400 MHz, CDCl3) § 7.80 (ddd, J = 8.3, 4.7, 1.9 Hz, 3H, C(Ar)-H x3), 7.65 (dd, ] =
1.7, 0.9 Hz, 1H, C(Ar)-H), 7.44 (m, 2H, C(Ar)-H x2), 7.37 (dd, J = 8.5, 1.8 Hz, 1H, C(Ar)-H),
6.09 (ddd, J = 17.2, 10.3, 6.4 Hz, 1H, C(2)-H), 5.10 (m, 2H, C(1)-H x2), 3.64 (p, ] = 7.0 Hz,
1H, C(3)-H), 1.46 (d, ] = 7.0 Hz, 3H, C(4)-Hs).

13C NMR (126 MHz, CDCl3) § 143.1 C(2), 143.0 C(Ar), 133.6 C(Ar), 132.2 C(Ar), 128.0
C(Ar), 127.6 C(Ar), 127.6 C(Ar), 126.3 C(Ar), 125.9 C(Ar), 125.3 C(Ar), 125.2 C(Ar), 113.4
C(1), 43.3 C(3), 20.7 C(4).

IR (CHsCl film): 3056 (w), 2928 (w), 1632 (m), 1600 (w), 1506 (m), 1453 (m), 1412 (w),
1373 (w), 1271 (w) cm-L.

HRMS (GC EI MS): m/z calculated for C1aH1a* [M]* 182.10900 found 182.11142.
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SFC: Chiralpak® IG, 1500 psi, 30 °C; flow: 1.0 mL/min; 0% MeOH for 3min; 0% to 10%
MeOH over 5 min, 94.8:5.2 e.r. (minor enantiomer tr = 4.72 min, major enantiomer tr =
4.38 min).

[a]p25 = +10.6 (c = 1.0, CHCl3) (LitS6.: [o]p28 = +12.6 (ee = 96%, c = 1.0, CHCls)).
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(+)-(S)-4-(p-tolyl)pentan-1-0l 2-16

LiAlH4 (0.44 mL, 0.88 mmol, 2.2 eq, 2.0 M solution in THF) was added to a solution of
ethyl (+)-(S)-4-(p-tolyl)pentanoate red-2-10d (81.7 mg, 0.40 mmol, 1.0 equiv.) in THF
(1.10 mL) at 0 °C and the mixture was refluxed for 5 hours. Reaction mixture was cooled
to 0 °C and diluted with EtOAc. The reaction was quenched by slow addition of water and
10% NaOH. Organic and aqueous layers were separated and aqueous layer was extracted
with Et20 (x3). Combined organic phases were washed with brine and dried over Na2S0a.
The solvent was evaporated in vacuo and the residue was purified by column
chromatography to give (+)-(S)-4-(p-tolyl)pentan-1-ol 2-16 (62.4 mg, 0.35 mmol, 88%)
as a colourless liquid. SFC analysis showed an enantiomeric excess of 96%.

Characterisation data match literature reports.202

1H NMR (400 MHz, CDCl3) § 7.11 (m, 4H, C(Ar)-H x4), 3.59 (t,] = 6.5 Hz, 2H, C(1)-Hz), 2.68
(h,] = 7.0 Hz, 1H, C(4)-H), 2.33 (s, 3H, C(12)-H3), 1.63 (m, 2H, C(2)-Hz), 1.48 (m, 2H, C(3)-
Hz), 1.26 (dd, ] = 6.9, 1.1 Hz, 3H, C(5)-Hs).

13C NMR (101 MHz, CDCl3) § 144.3 (C(6)), 135.4 (C(9)), 129.1 (C(Ar) x2), 126.9 (C(Ar)
x2), 63.1 (C(1)), 39.4 (C(4)), 34.4 (C(2)), 31.0 (C(3)), 22.5 (C(5)), 21.0 (C(12)).

IR (CH3Cl film): 3334 (br), 2955 (s), 2930 (s), 2870 (s), 1515 (s), 1455 (m), 1059 (s), 1023
(m), 816 (s), 757 (s) cm-1.

HRMS (ESI): m/z calculated for C12H1s80Na* [M+Na]* 201.1250 found 201.1250.

SFC: Chiralpak® IG, 1500 psi, 30 °C; flow: 1.0 mL/min; 1% to 30% MeOH over 5 min,

97.8:2.2 e.r. (minor enantiomer tr = 3.69 min, major enantiomer tr = 3.59 min).

[a]p25 = +15.4 (c = 1.0, CHCl3) (Lit15.: [a]p28 = +14.6 (c = 0.7, CHCl3)).

192



Me
12

(+)-(S)-4-(p-tolyl)pentanal S6

(+)-(5)-4-(p-tolyl)pentan-1-ol 2-16 (28.7 mg, 0.16 mmol, 1.0 equiv.) in CH2Cl2 (0.6 mL)
was added to a solution of Dess-Martin periodinane (81.8 mg, 0.19 mmol, 1.2 equiv.) in
CH2Cl2 (1.0 mL) at 0 °C. The reaction mixture was stirred at ambient temperature (23 °C)
for 1 h, then diluted with Et20 and poured into a solution of sodium thiosulfate in
saturated aqueous NaHCOs. The aqueous layer was extracted with Et20 (x2). Combined
organic phases were washed with brine and dried over Na2S0s4. The solvent was
evaporated in vacuo and the residue was purified by column chromatography to (+)-give
(S)-4-(p-tolyl)pentanal S6 (23.7 mg, 0.13 mmol, 84%) as a colourless oil. Characterisation

data match literature reports.203

1H NMR (400 MHz, CDCl3) § 9.68 (t, ] = 1.6 Hz, 1H, -COH), 7.12 (m, 2H, C(Ar)-H x2), 7.06
(m, 2H C(Ar)-H x2), 2.68 (m, 1H, C(4)-H), 2.32 (m, 5H, C(2)-H and C(12)-H3), 1.89 (m, 2H,
C(3)-H), 1.27 (d, ] = 6.9 Hz, 3H, C(5)-Hs3).

13C NMR (101 MHz, CDCl3) § 202.5 (C(1)), 143.0 (C(6)), 135.8 (C(9)), 129.2 (C(Ar) x2),
126.9 (C(Ar) x2), 42.2 (C(2)), 38.9 (C(4)), 30.4 (C(3)), 22.4 (C(5)), 21.0 (C(12)).

IR (CH3Cl film): 3020 (w), 2960 (w), 2926 (w), 2720 (w), 1724 (s), 1515 (w), 1456 (w),
1377 (w), 1217 (w), 1019 (w), 817 (m), 756 (s), 668 (w) cm-L.

HRMS (GC/EI-MS): m/z calculated for C12H160* [M]* 176.11957 found 176.11867.

[a]p25 = +17.4 (c = 1.0, CHCl3) (Lit203.: [a]p20 = +17.9 (c = 1.4, CHCl3)).
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(+)-(S)-curcumene 2-17

nBulLi (2.5 M in hexane, 0.13 mL, 0.33 mmol, 3.0 equiv.) was added dropwise to a stirred
suspension of isopropyltriphenylphosphonium iodide (141.4 mg, 0.33 mmol, 3.0 equiv.)
in THF (1.0 mL) at -10 °C. The mixture was stirred at -10 °C for 30 min. (+)-(5)-4-(p-
tolyl)pentanal S6 (19.2 mg, 0.11 mmol, 1.0 equiv.) in THF (0.5 mL) was added slowly at 0
°C and the resulting mixture was stirred at ambient temperature (23 °C) for 1 h. The
reaction was quenched by slow addition of saturated aqueous NH4Cl. The aqueous layer
was extracted with Et20 (x3). Combined organic phases were washed with brine and
dried over Na2S04. The solvent was evaporated in vacuo and the residue was purified by
column chromatography to give (+)-(S)-curcumene 2-17 (17.4 mg, 0.086 mmol, 79%) as
a colourless oil. SFC analysis showed an enantiomeric excess of 96%. Characterisation

data match literature reports.204

1H NMR (500 MHz, CDCl3) 8 7.09 (m, 4H, C(Ar)-H x4), 5.10 (tt, ] = 7.2, 1.5 Hz, 1H, C(5)-H),
2.66 (h, ] = 7.0 Hz, 1H, C(2)-H), 2.32 (s, 3H, C(14)-H3), 1.88 (m, ] = 7.4 Hz, 2H, C(4)-H2),
1.68 (s, 3H, C(7b)-H3), 1.59 (m, 2H), 1.53 (s, 3H, C(7a)-H3), 1.22 (d, ] = 6.9 Hz, 3H, C(1)-
H3s).

13C NMR (126 MHz, CDCls) § 144.7 (C(8)), 135.2 (C(11)), 131.4 (C(6)), 129.0 (C(Ar)-H
x2), 126.9 (C(Ar)-H x2), 124.6 (C(5)), 39.0 (C(2)), 38.5 (C(3)), 26.2 (C(4)), 25.7 (C(7b)),
22.5 (C(14)), 21.0 (C(1)), 17.7 (C(7a)).

IR (CHsClI film): 3657 (w), 2981 (s), 2926 (m), 2888 (m), 1733 (w), 1514 (w), 1455 (w),
1380 (m), 1252 (w), 1217 (w), 1152 (w), 1073 (w), 955 (w), 816 (w), 757 (s), 668 (w)
cm-l,

HRMS (GC/EI-MS): m/z calculated for CisHzz* [M]* 202.17160 found 202.17255.

SFC: Chiralpak® ID, 1500 psi, 30 °C; flow: 1.0 mL/min; 0% MeOH for 3 min, 0% to 10%
MeOH over 5 min, 97.9:2.1 e.r. (minor enantiomer tr = 2.08 min, major enantiomer tr =
2.19 min).
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[a]o25 = +42.2 (c = 1.0, CHCl3) (Lit78.: [o]p?5 = +44.6 (c = 1.0, CHCl3)).
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(+)-(S)-4-(p-tolyl)pentanoic acid S7

A solution LiOH (38.3 mg, 1.60 mmol, 4 equiv.) in water (0.10 mL) was added to of ethyl
(+)-(5)-4-(p-tolyl)pentanoate red-2-10d (81.7 mg, 0.40 mmol, 1.0 equiv.) in THF (0.20
mL) and MeOH (0.10 mL) at 0 °C. The reaction mixture was stirred at 50 °C for 3h. The
reaction was quenched by slow addition of 1 M HCI solution at 0 °C. The aqueous layer
was extracted with Et20 (x3). Combined organic phases were washed with brine and
dried over Na2SO4. The solvent was evaporated in vacuo and the residue was purified by
column chromatography to give (+)-(S)-4-(p-tolyl)pentanoic acid $7 (59.0 mg, 0.31

mmol, 77%) as a pale-yellow oil. Characterisation data match literature reports.205

1H NMR (400 MHz, CDCl3) & 7.13 (d, ] = 8.1 Hz, 2H, C(Ar)-H x2), 7.09 (d, ] = 8.2 Hz, 2H,
C(Ar)-H x2), 2.71 (m, 1H, C(4)-H), 2.34 (s, 3H, C(12)-Hs), 2.25 (m, 2H, C(2)-Hz), 1.91 (m,
2H, C(3)-Hz2), 1.28 (d, ] = 6.9 Hz, 3H, C(5)-Hs).

13C NMR (101 MHz, CDCl3) § 180.3 (C(1)), 143.0 (C(6)), 135.8 (C(9)), 129.2 (C(Ar) x2),
126.9 (C(Ar) x2), 38.9 (C(4)), 33.0 (C(2)), 32.4 (C(3)), 22.3 (C(12)), 21.0 (C(5)).

IR (CHsCl film): 2960 (w), 2926 (w), 1707 (s), 1515 (w), 1455 (w), 1414 (w), 1285 (w),
940 (w), 818 (m), 757 (m) cm1.

HRMS (ESI): m/z calculated for C12H1502" [M-H]- 191.1078 found 191.1071.

[a]p25 = +15.6 (c = 1.0, CHCl3) (Lit205.: [o]n25 = +14.2 (c = 1.0, CHCl3)).
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(-)-(S)-4,7-dimethyl-1-tetralone 2-19

A solution of trifluoroacetic anhydride (0.17 mL, 1.23 mmol, 4.0 equiv.) and
trifluoroacetic acid (0.17 mL, 2.15 mmol, 7.0 equiv.) was added to (+)-(S)-4-(p-
tolyl)pentanoic acid S7 (59.0 mg, 0.31 mmol, 1.0 equiv.) at 0 °C. The reaction mixture was
stirred at ambient temperature (23 °C) for 10 h, then saturated aqueous NaHCO3 was
added to the reaction mixture at 0 °C. The aqueous layer was extracted with Et20 (x3).
Combined organic phases were washed with brine and dried over Na2S04. The solvent
was evaporated in vacuo and the residue was purified by column chromatography to give
(-)-(5)-4,7-dimethyl-1-tetralone 2-19 (35.6 mg, 0.20 mmol, 66%) as a colourless oil. SFC
analysis showed an enantiomeric excess of 96%. Characterisation data match literature

reports.206

1H NMR (400 MHz, CDCls) § 7.84 (d, ] = 1.3 Hz, 1H, C(8)-H), 7.33 (ddd, ] = 7.9, 2.0, 0.7 Hz,
1H, C(6)-H), 7.23 (d, ] = 7.9 Hz, 1H, C(5)-H), 3.06 (pd, ] = 7.1, 4.2 Hz, 1H, C(4)-H), 2.78 (ddd,
] =17.4, 8.5, 4.5 Hz, 1H, C(2)-H), 2.58 (ddd, ] = 17.3, 8.8, 4.8 Hz, 1H, C(2)-H), 2.36 (s, 3H,
C(10)-Hs), 2.23 (ddt, ] = 13.2, 8.5, 4.6 Hz, 1H, C(3)-H), 1.88 (dddd, ] = 13.4, 8.9, 7.4, 4.6 Hz,
1H, C(3)-H), 1.38 (d, ] = 7.0 Hz, 3H, C(9)-Hs).

13C NMR (126 MHz, CDCl3) § 198.7 (C(1)), 146.1 (C(8a)), 136.2 (C(4a)), 134.6 (C(Ar)),
131.6 (C(7)), 127.4 (C(Ar) x2), 36.5 (C(2)), 32.5 (C(4)), 30.7 (C(3)), 20.9 (C(10)), 20.7

(€.

HRMS (ESI): m/z calculated for C12H15s0* [M+H]* 175.1117 found 175.1117.

IR (CHsCl film): 3023 (w), 2927 (w), 1684 (s), 1612 (w), 1495 (w), 1458 (w), 1409 (w),
1304 (m), 1181 (m), 943 (w), 817 (w), 754 (w) cm-L

SFC: Chiralpak® IG, 1500 psi, 30 °C; flow: 1.0 mL/min; 0% MeOH for 3 min, 0% to 6%
MeOH over 3 min, 6% to 9% MeOH over 10 min, 98:2 e.r. (minor enantiomer tr = 7.66

min, major enantiomer tr = 7.72 min).
[a]p?5 = -9.3 (c = 1.0, CHCI3) (Lit2%5.: [a]p2°> = -10.0 (c = 1.0, CHCI3)).
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5.3.4 Reaction optimisation

5.3.4.1 Screening of reaction additives

Table 5.1 Additive screening.

[Rh COD)OH],

Etozco‘T\/ BOH):2  (R)-Cl-MeO-BIPHEP M
- e
COREt © Cs,CO;, additive
)-2-9a

THF, T N COE

2-10a
(Zand E)

ee of NMRyield NMR yield Total Ratio SM/

Entry Additive TCO 2/ 0 ofZ/% ofE/% yield /% (ZE) %
1 AgOTY 60 98 29 7 36 21:1 58
2 Er(OTHs 60 97 65 24 89 27:1 0
3 Yt(OTh: 60 97 62 25 87 25:1 0
4 Zn(OTH: 60 97 67 25 92 27:1 0
5 ZnCh 60 - 0 0 0 : 85
6  ZnBr: 60 - 0 0 0 : 89
7 7Znk 60 - 0 0 0 : 100
8  7ZnCL(inEw0) 60 98 56 19 75 20:1 26
9 AgNTE 60 96 57 23 80 25:1 13
10 AgSbFs 60 98 42 9 51 47:1 47
11 AgBFs 60 98 50 14 64 36:1 36
12 AgPFs 60 99 42 11 53 38:1 43
13 AglOs 60 - 0 0 0 : 0
14 AgClOs 60 96 57 17 74 34:1 10
15  TFOH 60 97 55 18 73 31:1 0
16 Cu(OTfH: 60 97 34 8 42 43:1 5
17 Zn(OTH: . 98 75 19 94 40:1 0
18 AgOTf vt 98 28 7 36 41:1 54
19 TFOH vt 97 55 18 73 31:1 20

Conditions: [Rh(COD)OH]z (2.5 mol %), (R)-Cl-MeO-BIPHEP (6.0 mol %), Cs2C0s3 (1.0
equiv.), additive (0.2 equiv.), phenylboronic acid (2.0 equiv.), 16 h.
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5.3.4.2 Variation of additive equivalents

Table 5.2 Effect of Zn(OTf)z equivalents on the reaction outcome.

[Rh(COD)OH],
Et0,CO. _Me B(OH), (R)-Cl-OMe-BIPHEP
* ©/ Cs,COs, Zn(OT), Me
N0 THE N CO,EL
rt, 16 h 2
(£)-2-9a 2-7a 2-10a

Entry Zn(OTf)2 equiv. yield of 2-10a /% eeof2-10a/% Z/E of2-10a

1 0.1 equiv. 89 97 39:1
2 0.2 equiv. 94 98 4.0:1
3 0.5 equiv. 91 98 34:1
4 1 equiv. 56 85 2.6:1

Reaction conditions: [Rh(cod)OH]2 (2.5 mol %), (R)-Cl-MeO-BIPHEP (6.0 mol %), (*)-2-
9a (0.4 mmol, 1.0 equiv.), 2-7a (2.0 equiv.), Cs2C03 (1.0 equiv.), Zn(OTf)2, THF (0.1 M),
r.t, 16 h. All experiments were performed on 0.20 mmol scale. All compounds were
isolated as single regioisomers (rr > 99:1). Enantiomeric ratios were determined by
subsequent hydrogenation of the product mixture and SFC analysis on a chiral non-
racemic stationary phase.
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5.3.4.3 Variation of base

Table 5.3 Effect varying base on the reaction outcome.

[Rh(COD)OH],
Et0,CO. _Me B(OH), (R)-Cl-OMe-BIPHEP
KcozEt + ©/ THe ] \M eco Et
50°C, 16 h 2
(£)-2-9a 2-7a 2-10a
Entry Base yield of 2-10a /% eeof2-10a/%  Z/E of2-10a
1 Cs2C03 82 98 34:1
2 CsOH (50wt%aq.) 5 97 N/A
3 K3PO4 63 97 3.2:1
4 KOAc 35 96 3.8:1
5 NaOMe 25 96 3.2:1
6 KOtBu 18 95 25:1
7 KOH 19 95 3.7:1
8 NEt3 0 N/A N/A

Reaction conditions: [Rh(cod)OH]2 (2.5 mol %), (R)-Cl-MeO-BIPHEP (6.0 mol %), (*)-2-
9a (0.4 mmol, 1.0 equiv.), 2-7a (2.0 equiv.), base (1.0 equiv.), THF (0.1 M), 50 °C, 16 h. All
experiments were performed on 0.20 mmol scale. All compounds were isolated as single
regioisomers (rr > 99:1). Enantiomeric ratios were determined by subsequent
hydrogenation of the product mixture and SFC analysis on a chiral non-racemic
stationary phase.
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5.3.5 Procedures for the synthesis of substrates for mechanistic

studies
0 o) o 0
o NBS [Ir(COD)Cl], P
HO > > O 0
/\E/) NaHCO, NaOAc & | 2 g-dichiorobenzoic acid || o7 "okt |
THF, 0°C DCM Pyridine, DCM
OH OH OCO,Et
S8 (+)-2-22
80% 61%
over 2 steps
o)
2 A3 |4
10875
OH

6-hydroxy-2H-pyran-3(6H)-one S8

Following a procedure by Waldmann207, NBS (4.58 g, 25.7 mmol, 1.05 equiv.) was added
to a solution of furfuryl alcohol (2.13 mL, 24.5 mmol, 1.0 equiv.), NaHCO3 (4.12 g, 49.0
mmol, 2.0 equiv.) and NaOAc (2.01 g, 24.5 mmo], 1.0 equiv.) in THF/H20 (4/1, 40 mL) at
0 °C. After 10 min, the reaction mixture was extracted with EtOAc (x3). The combined
organic phases were dried over NazSO0s, filtered and concentrated in vacuo. Purification
by automated medium-pressure chromatography (EtOAc/hexane = 10/90 to 60/40)
afforded 6-hydroxy-2H-pyran-3(6H)-one S8 (2.24 g, 19.6 mmol, 80%) as a white solid.

Characterisation data match literature reports.208

1H NMR (400 MHz, CDCl3) & 6.95 (dd, J = 10.4, 3.0 Hz, 1H, C(5)-H), 6.16 (dd, J = 10.4, 1.1
Hz, 1H, C(4)-H), 5.63 (m, 1H, C(6)-H), 4.56 (dd, ] = 16.9, 1.1 Hz, 1H, C(2)-H), 4.13 (dd, ] =
16.5, 0.8 Hz, 1H, C(2)-H), 3.53 (br's, 1H, -OH).

13C NMR (101 MHz, CDCl3) & 195.2 (C(3)), 146.4 (C(5)), 127.7 (C(4)), 88.2 (C(6)), 66.6
(C(2)).

HRMS (ESI): m/z calculated for CsHs03- [M-H]- 113.0244 found 113.0244.
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ethyl (6-0x0-3,6-dihydro-2H-pyran-3-yl) carbonate (+)-2-22

Following a procedure by Tang209, 6-hydroxy-2H-pyran-3(6H)-one S8 (2.24 g, 19.6 mmol,
1.0 equiv.), [Ir(COD)Clz] (329.7 mg, 0.50 mmol, 0.025 equiv.) and 2,6-dichlorobenzoic
acid (1.88 mg, 9.8 mmol, 0.5 equiv.) were dissolved in anhydrous CHCI3 (196 mL) under
argon. The reaction mixture was stirred at room temperature (23 °C) for 3 hours and the
solvent was removed under reduced pressure. Purification by automated medium-
pressure chromatography (EtOAc/hexane = 20/80 to 80/20) afforded 5-hydroxy-5,6-
dihydro-2H-pyran-2-one (1.95 g, 17.1 mmol, 87%) as a yellow oil.

5-hydroxy-5,6-dihydro-2H-pyran-2-one (1.95 mg, 17.1 mmol, 1.0 equiv.) and ethyl
chloroformate (1.79 mL, 18.8 mmol, 1.1 equiv.) were dissolved in dry CH2Cl2 (85 mL).
Pyridine (1.65 mL, 20.5 mmol, 1.2 equiv.) was added dropwise at 0 °C. The reaction
mixture was stirred at room temperature (23 °C) for 4 hours and then quenched with 1M
KHSO4 solution. The aqueous layer was extracted with DCM (x3). Combined organic
layers were washed with saturated aqueous NaHCOs3 and brine, dried over Na2SOs,
filtered and concentrated in vacuo. Purification by medium-pressure automated flash
chromatography (EtOAc/hexane = 10/90 to 60/40) afforded ethyl ethyl (6-oxo-3,6-
dihydro-2H-pyran-3-yl) carbonate (*)-2-22 (2.08 g, 11.2 mmol, 70%) as a yellow oil.

1H NMR (400 MHz, CDCl3) § 6.95 (ddt, ] = 9.9, 4.8, 0.8 Hz, 1H, C(4)-H), 6.20 (ddt, ] = 9.8,
1.7, 0.7 Hz, 1H, C(5)-H), 5.22 (dtt, ] = 4.6, 3.8, 0.8 Hz, 1H, C(3)-H), 4.55 (dt, ] = 3.8, 0.8 Hz,
2H, C(2)-Hz), 4.23 (qt, ] = 7.1, 1.1 Hz, 2H, C(8)-Hz), 1.32 (tt, ] = 7.1, 1.1 Hz, 3H, C(9)-Hs).

13C NMR (101 MHz, CDCl3) § 161.6 (C(6)), 154.1 (C(7)), 140.4 (C(4)), 124.9 (C(5)), 68.8
(C(3)), 64.9 (C(2) and C(8)), 14.1 (C(9)).

IR (CH3Cl film): 2982 (w), 1734 (s), 1372 (m), 1250 (s), 1103 (m), 1061 (m), 1006 (m),
841 (m), 788 (m) cm-1.

HRMS (ESI): m/z calculated for CsH100sNa* [M+Na]* 209.0420 found 209.0421.
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O (o] 0]

0 NaBH 0
1. SOCly, EtOH, reflux 4 Ot
2. CrO3, AcOH, Ac,0 —_—
MeOH Pyridine, DCM

0] OH OCO,Et
S9 S10 (1)-2-24
46% (2 steps) 82% 68%

ethyl 3-oxocyclohex-1-ene-1-carboxylate S9

Thionyl chloride (0.18 mL, 2.5 mmol, 0.5 equiv.) was added to a solution of cyclohex-1-
ene-1-carboxylic acid (0.57 mL, 5.0 mmol, 1.0 equiv.) in anhydrous EtOH (10 mL). The
reaction mixture was refluxed for 5 hours and concentrated in vacuo. Filtration through
a plug of silica afforded ethyl cyclohex-1-ene-1-carboxylate (740.2 mg, 4.8 mmol, 96%)

as a colourless oil, and it was used in the next step without further purification.

A solution of CrOs3 (1.32 g, 13.2 mmol, 2.8 equiv.) in acetic acid (2.75 mL) and acetic
anhydride (1.25 mL) was added to a solution of ethyl ethyl cyclohex-1-ene-1-carboxylate
(740.2 mg, 4.8 mmol, 1.0 equiv.) in DCM (9.6 mL) dropwise at 0 °C. The reaction mixture
was stirred at room temperature (23 °C) for 2 hours and then quenched with 1M KOH
solution at 0 °C. The aqueous layer was extracted with DCM (x3). Combined organic layers
were washed with water and brine, dried over NazS0s, filtered and concentrated in vacuo.
Purification by medium-pressure automated flash chromatography (Et20/hexane =
10/90 to 50/50) afforded ethyl 3-oxocyclohex-1-ene-1-carboxylate S9 (384.4 mg, 2.3

mmol, 48%) as a colourless oil. Characterisation data match literature reports.210

1H NMR (400 MHz, CDCl3) § 6.74 (t, ] = 1.9 Hz, 1H, C(2)-H), 4.27 (q, ] = 7.1 Hz, 2H, C(8)-
Hz), 2.58 (td, ] = 6.0, 1.9 Hz, 2H, C(4)-Hz), 2.45 (m, 2H, C(6)-Hz), 2.06 (m, 2H, C(5)-Hz), 1.32
(t,] = 7.1 Hz, 3H, C(9)-Hs).

13C NMR (101 MHz, CDCls) § 200.2 (C(3)), 166.5 (C(7)), 149.2 (C(1)), 132.9 (C(2)), 61.7
(C(8)), 37.7 (C(4)), 24.8 (C(6)), 22.2 (C(5)), 14.1 (C(9)).

HRMS (ESI): m/z calculated for C9H1303 * [M+H]* 169.0859 found 169.0860.
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OH
ethyl 3-hydroxycyclohex-1-ene-1-carboxylate S10

A solution of NaBHa4 (86.5 g, 2.3 mmol, 1.0 equiv.) in MeOH (5 mL) was added to a solution
of ethyl 3-oxocyclohex-1-ene-1-carboxylate S9 (384.4 mg, 2.3 mmol, 1.0 equiv.) and
CeCl3-7H20 (600.0 mg, 2.3 mmol, 1.0 equiv.) in MeOH (10 mL) dropwise at 0 °C. The
reaction mixture was stirred at room temperature (23 °C) for 2 hours and then quenched
with 1M HCI solution at 0 °C. The aqueous layer was extracted with Et20 (x3). Combined
organic layers were washed with brine, dried over Na2SO0s, filtered and concentrated in
vacuo. Purification by medium-pressure automated flash chromatography
(EtOAc/hexane = 0/100 to 40/60) afforded ethyl 3-hydroxycyclohex-1-ene-1-
carboxylate $10 (321.0 mg, 1.9 mmol, 82%) as a colourless oil. Characterisation data

match literature reports.211

1H NMR (400 MHz, CDCl3) § 6.86 (dtd, J = 2.7, 1.9, 0.7 Hz, 1H, C(2)-H), 4.35 (d, ] = 8.4 Hz,
1H, C(3)-H), 4.19 (q, ] = 7.1 Hz, 2H, C(8)-Hz), 2.25 (m, 2H, C(6)-Hz), 1.86 (m, 3H, C(4)-Hs
and -OH), 1.58 (m, 2H, C(5)-Hz), 1.28 (t,] = 7.1 Hz, 3H, C(9)-Hs).

13C NMR (101 MHz, CDCl3) § 167.3 (C(7)), 139.5 (C(2)), 132.7 (C(1)), 66.0 (C(3)), 60.6
(C(8)), 31.2 (C(6)), 24.2 (C(4)), 19.1 (C(5)), 14.2 (C(9)).

HRMS (ESI): m/z calculated for CoH1503* [M+H]* 171.1016 found 171.1016.
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ethyl 3-((ethoxycarbonyl)oxy)cyclohex-1-ene-1-carboxylate (+)-2-24

Ethyl 3-hydroxycyclohex-1-ene-1-carboxylate $10 (321.0 mg, 1.9 mmol, 1.0 equiv.) and
ethyl chlorofomate (0.20 mL, 2.1 mmol, 1.1 equiv.) were dissolved in DCM (15 mL).
Pyridine (0.18 mL, 2.3 mmol, 1.2 equiv.) was added dropwise at 0 °C. The mixture was
stirred at room temperature (23 °C) for 3 hours and then quenched with 1M KHSO4
solution. The aqueous layer was extracted with DCM (x3). Combined organic layers were
washed with saturated aqueous NaHCOs3 and brine, dried over Na2SOs, filtered and
concentrated in vacuo at 0 °C. Purification by medium-pressure automated flash
chromatography (EtOAc/hexane = 0/100 to 55/45) afforded ethyl 3-
((ethoxycarbonyl)oxy)cyclohex-1-ene-1-carboxylate (#)-2-24 (313.0 mg, 1.3 mmol,

68%) as a colourless oil.

1H NMR (400 MHz, CDCl3) & 6.85 (dt, ] = 3.7, 2.0 Hz, 1H, C(2)-H), 5.25 (dt, ] = 8.5, 3.2 Hz,
1H, C(3)-H), 4.20 (d x2, ] = 7.1 Hz, 4H, C(8)-H2 and C(11)-Hz), 2.33 (m, 1H, C(6)-H), 2.23
(m, 1H, C(6)-H), 1.93 (m, 1H, C(4)-H), 1.74 (m, 3H, C(4)-H and C(5)-Hz), 1.29 (tx2,] = 7.1
Hz, 6H, C(9)-H3 and C(12)-H3).

13C NMR (101 MHz, CDCl3) § 166.7 (C(7)), 154.7 (C(10)), 135.1 (C(1)), 134.4 (C(2)), 71.5
(C(3)), 64.1 (C(11)), 60.7 (C(8)), 27.5 (C(6)), 24.1 (C(4)), 18.8 (C(5)), 14.3 (C(9)), 14.2
(C(12)).

IR (CH3Cl film): 2982 (w), 1742 (s), 1716 (s), 1373 (w), 1235 (s), 1084 (m), 1013 (m),
941 (w), 874 (w), 791 (m), 749 (m) cm-1.

HRMS (ESI): m/z calculated for C12H180sNa* [M+Na]* 265.1046 found 265.1045.
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cyclohex-2-en-1-yl ethyl carbonate (+)-2-25

Cyclohex-2-en-1-o0l (294.4 mg, 3.0 mmol, 1.0 equiv.) and ethyl chlorofomate (0.31 mL, 3.3
mmol, 1.1 equiv.) were dissolved in DCM (15 mL). Pyridine (0.29 mL, 3.6 mmol, 1.2
equiv.) was added dropwise at 0 °C. The mixture was stirred at room temperature (23 °C)
for 2 hours and then quenched with 1M KHSO4 solution. The aqueous layer was extracted
with DCM (x3). Combined organic layers were washed with saturated aqueous NaHCO3
and brine, dried over Na2S0s, filtered and concentrated in vacuo at 0 °C. Purification by
medium-pressure automated flash chromatography (EtOAc/hexane = 10/90 to 60/40)
afforded cyclohex-2-en-1-yl ethyl carbonate (*)-2-25 (439.1 mg, 2.58 mmol, 86%) as a

colourless oil. Characterisation data match literature reports.212

1H NMR (500 MHz, CDCl3) & 5.96 (dddd, ] = 10.1, 4.3, 3.4, 1.2 Hz, 1H, C(2)-H), 5.77 (ddt, J
=10.1, 4.1, 2.2 Hz, 1H, C(3)-H), 5.11 (tdq, ] = 5.2, 3.3, 1.7 Hz, 1H, C(1)-H), 4.18 (q, ] = 7.1
Hz, 2H, C(8)-Hz), 2.08 (m, 1H), 1.98 (m, 1H), 1.82 (m, 3H), 1.63 (m, 1H), 1.30 (t, ] = 7.1 Hz,
3H, C(9)-Ha).

13C NMR (126 MHz, CDCl3) 8 154.9 (C(7)), 133.3 (C(2)), 125.0 (C(3)), 71.6 (C(1)), 63.7
(C(8)), 28.2 (C(6)), 24.8 (C(4)), 18.6 (C(5)), 14.3 (C(9)).

HRMS (ESI): m/z calculated for CoH1403Na * [M+Na]* 193.0835 found 193.0836.
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Et,0, -78°C OH Pyridine, DCM, 0°C OCO,Et

S (+)-2-26
66% 76%

ethyl (E)-4-hydroxypent-2-enoate S11

Following a modified procedure by Fu?13, MeMgBr (3.0 M in Et20, 13.3 mL, 44.0 mmol,
1.1 equiv.) was added dropwise to a solution of ethyl (E)-4-oxo-2-butenoate (5.13 g, 40.0
mmol, 1.0 equiv.) in Et20 (100 mL) at -78 °C. The reaction mixture was stirred at -78 °C
for 3 hours. A saturated solution of NH4Cl was added at 0 °C, and the aqueous layer was
extracted with Et20 (x3). Combined organic layers were washed with brine, dried over
Na2S0s4, filtered and concentrated in vacuo. Purification by medium-pressure automated
flash chromatography (Etz0/hexane = 0/100 to 30/70) afforded ethyl (E)-4-
hydroxypent-2-enoate S11 (951.5 mg, 6.6 mmol, 66%) as a colourless oil

Characterisation data match literature reports.214

1H NMR (400 MHz, CDCls) & 6.96 (dd, J = 15.7, 4.7 Hz, 1H, C(3)-H), 6.02 (dd, J = 15.7, 1.7
Hz, 1H, C(2)-H), 4.49 (qtd, J = 6.6, 4.7, 1.7 Hz, 1H, C(4)-H), 4.20 (q, ] = 7.1 Hz, 2H, C(6)-Hz),
1.67 (d, ] = 4.8 Hz, 1H, -OH), 1.34 (d, ] = 6.6 Hz, 3H, C(5)-Hs), 1.29 (t, ] = 7.1 Hz, 3H, C(7)-
H3s).

13C NMR (126 MHz, CDCl3) § 166.7 (C(1)), 151.0 (C(2)), 119.6 (C(3)), 67.1 (C(4)), 60.5
(C(6)), 22.7 (C(5)), 14.2 (C(7)).

HRMS (ESI): m/z calculated for C7H1303* [M+H]* 145.0859 found 145.0859.
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ethyl (E)-4-((ethoxycarbonyl)oxy)pent-2-enoate (+)-2-26

Ethyl (E)-4-hydroxypent-2-enoate S11 (778.5 mg, 5.4 mmol, 1.0 equiv.) and ethyl
chloroformate (0.57 mL, 5.9 mmol, 1.1 equiv.) were dissolved in DCM (25 mL). Pyridine
(0.52 mL, 6.5 mmol, 1.2 equiv.) was added dropwise at 0 °C. The mixture was stirred at
room temperature (23 °C) for 5 hours and then quenched with 1M KHSO4 aqueous
solution. The aqueous layer was extracted with DCM (x3). Combined organic layers were
washed with saturated aqueous NaHCOs and brine, dried over Na2SOs, filtered and
concentrated in vacuo. Purification by medium-pressure automated flash
chromatography (Et20/hexane = 0/100 to 20/80) afforded ethyl (E)-4-
((ethoxycarbonyl)oxy)pent-2-enoate (*)-2-26 (887.4 mg, 4.10 mmol, 76%) as a

colourless oil. Characterisation data match literature reports.z15

14 NMR (400 MHz, CDCl3) § 6.85 (dd, ] = 15.8, 5.1 Hz, 1H, C(3)-H), 5.98 (dd, J = 15.8, 1.5
Hz, 1H, C(2)-H), 5.31 (qdd, ] = 6.7, 5.1, 1.6 Hz, 1H, C(4)-H), 4.17 (q, J = 7.1 Hz, 4H, C(7)-Hz
and C(9)-H2), 1.39 (d, ] = 6.7 Hz, 3H, C(5)-H3), 1.28 (tx2,J = 7.1 Hz, 6H, C(8)-Hz and C(10)-
H3).

13C NMR (101 MHz, CDCl3) § 165.9 (C(1)), 154.2 (C(6)), 145.5 (C(3)), 121.4 (C(2)), 72.5
(C(4)), 64.1 (C(7)), 60.5 (C(9)), 19.7 (C(5)), 14.2 (C(8)), 14.1 (C(10)).

HRMS (ESI): m/z calculated for CioH160sNa* [M+Na]* 239.0890 found 239.0889.
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5.3.6 Mechanistic studies

5.3.6.1 Reactions of enantiopure substrate (S)-2-9a

(S)-products

B(OH), F F
EtO,CO,_ _Me /©/ Me Me
\L/ F +
o CO,Et — > o CO,Et K
(S)-2-9a (R)-L 42% 39%  CO,Et
92% ee 94% ee
1.1 : 1
) £y
-11‘6.00 ‘ -11‘6.10 ‘ -11‘6.20 ‘ -11‘6.30 -11‘6.40 -11‘6.50 -11‘6.60 -11‘6.70 -11‘6.80 -11‘6.90 ‘ -11‘7.00 ‘ -11‘7.10 ‘ -11‘7.
f1 (ppm)

Figure 5.5 19F (13C)NMR (376 MHz) spectrum of a crude reaction mixture obtained using
(5)-2-9a and (R)-Cl-MeO-BIPHEP.
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(S) (S)-L 93% CO,Et
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11‘5.90 ‘ -11‘6.00 ‘ -11‘6.10 ‘ -11‘6.20 ‘ -11‘6.30 ‘ -11‘6.40 ‘ -11‘6.50 ‘ -11‘6.60 ‘ -11‘6.70 ‘ -11‘6.80 ‘ -11‘6.90 ‘ -11‘7.00 ‘ -11‘7.10 ‘ -11‘7
1 (ppm)

Figure 5.6 19F (13C)NMR (376 MHz) spectrum of a crude reaction mixture obtained using

(S)-2-9a and (S)-Cl-MeO-BIPHEP.
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5.3.6.2 (S)- and (R)-ligands result in opposite absolute stereochemistry

o} o}
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MeO + F Q F ‘0, MeO + ~

= o g L
Rh
Rh ot
F F

N
OFt (R)-L (S)-L

(S)-SM
(5)-2-9a

11 : 1 ~50 : 1

92% ee 94% ee 98% ee

120
1.00
080 f

|

1621

o
060 b
0.40 / = \
0.20:

AU

}2.494 1.695

Al
o
=
2

EZ
46.39 - 1.456+

}»2‘31—‘\.?22

)2“\5- 1.327

Al
e
-
48.78- 1.3

T
P

B
145

Ji-;o\\
@}

oo
N
RE

P

-
|
-

=
/ ~
005 . ST
o0} ——————— — -~
1.00 102 104 106 108 110 112 114 1.16 116 120 122 124 126 128 130 132 134 136 158 140 142 144 136 148 150 152 154 156 156 150 152 164 186 158 170 172 1.74 176 178 180 162 184 166 158 180
Minutes

AU
52.06 -

=)
=]

Figure 5.7 SFC traces comparing outcomes of reaction using enantiopure starting
material (S)-2-9a and ligands with opposite absolute stereochemistry. Reaction
conditions: [Rh(cod)OH]2 (2.5 mol%), C1-MeO-BIPHEP (6.0 mol%), (S)-2-9a (0.4 mmol,
1.0 equiv), 2-7b (2.0 equiv), Cs2C03 (1.0 equiv), Zn(0Tf)2 (20 mol%), THF (0.1 M), r.t,, 14
h.
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5.3.6.3 Reaction monitoring

EtO,CO (OH)2
H]/\/COZEt /©/ standard

F
Me
condltlons X COoEL

(£)-2-9a 2-10b
Time / min Z/E of 3b 1/Z-2-10b eeof SM /%  Conversion / %
0 N/A N/A N/A N/A
2 6.6 5.2 14 18.1
5 5.9 4.3 18 21.2
15 5.5 3.3 24 26.5
60 5 1.8 36 40.5
180 4.6 0.8 54 59.8
360 4.5 0.2 72 83.6
Z/E of 2-10b and ee of 2-9a vs conversion
100 -7
%0 y = 0.8754x
° R2=0.9992 .| ¢
80 ......... )
o e
O - 6
S 60 e
» 50 o ‘ - 55 5
S 4 | T
[} N & L
®s30 | T d 5
.'..-
20 .-",.." o - 4.5
10| e
0 L= 4
0 20 40 60 80 100

® ee of SM/%

Conversion / %

e Z/E

.......

Linear (ee of SM/%)

Figure 5.8 Changes of product Z/E ratio and ee of starting material in time. Reaction
conditions: [Rh(cod)OH]z (2.5 mol%), (R)-Cl-MeO-BIPHEP (6.0 mol%), (S)-2-9a (0.4
mmol, 1.0 equiv), 2-7b (2.0 equiv), Cs2C03 (1.0 equiv), Zn(0Tf)2 (20 mol%), THF (0.1 M),

r.t.
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5.4 Experimental for Chapter 3

5.4.1 Procedures for the synthesis of the starting materials

0

_ COzEt 59 pd/BasSO,, quinoline Me CO,Et
HO/ Cl)LOEt EtOzCO/ Et}li/ 2
Et T Et0,CO

Et H, (1 atm), THF

nBuLi, THF Me
3-2a 3-3a
92% 72%

ethyl 4-((ethoxycarbonyl)oxy)-4-methylhex-2-ynoate 3-2a

nBuLi (2.5 M in hexane, 18.4 mL, 46.0 mmol, 2.3 eq) was added to a solution of 3-
methylpent-1-yn-3-ol (1.96 g, 20.0 mmol, 1.0 eq) in THF (50 mL) at -78 °C. The mixture
was stirred at -78 °C for 30 minutes and ethyl chloroformate (4.2 mL, 44.0 mmol, 2.2 eq)
was added dropwise. The reaction mixture was stirred at room temperature (23 °C) for
7 hours. A saturated solution of NH4Cl was added at 0 °C and the aqueous layer was
extracted with Et20 (x3). Combined organic layers were washed with brine, dried over
Naz2SO0s, filtered and concentrated in vacuo. Purification by automated medium-pressure
flash chromatography (gradient of 0 to 20% Et20/hexane in 10 minutes) afforded ethyl
4-((ethoxycarbonyl)oxy)-4-methylhex-2-ynoate (4.48 g, 18.5 mmol, 92%) as a yellow oil.

1H NMR (400 MHz, CDCls) § 4.18 (q x2, ] = 7.1 Hz, 4H, C(5)-Hz and C(8)-Hz), 1.94 (m, 2H,
C(11)-Hz), 1.69 (s, 3H, C(10)-Hs), 1.28 (tx2, ] = 7.1 Hz, 6H, C(6)-Hs and C(9)-Hs), 1.03 (t, ]
= 7.4 Hz, 3H, C(12)-Hs).

13C NMR (101 MHz, CDCl3) § 153.2 (C(4) or C(7)), 152.8 (C(4) or C(7)), 85.9 (C(2)), 77.4
(C(3)), 76.4 (C(1)), 63.9 (C(5) or C(8)), 62.1 (C(5) or C(8)), 34.0 (C(11)), 25.1 (C(10)),
14.1 (C(6) or C(9)), 14.0 (C(6) or C(9)), 8.3 (C(12)).
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HRMS (ESI): m/z calculated for C12H180sNa* [M+Na]* 265.1046 found 265.1046.

IR (CH3Cl film): 2984 (w), 1753 (m), 1714 (m), 1465 (w), 1370 (w), 1304 (w), 1243 (s),
1210 (w), 1160 (w), 1100 (w), 1032 (m), 909 (m), 862 (w), 790 (w), 731 (s), 649 (w) cr-

1-
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ethyl (Z2)-4-((ethoxycarbonyl)oxy)-4-methylhex-2-enoate 3-3a

Rosenmund catalyst (Pd on BaS04, 295.1 mg, 2.8 mmol, 0.15 eq) and quinoline (0.39 mL,
3.3 mmol, 0.18 eq) were suspended in THF (50 mL) and the suspension was purged with
hydrogen gas (balloon) for 10 minutes. Then a solution of ethyl 4-((ethoxycarbonyl)oxy)-
4-methylhex-2-ynoate (4.48 g, 18.5 mmol, 1.0 eq) was added and the reaction mixture
was stirred under an atmosphere of Hz (balloon) for 4 hours while being monitored. Upon
consumption of starting material, the reaction was filtered through a plug of silica eluting
with E20 and concentrated in vacuo. Purification by automated medium-pressure flash
chromatography (gradient of 0 to 20% Et20/hexane in 12 minutes) afforded ethyl (Z2)-4-
((ethoxycarbonyl)oxy)-4-methylhex-2-enoate (3.25 g, 13.2 mmol, 72%) as a colourless

oil.

1H NMR (400 MHz, CDCl3) § 6.19 (d, ] = 13.2 Hz, 1H, C(2)-H), 5.76 (d, ] = 13.2 Hz, 1H, C(3)-
H), 4.13 (m, 4H, C(5)-Hz and C(8)-Hz), 2.10 (dq, ] = 9.4, 7.3 Hz, 2H, C(11)-Hz), 1.71 (s, 3H,
C(10)-Hs), 1.28 (t, ] = 7.1, 3H, C(6)-Hs or C(9)-H3), 1.26 (t,] = 7.1, 3H, C(6)-Hs or C(9)-H3),
0.91 (t, ] = 7.5 Hz, 3H, C(12)-Hs).

13C NMR (101 MHz, CDCls) § 165.7 (C(4)), 153.6 (C(7)), 148.5 (C(2)), 119.1 (C(3)), 85.5
(C(1)), 63.4 (C(5) or C(8)), 60.4 (C(5) or C(8)), 31.6 (C(11)), 22.9 (C(10)), 14.2 (C(6) or
C(9)), 14.1 (C(6) or C(9)), 8.1 (C(12)).

HRMS (ESI): m/z calculated for C12H200sNa* [M+Na]* 267.1203 found 267.1203.

IR (CHsCl film): 2983 (w), 1741 (s), 1646 (w), 1463 (w), 1371 (w), 1261 (s), 1185 (s),
1128 (w), 1102 (m), 1031 (m), 913 (m), 856 (w), 794 (w), 732 (s), 649 (w) cm-L.
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p COEt 59 Pd/BaSO,, quinoline Me CO.Et
HO/ CI)LOEt £10,00,_Z N
Ph o oe NS

Me BuLi, THF al Me H, (1 atm), THF EtO,CO
nBulLi,
3-2b 3-3b
68% 39%

ethyl 4-((ethoxycarbonyl)oxy)-4-phenylpent-2-ynoate 3-2b

nBulLi (2.5 M in hexane, 18.4 mL, 46.0 mmol, 2.3 eq) was added to a solution of 2-
phenylbut-3-yn-2-ol (2.92 g, 20.0 mmol, 1.0 eq) in THF (50 mL) at -78 °C. The mixture
was stirred at -78 °C for 30 minutes and ethyl chloroformate (4.2 mL, 44.0 mmol, 2.2 eq)
was added dropwise. The reaction mixture was stirred at room temperature (23 °C) for
6 hours. A saturated solution of NH4Cl was added at 0 °C and the aqueous layer was
extracted with Et20 (x3). Combined organic layers were washed with brine, dried over
Na2S0s, filtered and concentrated in vacuo. Purification by flash chromatography
(Et20/hexane) afforded ethyl 4-((ethoxycarbonyl)oxy)-4-phenylpent-2-ynoate (3.95 g,

13.6 mmol, 68%) as an amber oil.

1H NMR (400 MHz, CDCls) § 7.58 (m, 2H, C(Ar)-H x2), 7.37 (m, 3H, C(Ar)-H x3), 4.28 (q, J
= 7.1 Hz, 2H, C(8)-Hz or C(5)-Hz), 4.14 (m, 2H, C(8)-Hz or C(5)-Hz), 1.96 (s, 3H, C(10)-Hs),
1.34 (t,J = 7.1 Hz, 3H, C(6)-H3 or C(9)-H3), 1.27 (t,] = 7.1 Hz, 3H, C(6)-Hs or C(9)-H3).

13C NMR (101 MHz, CDCls) § 153.2 (C(4) or C(7)), 152.4 (C(4) or C(7)), 140.5 (C(Ar)),
128.6 (C(Ar)), 128.6 (C(Ar)), 124.8 (C(Ar)), 85.0 (C(2)), 79.4 (C(3)), 76.9 (C(1)), 64.2
(C(5) or C(8)), 62.3 (C(5) or C(8)), 31.3 (C(10)), 14.1 (C(6) or C(9)), 14.0 (C(6) or C(9)).

HRMS (ESI): m/z calculated for Ci6H180sNa* [M+Na]* 313.1046 found 313.1049.

IR (CH3Cl film): 2988 (w), 1758 (m), 1714 (m), 1448 (m), 1253 (s), 1052 (m), 1029 (m),
1002 (m), 909 (s), 731 (s), 699 (m) cm-1.
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ethyl (Z)-4-((ethoxycarbonyl)oxy)-4-phenylpent-2-enoate 3-3b

Rosenmund catalyst (Pd on BaSO4, 217.1 mg, 2.0 mmol, 0.15 eq) and quinoline (0.29 mL,
2.4 mmol, 0.18 eq) were suspended in THF (37 mL) and the suspension was purged with
hydrogen gas (balloon) for 10 minutes. Then a solution of ethyl 4-((ethoxycarbonyl)oxy)-
4-phenylpent-2-ynoate (3.95 g, 13.6 mmol, 1.0 eq) was added and the reaction mixture
was stirred under an atmosphere of Hz (balloon) for 12 hours while being monitored.
Upon consumption of starting material, the reaction was filtered through a plug of silica
eluting with E20 and concentrated in vacuo. Purification by automated medium-pressure
flash chromatography (gradient of 0 to 20% Et20/hexane in 10 minutes) afforded ethyl
(Z2)-4-((ethoxycarbonyl)oxy)-4-phenylpent-2-enoate (1.39 g, 4.8 mmol, 39%) as a

colourless oil.

1H NMR (400 MHz, CDCl3) § 7.51 (m, 2H, C(Ar)-H x2), 7.31 (m, 4H, C(Ar)-H x4), 6.36 (d, ]
=12.9 Hz, 1H, C(2)-H), 5.86 (d, ] = 12.9 Hz, 1H, C(3)-H), 4.07 (q, ] = 7.2 Hz, 2H, C(5)-Hz or
C(8)-Hz), 4.00 (q,] = 7.2 Hz, 1H, C(5)-Hz or C(8)-Hz), 2.12 (s, 3H, C(10)-H3), 1.24 (t, ] = 7.1
Hz, 3H, C(6)-Hs or C(9)-Hs), 1.16 (t, ] = 7.1 Hz, 3H, C(6)-H3 or C(9)-Hs).

13C NMR (101 MHz, CDCl3) § 165.9 (C(4) or C(7)), 152.8 (C(4) or C(7)), 145.0 (C(2)), 141.5
(C(11), 128.0 (C(Ar) x2), 127.9 (C(14)), 126.3 (C(Ar) x2), 120.1 (C(3)), 84.5 (C(1)), 63.5
(C(5) or C(8)), 60.5 (C(5) or C(8)), 24.5 (C(10)), 14.2 (C(6) or C(9)), 13.9 (C(6) or C(9)).

HRMS (ESI): m/z calculated for C16H200sNa* [M+Na]* 315.1203 found 315.1206.

IR (CHsCl film): 1745 (m), 1371 (m), 1264 (w), 1056 (w), 908 (s), 730 (s), 699 (w), 649

(w) cm-L.
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ethyl 4-((ethoxycarbonyl)oxy)-4-methylpent-2-ynoate 3-2c

nBulLi (2.5 M in hexane, 18.4 mL, 46.0 mmol, 2.3 eq) was added to a solution of 2-methyl-
3-butyn-2-ol (1.94 mL, 1.68 g, 20.0 mmol, 1.0 eq) in THF (50 mL) at -78 °C. The mixture
was stirred at -78 °C for 30 minutes and ethyl chloroformate (4.2 mL, 44.0 mmol, 2.2 eq)
was added dropwise. The reaction mixture was stirred at room temperature (23 °C) for
9 hours. A saturated solution of NH4Cl was added at 0 °C and the aqueous layer was
extracted with Et20 (x3). Combined organic layers were washed with brine, dried over
Na2S0s4, filtered and concentrated in vacuo. Purification by automated medium-pressure
flash chromatography (gradient of 0 to 10% Et20/hexane in 10 minutes) afforded ethyl
4-((ethoxycarbonyl)oxy)-4-methylpent-2-ynoate (3.97 g, 17.4 mmol, 87%) as a light-

yellow oil.

1H NMR (400 MHz, CDCls) § 4.20 (q, ] = 7.2 Hz, 2H, C(5)-Hz or C(8)-Hz), 4.18 (q, ] = 7.2
Hz, 2H, C(5)-Hz or C(8)-Hz), 1.71 (s, 6H, C(10)-Hz and C(11)-Hs), 1.30 (t, ] = 7.1, 2H, C(6)-
Hs or C(9)-Hs), 1.28 (t, ] = 7.1, 2H, C(6)-Hs or C(9)-Hs)).

13C NMR (101 MHz, CDCls) § 153.3 (C(4) or C(7)), 152.7 (C(4) or C(7)), 86.6 (C(2)), 76.4
(C(3)), 72.8 (C(1)), 64.0 (C(5) or C(8)), 62.1 (C(5) or C(8)), 28.1 (C(10) and C(11)), 14.2
(C(6) or C(9))., 14.0 (C(6) or C(9)).

HRMS (ESI): m/z calculated for C11H16NaOs* [M+Na]* 251.0890 found 251.0897.

IR (CHsCl film): 2990 (w), 1754 (s), 1715 (s), 1469 (w), 1369 (w), 1254 (s), 1224 (m),
1194 (w), 1141 (m), 1100 (w), 1033 (w), 1002 (w), 847 (w), 790 (w), 752 (w) cm-L.
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ethyl (Z)-4-((ethoxycarbonyl)oxy)-4-methylpent-2-enoate 3-3c

Rosenmund catalyst (Pd on BaS04, 277.8 mg, 2.6 mmol, 0.15 eq) and quinoline (0.37 mL,
3.1 mmol, 0.18 eq) were suspended in THF (47 mL) and the suspension was purged with
hydrogen gas (balloon) for 10 minutes. Then a solution of ethyl 4-((ethoxycarbonyl)oxy)-
4-methylpent-2-ynoate 3-00 (3.97 g, 17.4 mmol, 1.0 eq) was added and the reaction
mixture was stirred under an atmosphere of Hz (balloon) for 2 hours while being
monitored. Upon consumption of starting material, the reaction was filtered through a
plug of silica eluting with E20 and concentrated in vacuo. Purification by automated
medium-pressure flash chromatography (gradient of 0 to 20% Et20/hexane in 12
minutes) afforded ethyl (Z2)-4-((ethoxycarbonyl)oxy)-4-methylpent-2-enoate 3-00 (2.76

g, 12.0 mmol, 69%) as a colourless oil.

1H NMR (400 MHz, CDCl3) § 6.29 (d, ] = 13.1 Hz, 1H, C(2)-H), 5.72 (d, ] = 13.1 Hz, 1H, C(3)-
H), 4.14 (q x2, ] = 7.1 Hz, 4H, C(5)-Hz and C(8)-Hz), 1.72 (s, 6H, C(10)-Hz and C(11)-H3),
1.27 (tx2,] = 7.1 Hz, 6H, C(6)-H3 and C(9)-Hs).

13C NMR (101 MHz, CDCls) § 165.6 (C(4)), 153.5 (C(7)), 149.4 (C(2)), 118.6 (C(3)), 82.9
(C(1)), 63.4 (C(5) or C(8)), 60.4 C(5) or C(8)), 25.7 (C(10) and C(11)), 14.2 (C(6) or C(9)),
14.1 (C(6) or C(9)).

HRMS (ESI): m/z calculated for C11H190s* [M+H]* 231.1227 found 231.1231.

IR (CH3Cl film): 2984 (w), 1742 (s), 1725 (s), 1649 (w), 1467 (w), 1414 (w), 1370 (w),
1266 (s), 1225 (w), 1181 (s), 1130 (m), 1100 (m), 1029 (w), 1002 (w), 845 (w), 794 (w)

cm-l,
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5.4.2 Procedures for the rhodium-catalysed reactions

Ve [Rh(COD)OHI, Me  COAEt
Et0,CO. | Me \ MGD/B(OH)z (R-CIMeO-BIPHEP g X
HK/COZEt F CSzC_l(_)ﬁl,:Z:IEOTf)Z Me
Tt I
3-3¢c 3-4a 3-5¢

Ethyl (R)-2-(3-fluoro-4-methylphenyl)-4-methylpent-3-enoate 3-5c

[Rh(cod)OH]2 (4.6 mg, 0.010 mmol, 2.5 mol%) and (R)-Cl-MeO-BIPHEP (15.6 mg, 0.024
mmol, 6.0 mol%) were added to 7 mL vial containing a stirring bar and dissolved in dry
THF (4.0 mL) under an argon atmosphere at ambient temperature (23 °C). This solution

was stirred for 5 minutes.

(4-fluoro-3-methylphenyl)boronic acid (61.6 mg, 0.40 mmol, 1.0 equiv.), Cs2C03 (130.3
mg, 0.40 mmol, 1.0 equiv.) and Zn(0Tf)2 (29.1 mg, 0.08 mmol, 0.2 equiv.) were added to
a 7 mL vial containing a stirring bar. To this vial a stock solution of the rhodium hydroxy
complex (4.0 mL) was added via syringe under an argon atmosphere. Ethyl (2)-4-
((ethoxycarbonyl)oxy)-4-methylpent-2-enoate 3-3¢ (92.1 mg, 0.40 mmol, 1.0 equiv.) was
added via microsyringe and the reaction mixture was stirred at ambient temperature (23

°C) for 14 hours.

The mixture was diluted with hexane (4.0 mL) and filtered through a plug of silica. The
crude was loaded onto Chem Tube-Hydromatrix and automated medium-pressure
chromatography (Et20/hexane = 0/100 to 20/80) was performed to afford ethyl (R)-2-
(3-fluoro-4-methylphenyl)-4-methylpent-3-enoate 3-5c¢ (44.1 mg, 0.18 mmol, 44%) as a

colourless oil.
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1H NMR (400 MHz, CDCl3) & 7.10 (m, 2H, C(Ar)-H x2), 6.93 (dd, ] = 9.5, 8.4 Hz, 1H), 5.60
(dp,J = 9.4, 1.4 Hz, 1H), 4.41 (d, ] = 9.4 Hz, 1H), 4.13 (m, 2H), 2.25 (d, ] = 2.1 Hz, 3H), 1.76
(d,J = 1.4 Hz, 3H), 1.67 (d, ] = 1.4 Hz, 3H), 1.23 (t, ] = 7.1 Hz, 3H).

13C NMR (126 MHz, CDCl3) § 173.2 (C(00)), 160.4, 135.0, 130.7, 126.5, 124.9, 122.1, 115.0,
60.9, 49.8,25.9, 18.1, 14.6, 14.1.

19F NMR (471 MHz, CDCls) & -120.3.

IR (CH3Cl film): 2972 (w), 1735 (m), 1509 (w), 1460 (w), 1367 (w), 1270 (m), 1213 (m),
1176 (m), 1127 (w), 1033 (m), 1015 (w), 977 (w), 870 (w), 820 (w), 753 (m), 663 (w)

cml,

HRMS (ESI): m/z calculated for CisH20FO2* [M+H]* 251.1442 found 251.1441.
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5.5 Experimental for Chapter 4

5.5.1 Procedures for the synthesis of starting materials

o)
228 CI)J\OEt P CO,Et 5 % Pd/BaSOy,, quinoline CO,Et
HO Z - EtOch\/ > o co/\/
1 nBuLi, THF 2
utl, H, (1 atm), THF
41 4-2 4-3

71% 60%

O
5

N
470" Me
gMevO\ﬁ/O ?1 6
8 o 3

ethyl 4-((ethoxycarbonyl)oxy)but-2-ynoate 4-2

nBulLi (2.5 M in hexane, 27.6 mL, 69.0 mmol, 2.3 eq) was added to a solution of prop-2-
yn-1-ol (1.73 mL, 30.0 mmol, 1.0 eq) in THF (75 mL) at -78 °C. The mixture was stirred at
-78 °C for 30 minutes and ethyl chloroformate (6.3 mL, 66.0 mmol, 2.2 eq) was added
dropwise. The reaction mixture was stirred at room temperature (23 °C) for 5 hours. A
saturated solution of NH4Cl was added at 0 °C and the aqueous layer was extracted with
Et20 (x3). Combined organic layers were washed with brine, dried over Na2SO0s, filtered
and concentrated in vacuo. Purification by flash chromatography (Et20/hexane) afforded
ethyl 4-((ethoxycarbonyl)oxy)but-2-ynoate 4-2 (4.26 g, 21.3 mmol, 71%) as a colourless

oil. Characterisation data match literature reports.216

1H NMR (400 MHz, CDCls) § 4.84 (s, 2H, C(3)-Hz), 4.24 (q x2, ] = 7.1 Hz, 4H, C(5)-Hz and
C(8)-Hz), 1.32 (q, ] = 7.2 Hz, 6H, C(6)-H3 and C(9)-Hs).

13C NMR (101 MHz, CDCl3) § 154.3 (C(4)), 152.8 (C(7)), 80.1 (C(2)), 78.6 (C(1)), 65.0
(C(3)), 62.3 (C(8)), 54.4 (C(5)), 14.2 (C(9)), 14.0 (C(6)).

HRMS (ESI): m/z calculated for CoH130s* [M+H]* 201.0758 found 201.0758.

IR (CH3Cl film: 2939 (w), 1755 (w), 1716 (w), 1380 (w), 1245 (s), 1015 (w), 909 (s), 731
(s), 649 (W) cm-L,
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ethyl (Z)-4-((ethoxycarbonyl)oxy)but-2-enoate 4-3

Lindlar catalyst (Pd on CaCOs, 340.0 mg, 3.2 mmol, 0.15 eq) and quinoline (0.45 mL, 3.8
mmol, 0.18 eq) were suspended in THF (58 mL, 0.37 M) and the suspension was purged
with hydrogen gas (balloon) for 10 minutes. Then a solution of ethyl 4-
((ethoxycarbonyl)oxy)but-2-ynoate 4-2 (4.26 g, 21.3 mmol, 1.0 eq) was added and the
reaction mixture was stirred under an atmosphere of Hz (balloon) for 1 hour while being
monitored. Upon consumption of starting material, the reaction was filtered through a
plug of silica eluting with Et20 and concentrated in vacuo. Purification by automated
medium-pressure flash chromatography (gradient of 0 to 15% Et20/hexane in 10
minutes) afforded ethyl (Z)-4-((ethoxycarbonyl)oxy)but-2-enoate 4-3 (2.58 g, 12.8

mmol, 60%) as a pale-yellow oil. Characterisation data match literature reports.216

1H NMR (400 MHz, CDCl3) & 6.28 (dt, ] = 11.7, 4.9 Hz, 1H, C(2)-H), 5.85 (dt, J = 11.7, 2.4
Hz, 1H, C(3)-H), 5.23 (dd, J = 4.9, 2.4 Hz, 2H, C(1)-Hz), 4.19 (q x2, ] = 7.1 Hz, 4H, C(5)-Hz
and C(8)-Hz), 1.29 (t x2, J = 7.1 Hz, 6H, C(6)-H3 and C(9)-H3).

13C NMR (101 MHz, CDCl3) & 165.6 (C(4)), 154.9 (C(7)), 144.1 (C(2)), 120.8 (C(3)), 65.8
(C(1)), 64.2 (C(8)), 60.5 (C(5)), 14.2 (C(9)), 14.2 (C(6)).

HRMS (ESI): m/z calculated for CoH150s* [M+H]* 203.0914 found 203.0908.

IR (CHsCl film): 2984 (w), 1748 (w), 1718 (w), 1374 (w), 1343 (w), 1269 (m), 1194 (m),
1008 (w), 911 (s), 792 (w), 734 (s), 650 (w) cm-L.
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5.5.2 Procedures for the rhodium-catalysed reactions

[Rh(COD)OH], Me
Et0,CO B(OH)2  (R)-Cl-OMe- BIPHEP
k/COZEt Cs,CO3, Zn(OTH), F
. CO,Et
43

THF, r.t.

4-6
1 equiv. o
Ar,B(OH), 44%

ethyl (Z2)-4-(4-fluoro-3-methylphenyl)but-2-enoate 4-6

[Rh(cod)OH]2 (4.6 mg, 0.010 mmol, 2.5 mol%) and (R)-Cl-MeO-BIPHEP (15.6 mg, 0.024
mmol, 6.0 mol%) were added to 7 mL vial containing a stirring bar and dissolved in dry
THF (4.0 mL) under an argon atmosphere at ambient temperature (23 °C). This solution

was stirred for 5 minutes.

Cs2C03 (130.3 mg, 0.40 mmol, 1.0 equiv.), (4-fluoro-3-methylphenyl)boronic acid (61.6
mg, 0.40 mmol, 1.0 equiv.) and Zn(0Tf)2 (29.1 mg, 0.08 mmol, 0.2 equiv.) were added to
a 7 mL vial containing a stirring bar. To this vial a stock solution of the rhodium hydroxy
complex (4.0 mL) was added via syringe under an argon atmosphere. Ethyl (Z2)-4-
((ethoxycarbonyl)oxy)but-2-enoate 4-3 (80.9 mg, 0.40 mmol, 1.0 equiv.) was added via
microsyringe and the reaction mixture was stirred at ambient temperature (23 °C) for 14

hours.

The mixture was diluted with hexane (4.0 mL) and filtered through a plug of silica. The
crude was loaded onto Chem Tube-Hydromatrix and automated medium-pressure
chromatography (Et20/hexane = 0/100 to 20/80) was performed to afford ethyl (Z)-4-
(4-fluoro-3-methylphenyl)but-2-enoate 4-6 (39.1 mg, 0.18 mmol, 44%) as a colourless

oil.

1H NMR (400 MHz, CDCls) § 7.01 (m, 2H, C(8)-H and C(12)-H), 6.92 (dd, ] = 9.5, 8.3 Hz,
1H, C(9)-H), 6.30 (dt, ] = 11.4, 7.6 Hz, 1H, C(2)-H), 5.84 (dt, ] = 11.4, 1.8 Hz, 1H, C(3)-H),
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422 (q,] = 7.1 Hz, 2H, C(5)-Hz), 3.95 (ddd, ] = 7.6, 1.6, 0.8 Hz, 2H, C(1)-Hz), 2.25 (d, ] = 2.0
Hz, 3H, C(13)-Hs), 1.32 (t, ] = 7.1 Hz, 3H, C(6)-Hs).

13C NMR (101 MHz, CDCls) § 166.4 (C(4)), 160.1 (d, J = 242.9 Hz, C(10)), 147.9 (C(2)),
134.8 (d, ] = 3.6 Hz, C(7)), 131.6 (d, ] = 5.1 Hz, C(12)), 127.2 (d, ] = 7.9 Hz, C(8)), 124.8 (d,

J=17.3 Hz, C(11)), 119.9 (C(3)), 115.0 (d, ] = 22.2 Hz, C(9)), 60.0 (C(5)), 34.3 (C(1)), 14.5
(d, ] = 3.6 Hz, C(13)), 14.3 (C(6)).

19F NMR (376 MHz, CDCl3) § -121.4.
HRMS (ESI): m/z calculated for C13H16FO2* [M+H]* 223.1129 found 223.1134.

IR (CH3Cl film): 2984 (w), 1714 (m), 1645 (w), 1503 (m), 1362 (w), 1202 (m), 1166 (m),
1120 (w), 1041 (w), 909 (s), 820 (w), 733 (s) cm1,
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F
[Rh(COD)OH], Me

Et0,CO D/ (OH)2  (R)-CI-OMe- BIPHEP O
k,cozEt Cs,CO3, Zn(OTH,  ©
THF, rt.
4-3 Me

CO,Et

- 4-Ta
3 equiv. o
AryB(OH), 94%
87% ee

General procedure E (Rhodium-catalysed double arylation):

[Rh(cod)OH]2 (4.6 mg, 0.010 mmol, 2.5 mol%) and (R)-Cl-MeO-BIPHEP (15.6 mg, 0.024
mmol, 6.0 mol%) were added to 7 mL vial containing a stirring bar and dissolved in dry
THF (4.0 mL) under an argon atmosphere at ambient temperature (23 °C). This solution

was stirred for 5 minutes.

Cs2C€03 (130.3 mg, 0.40 mmol, 1.0 equiv.), boronic acid (1.20 mmol, 3.0 equiv.) and
Zn(0Tf)2 (29.1 mg, 0.08 mmol, 0.2 equiv.) were added to a 7 mL vial containing a stirring
bar. To this vial a stock solution of the rhodium hydroxy complex (4.0 mL) was added via
syringe under an argon atmosphere. Ethyl (Z)-4-((ethoxycarbonyl)oxy)but-2-enoate 4-3
(80.9 mg, 0.40 mmol, 1.0 equiv.) was added via microsyringe and the reaction mixture

was stirred at ambient temperature (23 °C) for 14 hours.

The mixture was diluted with hexane (4.0 mL) and filtered through a plug of silica. The
crude was loaded onto Chem Tube-Hydromatrix and automated medium-pressure
chromatography (Et20/hexane = 0/100 to 20/80) was performed to afford products 4-
7a,4-7b and 4-7c.
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F
[Rh(COD)OH], Me

Et0,CO L Me B(OH)2  (R)-Cl-OMe-BIPHEP O
k/COZEt . Cs,CO3, Zn(OTH,  ©
THF, r.t. CO,Et
4-3 4-4a Me
3 equiv. 4-70a
Ar;B(OH), 94%
87% ee
F
17 14
Me13 15
Fe 2 12 16
7 5 T O
8 : 19
N
4 218
1oMe 9 3 1 0 Me o

(+)-Ethyl (S)-3,4-bis(4-fluoro-3-methylphenyl)butanoate 4-7a

(+)-Ethyl (S)-3,4-bis(4-fluoro-3-methylphenyl)butanoate 4-7a was prepared using
General procedure E with 4-fluoro-3-methylphenylboronic acid 4-4a. Purification by
automated medium-pressure chromatography (Et20/hexane =0/100 to 20/80) afforded
(+)-ethyl (S)-3,4-bis(4-fluoro-3-methylphenyl)butanoate 4-7a (125.0 mg, 0.38 mmol,

94%) as a colourless oil.

1H NMR (500 MHz, CDCls) § 6.87 (m, 5H, C(Ar)-H x5), 6.77 (m, 1H, C(Ar)-H), 4.00 (g, ] =
7.1 Hz, 2H, C(19)-Hz), 3.29 (m, 1H, C(2)-H), 2.79 (d, ] = 7.5 Hz, 2H, C(3)-Hz), 2.61 (dd, ] =
15.4, 6.5 Hz, 1H, C(1)-H), 2.53 (dd, J = 15.4, 8.7 Hz, 1H, C(1)-H), 2.22 (d, J = 1.9 Hz, 3H,
C(10)-Hs or C(17)-Hs), 2.20 (d, J = 1.9 Hz, 3H, C(10)-Hs or C(17)-H3), 1.12 (t, ] = 7.1 Hz,
3H, C(20)-Hs).

13C NMR (126 MHz, CDCls) § 172.2, (C(18)), 160.1 (d, ] = 243.3 Hz, (C(7) or C(14)), 160.0
(d, ] = 242.8 Hz, C(7) or C(14)), 138.6 (d, ] = 3.6 Hz, C(4) or C(11)), 134.8 (d, ] = 3.7 Hz,
C(4) or C(11)), 132.1 (d, J = 5.0 Hz, C(9) or C(12)), 130.5 (d, J = 5.0 Hz, C(9) or C(12)),
127.8 (d, ] = 7.8 Hz, C(5) or C(16)), 126.1 (d, ] = 7.8 Hz, C(5) or C(16)), 124.5 (d, ] = 13.3
Hz, C(8) or C(13)), 124.4 (d, ] = 13.5 Hz, C(8) or C(13)), 114.7 (d, ] = 18.7 Hz, C(6) or C(15)),
114.6 (d, ] = 18.7 Hz, C(6) or C(15)), 60.3 (C(19)), 43.3 (C(2)), 42.2 (C(3)), 40.3 (C(1)),
14.6 (d, ] = 3.6 Hz, C(10) or C(17)), 14.5 (d, ] = 3.6 Hz, C(10) or C(17)), 14.1 (C(20)).

19F NMR (470 MHz, CDCls) & -120.9, -121.5.

HRMS (ESI): m/z calculated for C20H23F202* [M+H]* 333.1661 found 333.1658.
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IR (CH3Cl film): 2982 (w), 1730 (m), 1605 (w), 1511 (m), 1374 (w), 1250 (m), 1216 (w),
1120 (w), 1038 (w), 910 (s), 834 (m), 735 (s) cm™L.

[a]p?5 = +50.3 (c = 1.0, CHCl3).
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Mej@\/’\/ — Mej@\/_\/\
F ~CO2Et THF, 0°C - rit. F - OH

(-)-(S)-3,4-bis(4-fluoro-3-methylphenyl)butan-1-ol 4-9

LiBH4 (0.42 mL, 0.84 mmol, 2.2 eq, 2.0 M solution in THF) was added to a solution of ethyl
(+)-(5)-3,4-bis(4-fluoro-3-methylphenyl)butanoate 4-7a (125.0 mg, 0.38 mmol, 1.0
equiv.) in THF (1.00 mL) at 0 °C and the mixture was refluxed for 5 hours. Reaction
mixture was cooled to 0 °C and diluted with EtOAc. The reaction was quenched by slow
addition of water and 10% NaOH. Organic and aqueous layers were separated and
aqueous layer was extracted with Et20 (x3). Combined organic phases were washed with
brine and dried over Na2S0a4. The solvent was evaporated in vacuo and the residue was
purified by column chromatography to give (-)-(S)-3,4-bis(4-fluoro-3-
methylphenyl)butan-1-o0l 4-9 (109.2 mg, 0.38 mmol, 99%) as a colourless liquid. SFC

analysis showed an enantiomeric excess of 87%.

1H NMR (400 MHz, CDCls) § 6.91 (m, 3H, C(Ar)-H x3), 6.85 (m, 2H, C(Ar)-H x2), 6.78 (ddd,
J=8.0,5.0,2.2 Hz, 1H, C(Ar)-H), 3.54 (m, 1H, C(18)-H), 3.43 (m, 1H, C(18)-H), 2.92 (m, 1H,
C(2)-H), 2.80 (d, ] = 7.4 Hz, 2H, C(3)-Hz), 2.26 (d, ] = 1.6 Hz, 3H, C(10)-Hs or C(17)-H3),
2.22 (d,] = 2.0 Hz, 3H, C(10)-Hs or C(17)-Hs), 1.96 (dddd, J = 13.7, 7.8, 7.0, 4.4 Hz, 1H, C(1)-
H), 1.81 (dddd, J = 13.7, 10.4, 6.4, 5.1 Hz, 1H, C(1)-H), 1.15 (br s, 1H, -OH).

13C NMR (101 MHz, CDCls) § 160.0 (d, ] = 243.0 Hz, C(7) or C(14)), 159.9 (d, ] = 242.4 Hz,
C(7) or C(14)), 139.5 (d, J = 3.5 Hz, C(4) or C(11)), 135.5 (d, J = 3.7 Hz, C(4) or C(11)),
132.1 (d, ] = 4.9 Hz, C(9) or C(12)), 130.5 (d, ] = 5.0 Hz, C(9) or C(12)), 127.7 (d, ] = 7.7 Hz,
C(5) or C(16)), 126.2 (d, ] = 7.9 Hz, C(5) or C(16)), 124.6 (d, ] = 17.1 Hz, C(8) or C(13)),
124.2 (d,] = 17.2 Hz, C(8) or C(13)), 114.8 (d, ] = 21.9 Hz, C(6) or C(15)), 114.5 (d, ] = 22.0
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Hz, C(6) or C(15)), 61.0 (C(18)), 43.8 (C(2)), 43.1 (C(3)), 38.1 (C(1)), 14.7 (d, ] = 3.5 Hz,
C(10) or C(17)), 14.5 (d, ] = 3.6 Hz, C(10) or C(17)).

19F NMR (376 MHz, CDCl3) § -121.1, -121.9.

HRMS (ESI): m/z calculated for CisH21F20* [M+H]* 291.1555 found 291.1559.

IR (CH3Cl film): 3421 (br), 2978 (w), 1604 (w), 1505 (w), 1372 (w), 1255 (m), 1222 (m),
1118 (w), 1042 (w), 914 (s), 830 (w), 731 (s) cm-L.

SFC: Chiralpak® IG, 1500 psi, 30 °C; flow: 1.0 mL/min; 1% to 10% MeOH over 5 min,

93.3:6.7 e.r. (minor enantiomer tr = 4.89 min, major enantiomer tr = 4.97 min).

[a]p?5 = -63.2 (c = 1.0, CHCl3).
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(+)-Ethyl (S)-3,4-bis(4-fluorophenyl)butanoate 4-7b

(+)-Ethyl (S)-3,4-bis(4-fluorophenyl)butanoate 4-7b was prepared using General
procedure E with 4-fluoro-3-methylphenylboronic acid 4-4b. Purification by automated
medium-pressure chromatography (Et20/hexane = 0/100 to 20/80) afforded (+)-ethyl
(5)-3,4-bis(4-fluorophenyl)butanoate 4-7b (125.0 mg, 0.39 mmol, 98%) as a colourless

oil. SFC analysis showed an enantiomeric excess of 86%.

1H NMR (400 MHz, CDCl3) § 7.05 (m, 2H, C(Ar)-H x2), 6.92 (m, 6H, C(Ar)-H x6), 4.01 (q,
=7.1Hz, 2H, C(17)-Hz), 3.35 (tt, ] = 8.4, 6.7 Hz, 1H, C(2)-H), 2.90 (dd, ] = 13.6, 6.8 Hz, 1H,
C(3)-H), 2.81 (dd, ] = 13.6, 8.2 Hz, 1H, C(3)-H), 2.65 (dd, ] = 15.4, 6.7 Hz, 1H, C(1)-H), 2.58
(dd, ] = 15.4, 8.5 Hz, 1H, C(1)-H), 1.13 (t, ] = 7.1 Hz, 3H, C(18)-Hz).

13C NMR (101 MHz, CDCls) § 172.0 (C(16)), 161.6 (d, ] = 244.6 Hz, C(7) or C(13)), 161.5
(d,] = 244.2 Hz, C(7) or C(13)), 138.6 (d, J = 3.2 Hz, C(4) or C(10)), 134.9 (d, ] = 3.3 Hz,
C(4) or C(10)), 130.6 (d, J = 7.9 Hz, C(5,9) or C(11,15)), 129.0 (d, J = 7.9 Hz, C(5,9) or
C(11,15)), 115.2 (d, J = 16.5 Hz, C(6,8) or C(12,14)), 115.0 (d, J = 16.5 Hz, C(6,8) or
C(12,14)), 60.4 (C(17)), 43.5 (C(2)), 42.2 (C(3)), 40.4 (C(1)), 14.1 (C(18)).

19F NMR (376 MHz, CDCl3) § -116.3,-116.9.

HRMS (ESI): m/z calculated for CisH19F202* [M+H]* 305.1348 found 305.1346.

IR (CHsCl film): 2985 (w), 2256 (w), 1730 (m), 1604 (w), 1510 (w), 1446 (w), 1374 (w),
1224 (s), 1182 (m), 1158 (w), 1095 (w), 1036 (w), 909 (s), 834 (m), 732 (s) cm-L.
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SFC: Chiralpak® IA, 1500 psi, 30 °C; flow: 1.0 mL/min; 1% to 30% MeOH over 5 min,

92.9:7.1 e.r. (minor enantiomer tr= 1.71 min, major enantiomer tr = 1.55 min).

[a]p?5 = +47.2 (c = 1.0, CHCl3).
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(+)-Ethyl (S)-3,4-bis(4-methoxyphenyl)butanoate 4-7c

(+)-Ethyl (S)-3,4-bis(4-methoxyphenyl)butanoate 4-7c was prepared using General
procedure E with 4-fluoro-3-methylphenylboronic acid 4-4c. Purification by automated
medium-pressure chromatography (Et20/hexane = 0/100 to 20/80) afforded (+)-ethyl
(8)-3,4-bis(4-methoxyphenyl)butanoate 4-7¢ (121.5 mg, 0.37 mmol, 93%) as a colourless
oil. SFC analysis showed an enantiomeric excess of 89%. Characterisation data match

literature reports.217

1H NMR (400 MHz, CDCls) § 7.06 (d, ] = 8.7 Hz, 2H H, C(Ar)-H x2), 6.95 (d, ] = 8.6 Hz, 2H
H, C(Ar)-H x2), 6.80 (d, ] = 8.7 Hz, 2H H, C(Ar)-H x2), 6.76 (d, ] = 8.6 Hz, 2H H, C(Ar)-H x2),
4.00 (q,] = 7.1 Hz, 2H H, C(19)-Hz), 3.77 (s, 3H, C(17)-Hs or C(10)-H3), 3.76 (s, 3H, C(17)-
Hs or C(10)-Hs), 3.33 (dq, ] = 8.8, 7.3 Hz, 1H, C(2)-H), 2.83 (d, ] = 7.4 Hz, 2H, C(3)-H), 2.64
(dd, J = 15.2, 6.6 Hz, 1H, C(1)-H), 2.55 (dd, ] = 15.2, 8.7 Hz, 1H, C(1)-H), 1.13 (t,/ = 7.1 Hz,
3H, C(20)-Hs).

13C NMR (101 MHz, CDCl3) § 172.4 (C(18)), 158.1 (C(7) or C(14)), 158.0 (C(7) or C(14)),
135.6 (C(4) or C(11)), 131.7 (C(4) or C(11)), 130.2 (C(Ar) x2), 128.5 (C(Ar) x2), 113.7
(C(6,8) or C(13,15)), 113.6 (C(6,8) or C(13,15)), 60.2 (C(19)), 55.2 (C(10) and C(17)), 43.4
(C(2)), 42.3 (C(3)), 40.5 (C(1)), 14.1 (C(20)).

HRMS (ESI): m/z calculated for C20H2504* [M+H]* 329.1747 found 329.1752.

IR (CHsCl film): 2935 (w), 2254 (w), 1729 (m), 1612 (w), 1513 (m), 1465 (w), 1373 (w),
1300 (w), 1247 (m), 1178 (m), 1147 (w), 1037 (m), 909 (s), 830 (m), 731 (s) cm-L.
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SFC: Chiralpak® ID, 1500 psi, 30 °C; flow: 1.0 mL/min; 1% to 30% MeOH over 5 min,

94.3:5.7 e.r. (minor enantiomer tr = 2.79 min, major enantiomer tr = 2.58 min).
[a]p25 = +52.9 (c = 1.0, CHCl3).

Absolute stereochemistry was determined by comparing [a]p of 4-7c to that of (R)-

2,3,5,6-tetrafluoro-4-methylbenzyl 3-(4-methoxyphenyl)-4-(p-tolyl)butanoate.218
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dioxane/H50, 90°C
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F
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8 - 18
VS
4 2
10Me 5 3 Y7 O Me19

(+)-Ethyl (S)-4-(4-fluoro-3-methylphenyl)-3-(4-fluorophenyl)butanoate 4-11

[Rh(cod)OH]2 (4.6 mg, 0.010 mmol, 2.5 mol%) and (R)-BINAP (14.9 mg, 0.024 mmol, 6.0
mol%) were added to 7 mL vial containing a stirring bar and dissolved in dry THF (4.0
mL) under an argon atmosphere at ambient temperature (23 °C). This solution was

stirred for 5 minutes.

Cs2C03 (130.3 mg, 0.40 mmol, 1.0 equiv.), (4-fluoro-3-methylphenyl)boronic acid (61.6
mg, 0.40 mmol, 1.0 equiv.), (4-fluorophenyl)boronic acid pinacol ester (133.2 mg, 0.60
mmol, 1.5 equiv.) and Zn(O0Tf)2 (29.1 mg, 0.08 mmol, 0.2 equiv.) were added to a 7 mL
vial containing a stirring bar. To this vial a stock solution of the rhodium hydroxy complex
(4.0 mL) was added via syringe under an argon atmosphere. Ethyl (Z)-4-
((ethoxycarbonyl)oxy)but-2-enoate 4-3 (80.9 mg, 0.40 mmol, 1.0 equiv.) was added via
microsyringe and the reaction mixture was stirred at ambient temperature (23 °C) for 14

hours.

The mixture was diluted with hexane (4.0 mL) and filtered through a plug of silica. The
crude was loaded onto Chem Tube-Hydromatrix and automated medium-pressure
chromatography (Et20/hexane = 0/100 to 20/80) was performed to afford (+)-ethyl (5)-
4-(4-fluoro-3-methylphenyl)-3-(4-fluorophenyl)butanoate 4-11 (86.6 mg, 0.27 mmol,

68%) as a colourless oil. SFC analysis showed an enantiomeric excess of 81%.

1H NMR (400 MHz, CDCl3) § 7.07 (m, 2H, C(Ar)-H x2), 6.94 (m, 2H, C(Ar)-H x2), 6.82 (m,
2H, C(Ar)-H x2), 6.75 (m, 1H, C(Ar)-H), 4.00 (q, J = 7.2 Hz, 2H, C(18)-Hz), 3.34 (p, /= 7.5
Hz, 1H, C(2)-H), 2.83 (dd, ] = 13.6, 7.1 Hz, 1H, C(3)-H), 2.77 (dd, ] = 13.6, 7.9 Hz, 1H, C(3)-
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H), 2.64 (dd, J = 15.4, 6.6 Hz, 1H, C(1)-H), 2.55 (dd, ] = 15.4, 8.7 Hz, 1H, C(1)-H), 2.19 (d, ]
=2.0 Hz, 3H, C(10)-H3), 1.12 (t, ] = 7.2 Hz, 3H, C(19)-Hs).

13C NMR (126 MHz, CDCls) § 172.1 (C(17)), 161.6 (C(7) or C(14)), 160.0 (C(7) or C(14)),
138.8 (C(4) or C(11)), 134.6 (C(4) or C(11)), 132.1 (C(9)), 129.0 (C(12) and C(16)), 127.8
(C(5)), 124.4 (C(8)), 115.1 (C(13) and C(15)), 114.6 (C(6)), 60.4 (C(18)), 43.4 (C(2)), 42.2
(C(3)), 40.3 (C(1)), 14.5 (C(10)), 14.1 (C(19)).

19F NMR (376 MHz, CDCl3) § -116.5, -121.4.

IR (CH3Cl film): 2971 (w), 1729w (m), 1651 (w), 1514 (w), 1455(w), 1368 (w), 1268 (m),
1216 (m), 1174 (m), 1131 (w), 1036 (m), 1016 (w), 981 (w), 866 (w), 818 (m), 754 (s),
668 (m) cm1.

HRMS (ESI): m/z calculated for Ci9H20F2NaO2* [M+Na]* 341.1324 found 341.1320.

SFC: Chiralpak® IG, 1500 psi, 30 °C; flow: 1.0 mL/min; 1% to 30% MeOH over 5 min,
90.6:9.4 e.r. (minor enantiomer tr = 1.98 min, major enantiomer tr = 1.83 min).

[a]p?5 = +49.0 (c = 1.0, CHCl3).

236



6 Supplementary Information

237



6.1 NMR spectra
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Figure 6.1 (top) 1H NMR (400 MHz) and (bottom) 13C NMR (101 MHz) spectra of S1.
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9a.
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242



M
Cco,Et
—

Me
EtO,CO

62T

6Z°T
1€T \\
€T
86T
00T
00°C / =
w0c

€0°C

€0C

S0°C

s0C

0T

L0°C

80°C

60°C

[ x4

L6°0
160
66°0
66°0
8T
mmd% —

L

STy
9T'v
8Ty
8T'v
0Ty
wry

68'S
68°'S
6'S
w6'S
009
009
109
109
29
209
€09
09
09
609
01’9

w9

i

E1e9

Fz6's

Foot

i&ﬁo

16°0
WMQO

00 -0.5 -1.0

0.5

4.0 3.5 3.0 2.5 2.0 1.5 1.0

4.5

5.0

5.5

10.0 9.5 9.0 8.5 8.0 7.5 7.0 6.5 6.0

10.5

f1 (ppm)

ST'vT

TPt V
€L
°E8T 7

€'ze —

6€'09 —
68'€9 —

65'8L —

L6121 —

8T'SPT —

LLYST —

T€°59T —

M
Co,Et
P4

Me

Et0,CO

-20

-10

90 80 70 60 50 40 30 20 10

100
f1 (ppm)

Figure 6.6 (top) 1H NMR (400 MHz) and (bottom) 13C NMR (101 MHz) spectra of (+)-2-

11b.

210 200 190 180 170 160 150 140 130 120 110

220

243



6Z°T
0E'T W
w«©T

16T~
el

jra%
mw.qk
styf
9Ty

SS'S N
9557

SE'L
sz
9t
e
e
e
8€7L
8E°L
667,
667
THL~
e
s
05
052
05+
05°Z ]
05°2
sz ]
es
25
s

—r—

CO,Et

AN

OH

Ph

M

I

FT'e

oz

P10
Fo6'T

0.5

1.0

1.5

3.0

4.0

5.5

6.5

7.5

8.0

9.0

f1 (ppm)

66°€T —

€€'79 —
LTY9

w6'LL—

T8 —

T2~
S8'8ZT
szt

79'8eT —

EP'EST —

CO,Et

AN

Ph

OH

10

50

70

110

210

T
220

f1 (ppm)

Figure 6.7 (top) 1H NMR (400 MHz) and (bottom) 13C NMR (101 MHz) spectra of $4.

244



87’1
67T
0E'T
0E'T
€T
w«©T

[X44
L1474
Ty
1144
jxad
jxa4
jxad
i<a4
STy
STy
STy

L9 —
8€°L
6E°L
6E°L
oL
ov'L
ov'L
152
18,
[Awa
L
€S,
€S°L
€S°L

CO,Et

AN

Ph

OCO,Et

A ad N

EST9

Ferv

E/80

16T
Fs61

10.0 95 9.0 8.5 8.0 7.5 7.0 6.5 6.0 5.5 5.0 4.5 4.0 3.5 3.0 2.5 2.0 1.5 1.0 0.5 0.0 -0.5 -1.0

10.5

1 (ppm)

LE'ET v

LTPT

Y79 —
889
¥5'89 —

w0'6L —
8078 —

/LT~
v6'82T -7
TL6eTT \

€9'bET

88'75T ~
p6EST

CO,Et

AN

Ph

OCO,Et

210 200 190 180 170 160 150 140 130 120 110

220

f1 (ppm)

Figure 6.8 (top) 1H NMR (400 MHz) and (bottom) 13C NMR (101 MHz) spectra of S5.

245



Z1
871
6T
0E'T
€T
€T

ST'b
9T'b Y
9Ty o
9T'h
AT
8T

6T°%
6Tt
0Tt ]

1Tt
17|
A
Ty ]
[xad
vTt |
vTy )

88'S
68'S
16°'S
ﬁm.mN
LE9
mm.m/
o.\mw

w9

9L
&ZL
6T°L /

6741
6rLf
S 3
[
[
€L
€eL ]
€eL
v
vee ]
v ]
SEL
9L
9L
9L
9L
L£L
8€'L
8€'L
05°L
05z
05,
15
Ts'L
Ts'L

CO,Et

Ph
EtOZCO'JJ\/

Ll

Feov

960

Frov
Ee6'T

4.0

4.5

5.0

T
5.5

1 (ppm)

0T'vT v

fx44s

09°09 —
TTy9 —

9T'SL—

T6°02T —
[UyaaN
¥S'8¢T

99821 V.
9T'8ET —

WPT —

ST'HST —

62°59T —

CO,Et

Ph
Etozco"'"]\/I

f1 (ppm)

Figure 6.9 (top) 'H NMR (400 MHz) and (bottom) 13C NMR (101 MHz) spectra of (+)-2-

11d.

246



OEt

Me

EEEE
e

E/0T

Frot

FL60
Fo0v

f1 (ppm)

OEt

Me
NS

LTPT —

480 —

£9'LE —

1665 —

98°LTT —

W'9ZT N

-20

-10

10

20

30

50 40

60

70

100 90 80

f1 (ppm)

247

110

120

80°LTT —

85°8CT 4

SOPPT —

89'€ST —

82991 —

140 130

150

210 200 190 180 170 160

220

Figure 6.10 (top) 'H NMR (400 MHz) and (bottom) 13C NMR (101 MHz) spectra of Z-2-

10a.




9Tt
87’1
0T

€01 \

SK'T

85°€
65°E€
09°€
19°¢
we
e
¥9'E
v9'E
S9°€
99°¢

9T’y
mﬁ.vk

Wl

6L'S
6L'S
£8's

£8's \.
60°L

:.L
€12
ST
8T
61°L
[\
0rL~§
1w
172
<%
€
€L ]
ve'L
sz
sz
9t ]
ez ]
e ]
€L
[
€€°L
€L
veEL
veL
seL

OEt

.\Ju\._._,t

Ev0'e
6T’

Hot

2160
s
B8t

00 -0.5 -1.0

0.5

4.0 3.5 3.0 2.5 2.0 1.5 1.0

4.5

5.0

5.5

10.0 9.5 9.0 8.5 8.0 7.5 7.0 6.5 6.0

10.5

f1 (ppm)

9THT —

€207 —

S0z —

709 —

61°02T —

(18N
9€ LT —
60821

LEEPT —

95°¢ST —

SL°99T —

OEt

150

130 120 110

140

210 200 190 180 170 160

220

f1 (ppm)

Figure 6.11 (top) 'H NMR (400 MHz) and (bottom) 13C NMR (101 MHz) spectra of E-2-

10a.

248



e
€T
sT1
1
671
81
88T
88'T
68T
06T
06T
16T
16T
6T
261 1
€6°T |
v6'T
v6'T
S6'T
1Ty
817 7
817y
617
61°C
07
02T A

ﬁ

OEt

Me

!

wr—

89'C /

697 —¢

LTL
LTL
6T°L
61°L
1L
1L
8L
8T,
8L
€L
0€'L
€L
1€L
€L

T7e
we
€Le
SLT
LLe
wv
€0y
Yo'y
S0y
90'v
90t
L0'v
80t
80'v
o'y
0Ty
1154
1154
(494
ETv
1454
1454

1

0'€
'€

Fere
Fere

Frot

E68T
Fee1

0.0

0.5

1.0

1.5

4.0

4.5

5.0

5.5

9.0 8.5 8.0 7.5 7.0 6.5 6.0

9.5

f1 (ppm)

OEt

€T —
sTIe—
1926~
szee

Sp'6E —

1209 —

61921 ~\_

v0'L2T —

opger

EE9PT —

69°ELT —

-20

-10

90 80 70 60 50 40 30 20 10

100
f1 (ppm)

Figure 6.12 (top) 'H NMR (400 MHz) and (bottom) 13C NMR (101 MHz) spectra of red-2-

10a.

210 200 190 180 170 160 150 140 130 120 110

220

249



e
@t
vT'T
vT'T
9T
€8T
€87
¥8'T
s8'T
81
81
88'T
68T
68'T |
06°T |
16T
16T
167
€6°T |
P17
S1'Ty

OEt

Me

91T
11T
112

L1'T
81T

61T

9T
897y
69°C
0L'e
ore
we
we
€Lt
vL'T
ste
90b~_

80'v
moé\
1154

6’9
S6'9
96’9
96'9
L6'9
16’9
86'9
86'9
66’9
66'9
00°Z
oT'L
L
e
L
€TL
v1'L
vI'L
STL

]

E809

Fere
Bz

E81
Fe6'T

0.0 -05

0.5

3.0 2.5 2.0 1.5 1.0

3.5

4.0

4.5

10.0 9.5 9.0 8.5 8.0 7.5 7.0 6.5 6.0 5.5 5.0

10.5

1 (ppm)

T —

9T —

0s'2e—
£E°EE 4
€L'8€ —

9209 —

90°STT v

LTSTT
0€'8CT
LE°821 v.

T6°'THT
v IPT v

ST'09T —
857791 —

SSELT —

OEt

190

-20

170 160 150 140 130 120 110

180

210 200

220

f1 (ppm)

Figure 6.13 (top) 'H NMR (400 MHz) and (bottom) 13C NMR (101 MHz) spectra of red-2-
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Figure 6.71 (top) 'H NMR (400 MHz) and (bottom) 13C NMR (101 MHz) spectra of 3-2b.
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Figure 6.79 (top) 'H NMR (400 MHz) and (bottom) 13C NMR (101 MHz) spectra of 4-6.
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Figure 6.85 (top) 1H NMR (400 MHz) and (bottom) 13C NMR (101 MHz) spectra of 4-7b.
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Figure 6.87 (top) 1H NMR (400 MHz) and (bottom) 13C NMR (101 MHz) spectra of 4-11.
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Figure 6.89 (top) 'H NMR (400 MHz) and (bottom) 13C NMR (101 MHz) spectra of 4-7c.
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Figure 6.90 (top) 'H NMR (400 MHz) and (bottom) 13C NMR (101 MHz) spectra of 4-12.
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Figure 6.92 SFC trace for (5)-Z-2-10a and (#)-Z-2-10a.
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Figure 6.93 SFC trace for (5)-E-2-10a and (*)-E-2-10a.
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Figure 6.94 SFC trace for (S)-red-2-10a and (+)-red-2-10a.
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Figure 6.95 SFC trace for (S)-red-2-10b and (*)-red-2-10b.
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Figure 6.96 SFC trace for (S)-red-2-10c and (*)-red-2-10c.
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Figure 6.97 SFC trace for (S)-red-2-10d and (*)-red-2-10d.
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Figure 6.105 SFC trace for (S)-red-2-101 and (*)-red-2-10l.
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Figure 6.106 SFC trace for (S)-red-2-10m and (*)-red-2-10m.
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Figure 6.110 SFC trace for (S)-red-2-10q and (*)-red-2-10q.
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Figure 6.111 SFC trace for (S)-red-2-10r and (*)-red-2-10r.
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Figure 6.115 SFC trace for (S)-red-2-10v and (*)-red-2-10v.
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Figure 6.117 SFC trace for (S)-Z-2-10x and (*)-Z-2-10x.
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Figure 6.119 SFC trace for (S)-red-2-12a and (*)-red-2-12a.
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Figure 6.120 SFC trace for (S)-red-2-12b and (+)-red-2-12b.
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Figure 6.121 SFC trace for (S)-red-2-12c and (*)-red-2-12c.
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Figure 6.123 SFC trace for (S)-red-2-12g and (*)-red-2-12g.
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Figure 6.127 SFC trace for (S)- 2-15 and (*)-2-15.
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Figure 6.128 SFC trace for (S)- 2-16 and (+)-2-16.
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Figure 6.130 SFC trace for (S)- 2-19 and (*)-2-19.

348

795

8.00

805

a10

815

a20

825

830

835



EtO,COL__Me
o CO,Et

200
180
160;
140
120

0.54 - 1.272

1.1201.1251.1301.1351.1401.1451.1501.1551.1601.1651.1701.1751.1801.1851.1901.1951.2001.2051 2101.2151 2201 2251 2301 2351 24012451 2501 2551.2601.2651.2701.2751 28012851 2901 2951 3001.3051.3101.3151.3201.3251.3301.3351.3401.3451.350
Minutes

Figure 6.131 SFC trace for (5)-2-9a (used in mechanistic studies) and ()-2-9a.
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Figure 6.132 SFC trace for (5)-4-9 and (*)-4-9.
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Figure 6.134 SFC trace for (5)-4-11 and (+)-4-11.
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Figure 6.135 SFC trace for (S)-4-7c and (*)-4-7c.
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