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Abstracts

Chapter 1 - Brgnsted Acid-catalysed Enantioselective Conjugate Addition to Vinyl N-

Heterocycles

This chapter details work towards the development of a new catalytic and enantioselective
carbon-carbon and carbon-heteroatom bond forming method to enable access to desirable
heterocyclic motifs containing functionalised stereocentres. Chiral Brgnsted acid-catalysed
conjugate addition to vinyl N-heterocycles was predicted to facilitate enantiocontrolled

access to heterocycles containing a chiral benzylic and/or homobenzylic functionality

(Scheme 1).

4
1 R'] R

o I\\ R3 7 \E\\ R? o

! Nucleophile | O. ~
'\\\‘\ - - / S E—— '\\\‘\ - - = >
N N Catalyst ~ N Nuc Catalyst o P\OH
R R CC

R4

Scheme 1. Brgnsted acid-catalysed conjugate addition to substituted vinyl N-heterocycles.

From initial investigations, it became apparent that the most competent nucleophile was
aniline which was selected as the nucleophile for optimisation studies. Vinyl pyridine systems
displayed poor reactivity towards the conjugate addition, whereas a vinyl quinoline
compound was found to be significantly more reactive and was chosen as a more competent

Michael acceptor (Scheme 2).

| A 20 mol% Cat. | A
> Aniline (1.1 equiv) —
N DCE (1 M), rt, 157 h N N
Me

Me

<10%

O

jo]
N7

Catalyst =

P

l l O OH

| X 20 mol% Cat. | N
_ Aniline (1.1 equiv) —
N DCE (1 M), rt, 24 h N ”
Ph

65%
Scheme 2. Reactivity of vinyl quinoline system compared to vinyl pyridine system.

Optimisation of the process showed high selectivity could be achieved at the expense of
conversion (33% conversion, 80% ee) and, conversely, high conversion could be achieved at

the expense of selectivity (72% conversion, 64% ee). The rate of proton transfer in

xiii



asymmetric protonations is an important factor in their success and controlling this will be
key to developing the current methodology towards high selectivity at an appropriate degree
of reactivity. Efforts to reconcile these have, so far, proved unsuccessful and work towards

doing so will be undertaken within the group in the future.

Chapter 2 - One-pot Formal Homologation of Boronic Acids: A Platform for Diversity-

oriented Synthesis

This chapter details methodology in which chemoselective formal homologation of boronic
acids has been developed. Chemoselective Suzuki-Miyaura cross-coupling between a boronic
acid and a haloaryl MIDA boronate (BMIDA) followed by controlled BMIDA hydrolysis reveals
the formally homologated boronic acid product (Scheme 3). The chemoselectivity in this
process arises from the selective cross-coupling of the haloarene with one boron species

preferentially over the other.

B(OH),
B(OH), BMIDA Pd cat. @
® X -B(OH); (R)
Boronic acid MIDA boronate Homologated boronic acid

Scheme 3. Chemoselective formal homologation of boronic acids.

The process was immediately validated and efficiently optimised through the careful control

of the reaction media (Scheme 4).

OH oH

BMIDA B\OH Pd(dppf)Cl, - B\OH
5 O/ KsPO,, H,O
' _ THF, 90 °C, 4 h, N, O
1.1 equiv.

Benchmark - 70% conv.
Optimised - 95% yield

Scheme 4. Validation and optimisation of homologation reaction.

Once optimised, the process was applied to a wide range of substrates which were
successfully delivered in good to excellent yields (46-95%), a significant proportion of which

are novel boronic acids (Scheme 5).

Xiv



B(OH), BMIDA Pd cat. @ BIOH)
@™ & Fsey

22 examples, 46-95% yield
21 novel boronic acids

Scheme 5. Scope of the developed boronic acid homologation reaction.

With the reaction scope firmly established, the next step would be to utilise the proven ability
of the reaction to tolerate a range of substrates to synthesise a boronic acid which could act
as a valuable precursor to a biologically relevant molecule. This boronic acid would then act
as the platform for diversification in a display of the value of the methodology towards drug
discovery programmes. Application of this procedure was successfully achieved in the

synthesis of a range of bromodomain binding inhibitors (Scheme 6).

6 examples
74->99% yield

Scheme 6. Application of the methodology towards diversity oriented synthesis.
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Chapter 1 - Brgnsted Acid-catalysed Enantioselective Conjugate Addition to Vinyl N-
Heterocycles
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1. Introduction
1.1. Asymmetric Protonation
1.1.1. Principles of Asymmetric Protonation

Asymmetric protonation is a well-known methodology for direct access to compounds with
high levels of enantioenrichment.2®* One method for the generation of a tertiary carbon
stereocentre is to protonate a carbanion intermediate. However, asymmetric transfer of a
proton holds significant challenges, i.e., manipulating a very small atom and controlling
asymmetry while doing so. Due to this, the conditions generated for efficient asymmetric
protonation of a substrate or substrate class may be very specific to that particular substrate
or substrate class and may perform poorly when applied to others. This makes the
development of a general method for asymmetric protonation extremely challenging, yet,
equally as desirable since tertiary carbon stereocentres are very common in biologically
valuable compounds.® Therefore, the development of synthetically useful asymmetric

protonation methods to form such stereocentres is of high value.

The concept of asymmetric protonation is a relatively simple one: a prochiral molecule is
protonated selectively on one enantiotopic face, for example, on an enolate derivative
(Figure 1). The protonating agent must be chiral in order to achieve the desired enantiofacial
discrimination when associating the proton source with the prochiral molecule, 1, during

protonation.
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Figure 1. Selective facial protonation of a generic prochiral N/O-based enolate.

While Figure 1 shows a generic model demonstrating the principle of asymmetric

protonation by a chiral proton source based on metallated enolates or enamines, 1, there



are, however, additional modes of induction for asymmetric protonation. The chiral
protonating agent (CPA) can be a chiral proton source where the enolate has no chirality
(Figure 2 (a)), a chiral metal enolate where the chirality resides on the metal (Figure 2 (b)), or
a hybrid system in which the chiral proton source serves as a ligand to the metal which is

bound to the prochiral enolate (Figure 2 (c)).

o™ o
. H-A* R
(@ R)\( R ————= RJ\(
R’ R
4 5
o™ .
H-A
" R
® AR Y
R’ R
6 7
M-A*
O,M / \ (0]
He A* o H R
(C) R)\( R" —_— RJﬁ/ R" B — R)J\‘/
R’ R R
8 9 10

Figure 2. Modes of induction in asymmetric protonation of metal enolates.
1.1.2. Important Factors for Achieving Asymmetric Protonation

Given the inherent difficulties (discussed in section 1.1.1.) associated with asymmetric
protonation in a general sense, there are a number of important parameters which should

be considered when attempting these reactions.
1.1.2.1. Rate of Proton Transfer

One of the most important factors in determining the outcome of an asymmetric protonation
is the speed with which a proton transfers from one (hetero)atom to another in solution. This
is one of the fastest processes in chemistry® and controlling this is, of course, significantly
challenging. One method of doing so is to reduce the temperature of the reaction such that
all molecules in solution are rotating and moving more slowly, making it possible to slow
down the rate of proton transfer.”2%° The rate of transfer of the proton is not the only
challenge associated with asymmetric protonation - its ability to readily transfer from one
heteroatom to another rapidly in solution can cause significant difficulty when attempting to

selectively protonate prochiral intermediates.



1.1.2.2. Structure of the CPA

Structurally, a CPA is most effective in achieving high levels of enantioselectivity if it contains
both a site acting as a hydrogen-bond acceptor and a site acting as a hydrogen-bond donor,

ideally in close proximity, and in a syn-relationship (Figure 3).?
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Figure 3. Structural benefit of a CPA having both proton donating and accepting group in a

syn-like relationship.

It can be seen from Figure 3 that the enantioselectivity of the protonation can be significantly
influenced by the structural properties of the CPA in that the formation of a more rigid
intermolecular H-bonding network between the CPA and the intermediate, 11, is highly
favourable in terms of generating robust asymmetric induction.? Such an H-bonding network
is favourable in that it establishes a strong interaction between the CPA and one particular
enantiotopic face of the prochiral molecule, depending on the substitution on the prochiral
intermediate, which leads to selective facial protonation. If the rigid H-bonding network is
not achieved or is weak or flexible (if the X groups of the CPA are in an anti-relationship or
are not in close proximity), then the H-bonding interaction between X? on the CPA and X3-H
on the prochiral intermediate would be too flexible, 12, to generate sufficient asymmetric
induction. Consequently, this would have a detrimental effect on the facial selectivity of the

protonation.
1.1.2.3. pK. of the CPA

Another factor of the CPA which is important in achieving high enantioselectivity is its acidity.
This is important because it must be acidic enough to protonate all of, or the vast majority
of, the substrate so that on workup of the reaction the remaining un-protonated substrate is

in a low enough quantity, or ideally is non-existent, so that the resulting racemic product



afforded by quenching with an achiral proton source would not affect the overall ee. Vedejs
conducted pK; studies to probe the importance of ApK, between the CPA and the prochiral
substrate in asymmetric protonation reactions.!! These studies show that ApKa (ApKa = pKa
substrate - pK, CPA) of different catalysts lead to 91%, 97%, and 99% protonation by the CPA.
One of the findings that it is important to take into account is that as the ApKi; is lowered,
proton transfer is slower, and enantioselectivity is consequently higher. So, it can be deduced
that it is important to find a balance between enantioselectivity (requiring low ApK,) and
extent of protonation (requiring high ApK,) and that is found to be in the region of 2 < ApK;
<4,

In 2008, Yamamoto reported the first metal-free Brgnsted acid catalysed asymmetric
protonation reactions of silyl enol ethers using a chiral Brgnsted acid catalyst in the presence

of a less acidic, achiral Brgnsted acid (Table 1).*2

OTMS (o]
Ph 10 mol% catalyst = Ph
2,4,6-(CH3)3CgH,CO,H (1.1 eq)
PhMe, rt
13 14

Ar
99 OB, 18 X< v
o X " 36772 18-1: Ar = 2,4,6-(i-Pr)3CeH;

16: X=0,Y=S8SH A )
_FC Ar = 2.4.6-(1-Pr);CeH, , 18-2: Ar = 4-t-Bu-2,6-(i-Pr),CgH,

0"y X = =
17: X=0,Y=NHTF 1o X fg:(zpr)NCHTg
Ar = 2,4,6-(i-Pr)3CgH, ™ 36tz
Ar

Catalyst
Entry Catalyst pKa Time (h)  Yield® (%), er®
1 15 4.2'3 (DMSO) 96 NR, ND
2 16 - 96 NR, ND
3 17 3.34'* (DMSO) 4.5 >99, 77:23 (S)
4 18-1 - 3.5 >99, 89:11 (S)
5 19 - 3.5 >99, 86:14 (S)

aNR = No reaction, PND = Not determined.

Table 1. Yamamoto’s enantioselective protonations using chiral Brgnsted acid catalysts.

This work, as well as showing that enantioselective protonation of prochiral enolate
derivatives under chiral Brgnsted acid catalysis is possible, further illustrates the importance

of ApK,between the CPA and the enolate in terms of the extent of protonation (in some cases



0% protonation and in others >99% protonation) and the enantioselectivity (ranging from
54% ee to 78% ee). The desired product was delivered quantitatively in entries 3, 4 and 5 in
reaction times under five hours which indicates that, although proton transfer is rapid, it can
be controlled to a significant extent under controlled reaction conditions. In entries 1 and 2,
there was no reaction, possibly due to the inadequate acidity of the acids used and the
introduction of an NHTf group significantly improved the acidity to a level where the rapid

reaction times discussed above could be achieved.
1.1.2.4. (E)/(2) Configuration of the Prochiral Molecule

(E)- and (2)-Prochiral molecules have different enantiofacial selectivities since the two
diastereomeric transition states for the protonation of the (E)-isomer are different from

those for the (Z)-isomer. This is represented in Figure 4.
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Figure 4. The four different diastereomeric transition states for protonation of (E)- and (2)-

enolates.

If one was to carry out an asymmetric protonation on a prochiral enolate (or equivalent),
using either the (E)- or (Z)-isomer exclusively, there would be competition between two
different transition states, making a selective protonation possible under the correct
conditions. However, when using a mixture of the (E)- and (2)-isomers (as may very likely be
the case when forming and protonating the prochiral intermediate in situ), there would be

four possible transition states, making the selective protonation much more challenging.

Although protonation through %1 on the (2)-isomer, 20, and ¥4 on the (E)-isomer, 21, would
lead to the same stereochemistry in the final product (as is the case with ¥2 and #3), this
relies on both their energies being lower than both ¥2 and #3 in order to achieve a selective

protonation. This presents a significant challenge to overcome in asymmetric protonation



since, in order to increase the chance of a selective protonation, one would have to pre-form
and isolate exclusively the (E)- or (2)-intermediate before exposing it to the reaction

conditions.
1.1.3. Methods in Asymmetric Protonation
1.1.3.1. Enzymatic Methods of Asymmetric Protonation

Nature has developed several efficient methods for the asymmetric protonation of useful
molecules. One such report by Ohta'®> demonstrates how the arylmalonate decarboxylase
(AMDase) enzyme catalyses the decarboxylative asymmetric protonation of a-aryl-a-methyl-

malonates in high enantiopurity (Scheme 7).

Me .AMDase Me
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Scheme 7. Enzymatic decarboxylative asymmetric protonation.

Many more enzymatic methods of asymmetric protonation have been reported, but a more

detailed analysis of these is outwith the scope of this discussion.
1.1.3.2. Non-enzymatic Methods of Asymmetric Protonation

Taking inspiration from the way that enzymatic systems achieve asymmetric protonation
through the synergistic use of chiral proton donors and prochiral proton acceptors, many
efficient non-enzymatic methods of asymmetric protonation have been developed,
encompassing a wide range of substrates and CPAs. Figure 5 details a selection of these

transformations.
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Figure 5. Asymmetric protonation in non-enzymatic systems.

As can be seen from Figure 5, many useful functional groups such as carbonyl compounds
(a), o,B-unsaturated carbonyl compounds (b)/(e),'® ketenes (c)* and allenes (d)'® can
undergo asymmetric protonation to afford their functionalised, enantiopure derivatives. It is
important to notice that, in each of these examples, the functionalised products are always
formed by asymmetric protonation of their respective prochiral enolate derivatives. This is
the case with the vast majority of enantioselective protonations carried out in the laboratory
and the methodology has been developed to utilise this reaction pathway to such an extent

that most asymmetric protonations are carried out on pre-formed silyl enol ethers.

In terms of CPAs, there are many chiral proton sources which can be employed in asymmetric
protonation reactions and these vary widely in structure, acidity, functionality and solubility
in order to cover a wide range of asymmetric protonations. A selection of CPAs is shown in

Figure 6.
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Figure 6. Commonly employed CPAs in asymmetric protonation reactions.

Studying Figure 6, it is immediately apparent that there is a wide range of CPAs available
which can perform asymmetric protonations. The large scope of CPAs is such that choosing
a protonating agent can be based on various catalyst parameters such as acidity, chiral pocket
size/shape, solubility, chelation/H-bonding capacity and the functional group tolerance of
the reaction being performed. The suitability of such parameters can be evaluated based on
the nature of the prochiral substrate and the reaction conditions, and makes possible the
logical selection of a CPA for a particular asymmetric protonation reaction. The exploration
of CPAs has been, and will continue to be, the most significant factor in furthering progress
in catalytic, asymmetric protonation. A disadvantage of having such a large and varied
selection of CPAs is that choosing a CPA for a particular transformation may not necessarily
be intuitive since, generally, CPAs which are effective for particular transformations have
been discovered through screening a range of CPAs and selecting the most effective.
However, the most commonly employed CPAs are chiral BINOL-based phosphoric acids (41),

and are used in a wide range of asymmetric organic transformations.®
1.1.4. Generation of the Prochiral Intermediate

By surveying the asymmetric protonation literature (summarised in the sections above), it is
clear that the vast majority of asymmetric protonations adjacent to a carbonyl group are

carried out on the pre-formed, isolated enolate. This has a number of advantages in that (i)



the asymmetric protonation reaction would be ‘clean’ meaning that there are no by-products
associated with the formation of the enolate in the reaction mixture, (ii) the enolate (E)/(2)-
ratio can be controlled, and (iii) by exposing only one isolated isomer to the reaction
conditions, the formation of undesired product enantiomer can be minimised (see section

1.1.24.).

While the desired outcome is indeed achieved when pre-forming and isolating the prochiral
intermediate, in that the asymmetric protonation can be performed efficiently, the
generation and isolation of the intermediate may not be straight forward, desirable or even
possible for many compounds. In situ generation and tandem asymmetric protonation of
prochiral intermediates has been explored and this works well, giving high yields and ee’s,

and also functions as a method to circumvent the isolation of the prochiral intermediate.®

One particular example of this is Deng’s asymmetric ketone alkylation (Scheme 8).20
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Scheme 8. Deng’s cinchona alkaloid-catalysed, in situ generation and asymmetric

protonation of a prochiral ethenimine.

In Deng’s system, the functionalised ketone is first tautomerised to its prochiral enol form,
56, by association with the chiral cinchona alkaloid catalyst. Prochiral enol 56 then attacks
the electrophile, 57, which is also associated with the chiral catalyst, 55, generating a second
prochiral intermediate, ethenimine 58 (A = C, B = N). Association of 58 with the chiral catalyst
salt forms a diastereomeric complex which can then undergo asymmetric protonation to

form the final product in high yield, dr and ee.



This is a particularly significant example as it shows that, by using the correct conditions,
tandem in situ generation/conjugate addition/asymmetric protonation of prochiral
intermediates can be carried out efficiently using a single hydrogen-bonding catalyst. This

report holds promise for other similar methods to be developed.
1.2. Nucleophilic Conjugate Addition

Standard 1,2-nucleophilic additions involve the addition of a nucleophile to an electrophile
such as a double or triple n-bond, very often aided by the polarisation of the m-bond with an
electron-withdrawing heteroatom, i.e., functional groups such as carbonyl compounds, 60,
imines, 61, and nitriles, 62, which carry a partial positive charge on the carbon atom adjacent

to the heteroatom (Scheme 9).
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Scheme 9. General 1,2-nucleophilic addition to polarised m-bonds.

Most alkene compounds do not show 1,2-reactivity due to a lack of polarity across the m-
bond, unless the alkene is activated with polar substituents such as electronegative
heteroatoms.? In the case of o,B-unsaturated carbonyl compounds, cyclohexenone for
example, it can be understood from the resonance structures that the B-position is the
electrophilic site which is susceptible to nucleophilic attack. This type of nucleophilic addition
is termed a nucleophilic conjugate addition (1,4-nucleophilic addition). An illustration of this

is shown in Scheme 10.
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Scheme 10. Generic nucleophilic conjugate (1,4-) addition reaction mechanism.

In a generic conjugate addition (Scheme 10), the mechanism proceeds as follows: the

nucleophile attacks the electrophilic position of the a,B-unsaturated system, 63, generating

10



an enolate intermediate, 64 and 65. This enolate is subsequently quenched by protonation
on the a-carbon to afford the saturated product which can tautomerise between its enol
form, 66, and keto form, 67. If the enolate is prochiral, that is to say that if there is a
substituent (not a hydrogen atom) on the a-position of the carbonyl group, protonation of
the enolate would lead to an a-stereocentre being generated. Herein lies the possibility for
asymmetric induction in the conjugate addition reaction if a CPA was to be used for the

protonation event.

There are many variations of the conjugate addition reaction in that the nucleophile need

2 amines,?

not be carbon-based. As such, heteroatomic nucleophiles such as alcohols,
thiols,?* and phosphines® can be used successfully in conjugate addition reactions. In
addition, many different reaction conditions and catalysts (metal-based and metal-free) have
been successfully used in conjugate addition chemistry, which have allowed the conjugate
addition reaction to advance as one of the most important bond forming methods in organic

synthesis.?!
1.2.1. Copper-catalysed Conjugate Addition Reactions

The use of copper catalysis is firmly established in asymmetric conjugate addition
reactions.?®?” Copper complexes are used to facilitate 1,4-additions of hard nucleophiles,
such as organometallic reagents, to a,B-unsaturated carbonyl compounds - a reaction

pathway which is best suited to soft nucleophiles (Scheme 11).
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Scheme 11. Copper-catalysed 1,4-addition of a Grignard reagent to an a,B-unsaturated

compound.

The seminal work in the field of copper-catalysed conjugate addition chemistry was
published by the groups of Lippard?® and Desimoni® in which conjugate additions to a,pB-
unsaturated carbonyl compounds were carried out asymmetrically in high yields. The field
has since expanded as one of the most effective strategies for carrying out conjugate addition
reactions to a,B-unsaturated substrates such as esters, ketones, aldehydes, nitriles, and nitro

compounds.??’

1.2.2. Conjugate Addition Reactions to Vinyl N-Heterocycles

30,31 and

Conjugate additions have been successfully applied to vinyl heterocycles under acidic
basic*? conditions, and under transition metal catalysis.3*3* The field is well precedented,
incorporating carbon-, nitrogen-, oxygen-, and sulphur-based nucleophiles.®* The mechanism
for such reactions proceeds as shown in Scheme 12, using the acid-catalysed mechanism as

an example.
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Scheme 12. Acid-mediated conjugate addition to a prototypical protonated vinyl N-

heterocycle.

Upon protonation of the heterocyclic nitrogen, the vinyl heterocycle, 75, is activated via the
pyridinium intermediate, 76, to conjugate addition. The nucleophile then attacks the Michael
acceptor, generating an enamine intermediate, 77. Rearomatisation of intermediate 77 via
the nitrogen lone pair to reform the pyridine core and subsequent pick up of a proton in the

benzylic position generates the conjugate addition product, 78.

1.2.2.1. General Conjugate Additions to Vinyl N-Heterocycles

The seminal work in the field was published in 1955 when Reich and Levine used protonated
pyridine as a Michael acceptor in the conjugate addition reaction between an aniline
nucleophile and 2-vinyl pyridine, 75, to generate 2-ethylamino pyridines, 80, under

stoichiometric acidic conditions (Scheme 13).%°

Aniline
| N AcOH (1 equiv.) | ~
pZ > pZ Ph
N = MeOH, A N N~
75 80 H
78% yield

Scheme 13. Conjugate addition of amines to vinyl pyridine under acidic conditions.

This discovery shows the basis for the acid-mediated activation of the Michael acceptor via
the pyridinium, subsequent addition of the nucleophile to generate the enamine
intermediate, and rearomatisation with protonation to generate the secondary amine

product in 78% vyield.

Following this, in 2000, Yoshida reported the conjugate addition reaction between vinyl

pyridine, 75, and a range of thiol nucleophiles (Scheme 14).3

13
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Scheme 14. Conjugate addition of thiol nucleophiles to vinyl pyridine.

It is important to note that this reaction does not require an acid to facilitate the conjugate
addition. This can be explained by a comparison of the pK, of thiophenol (ca. 6)*” and the
pK.H of pyridine (ca. 5.25).3 Upon heating, the pyridine lone pair can deprotonate the
thiophenol, generating an electrophilic vinyl pyridinium species and a nucleophilic
thiophenolate. The conjugate addition reaction then proceeds via nucleophilic attack of the

nucleophile to the vinyl functionality of the pyridinium, generating 2-ethylthio pyridines, 81.

In 2009, Schaaf carried out similar acid-mediated conjugate addition reactions of sodium

methanesulfinate to vinyl pyridines (Scheme 15).3!

o ,0
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R Na” “Me R

X

XX o

5-8 equiv. acid |
| e, P _Me

N = EtOH, 60 °C, 20 h N SC
o’ Yo
82
Acid = AcOH, TFA. 83
9 examples

50-94% yield

Scheme 15. Conjugate addition to vinyl pyridine under super-stoichiometric acidic

conditions.

The synthesis was also applied to pyrimidines and various other nitrogen-containing vinyl

heterocycles.

It can be seen from the examples discussed above that there is a lack of a synthetic strategy
to carry out conjugate additions to vinyl pyridines without using harsh reaction conditions,
such as large equivalents of acid and/or refluxing. It is apparent that there is also no synthesis
of these substrates which operates catalytically or asymmetrically. However, conjugate
additions to other compounds containing a heterocyclic motif under more mild conditions

have been documented:

14



In 2010, Kerr carried out a series of conjugate addition reactions to a vinyl oxadiazole, 84,
using various carbon-, nitrogen-, and sulphur-based nucleophiles under acidic, basic, and

neutral reaction conditions (Table 2).32

o) Nucleophile (1.05 equiv)

N( W/\ Additive (1.0-1.2 equiv) _ N( W/\/Nuc
)—N CH,Cl,, 1t, 20 h )—N
PH PH
84 85
14 examples
0-99% yield
Nucleophile Yield (Additive) Yield (Additive) Uncatalysed Yield
n-BuNH; - - 98%
Et;NH - - 99%
PhNH; 54% (BFs.0Et) - 14%

35% (ACOH)

n-BuSH 88% (HCl) 8% (K2CO3) No Reaction
PhSH 40% (HCI) 85% (K2COs) 94%
ROH 63% (HCl) 78% (NaH) -
Diethyl Malonate - 51% (NaH) -
n-Bu,Culi - - 40%

Table 2. Results of Kerr’s conjugate addition to vinyl oxadiazoles under acidic, basic, and

neutral conditions.

This work shows, again, the ability of vinyl N-heterocycles to act as conjugate acceptors for
various nucleophiles and suggests that there is scope for such transformations to be carried
out asymmetrically in the cases where an additive is used to facilitate the conjugate addition

under mild reaction conditions.

1.2.2.2. Asymmetric Transition Metal-catalysed Conjugate Additions to Vinyl N-

Heterocycles

Asymmetric conjugate additions to vinyl N-heterocycles have been reported using metal
catalysis®* and PTC.*® In 2009, during work on copper-catalysed asymmetric conjugate
reductions of B,B’-disubstituted 2-alkenylheteroarenes, Lam found that nitrogen-containing
aromatic heterocycles, 86, can provide effective activation of an adjacent alkene for highly

enantioselective catalytic conjugate addition reactions (Scheme 16).3

15



(R.S)-PPF-PCy,, 5 mol % Y
W\
( N R Cu(OAc), H,0, 5 mol % ( N R @/kp c
> ] Y2
XJ\)\Rz PhSiH; (1.5 equiv.) X)J\/l\Rz Fe bpn,
t-BuOH (2 equiv.) <<b>

PhMe, rt, 18 h 87
11 examples

67-93% yield
87-98% ee

86
(R.S)-PPF-PCy,

Scheme 16. Lam’s copper-catalysed enantioselective conjugate addition to vinyl N-

heterocycles.

It can be seen from Lam’s work that the transformation described can be achieved
asymmetrically using the catalyst and ligand combination detailed in Scheme 16. This shows
promise for conjugate addition reactions to be carried out asymmetrically on vinyl N-
heterocycles. It can also be seen that there is room for improvement upon the synthetic

strategy used to achieve such a transformation, such as using an organocatalyst.

Lam also discovered in 2010 that Rh-catalysed additions of arylboronic acids to 1,2-
disubstituted vinyl N-heterocycles, 88, can be carried out asymmetrically and in high yields

(Scheme 17).3*

ArB(OH), (2.4 equiv.)
Ligand (6 mol %)

Me 0]
( N [Rh(C4H,),Cll, (2.5 mol %) ( N Ar
J\/\R KOH (2.5 equiv.) J\/l\ NT N

X ) X R 2 =
88 9:1 dloxane:HZQ 89 Me Me N Me
80 °C (uw), 30 min. 14 examples \ /
56-91% yield Ligand
89-98% ee

Scheme 17. Lam’s Rh-catalysed asymmetric conjugate addition to vinyl N-heterocycles.

This work further exemplifies the capacity of vinyl N-heterocycles to act as Michael acceptors
in asymmetric conjugate addition reactions under transition metal catalysis using a chiral

ligand to control the stereoselectivity.

Further to this work, Lam also reported the use of a new ligand to improve the overall
enantioselectivity and scope of the above Rh-catalysed conjugate addition reaction.*® The
ligand previously employed was a first generation chiral pool-derived ligand with
stereocentres additional to the chiral diene functionality, and the group questioned whether

this secondary chiral environment on the ligand was necessary. The catalyst which was
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eventually developed was a second generation derivative of the chiral diene with an achiral
group on the amide functionality, rather than a chiral cyclohexane, which improved overall

enantioselectivity and reaction scope (Scheme 18).

ArB(OH), (2.4 equiv.) Me
Ligand (6 mol %)

(1/\ [Rh(C2H4),Cll, (2.5 mol %) ( N A Me 0 Pr i-Pr
= > )J\/l\
X R KOH (2.5 equiv.) X R

7 N
88 9:1 dioxane:H,0 89 H ipr
80 °C (uw), 30 min. 25 examples Me )
48-95% yield Ligand
87-99% ee

Scheme 18. Ligand optimisation in Lam’s asymmetric conjugate addition.
1.2.2.3. Asymmetric Organocatalysed Conjugate Additions to Vinyl N-Heterocycles

Although transition metal-catalysed conjugate additions to vinyl heterocycles are broadly
successful, generation of an organocatalysed process would be a valuable addition to the
field. This would negate the need for any transition metals which have their associated

problems such as being toxic*™3

and difficult to completely remove from reaction mixtures.
As such, in 2009, Bernardi published the first asymmetric conjugate addition involving 5-

styrylisoxazoles, 90, and nitroalkanes under mildly basic conditions using PTC (Scheme 19).°

MeN02
_ ) O,N
10, N\ 1 K0 2100I /l(;sc:talyst) 2 O’N\
uiv.
N ~ Me 2CU3 q ~ Me | Meo
Ph PhMe, rt, 48 h Ph
NO, NO,
90 91
21 examples Catalyst X =Br, Cl
55-95% conversion
69-98% ee

Scheme 19. Bernardi’s conjugate addition to 5-styrylisoxazoles under basic conditions.

This process uses soft nucleophiles, i.e., nitroalkanes, to attack the electrophilic substrate
using a chiral PTC to do so in an asymmetric fashion with mostly high conversion and
generally good levels of enantioselectivity. A particularly attractive aspect of this example is
the mild reaction temperature since, generally speaking, acid-and base-catalysed conjugate
additions to vinyl heterocycles tend to require higher temperatures than is optimal for
asymmetric induction.3®> In terms of the mechanism by which the conjugate addition
proceeds, the heterocyclic heteroatoms are uninvolved, since the strongly conjugate-

accepting nitro functionality on the heterocycle facilitates the resonance of electrons during
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the conjugate addition event (Scheme 20). However, this report shows promise that such
transformations on a vinyl heterocycle can be carried out asymmetrically using an

organocatalyst.

Nuc
—N —N
— T Y W
J N
@@o ev @eo
92 93

Scheme 20. Mechanism of Bernardi’s conjugate addition of nitroalkanes to 5-

styrylisoxazoles.

In 2015, Terada reported a process in which a range of pyrazoles and indazoles were
asymmetrically conjugately added to a range of 1,2-disubstituted vinyl benzimidazoles,
generating the chiral products in generally excellent yields and selectivities (Scheme 21).%

The process is catalysed by a chiral anthracenyl BINOL-based phosphoric acid.

H < /,’ 9-anthryl
N
N N| [\\N OO o}
/\/H\ . / 10 mol% catalyst . NN O P//
R (S THF, -40 °C, 48 h /I\/{I\ " “OH

\ W 2 T ’ O
PG A R l\{
95 96 PG

97 9-anthryl

20 examples Catalyst

24-97% yield
19-99% ee

Scheme 21. Chiral phosphoric acid-catalysed conjugate addition to vinyl heterocycles.

This work shows that chiral BINOL-based phosphoric acids can indeed be used to successfully
facilitate asymmetric conjugate addition reactions to vinyl N-heterocycles. This chemistry
utilised the control of nucleophile approach to provide the asymmetry in the reaction,
followed by symmetric protonation upon rearomatisation to give access to the desired

functionalised heterocycles.
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2. Proposed Work

The examples discussed above consist of asymmetric conjugate addition to vinyl N-
heterocycles in which the stereo-defining event is the attack of the nucleophile to B-carbon
of the a,B-unsaturated system, followed by symmetric protonation on the a-carbon,
generating a homobenzylic stereocentre (Scheme 22 (a)). Another avenue for access to
functionalised, chiral heterocycles is through the symmetric conjugate addition of the
nucleophile to the B-position of the a,B-unsaturated system, followed by asymmetric
protonation in the a-position, generating a benzylic stereocentre (Scheme 22 (b)). A
combination of both these mechanisms would lead to heterocycles furnished with vicinal
stereocentres in the benzylic and homobenzylic positions (Scheme 22 (c)).

X

—
6/

X
/
(+) -
H R
106

107

Scheme 22. Formation of benzylic (b), homobenzylic (a), and vicinal stereocentres (c) via

asymmetric conjugate addition and protonation.
As such, the main aims of this work were to:
i) Validate the concept of Brgnsted acid-catalysed conjugate addition to vinyl heterocycles.

ii) Gain access to a selection of 1,1-disubstituted olefins with diverse functionality to act as

conjugate acceptors.
iii) Identify nucleophiles competent in the conjugate addition reactions.

iv) Optimise reaction conditions for efficient, enantioselective synthesis of heterocycles with

benzylic stereocentres.
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2.1. Synthesis of Vinyl N-Heterocyclic Starting Materials

Two principle routes were considered viable in gaining access to the requisite vinyl
heterocycles, 112. Initially, performing a Wittig reaction (Scheme 23 (b)) on the ketone using
MePPh3;Br was proposed to be the best route. In addition, it was proposed that Grignard
addition (Scheme 23 (a)) to the 2-carboxyl N-heterocycles, 110, followed by subsequent acid-

mediated dehydration would also be a viable method.

i) MeMgBr
NS OH 9
_ o i) H _ Me 85% H,SOy4, A _
N (a) N -H,0 N
R R
111

R
110 112

MePPh3Br T
(b)

Scheme 23. Synthesis of vinyl N-heterocycles.
2.2. Validation of the Nucleophilic Conjugate Addition Reaction

The initial validation of the Brgnsted acid-mediated conjugate addition to vinyl N-
heterocycles was to be investigated by means of a combined nucleophile and acid screen

using 2-(prop-1-en-2-yl)pyridine, 113 (Scheme 24).

X 20 mol% catalyst X Catalyst = HCI, PTSA, TFA,
| Nuc (1.1 equiv.) | DPP, AcOH.
Pz Pz
N DCE, rt, 157 h. N Nuc  Nuc = PhNH,, p-OMePhNH,,
Me Me PhSH, CyNH,, DEM.
113 114

Scheme 24. Initial investigation of conjugate addition reaction.

If successful in validating the concept, one specific nucleophile and acid would be selected

for optimisation of the process.
2.3. Scope of Conjugate Addition Reaction

Once an optimised synthetic strategy had been developed, a range of vinyl N-heterocycles
and nucleophiles would be reacted to afford a selection of heterocyclic products with chiral

benzylic/homobenzylic functionalities, preferably in high yields and ee’s (Scheme 25).
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Scheme 25. Representative reaction scope.
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3. Results and Discussion
3.1. Synthesis of Starting Materials

The first task at hand in the process of developing the new catalytic asymmetric conjugate
addition process was to gain access to the required vinyl N-heterocyclic starting materials.
The first heterocycle to be to be trialled was the 1,1-disubstituted 2-(prop-1-en-2-yl)pyridine,
113, which was synthesised in high yield via the Wittig reaction between 2-acetylpyridine,
117, and MePPhsBr (Scheme 26).

AN i) MePPh3Br (1.3 equiv.) + n-BulLi (1.2 equiv.) 2
| -10 °C, 15 min, — rt, THF, N,
— @] = —
N ii) - 0 °C, 117 (1 equiv.) N
Me iii) rt, 16 h Me
17 113

80%, Reaction 1
Scheme 26. Preparation of 2-(prop-1-en-2-yl)pyridine, 113.

The second vinyl N-heterocycle to be trialled in the synthesis was the 1,1-disubstituted 2-(1-
phenylvinyl)pyridine, 119. The initial synthesis of this was to be by means of a Wittig reaction
between 2-benzoyl pyridine, 118, and MePPhsBr (Scheme 27).

N i) MePPh3Br (1.3 equiv.) + n-BuLi (1.2 equiv.) B
| -10 °C, 15 min, — rt, THF, N, |
Pz o] - pZ
N ii) - 0 °C, 118 (1 equiv.) N
Ph iiyrt, 16 h Ph
118 119
Reaction 2

Scheme 27. Initial attempt to synthesise 2-(1-phenylvinyl)pyridine, 119.

However, the reaction did not afford the desired product. Instead, an uncharacterisable
mixture was obtained on three separate attempts of the Wittig reaction. An alternative route
to synthesise compound 119 was then devised which gave the product in high yield. This
involved a Grignard addition of MeMgBr to 2-benzoyl pyridine, 118, to form tertiary alcohol
120, then subsequent acid-mediated dehydration to afford 119 (Scheme 28).

22



MeMgBr (2 equiv.), 0 °C > rt, 16 h. OH R 85% H,S0y, A

— O — M —
N THF, N, N -H,0 N
Ph Ph Ph
118 120 119
>99%, Reaction 3 89%, Reaction 4

Scheme 28. Preparation of 2-(1-phenylvinyl)pyridine, 119.

The vinyl quinolines (which were eventually used due to the poor reactivity of the vinyl
pyridine system) could have been prepared via a Wittig reaction between the 2-carbonyl
quinolones and MePPhsBr. However, based on the previous failure of the Wittig reaction to
produce 2-(1-phenylvinyl)pyridine, 119, (Scheme 27) and the contrary success of the
alternative route of Grignard addition and subsequent dehydration (Scheme 28), the 1,1-
disubstituted vinyl quinolines were prepared from quinoline-2-carboxaldehyde, 121, via the

route of the alcohol formation and dehydration illustrated in Scheme 29.

X ) X
MeMgBr (2 equiv.) MnO, (6 equiv.) A
> . > >
N 0°C >t 16h. N M PhMe, 100 °C, 3 h. A Me
| THF, N, N
121 O
] 122 OH 123 O
99%, Reaction 5 95%, Reaction 6
MeMgBr (2 equiv.) N Me 85% HyS0y, A \
o 7 M > I~
123 0°C>rt, 16 h. N e H,0 N
THF, N,
124 OH 125 Me
91%, Reaction 7 96%, Reaction 8
N 85% H,SO0y, A N
PhMgBr (2 equiv.) _ Ph Vo 0% o4 D _
123 0°C >t 16 h. N -H20 N
THF, N
2 426 OH 127 Ph
93%, Reaction 9 92%, Reaction 10

Scheme 29. Preparation of vinyl quinolines 125 and 127.

Firstly, to gain access to 125 and 127, quinoline-2-carboxaldehyde, 121, was subjected to the
Grignard addition of MeMgBr to afford 122 in 99% vyield. 122 was then oxidised to the
corresponding ketone to produce common intermediate 123 in 95% yield. 123 was then
seperately subjected to the Grignard additions of MeMgBr and PhMgBr to afford the
corresponding alcohols, 124 and 126, in 91% and 93% yield, respectively. 124 and 126 were
then dehydrated by refluxing in 85% aqueous H,SO4 to produce the corresponding vinyl

quinoline derivatives, 125 and 127, in 96% and 92% yield, respectively.
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3.2. Initial Studies of Conjugate Addition Reactions to Vinyl N-Heterocycles
3.2.1. Proposed Reaction Mechanism

In terms of mechanism, the reaction, based on a prototypical substrate, was proposed to

proceed via the process detailed in Scheme 30.

Olefin activation | X
E—— @A~ _~“:Nuc—H
o
A H Me
128
l Conjugate addition

Enantioselective protonation

B S
7 +H® >

NN = | YTy s
H Me H e Me 132

e

131 a-chiral heterocycle

Scheme 30. Mechanism of the conjugate addition reaction based on a prototypical

substrate.

The first step in the mechanism is to activate the vinyl N-heterocycle, 113, to nucleophilic
attack. This is achieved via protonation of 113 by the chiral phosphoric acid to afford an
activated pyridinium (or equivalent), 128. Protonation of the heterocyclic nitrogen causes a
release of electron density from the heterocycle to the newly formed nitrogen-hydrogen
sigma bond, significantly lowering the LUMO of the electrophile, making it more susceptible
to nucleophilic attack.”® This activated species can then act as the Michael acceptor. The
nucleophile then attacks Michael acceptor 128 via 1,4-addition to generate a prochiral
enamine intermediate, 129. The nitrogen lone pair on 130 can then re-aromatise the
pyridine, subsequently picking up a proton from the chiral proton source. This is the key
stereodefining event in the process. The subsequently generated pyridinium form of the

product, 131, can then be neutralised, producing the desired product, 132.
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3.2.2. Asymmetric Protonation in the Conjugate Addition Reaction

The proposed protonation of enamine species, 130 (Scheme 30), is the key stereodefining
event in the reaction. The field of asymmetric protonation is one which has been pioneered
by groups such as Fehr* and has since evolved as a highly effective method of generating
enantioenriched compounds from either their racemate or from their prochiral precursors.?
The principles and applications of asymmetric protonation have been discussed in Section 1.
In the context of this project, the asymmetric protonation is a result of rearomatisation of
the heterocycle-derived enamine intermediate 133 (Figure 7). However, the principles of

enantioselective protonation remain the same in any case.

*

I—O>
—I---:0

I
z
3
|
| z
=

x\
-
w
w

Figure 7. Prochiral enamine intermediate hydrogen bonding to a chiral catalyst.
3.2.3. Conjugate Addition to 1,1-Disubstituted Vinyl Pyridines

The various Brgnsted acid catalysts used in the reactions herein are structurally represented

in Figure 8 for convenience of reference.

134. R=H
135. R = NHTf
R 136. R=tBu R 147. R=|
137. R =4-(F5C)CeH, 148. R = 4-(Cl)CgHy
OO 138. R = 3,5-(F3C)CgH, ‘O 149. R = 4-(Ph)CgH,
O S 139, R=35(MeO)CcH, o S 150. R=4-(-Pr)CeH,
P, 140. R =2-naphthyl SPL__. 151. R=35-(Cl)CeHs
0" OH 141, R=Mes 0" OH 152, R=Ph
142. R = 4-(Mes)CgH, 153. R = 1-Naphthy
143. R =3,5-(Mes)CgH,y 154. R = Mes
R 144. R =4-(Cl)CgH, R 155. R = 2,4,6-(i-Pr)CgH,
145. R = 4-(Ph)CgH,
146. R =2,4,6-(i-Pr)CqH,

Figure 8. Brgnsted acid catalysts used in the conjugate addition reactions explored in this

chapter.
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With 2-(prop-1-en-2-yl)pyridine 113 in hand, the next step in the process was to validate the
concept of the Brgnsted acid-mediated conjugate addition reaction. This heterocycle was
reacted with a range of nucleophiles and acid catalysts to develop an initial understanding of

the reactivity of the system (Table 3).

AN 20 mol% catalyst AN
| Nuc (1.1 equiv.) |
= =
N DCE, rt, 157 h. N Nuc
Me Me
113 132,156-159
Nucleophile Product Catalyst (% Conversion, Reaction no.)?
Number

HCI PTSA TFA DPP AcOH No cat.
PhNH, 132 24%,11 22%,12 28%,13 44%,14 5%, 15 NR, 16
p-OMePhNH; 156 50%,17 51%,18 22%,19 39%,20 8%, 21 NR, 22
PhSH 157 78%,23 81%,24 77%,25 71%,26 74%,27 55%,28
CyNH; 158 NR, 29 NR, 30 NR, 31 NR, 32 NR, 33 NR, 34
DEM 159 NR, 35 NR, 36 6%, 37 NR, 38 NR, 39 NR, 40

2NR = no reaction. Reactions analysed by NMR.

Table 3. Results of initial trial reactions.

The initial trial reactions were carried out using nucleophiles including an aromatic primary
amine (PhNH,), an electron-rich aromatic primary amine (p-MeOPhNH>), an aliphatic primary
amine (CyNH>), an aromatic thiol-based nucleophile (PhSH), and a carbon-based nucleophile
(DEM). The different acid catalysts were selected to create a pK, range® from -8 to 5 (HCl =
ca. -8, PTSA = ca. -2, TFA = ca. -0.25, DPP = ca. 2, AcOH = ca. 4.8) to develop a relationship
between the acid catalyst pK, and reactivity. Control reactions were carried out for each
nucleophile to determine which nucleophiles, if any, had an uncatalysed background

reaction.

Aniline displayed good reactivity in the system with HCI, PTSA, TFA, and DPP. However, poor
reaction was achieved with AcOH. This could be due to the fact that the pK, of AcOH (ca. 4.8)
and the pK,;H of pyridine (ca. 5.2) are very close, which could cause the equilibrium to
disfavour pyridinium formation, thus, the electrophile may not be sufficiently activated to

the conjugate addition reaction. The control reaction for aniline afforded no product which
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showed promise that there was no background reaction involved and that the process is
indeed acid-catalysed. These preliminary studies gave the indication that aniline could be a

good nucleophile in the proposed conjugate addition reaction.

p-Anisidine displayed generally similar reactivity to aniline in the reactions with HCI, PTSA,
TFA, and DPP. Again, only the AcOH reaction afforded poor conversion to product, possibly
due to the small pK, difference between the carboxylic acid and pyridinium. The reactivity
with p-anisidine was slightly increased in the reactions with HCl and PTSA since it is a stronger
nucleophile than aniline, due to the electron-donating methoxy group para to the amine
functionality. However, the reactions with TFA and DPP showed slightly less reactivity than
the corresponding aniline reactions. As with aniline, the control reaction for p-anisidine
afforded no product. These preliminary studies gave the indication that p-anisidine could be

a suitable nucleophile in the conjugate addition reaction.

Thiophenol displayed very significant reactivity with each acid. Importantly, thiophenol
demonstrated a strong background reaction in the control. This indicated that the thiophenol

reaction may have been self-catalysed (Scheme 31).

A

X X S | )
| | © N

— . [— A~_ < — > | \('
N - N2 k)
HS | N S
Me H Me H
113 128 Me 160

X +HGa | N
| = _
N S “H o @’Tj S
Me A H Me
157

161

Scheme 31. Self-catalysed thiophenol conjugate addition.

When the pK,H of pyridine (ca. 5.3) is compared with the pK, of thiophenol (ca. 6), it is
reasonable to envisage protonation of the pyridine by the acidic proton of the thiophenol.
This would generate the pyridinium cation, 128, which could be attacked by the
thiophenolate anion to afford the conjugate addition product, 157. Since this background
reaction is self-catalysed and does not need the assistance of an acid catalyst, there would
be no ion pairing with the chiral acid catalyst, eliminating the possibility of an

enantioselective process. This gave the indication that if aryl thiol-based nucleophiles are to
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be used in the enantioselective conjugate addition reaction, the background reaction would
have to be thermally controlled. While no conjugate additions with alkyl thiols have been
trialled thus far, the pK;, of such compounds (ca. 10) suggests that these nucleophiles may

react desirably in the conjugate addition with no background reaction.

Cyclohexylamine displayed no reactivity. It could be reasoned that since cyclohexylamine is
more nucleophilic than aniline or p-anisidine, it should therefore have displayed better
reactivity. However, this was not reflected in the reactivity seen in the trialled conjugate
addition reactions. This was likely due to cyclohexylamine acting as more of a Brgnsted base
than a nucleophile in the reaction, leading to an equilibrium in favour of generating the
cyclohexyl aminium, 162, (pK. = ca. 10), rather than the required conjugate acceptor

pyridinium, 128, (pKa = ca. 5.3) (Scheme 32).

X X ®

| NH2 NH3
N/ + J— N/ +
@]
H Me Me
128 113 162
pKy=ca. 5.3 pK, =ca. 10

Scheme 32. Equilibrium in favour of aminium over pyridinium.

This would diminish the chance of the electrophile being activated via the pyridinium, 128,
rendering the conjugate addition reaction inactive. However, since the pK.H of aniline (ca.
4.6) is less than the pK;H of pyridine (ca. 5.2), the equilibrium in that case would be more
balanced, allowing the formation of 128 and subsequent conjugate addition, which would
explain why, even though aniline is less nucleophilic than cyclohexylamine, aniline
outperformed cyclohexylamine as a nucleophile in the conjugate addition reaction (Scheme

33).

A A
| NH, | NH;
— + . = +
Me Me
13 pK, =ca. 4.6 128
pK;=ca. 5.3

Scheme 33. Equilibrium in favour of pyridinium over anilinium.

The only acid to facilitate a reaction with diethyl malonate was TFA, which led to very poor

conversion. This indicated that if carbon-based nucleophiles are to be used in the conjugate
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addition reaction then acid catalysis may not be an effective method and perhaps chiral base
catalysis would be more effective in order to activate the carbogenic nucleophile to attack

the Michael acceptor.

Overall, based on the reactivities observed in the trial reactions, aniline and anisidine
appeared to be the nucleophiles best suited for further exploration. To this effect, aniline

was selected as the nucleophile of choice for optimisation.

3.2.3.1. Nucleophile Screen at Raised Temperature

Having carried out an initial study of nucleophiles and acid catalysts at room temperature
and achieving no reactivity in some cases (Table 3), the next step was to carry out the
reactions at raised temperature to determine which nucleophiles would be applicable to the

conjugate addition reaction upon thermal promotion (Table 4).

A 20 mol% HCI A
| Nuc (1.1 equiv.) |
= e —
N DCE, 70 °C, 114 h. N Nuc
Me Me
13 132, 156-159
Nucleophile Product Compound Number % Conversion, Reaction no.

PhNH; 132 49%, 41
p-OMePhNH; 156 76%, 42
PhSH 157 90%, 43
CyNH, 158 11%, 44
DEM 159 7%, 45

Reactions analysed by NMR.

Table 4. Nucleophile screen under thermal promotion.

Based on the results in Table 4 it can be seen that, by raising the temperature of the reaction,
the previously unreactive nucleophiles such as CyNH, and diethyl malonate showed some
susceptibility towards the conjugate addition reaction. However, both nucleophiles showed
limited reactivity at best (Tables 3 and 4), even under thermal promotion, which gave a
further indication that the Brgnsted acid-catalysed route may not be best suited to relatively

strongly basic nucleophiles (CyNH,) or carbon-based nucleophiles (diethyl malonate).
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3.2.3.2. Cinchona Alkaloid-catalysed Malonate Addition

Due to the poor reactivity observed in the Brgnsted acid-catalysed conjugate addition
reaction with diethyl malonate, both at room temperature (Table 3) and at raised
temperature (Table 4), a base-catalysed process directed by a chiral counter-cation was
envisaged and trialled with a chiral cinchona alkaloid catalyst, (+)-cinchonine, that would
generate an ion pair between the malonate anion and the (+)-cinchonine cation. If this ion
pairing could be sustained throughout the conjugate addition process, generation of the

desired product, 159, in an asymmetric fashion could be achieved (Scheme 34).

A 20 mol% catalyst N (0]
DEM (1.1 equiv.
| = ( quiv.) N/ OEt Catalyst =
N DCE, rt, 24 h.
Me
113'\"9 07 OEt
159

9%, Reaction 46

Scheme 34. Cinchona alkaloid-catalysed conjugate addition of DEM.

NMR analysis of this reaction showed 9% conversion at room temperature after 24 hours,
which was an improvement over the outcome of heating DEM with the olefin in acid for 114
hours (Table 4, Reaction 45), which only gave a trace of product. This suggested that if
carbon-based nucleophiles are to be used in the conjugate addition reaction, chiral base-

mediated nucleophile activation could be preferred over a Brgnsted acid-catalysed process.

3.2.3.3. Variation of the Olefin Substituent — Conjugate Addition to 1,1-Disubstituted Vinyl

Pyridine Bearing an Aromatic Group

To achieve a further understanding of the reactivity of the system, it was necessary to
undertake studies into the reactivities of the vinyl N-heterocyclic Michael acceptors. To
determine the relative reactivities of an olefinic Michael acceptor bearing an alkyl substituent
(2-(prop-1-en-2-yl)pyridine), 113, and one bearing an aromatic substituent (2-(1-
phenylvinyl)pyridine), 119, when exposed to both an electron-rich nucleophile and an
electron-deficient nucleophile, a set of reactions were carried out subjecting each
electrophile to the conjugate addition reaction with both p-anisidine and p-nitroaniline

(Table 5).
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N 2 R2
R X
_ . 20 mol% 134. _ R = Me, Ph
N HN DCE, 40 °C, 157 h. N N R? = OMe, NO,
R 2 R
113,119 156, 164-166

R! (Compound Number) R?% % Conversion, (Compound Number), Reaction no.

OMe NO;
Me (113) 48%, (156), 47 27%, (164), 48
Ph (119) 87%, (165), 49 46%, (166), 50

3 Reactions analysed by NMR.

Table 5. Preliminary studies into the effects of olefin substitution and nucleophile strength
on the conjugate addition reaction.
As expected, the results of these experiments were consistent with p-anisidine being more
nucleophilic and p-nitroaniline being less nucleophilic, as a stronger reaction is displayed with
p-anisidine than p-nitroaniline with both Michael acceptors. The Michael acceptor bearing
the aromatic ring substituent proved to be more susceptible to the conjugate addition
reaction than the acceptor bearing a methyl group. This could be rationalised in that the
connectivity between the aromatic rings on an aromatic 1,1-disubstituted vinyl N-
heterocycle, 119, is that of a cross-conjugated system where conjugation between both
aromatic rings cannot be achieved through the connecting terminal olefin. Therefore,
conversion to a fully conjugated system, 168, by means of nucleophilic attack of the terminal
olefin and resonance of electrons through the connecting benzylic carbon to form a fully

conjugated system would be energetically favourable (Scheme 35).
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Scheme 35. Conversion of a cross-conjugated system to a fully conjugated system upon

nucleophilic attack.

This suggests generally that vinyl N-heterocyclic Michael acceptors bearing an aromatic
substituent may be more susceptible to the conjugate addition reaction than the
corresponding alkyl substituted Michael acceptor. Indeed, this was the reactivity profile

observed upon analysis of the reactions (Table 5).

3.4. Concentration and Temperature Studies

The first parameters to be evaluated were concentration and temperature. To achieve this,
parallel reactions were run at a range of concentrations at room temperature (Scheme 36)
using 134 (Figure 8). Time points of each reaction were analysed by HPLC. The results of the

concentration study at room temperature are shown in Figure 9.

X 20 mol% 134 N
| _ Aniline (1.1 equiv.) | _ _Ph
N DCE, rt. N H
Me Me
113 132
Conc. Time (Reaction no.)

0.2M 24 h (57), 48 h (52), 72 (53), 96 (54), 157 (55)
0.5M 24 h (56), 48 h (57), 72 (58), 96 (59), 157 (60)
1M 24 h(61), 48 h (62), 72 (63), 96 (64), 157 (65)
2M 24 h (66), 48 h (67), 72 (68), 96 (69), 157 (70)
5M 24 h(71), 48 h (72), 72 (73), 96 (74), 157 (75)
10M 24 h (76), 48 h (77), 72 (78), 96 (79), 157 (80)
Neat 24 h (81), 48 h (82), 72 (83), 96 (84), 157 (85)

Scheme 36. Concentration study of conjugate addition reaction of aniline to 113 at room

temperature.

32



Conversion vs. Concentration vs. Time
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1M 24 h
2M 5M
Concentration (M) 10M  Neat

Figure 9. Conversion vs.concentration vs. time at room temperature.

Although conversion was below 10% in this study, making interpretation of the results
difficult, the results loosely suggested that as the concentration increased, the conversion

increased to a level where the optimum appeared to be 10 M.

However, the conversion at room temperature was below 10% after 157 hours, which
indicated that the reaction may need thermal promotion to increase the conversion to a
synthetically useful level. To this effect, the same reactions were repeated at 40 °C (Scheme

37), the results of which are shown in Figure 10.

AN 20 mol% 134 AN
| _ Aniline (1.1 equiv.) _ _Ph
N DCE, 40 °C, 157 h. N H
Me Me
113 132
Conc. Time (Reaction no.)

02M 30h(86), 54h(87), 78(88), 157 (89)
0.5M 30h(90), 54h(91), 78(92), 157 (93)

1M 30h(94), 54h(95), 78(96), 157 (97)

2M  30h(98), 54h(99), 78 (100), 157 (101)
5M 30 h (102), 54 h (103), 78 (104), 157 (105)
10M 30 h (106), 54 h (107), 78 (108), 157 (109)
Neat 30 h (110), 54 h (111), 78 (112), 157 (113)

Scheme 37. Concentration study of conjugate addition reaction of aniline to 113 at 40 °C.

33



Conversion vs. Conventration vs. Time

80
X 60 m30h
c
K=}
? 40 W54 h
g
c 78 h
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0 78h =
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2M 5M
Concentration (M) oM Neat

Figure 10. Conversion vs. concentration vs. time at 40 °C.

From Figure 10 it was clear that as the temperature of the reaction was increased, conversion
also increased. The result of carrying out the reactions at 40 °C instead of room temperature
was a 7.5 fold increase from 9% to 68%. However, it is noteworthy that the optimum
concentration for conversion at 40 °C is not 10 M as with the room temperature reactions,
but 2 M. Approaching 2 M, the conversion increased rapidly and decreased thereafter. The
general trend was the conversion increased as the concentration increased until, after the
optimum concentration, the conversion decreased. However, the optimum concentration for
each temperature was different. The reason for such a difference in optimum concentrations
at different temperatures was unclear at this stage. However, a possible rationale for this
could be that as the reaction mixture was heated, the reagents (particularly the catalysts
which, for the most part, were partially soluble in these reaction mixtures at lower
temperatures) became more soluble and, thus, were more able to react. This would give a
more accurate representation of how the reaction proceeded (with particular regard to

optimum concentration) when all reagents were fully in solution.
3.5. Solvent Screening

The next parameter investigated was the choice of reaction solvent. This was achieved via a
simple solvent screen by performing the reaction using solvents with a range of polarities

from 0 D to 4 D (Scheme38). The three different types of solvent used for screening were:
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polar protic solvents (MeOH, EtOH, IPA), polar aprotic solvents (DMF, acetone, MeCN, DMSO,
DCM, DCE, Et,0, THF), and apolar aprotic solvents (hexane, PhMe). The results of the solvent

screen at room temperature are shown in Figure 11.

Solvent, Reaction no.
Hexane, 114
Toluene, 115
Diethyl Ether, 116
AN 20 mol% 134 AN THF, 117
Aniline (1.1 equiv.) | Ph DCM, 118
Solvent, rt, 130 h N g I%i'ig,g
Me Me MeOH, 121
113 132 EtOH, 122
Acetone, 123
DMSO, 124
MeCN, 125
DMF, 126

\
\

Iz

Scheme 38. Solvent screen for the conjugate addition reaction of aniline to 113.

Conversion vs. Solvent Polarity
7
Hexane = DCM
® 1 Et,0
THF

— 5 )
x MeOH
=4 IPA ‘ EtOH X Acet
- M PhMe DCE cetone ® MeCN
w
$3 - X DMF
c
(]
(]

2 .

+ DMSO
1 .
0 T T T T T T T T 1
0 0.5 1 1.5 2 2.5 3 3.5 4 4.5
Solvent Polarity (Debyes)

Figure 11. Conversion vs. solvent polarity.

From the results of the solvent screen in Figure 11 it can be seen that, again, conversion was

below 10%. Therefore, interpretation of the results became difficult.
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3.6. Study of the Optimum pK; of the Acid Catalyst

Based on the results of the initial nucleophile/acid screen (Table 3) it was apparent that, for
each nucleophile, the choice of acid catalyst had an effect on the extent of the reaction.
Therefore, a further investigation of this was carried out in the form of an acid screen
(Scheme 39). A number of acids were chosen based on their pK, values® to create a wide
spectrum of catalyst acidity. The acid catalysts chosen were PTSA (pKa = ca. 0.9), HCI (pKa =
ca. 2), 135 (Figure 8, pK, = ca. 3.34), 134 (Figure 8, pK, = ca. 3.37) TFA (pK, = ca. 3.4), and
AcOH (pKa = ca. 12.6). The results of this pK, study are shown in Figure 12. The pK,values are
reported in DMSO as this was the only solvent in which experimentally calculated pK; values
for each of the acids used had been reported.3® 4”-48 However, any trends observed based on
acid pK, in DMSO may not be a true reflection of trends in other reaction solvents as pK.'s

are known to differ to varying extents in different solvents.

AN 20 mol% catalyst AN
| Aniline (1.1 equiv.) |
p P _Ph
N DCE, rt, 96 h. N H
Me Me
113 132

Acid  Acidity Time (Reaction no.)

PTSA 0.9 24 h (127), 48 h (128), 72 (129), 96 (130)
HCl 2 24 1 (131), 48 h (132), 72 (133), 96 (134)

135  3.34 24 h(135), 48 h (136), 72 (137), 96 (138)
134 337 24 h(139), 48 h (140), 72 (141), 96 (142)
TFA 34 24 h (143), 48 h (144), 72 (145), 96 (146)
ACOH 12.6 24 h (147), 48 h (148), 72 (149), 96 (150)

Scheme 39. Acid screen for the conjugate addition of aniline to 113.
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Conversion vs. pK, vs. Time

14
12
X 10 m24h
S 8
3 W48 h
2 6
2 72h
S 4
96 h Wo6 h
2 72h =
()
0 48h g
£
3.34 24h
3.37 3.4
Acid Catalyst pK, ’ 12.6

Figure 12. Conversion vs. pK, vs. time.

An unexpected reactivity profile was observed upon analysis of the data generated from the
acid screen (Figure 12). As the pK, was increased from 0.9 (PTSA) to 2 (HCI), the conversion
increased. However, upon further increase to 3.34 (135), the conversion dropped sharply.
The conversion then increased in the reaction with 134 (pK, = 3.37) and increased further
upon using the catalyst with pK, to 3.4 (TFA). 134, 135 and TFA, all having essentially the
same pK, value, showed marked differences in their reactivities, suggesting that pK, alone
cannot be the determining factor in an acids ability to facilitate this reaction. As such, factors
such as solubility of the acid catalyst may play an important role. In the reaction with AcOH
(pKa = 12.6), the conversion then dropped significantly. It was expected that the conversion
would increase with decreasing pKa in that by increasing the pK, of the acid catalyst, the

pyridine/pyridinium equilibrium would disfavour pyridinium (Scheme 40).
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PTSA (pK, = ca. 0.9)

—~

HCI (pK; = ca. 2)

N 135 (pK,, = ca. 3.34) N
— | —
N 134 (pK,, = ca. 3.37) ol
Me H Me
113 128

TFA (pK, = ca. 3.4) pK, = ca. 3.4 (DMSO)

AcOH (pK, = ca. 12.6)

——

Scheme 40. lllustrative relative pyridine/pyridinium equilibria for PTSA, HCI, 135, 134, TFA,
and AcOH.

However, this was not the trend observed upon analysis of the results. This gave an indication
that the pK; of the catalyst alone was not the determining factor in the extent of the reaction.
As such, the solubility or size of the catalyst appeared to also have a large influence on the
reaction outcome. At this point, the cause of this unexpected reactivity was unknown and

requires further investigation.
3.7. Probing the Enantioselectivity via a Catalyst Screen.

In order to determine whether any asymmetric induction could be achieved in the conjugate
addition reaction, a catalyst screen was carried out (Scheme 41). Ten catalysts were trialled
in the conjugate addition reaction, initially at room temperature (Figure 13). The catalysts

used in this study are structurally illustrated in Figure 8.

Catalyst Reaction no.

134 151

AN 20 mol% catalyst AN 136 152
Aniline (1.1 equiv.) 137 153

— > pZ _Ph 138 154
N DCE, rt, 96 h. N H 139 155
Me Me 140 156

141 157

"3 132 142 158
143 159

148 160

Scheme 41. Catalyst screening in the conjugate addition reaction.
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ee vs. Conversion at RT
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Conversion (%)

Figure 13. ee vs. conversion for 134, 141, and 148 at rt.

As can be seen from Figure 13, after 96 hours at room temperature, only three catalysts led
to the formation of any product, which were catalysts 134, 141, and 148. In terms of
conversion, it was difficult to interpret results at such low conversion but it seems that the
least sterically hindered catalyst may have led to the highest conversion (R = H = 10.5%
conversion) and the catalysts with the larger bulk in the 3/3’ positions (136-140, 142, 143)

gave no conversion to product

Since seven of the reactions trialled in Scheme 41 failed to generate any product, these were
re-run at 40 °C for the same period of time to determine the conversion and ee using these
catalysts under thermal promotion (Scheme 42 and Figure 14). The catalysts used in this

study are structurally illustrated in Figure 8.

Catalyst Reaction no.
X 20 mol% catalyst AN 136 161
—

| Aniline (1.1 equiv.) o 137 162
= - - 138 163

N o N N
DCE, 40 °C, 96 h. N 139 164
Me Me 140 165
113 132 142 166
143 167

Scheme 42. Catalyst screen at elevated temperature.
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ee. Vs. Conversion at 40°C
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S * 136
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Figure 14. ee vs. conversion for 136-140, 142, 143 at 40 °C.

The results observed in Figure 14 suggested that as the steric bulk of the substituents in the
3/3’ positions of the catalyst increased, the conversion decreased as the substrate has more
difficulty in binding the catalyst. However, as this steric bulk increased, the enantioselectivity
also increased since the catalyst’s pocket would be further restricted which would favour
association of one enantiotopic face of the prochiral enamine intermediate. This suggests
that in order to achieve high levels of enantioselectivity while at the same time achieving
high conversion, the steric bulk of the catalyst substituents, thus, the dimensions of the

pocket, must be appropriately tuned.
3.8. Conjugate Addition to 1,1-Disubstituted Vinyl Quinolines

Based on the lack of reactivity observed in the vinyl pyridine studies, and with the lack of
interpretable results obtained in the studies with them, the next logical step was to develop
a system which was more reactive. Examination of the proposed reaction mechanism led to
the proposal that vinyl quinolines would prove to be a more suitable system (Figure 15).
Backed up by the increase in reactivity observed upon variation of the olefinic substituent
(Table 5), the next step was to examine how the conjugate addition reaction responded to
variation of the heterocycle core from a pyridine, 170, to a quinoline, 172. The rationale
behind this was that, in the conjugate addition reaction, to generate the enamine

intermediate, 171, the energy required to perturb the aromaticity in pyridine would be
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greater than energy required to perturb the aromaticity in quinoline. The reason for this
energy difference is that the enamine derivative of quinoline, 173, retains aromaticity in the

adjacent ring whereas pyridine will have lost all aromaticity (Figure 15).

| X
AN /_\:NUC —_—
Chad
H R H
170
Vs.
| \
N/ O A:Nuc —_— ‘\\
@IJ | S
H R H

Partial Retention of Aromaticity

Figure 15. Aromaticity retention in vinyl quinoline system.

The expected effect of this energy difference is that nucleophilic attack and subsequent
enamine intermediate generation should occur more readily for quinoline-based Michael
acceptors than their pyridine-based counterparts, leading to greater reactivity and higher
levels of conversion. If this could be reflected in the conjugate addition reaction, quinoline-

based nucleophiles could prove to be suitable substrates in the scope of the reaction.

Another factor which allows for higher reactivity is the conversion of a cross-conjugated
system to a fully conjugated system upon conjugate addition, shown in Figure 16. This was

validated with the vinyl pyridine series (Table 5).

! Cross-conjugated Fully Conjugated
Ny
s D iNue ®
aN¥ % | Nuc
I~ H —_— |
H H
174 Vs. 175
| X X
Ay T iNue —> X ®
®IIJ./ N I}luc
Me H Ho Me w
176 177

Figure 16. Conversion of a cross conjugated system to a fully conjugated system in the

quinoline system.
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As can be seen from Figure 16, when the substituent on the vinyl heterocycle is an aromatic
ring, the system generated upon conjugate addition would be that of a fully and highly
conjugated system. This would generate the potential for a more reactive system than the

corresponding alkyl group system where there would be less capability for conjugation.
3.8.1. Initial Studies with Vinyl Quinolines

Based on the rationales discussed above, it was predicted that vinyl quinolines bearing an
aromatic substituent would be more reactive than the previously tested vinyl pyridine
system. This prediction was verified in an initial reaction between 2-(1-phenylvinyl)quinoline,

127, and aniline (Scheme 43).

| A 20 mol% 134 N
_— Aniline (1.1 equiv.) —
N N N

DCE (1 M), rt, 24 h H
Ph Ph
127 178

65%, Reaction 168

Scheme 43. Conjugate addition of aniline to 127.

This initial result was promising in that after only 24 hours, an approximately 40 fold increase
in reactivity was observed over the vinyl pyridine reaction, isolating the product in 65% yield
(the conversion observed in the vinyl pyridine system was negligable (approximately 2%)

under the same reaction conditions).

Based on the promising result obtained in the vinyl quinoline system, this was taken on as
the preferred substrate for optimisation studies. Since compound 127 was not commercial it

was synthesised according to the procedure detailed in Scheme 29.

3.8.2. Optimisation Studies with 2-(1-Phenylvinyl)quinoline

3.8.2.1. BINOL-based Phosphoric Acid Screen

With vinyl quinoline 127 in hand, the first task was to prepare and screen a larger range of
chiral BINOL-based phosphoric acid catalysts than that which had already been used to
determine which would be the most appropriate catalyst(s) for optimisation of the reaction

conditions. The general synthesis of the generated catalysts is detailed in Scheme 44.
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_ i) TMEDA (4.4 equiv.) + n-BuLi I
SOTR T NGO W el
OH K,COj3 (4 equiv.) OMe i) 176 (1 equiv), rt, 3 h OMe
OH Acetone, rt, 24 h OMe R OMe
OO OO iii) -78 °C, I, (3.4 equiv., 0.3 M OO
in THF), >rt, 16 h |

175 176 177
>99%, Reaction 169 93%, Reaction 170

BBrj; (5 equiv.)
0°C ->rt, 16 h.
CHzclg

Pd/C (5 mol%)

R R o . I
OO OO Boronic acid (4 equiv.) OO
0.0 POCl; (2 equiv.) OH K2COs (4 equiv.) OH

_PZ -

0" OH " by s0°C. 12h OH 1:1 H,O:Dioxane OH
99 94 57,41 99
R R !
R = 4-(CI)CgH, (144) R = 4-(Cl)CgH4 (179) 178
>99%, Reaction 174 84%, Reaction 172 99%, Reaction 171
R = 4-(Ph)CgHg (145) R = 4-(Ph)C¢H, (180)
98%, Reaction 175 82%, Reaction 173

Scheme 44. General synthesis of BINOL-based phosphoric acid catalysts.

Firstly, (R)-BINOL, 175, was converted to its methyl protected derivative, 176, using
iodomethane. Compound 176 was then regioselectively iodinated to generate 177.
Compound 177 was then deprotected using boron tribromide to form cross-coupling
binaphthol precursor 178. Once access to 178 was gained, this was split into different batches
to perform different Suzuki cross-coupling reactions using Pd/C to generate 3,3’-
difunctonalised BINOL catalyst precursors, 179 and 180. These precursors were then
converted to their respective chiral phosphoric acids, 144 and 145, in high yields using
phosphoryl chloride. A range of BINOL-based phosphoric acids, 134 and 136-145 (Figure 8)
(It is appropriate to note at this point that catalysts 135-143 (Figure 8) were obtained from a
project collaborator), were screened in the conjugate addition reaction at temperatures of 0
°C, room temperature and 60 °C in both THF and PhMe. The full results of this screen are

shown in Table 6 along with the corresponding catalyst structures.
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R
= 20 mol% Cat. | A OO o. 0
| _ Aniline(1.1 equiv.) P P
N > N N O "OH
Solvent (3.3 M), 0 °C, 24 h I OO
127 174 R
Cat.
0°C RT 60 °C
Cat. THF PhMe THF PhMe THF PhMe
Conv. ee? Conv. ee’ Conv. ee’ Conv. ee’ Conv. ee? Conv. ee”
134 78 11,176° 65 12,177° 87 10, 178° 90 13,179° 87 5,180° 88 6,181°
136 12 0, 182" 74 31,183° 45 1,184° 37 5,185 94 4, 186° 75 0, 187"
137 74 30, 188° 12 1,189" 90 36, 190° 90 10, 191° 81 7, 192° 74 2,193
138 36 19, 194° 66 -5, 195° 63 23, 196° 96 30, 197° 86 20, 198° 89 23, 199°
139 57 -2, 200° 76 10, 201° 72 -1, 202° 92 -3, 203" 75 -2, 204" 80 -2, 205°
140 10 24, 206° 21 7, 207° 16 22,208° 32 11, 209" 31 10, 210° 48 5,211°
141 96 44,212° 7 0,213° 92 43,214> 100 13,215° 86 22,216° 95 9,217°
142 73 21,218 8 20,219° 81 5,220° 91 22,221° 97 8, 222" 88 13,223°
143 42 1,224° 90 19, 225° 66 3, 226" 85 7,227° 75 5,228" 78 7,229°
144 46 34,230° 75 33,231° 57 29,232 71 27,233 55 17,234° 51 16, 235°
145 58 32,236° 58 27,237° 61 26,238° 53 17,239° 50 15, 240° 53 9, 241>
Me
s O
S A O I YA o B Ve
Me
Me
134 136 140 141 144 137
78% conv. 74% conv. 10% conv. 96% conv. 75% conv. 74% conv.
11% ee 31% ee 24% ee 44% ee 33% ee 30% ee
THF PhMe THF THF PhMe THF
|
Me OMe CF; P
Me O Me
OO O G W SAK
Me OMe CFs Me Me Me Me
145 142 139 138 143
58% conv. 73% conv. 76% conv. 36% conv. 90% conv.
32% ee 21% ee 10% ee 19% ee 19% ee
THF THF PhMe THF PhMe

Table 6. Results obtained using BINOL-based phosphoric acid catalysts.  Conversion and ee

determined by HPLC. ?Reaction no.
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The results shown in Table 6 suggested that although the conjugate addition to vinyl
quinolines is suitably reactive, the selectivity of the process still needed to be improved as
the ee’s were moderate. Differences in conversion between catalysts may reasonably be
attributed to the differing solubilities of the catalysts in the chosen solvents, i.e., reactions
which resulted in high conversion existed as homogeneous mixtures in which the catalyst
and all other reagents were completely in solution. The choice of reaction solvent also had
an effect on enantiomeric excess, which was to be expected. However, what was not entirely
expected was that the selectivity varied not only from catalyst to catalyst but also from
solvent to solvent as the catalyst changed, in that neither solely THF nor PhMe was

consistently the better solvent for selectivity.
3.8.2.2. Octahydro (Hs) BINOL Catalyst Screen

Based on the limited success of the several BINOL-based phosphoric acid catalysts tested in
the reaction, further catalyst screening was carried out. 148 was found to perform noticeably

well in terms of selectivity in the reaction (Scheme 45).

X 20 mol% 148 | A
‘ _ Aniline (1.1 equiv.) Pz
N THF (3.3 M), 0 °C, 24 h N N
Ph
127 174

64% conv.

-58% ee
Reaction 242

Scheme 45. Trial reaction with catalyst 148.

It was observed that changing from BINOL catalyst 144 (R = 4-(Cl)C¢H4, Table 6) to the
corresponding HsBINOL 148 (R = 4-(Cl)C¢H4), the ee improved from 34% ee to -58% ee ((S)-
enantiomer). This significant increase in selectivity was thought to have been due to a

combination of several factors:

i) The hybridisation of the left hand side of the naphthol rings ring had increased
in p character from sp? to sp3, slightly increasing the bulk of the rings and forcing

the dihedral angle of the catalyst to become slightly larger (from 54.5° to 57.9°
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(calculated computationally*®)), having a positive effect on the selectivity of the
reaction.

ii) The hybridisation change not only has an effect on the sterics of the catalyst, but
also on its electronics. As discussed in Figure 19, the inductively electron
donating effect of the saturated part of the ring slightly increases the pK; of the
catalyst from 3.06 to 4.51,% increasing the strength of its conjugate base anion,
consequently increasing the strength of its interaction with the prochiral
enamine cation.

iii) The solubility of the catalyst, particularly its conjugate base, may be better as
ring saturation increases, having a positive effect on the selectivity of the

catalyst.

Based on this promising result and the potential rationales discussed, a range of chiral

HsBINOL-based phosphoric acid catalysts were then prepared (Scheme 46).

OH Pd/C (10 mol%), H, (50 bar), 96 h OH Morpholine (6 equiv.), | (2 equiv.), 6 h OH
] ! OH l ! OH I ! OH
|

Pd/C (5 mol%)
175 181 Boronic acid (4 equiv.)

>99%, Reaction 243 K,CO3 (4 equiv.)

182
>99%, Reaction 244

1:1 H,O:Dioxane

R R
9% 98 e
0. .0 POCI; (2 equiv.) OH

Pl
‘O O~ "OH Pyr., 60 °C, 12 h ‘O OH
R R

R =1(147), 96%, Reaction 251 R = 4-(Cl)CgH, (183), 93%, Reaction 245
R = 4-(Cl)CgH, (148), >99%, Reaction 252 R = 4-(Ph)CgH, (184), 94%, Reaction 246
R = 4-(Ph)CgH,4 (149), 95%, Reaction 253 R = 4-(i-Pr)CgH,4 (185), 79%, Reaction 247
R = 4-(i-Pr)CgH,4 (150), 97%, Reaction 254 R = 3,5-(Cl)CgH3 (186), 85%, Reaction 248
R = 3,5-(Cl)CgH3 (151), 95%, Reaction 255 R = Ph (187), 96%, Reaction 249

R = Ph (152), 99%, Reaction 256 R = 1-Naphthyl (188), 88%, Reaction 250

R = 1-Naphthyl (153), 98%, Reaction 257

Scheme 46. General synthesis of HsBINOL catalysts.

Firstly, (R)-BINOL, 175, was partially hydrogenated to HsBINOL, 181, using Pd/C and H,. 181,
was then regioselectively iodinated to generate the cross-coupling precursor Hgl,BINOL, 182.
182 was then used in several Suzuki reactions to generate the desired functionalised HsBINOL
catalyst precursors, 183-188. These precursors, along with 182, were then converted to their

respective chiral phosphoric acids 147-153. A range of HgBINOL-based phosphoric acids were
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screened in the conjugate addition reaction at temperatures of 0 °C, room temperature and

60 °C in both THF and PhMe (Table 7).

O

N~

R
AN 20 mol% Cat. B /@ ‘O o

\ Aniline (1.1 equiv.) \

LN
N Solvent (3.3 M), 0 °C, 24 h ©\/Nj\|/\” 0" “oH
Ph Ph
R

Cat.

0°C RT 60 °C

Cat. THF PhMe THF PhMe THF PhMe
Conv. ee’ Conv. ee’ Conv. ee’ Conv. ee’ Conv. ee’ Conv. ee’

14 62 15, 258" 53 28, 259° 69 17,260° 84 28, 261° 51 15, 262" 48 13,263°
15°¢ 64 -58,264> 40  -58,265° 74 -52, 266" 77 -48,267° 93  -30,268" 40 -6, 269"
16 86 48, 270° 47 45,271° 51 43,272° 86 37,273 87 22,274° 49 3,275
17 56 37,276 39 40,277° 59 31,278 52 33,279 76 24, 280° 68  29,281°
18 65 17,282° 44 11, 283° 72 12,284° 56 8, 285" 87 9, 286" 75 4,287
19 74 33,288 59 39, 289" 73 25, 290° 77 32,291° 56 9,292 45 17,293°
20 61 36, 294" 48 33, 295" 48 31, 296° 90 21,297° 51 14, 298° 82 9,299

b 10+ O G O L H

Cl
147 148 149 150 151 152 153
53% conv. 64% conv. 86% conv. 56% conv. 65% conv. 59% conv. 61% conv.
28% ee 58% ee 48% ee 37% ee 17% ee 39% ee 36% ee
PhMe THF THF THF THF PhMe THF

Table 7. Results obtained using HsBINOL-based phosphoric acid catalysts. ? Conversion and

ee determined by HPLC. ® Reaction no. ¢ (S)-enantiomer.

The results shown in Table 7 again show that although the conjugate addition was suitably
reactive, the selectivity still needed work in order to improve. Consistent with the results
obtained with the BINOL-based catalysts (Table 6), the selectivity varied from solvent to
solvent but remained at moderate levels throughout. Also consistent with the results
obtained from the BINOL-based catalysts, the selectivity varied not only from catalyst to

catalyst but also from solvent to solvent as the catalyst changed.
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Although the selectivity did improve significantly as a result of increasing the ring saturation

of the catalyst (Figure 17), work was still required to reach an acceptable level of selectivity.

148 144
64% Conv. 40% Conv. 46% Conv. 75% Conv.
-58% ee -58% ee 34% ee 33% ee
THF PhMe THF PhMe

Figure 17. 4-(CI)HsBINOL catalyst (148) vs. 4-(Cl)BINOL catalyst (144).
3.8.3. TRIP Catalyst Synthesis and Results

Before moving on from the catalyst screen to optimise other parameters such as
concentration and temperature etc., several more catalysts were synthesised and trialled to
ensure that the catalyst screen had been satisfactorily exhausted. These included 146, 154

and 155.

For the synthesis of the HsBINOL 154 and 155 (Scheme 47), Hsl,BINOL, 181, was CH; protected
prior to the Kumada cross-coupling step due to the relatively acidic nature of the naphthol
functionalities. For the cross-couplings, the Grignard reagents had to be synthesised from
their corresponding bromides by reaction with elemental magnesium. The prepared Grignard
solutions were then titrated to confirm molarity and used in the Kumada reaction with 189
using Ni(PCys)2Clz as the catalyst. Ni(PPhs),Cl; was initially used as the catalyst but this led to
no conversion to product. The resulting cross-coupled products, 190 and 191 were then
deprotected using boron tribromide to form catalyst precursors which were then converted

to their corresponding acid catalysts 154 and 155.

The synthesis of BINOL catalyst 146 was prepared from the previously protected cross-
coupling precursor 177, following the same route as the HsBINOL catalysts, 154 and 155,

described above and lllustrated in Scheme 47.
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Mel (4 equiv.)
K,CO3 (4 equiv.)

Acetone, r.t., 24 h

I
OH
OH

181

oy
OMe
I ! OMe
|

189
>99%, Reaction 300

Ni(PCys3),Cl, (11 mol%)

190 Ar = 2,4,6-Me CgH,, 88%, Reaction 301
191 Ar = 2,4,6-i-Pr CgH,, 79%, Reaction 302
192 Ar = 2,4,6-Me CgH,, 96%, Reaction 303
193 Ar = 2,4,6-i-Pr CgHy, >99%, Reaction 304
154 Ar = 2,4,6-Me CgH,, 96%, Reaction 305
155 Ar = 2,4,6-i-Pr CgH,, 99%, Reaction 306

ool
o. 0O
_P{
l O O" "OH
Ar

Et,0, Reflux for 24 h

POCI; (2 equiv.)

Pyr., 60 °C, 12 h

Ni(PPh3),Cl, (11 mol%)

154, 155
[ |
B e
3 l Mg, Et,0 ! OMe
: ' OMe
i [Ar*MgBr} i OO
e : |
177
Ar
194 Ar = 2,4,6-i-Pr CgH,, 83%, Reaction 307 OO _0
195 Ar = 2,4,6-i-Pr CgH,, 97%, Reaction 308 :P\/OH
146 Ar = 2,4,6-i-Pr CgH,, 97%, Reaction 309 OO O
Ar
146

Et,0, Reflux for 24 h

POCI; (2 equiv.)

Pyr., 60 °C, 12 h

190,
191
BBr3J CH,Cl,

ged
OH
I ! OH
Ar

192,
193

o
OMe
] ! OMe
Ar

1
9
BB@J

! l Ar
OH
] ! OH
Ar

1
9
5

CH,Cl,

Scheme 47. General syntheses of catalysts involving Kumada cross-couplings.

146, 154, 155 and (R)-VAPOL hydrogen phosphate (196) were then tested in the conjugate

addition reaction, the results of which are shown in Table 8.
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S0
X 20 mol% Cat. | X /@ o. 0
N

| pZ Aniline (1.1 equiv.) _ P

N N 0" “oH
Solvent (3.3 M), 0 °C, 24 h N ‘O
Ph Ph
127 174 R
Cat.
0°C RT 60 °C
THF PhMe THF PhMe THF PhMe

Cat. Conv. ee’ Conv. ee’ Conv. ee’ Conv. ee’ Conv. ee’ Conv. ee’
154 65 33,310° 89 20, 311° 71 18, 312" 83 8, 313" 56 10, 314° 54 0, 315°
155 7 22, 316° 23 15,317° 35 13,318° 21 3, 319" 60 -5, 320° 50 7, 321°
146 37 64,322° 49 4,323° 98 6, 324> 77 3, 325° 82 5, 326° 60 1, 327°
196 58 42,328° 50 39, 329° 58 39, 330° 54 34, 331° 88 23,332 40 10, 333°

Me i-Pr. i-Pr,
- M - i-Pr - P
;g} e EQ/ r ; i-Pr 196
. . 58% conv.
Me i-Pr i-Pr 42% ee
154 155 (Hg) 146 T:IF
65% conv. 23% conv. 37% conv.
33% ee 15% ee 64% ee
THF PhMe THF

Table 8. Results obtained using catalysts 146, 154, 155 and 196. ? Conversion and ee

determined by HPLC. © Reaction no.

146 bearing the 2,4,6-Pr-CsH; (TRIP) groups in combination with the BINOL structure proved
to be the most effective combination with respect to selectivity. The conversion, however,
was not at a desirable level but it was hoped that, with further optimisation based around
this catalyst, these values would improve. It was interesting to note that when this same TRIP
group was combined with the HgBINOL catalyst backbone, the negative effects on both

conversion and selectivity were significant.

The next step in the optimisation stage was to take the catalysts which had performed best
so far and subject these to further optimisation based on varying the reaction concentration

and the choice of solvent.
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3.8.4. Concentration and Solvent Optimisation

The catalysts which were taken forward for further optimisation were 148 (4-Cl HgBINOL) and
146 (TRIP BINOL) as they had performed best. A simple concentration study revealed that
there was an optimum concentration for selectivity in the reaction. The results of the

concentration studies with these catalysts are shown in Table 9.

t Azn(?lir:g l(ofnc ::uiv.) t
N [ Solvent(conc), 0°C. 24 N T
127 174
Conc. (M) THF PhMe
146 148 146 148
Conv. ee’ Conv. ee’ Conv. ee’ Conv. ee’
0.01 0 0, 334" 1 -67, 335" 0 0, 336" 1 -37,337°
0.1 0 0, 338 3 -86, 339 56 54, 340° 34 -66, 341°
0.25 19 74, 342° 8 -56, 343" 95 53, 344° 37 -69, 345°
0.5 26 81, 346° 19 -62, 347 67 51, 348° 26 -67, 349
1 33 80, 350° 32 -63, 351° 70 40, 352° 72 -64, 353"
2 45 74, 354° 39 -61, 355° 67 34, 356° 70 -60, 357°
3.3 37 64, 358° 64 -58, 359° 57 30, 360° 40 -58, 361°
5 54 64, 362° 57 -52, 363" 69 32, 364° 65 -49, 365"
10 76 54, 366° 91 -46, 367" 80 29, 368° 95 -45, 369"

Table 9. Concentration study with 146 and 148 in THF and PhMe. ¢ Conversion and ee

determined by HPLC. ® Reaction no.

The results of the concentration screening shown above have been represented graphically

(Figures 18-21).
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Figure 18. Conversion and ee vs. concentration for 148 in THF at 0 °C (ee’s shown as

positive values for ease of comparison).

It can be seen from Figure 18 that as concentration increased, conversion generally

increased. This general trend can be rationalised in that as the solvent volume decreases, the

reacting molecules are forced closer together, increasing the rate of reaction. The selectivity

profile formed a smooth curve with respect to conversion (discounting the first two values

for ee at 1% and 3% conversion which are not at appropriate levels to examine ee), peaking

at 1 M (-63% ee at 32% conversion).

52




Conversion and ee vs. Concentration for 146 in THF at 0 °C
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Figure 19. Conversion and ee vs. concentration for 146 in THF at O °C.

In Figure 19, switching from the 4-Cl HsBINOL catalyst, 148, to the TRIP BINOL catalyst, 146,
in THF, it can be seen that the reaction profile followed similar trends for conversion and ee.
As seen with 148, the conversion generally increased with increasing concentration. The ee
also followed a similar trend in that the data forms a curve, peaking at 0.5 M (26% conversion
at 81% ee). Moving to 1 M, the conversion increased to 33% and the ee stayed consistent
which suggested that the optimum concentration for selectivity in this reaction may be

around 0.75 M.
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Conversion and ee vs. Concentration for 148 in PhiMe at 0 °C.
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Figure 20. Conversion and ee vs. concentration for 148 in PhMe at 0 °C (ee’s shown as

positive values for ease of comparison).

Figure 20 shows that in changing from THF to PhMe for 148, the trend for reactivity became
more of a staggered, nonlinear profile with maxima at 0.25 M, 1 M and 10 M. However, the

ee followed a more expected trend, peaking at 0.25 M (-69% ee at 37% conversion).

Conversion and ee vs. Concentration for 146 in PhMe at 0 °C

100 -
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001 01 025 05 1 2 3.3 5 10

Concentration (M)

Figure 21. Conversion and ee vs. concentration for 146 in PhMe at 0 °C.

Figure 21 shows that, again, there was a staggered, nonlinear profile with maxima at 0.25 M,

1 M and 10 M (the same three conversion maxima as 148 in PhMe) on changing from THF to
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PhMe for 146. However, contrary to the conversion trend of 148 in PhMe, it appears that for
146 in PhMe, conversion was highest at lower concentrations. The ee, again as with 148 in
PhMe, followed a more expected trend, peaking at 0.1 M (56% conversion, 54% ee) with 0.25

M giving 95% conversion and 53% ee.

From the results discussed above, it was proposed that a larger range of solvents be screened
in order to arrive at a more optimisable system, which would involve further concentration
studies and possibly solvent mixtures. To this effect, a range of solvents were selected based
on varying polarity: MeOH, IPA, H,0, TFE, ethylene glycol, acetone, DMF, 1,4-dioxane, EtOAc,
MeNO;, hexane, CHCl; DCM, DCE, Et,0, CyHex, PhCl, and xylenes. 148 and 146 were tested

in each solvent at 0 °C (Table 10).
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20 mol% Cat.
Aniline (1.1 equiv.)

Solvent (conc), 0 °C, 24 h

Solvent Class

Polar Protic

Polar Aprotic

Non-Polar

Aromatic

Solvent

MeOH
IPA
H,O
TFE

Ethylene glycol
THF
Acetone
DMF

MeCN

1,4-Dioxane

EtOAc

MeNO;
Hexane
CHCl;
DCM
DCE
Et,O

CyHex

PhMe
PhClI

Xylenes

146

148

Conv.
NA
NA
NA
NA
NA
37
NA
56
NA
33
NA
NA
NA
85
91
73
NA
NA
57

100
83

ee’
6, 370°
13,371°
29,372°
4,373°
3,374"
64, 375°
12,376
14,377°
6, 378°
28,379°
33,380°
3,381°
26,382°
23,383°
14, 384°
11, 385°
28, 386"
36, 387"
30, 388"
22,389°
31, 390°

Conv.
NA
NA
NA
NA
NA
64
NA

NA
23
NA
NA
NA
100
31
24
NA
11
40
89
68

ee’

-4, 391°

-28,392°
-31, 393"
-3,394b

-6, 395°

-58, 396"
-27,397°
-6, 398°

-20, 399°
-58, 400°
-56, 401°
-23,402°
-46, 403"
-46, 404"
-56, 405°
-56, 406"
-49, 407°
-6, 408"

-58, 409"
-46, 410°
-16, 411"

Table 10 Solvent screen with 146 and 148 at 0 °C. NA = Internal standard not soluble. ¢

Conversion and ee determined by HPLC. © Reaction no.
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Table 10 shows that for 146, THF was the stand-out solvent for this reaction with no other
solvent coming close in terms of selectivity. There were other solvents which increased the
reactivity, however, such as the chlorinated solvents and xylenes, which were to be probed
when assessing solvent mixtures. 148, however, showed generally good ee’s throughout the
non-polar solvents, reaching >50% with THF, 1,4-dioxane, EtOAc, DCM, DCE, and PhMe.
Chlorobenzene proved to be the best solvent for reactivity with this catalyst, with THF and
xylenes also achieving good reactivity. Again, these data further showed the need to try
mixed solvent systems at different concentrations and temperatures to achieve high levels
of both conversion and enantioselectivity. Solvents which proved to be highly active would

be trialled at lower temperatures.

From the results obtained in the solvent screen, it became apparent that greater conversion
could possibly be achieved by using a selection of solvents from the solvent screen and

studying the concentration effects as with THF and PhMe. This is represented in Table 11.
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‘ N 20 mol% Cat.
P Aniline (1.1 equiv.)

Solvent (conc), 0 °C, 24 h
Ph

Solvent/Conc.

146

148

CHCl;
05M
1M
2M
DCM
05M
1M
2M
DCE
0.5M
1M
2M
PhCI
0.5M
1M
2M

Conv.

19
30
54

21
31
64

15
28
70

38
43
60

22,412°
21,413"
21,414°

15, 415
10, 416°
9,417°

11,418°
9, 419"
10, 420°

30,421°
19, 422"
24,423

Conv.

18
30
59

23
48
82

23
53
71

40
41
58

-33, 424"
-36, 425"
-39, 426"

-35, 427"
-38, 428
-40, 429°

-28, 430"
-32,431°
-34,432"

-55,433b
-41, 434"
-52,435°

Table 11. Solvent and concentration screen using 146 and 148. ° Conversion and ee

determined by HPLC. ® Reaction no.

By examining the different solvents, it was found that at increased concentrations, the

conversion increased significantly without compromising selectivity to any significant extent

(an effect which was not achieved in THF or PhMe). An important visual observation of the

reaction mixtures was that the catalysts were fully soluble in the above solvents, whereas in

THF and PhMe there was often precipitate when dissolving the catalysts. This increased
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solubility could be the reason for the increased conversion in these reactions. It was then
proposed that by mixing THF with the selected solvents in a 1:1 ratio, a synergistic solvent
effect could possibly be achieved where the THF could facilitate a selective reaction and the

combined solvent could help to solubilize the catalyst and boost the conversion. This was put

| A 20 mol% Cat. ‘ =
P Aniline (1.1 equiv) —
N N N
h

Solvent (1 M), 0°C, 24 h H

into practice in a mixed solvent screen (Table 12).

146 148
Solvent Conv. ee’ Conv. ee’
1:1 THF:CHCl; 37 49, 436° 36 -58, 441°
1:1 THF:CH.Cl, 34 48,437° 38 -58, 442°
1:1 THF:DCE 33 46, 438° 31 -48, 443"
1:1 THF:PhCI 40 50, 439° 38 -54, 444"
1:1 THF:PhMe 53 64, 440° 38 -68, 445°

Table 12. Mixed solvent screen. @ Conversion and ee determined by HPLC. ®Reaction no.

Carrying out a mixed solvent screen with the selected solvents failed to enhance the
conversion and, at the same time, was generally detrimental to selectivity. By analysing the
data from each of the solvent screens, it was immediately apparent that the choice of

reaction solvent had a large effect on the reaction outcome.

At this point, the methodology had been developed to a stage where all reasonable efforts
to develop the process to a high standard had been undertaken but had ultimately failed to
deliver a system in which both high reactivity and high selectivity could be achieved under
the same reaction conditions. However, both high reactivity and high selectivity could be
achieved independently by applying simple changes to the reaction systems which

represents promising headway into this challenging process.
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4, Conclusions

The methodology under development was at a stage where the concept of chiral Brgnsted
acid-catalysed asymmetric conjugate addition to vinyl N-heterocycles had been validated and
respectable levels of reactivity and selectivity have been achieved in the system. However,
the significant difficulty of performing a complete conjugate addition reaction while at the
same time maintaining high selectivity in the asymmetric protonation event has become

problematic.

Efforts to generate a reaction which is simultaneously highly reactive and selective have so
far given limited success. The best results obtained at this stage are illustrated below, which

show the level to which the methodology has been developed at this stage.

A 20 mol% Cat. ‘ N
‘ _ Aniline (1.1 equiv) _
N Solvent (1 MY, 0 °C, 24 h N
Ph Ph
127 174

148 146
72% conversion 33% conversion
-64% ee 80% ee
(PhMe) (THF)

Scheme 48. Summary of best results.

A possible rationale for the observed limits in reactivity and selectivity could be that the
reaction may be inhibited by protonation of the nucleophile, resulting in the conjugate acid
of the nucleophile becoming the protonating species which, due to the pK,H difference
between the nucleophile and the heterocycle, may result in the reaction proceeding very
slowly with an eventual plateau. Under conditions where reaction inhibition in this way may
not be an issue, the reaction would be allowed to proceed to a high level of conversion in an
acceptable timeframe. However, in doing so, the reaction then would be susceptible to

becoming less selective.

In attempts to overcome this, a wide range of catalysts, solvents, solvent combinations,
concentrations and temperatures have been explored and although respectable optimisation

has been achieved, the generation of a fully optimised system has not.
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5. Future Work
For the methodology to be developed to a higher level, it would be necessary to explore:

i) A range of nucleophiles with varying nucleophilicities and basicities in order to understand
which class of nucleophile may inhibit the reaction and which class of nucleophile is
nucleophilic enough to react fully but not basic enough to inhibit the reaction. Such
nucleophiles may include substituted anilines, secondary anilines, N/O-protected

hydroxylamines, thiols, phosphines, and carbogenic nucleophiles (Scheme 49).

NH, HN/R R R. _R

A X on > SH H !

| X | X r-NH - NH Alkyl R R é
R

Scheme 49. Nucleophiles to trial in the conjugate addition reaction.

ii) Water effects. The reaction may benefit from being performed under anhydrous
conditions. Since water is such a competent molecule in bridging the transferral of protons
in solution through intermolecular hydrogen bonding networks, it may be necessary to study

the effects of water on the system (Scheme 50).

H
oo 7
Proton donor—H---0 H---0 —
' H b H---Proton acceptor
H
/ H
H—O
Proton donor- -H—Q_ H /O\\
H H— Proton acceptor

Scheme 50. Water-bridged proton transfer from a proton donor to a proton acceptor.

If water in the reaction mixture is bridging proton transfer in the asymmetric protonation

step, this could have a significant detrimental effect on the overall enantioselectivity.

iii) The Michael acceptor. Studying a wider range of vinyl heterocycles may also be of benefit
to the reaction since different heterocycles and different olefinic substituents will affect the

susceptibility of the Michael acceptor towards the conjugate addition reaction (Scheme 51).
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Scheme 51. Relative reactivities of heterocycles bearing different olefinic substituents. ENG

= electron-neutral group.

iv) The(E)-/(Z)-geometry of the in situ generated prochiral enamine intermediate. Since the

in situ generation of the prochiral intermediate may not be particularly selective for one
isomer over the other, and it has been shown in section 1.1.2.4. that each isomer can give
rise to different enantiomers of product during protonation, tethering the olefin may

improve the selectivity of the reaction (Scheme 52).

Rotatable bond
3
| X / Xy 3) . N
P Nuc ~ Re-Protonation | )
o®N —_— N1) Nuc —— N/ N
AT H R H' Re ©9 He
A R(@)

(S)-enantiomer

i ANTE) X
| X | S _R® Re-Protonation | _ ®)
N7 R Nuc u(n ’ N"(™Y" “Nuc
OB R
A H R

Nuc
nO @ (R)-enantiomer

Vs.

Non-rotatable bond

3)
X Nuc N Re-Protonation || o
| ~ N/(1) BN
uc
ooN Vo e
ATl R H ®o R@

R®)
*A (S)-enantiomer

Scheme 52. Product enantiomers arising from the (E)-/(Z)-mix of the prochiral

intermediate.
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6. Experimental
6.1 Reagents

All reagents and solvents were obtained from commercial suppliers and were used without
further purification unless otherwise stated. Purification was carried out according to

standard laboratory methods.*°
6.1.1. Purification of Solvents

i) All solvents used for dry reactions (tetrahydrofuran, diethyl ether, dichloromethane) were
obtained from a PureSolv SPS-400-5 solvent purification system. These solvents were
transferred to and stored in a septum-sealed, oven-dried flask over previously activated 4 A

molecular sieves and purged with and stored under nitrogen.

ii) Dichloromethane, ethyl acetate, toluene, and petroleum ether 40-60° for purification

purposes were used as obtained from commercial suppliers without further purification.
6.1.2 Purification of Starting Materials

Aniline was purified by heating to reflux over calcium chloride, distilled under reduced

pressure, then purged with and stored under nitrogen over 4 A molecular sieves.
6.1.3 Organometallic Reagents

n-Butyllithium (1.6 M in hexanes) was used as obtained from commercial suppliers.
6.1.4 Experimental Details

i) Moisture-sensitive reactions were carried out using oven-dried glassware purged with N;

before use.
ii) Purging refers to a vacuum/nitrogen-refilling procedure.

iii) Reactions carried out at 0 °C and -20 °C were done so using a ThermoHaake EK90 reaction

cooling system.

iv) Room temperature was generally ca. 18 °C.
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v) Reactions carried out at elevated temperatures were done so using a temperature-

regulated hotplate/stirrer.
6.1.5 Purification of Products

i) Thin layer chromatography was carried out using Merck silica plates coated with
fluorescent indicator UV254. These were analysed under 254 nm UV light or developed using

potassium permanganate solution.

ii) Normal phase flash chromatography was carried out using ZEOprep 60 HYD 40-63 um silica

gel.

6.1.6 Analysis of Products

i) Fourier Transformed Infra-Red (FTIR) spectra were obtained on a Shimadzu IRAffinity-1

machine.

ii) *H and 3C NMR spectra were obtained on a Bruker AV 400 at 400 MHz and 125 MHz,
respectively. Chemical shifts are reported in ppm and coupling constants are reported in Hz

with CDCls referenced at 7.27 ppm (*H) and 77.36 ppm (*3C).

iii) High-resolution mass spectra were obtained through analysis at the EPSRC UK National

Mass Spectrometry Facility at Swansea University.

iv) HPLC data was obtained on an Agilent 1260 series HPLC using a DAICEL CHIRALPAK® |A
column, 4.6 mm x 250 mm, particle size = 5 um. Samples for HPLC analysis were prepared
through the addition of 0.5 mL of non-standardised reaction solvent to the completed
reaction mixture containing the standardised reaction solvent along with a few drops of sat.
NaHCOs. The resulting biphasic solution was then stirred before the removal of the organic
phase. The organic phase was diluted to 1 mL with non-standardised reaction solvent, filtered

and analysed by HPLC against established conversion factors.

i) For 132, conversion and enantiomeric excess analysis was performed using an
isocratic method, eluting with 2.5% IPA/hexane over 22 minutes at a flow rate of 0.5

mL/min. tr enantiomer 1 = 14.1 min., tg enantiomer 2 = 19.3 min.

ii) For 174, conversion analysis was performed using a gradient method, eluting with

20 - 50% IPA/hexane over 17 minutes at a flow rate of 0.5 mL/min. Enantiomeric

64



excess analysis was performed using an isocratic method, eluting with 50%
IPA/hexane over 13 minutes at a flow rate of 0.5 mL/min. tg enantiomer 1 = 10.4

min., tg enantiomer 2 = 11.3 min.

v) Specific rotation values were obtained using a Perkinelmer polarimeter 341 (wavelength =

589 nm (sodium D line), temperature = 20 °C). Values are quoted in units of degmL g™t dm™.
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7. General Experimental Procedures and Reaction Data
General Experimental Procedure A: Grignard addition to carbonyl compounds.
For example, for 1-phenyl-1-(pyridin-2-yl)ethanol, 120.

An oven-dried flask equipped with a stirrer bar and fitted with a septum was purged with N,.
To the flask was added phenyl(pyridin-2-yl)methanone (1 equiv, 20 mmol, 3.66 g) and dry
THF (120 mL). The flask was then cooled to 0 °C. MeMgBr ((2 equiv, 40 mmol, 13.33 mL (3 M
Et,0 solution)) was then added dropwise to the reaction mixture. The reaction was then
allowed to warm to room temperature for 18 hours. The reaction was then quenched with
25 mL HCI (36% in H,0) and basified with sat. ag. K,COs. EtOAc (20 mL) was added and the
phases separated. The aqueous layer was then re-extracted with EtOAc (3 x 5 mL). The
combined organic phases were dried using Na,SO,, passed through a hydrophobic frit, and
concentrated under reduced pressure to afford 120 as a white amorphous solid (3.96 g,

>99%).

Reaction no. Qty. Carbonyl Qty. Grignard Product, Mass, Yield

3 3.66g 13.33 mL 120, 3.96 g, >99 %
5 1.57g 6.66 mL 122,1.71g,99 %
7 137g 5.33 mL 124,136 g,91 %
9 137g 5.33 mL 126,1.85g,93 %

General Experimental Procedure B: Wittig reaction of carbonyl compounds.
For example, for 2-(prop-1-en-yl)pyridine, 113.

Reaction 1. An oven-dried flask equipped with a stirrer bar and fitted with a septum was
purged with N,. To the flask was added MePPhsBr (1.3 equiv, 65.0 mmol, 23.24 g) and 200
mL dry THF. The flask was then cooled to -10 °C and n-Buli (1.2 equiv, 60 mmol, 37.44 mL
(1.6 M hexane solution)) was added in a dropwise manner. The reaction proceeded for 30
min until being allowed to warm to room temperature for 15 minutes. The reaction was then
cooled to 0 °C and 2-acetyl pyridine (1 equiv, 50 mmol, 6.57 g, 6.08 mL) was added in a
dropwise manner. The reaction was allowed to proceed for 30 min at 0 °C before being

allowed to warm to room temperature for 12 hours. The reaction was then quenched with
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water (10 mL) and EtOAc (1 mL) was added and the phases separated. The aqueous layer was
then re-extracted with EtOAc (3 x 10 mL). The combined organic phases were dried using
Na,S0,, passed through a hydrophobic frit, and concentrated under reduced pressure to
afford a residue that was purified by flash column chromatography (1:9 EtOAc/petroleum

ether 40 °C - 60 °C) to afford 113 as a colourless liquid (4.73 g, 80%).

General Experimental Procedure C: Conjugate addition of nucleophiles to vinyl N-

heterocycles.

For example, for N-(2-(pyridin-2-yl)propyl)aniline, 132.

To a test tube was added a stirrer bar, 2-(prop-1-en-yl)pyridine (113, 1 equiv, 1 mmol, 116.2
mg) and 0.5 mL DCE. (R/S)-(-)-1,1'-Binaphthyl-2,2'-diyl hydrogenphosphate (0.2 equiv, 0.2
mmol, 69.7 mg) was then added to the reaction mixture. Aniline (1.1 equiv, 1.1 mmol, 100.5
pL) was then added dropwise and the reaction was allowed to proceed for the allocated time.
The reaction was quenched with sat. ag. K,COs3 (15 mL), EtOAc (15 mL) was added and the
layers separated. The aqueous layer was then re-extracted with EtOAc (3 x 5 mL), and the
combined organic phases were dried using Na,SO,, passed through a hydrophobic frit, and
concentrated under reduced pressure to afford a residue that was purified by flash column
chromatography (1:4 EtOAc/petroleum ether 40 °C - 60 °C) to afford 132 as a yellow

amorphous solid (42.5 mg, 20%).

Reaction no. Qty. Vinyl Het. Qty.Cat. Qty. Nucleophile Product, Mass, Yield

14 116.2 mg 69.6 mg 0.101 mL 132,42.5mg, 20 %
168 231.3 mg 69.7 mg 0.101 ml 174, 210.9 mg, 65 %

General Experimental Procedure D: Oxidation of alcohols.

For example, for 1-(quinolin-2-yl)ethanone, 123.

Reaction 6. To a flask was added a stirrer bar, 1-(quinolin-2-yl)ethanol (122, 1 equiv, 9 mmol,
1.56 g) and 90 mL dry PhMe. MnO; (6 equiv, 54 mmol, 4.69 g) was then added in five portions
to the reaction mixture. The reaction was then allowed to proceed for 3 hours. The resulting
mixture was then filtered through a pad of Celite, washing through with EtOAc (50 mL). The

combined organic phases were dried using Na,S0,, passed through a hydrophobic frit, and
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concentrated under reduced pressure to afford to afford 123 as a brown/orange amorphous

solid (1.46 g, 95%).
General Experimental Procedure E: dehydration of benzylic vinyl alcohols.
For example, for 2-(prop-1-en-2-yl)quinoline, 125.

To a flask was added 2-(quinolin-2-yl)propan-2-ol (124, 1 equiv, 7 mmol, 1.31 g). 7 mL H,SO0,
(85% H,0 solution) was then added and the reaction was heated at 100 °C for 3 hours before
guenching with 4 M aq. NaOH (15 mL) at 0 °C. EtOAc (20 mL) was added and the phases
separated. The aqueous layer was then re-extracted with EtOAc (3 x 5 mL). The combined
organic phases were dried using Na,SO,, passed through a hydrophobic frit, and
concentrated under reduced pressure to afford 125 as a yellow amorphous solid (1.13 g,

96%).

Reaction no.  Qty. Alcohol Qty.85% aqg. H.SOs  Product, Mass, Yield

4 370.0 mg 2mL 119, 322.3 mg, 89 %
8 131g 7 mL 125,1.13g,96 %
10 1.74¢g 7 mL 127,1.49¢g,92 %

General Experimental Procedure F: O-dimethylation of BINOL.

For example, for (R)-3,3'-diiodo-2,2'-dimethoxy-5,5',6,6',7,7',8,8"-octahydro-1,1'-
binaphthalene, 189.

A flask was charged with acetone (20 mL) and to this was added (R)-3,3'-diiodo-
5,5'6,6',7,7',8,8'-octahydro-[1,1'-binaphthalene]-2,2'-diol (181, 1 equiv, 10 mmol, 5.46 g),
iodomethane (4 equiv, 40 mmol, 1.31 g, 0.57 mL), and potassium carbonate (4 equiv, 40
mmol, 1.27 g). The flask was then sealed with a septum and the reaction was allowed to
proceed at room temperature for 16 hours. Upon completion, H,0 (20 mL) was added and
the mixture was stirred for a further 3 h. The suspension was then passed through a filter
and washed with H,O (3 x 5 mL). The resulting precipitate was then dissolved in 10 mL
dichloromethane, dried using Na,SO,, passed through a hydrophobic frit and concentrated

under reduced pressure to afford 189 as a white amorphous solid (5.72 g, >99%).
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Reaction no. Qty. BINOL Qty. Mel Qty. K,CO; Product, Mass, Yield

169 2.86g 0.57 mL 1.27¢g 176,3.12 g, >99 %
189 5.46 g 0.57 mL 1.27g 189,5.72 g, >99 %

General Experimental Procedure G: lodination of methoxy binaphthalenes.
For example, for (R)-3,3'-diiodo-2,2'-dimethoxy-1,1'-binaphthalene, 177.

Reaction 170. An oven dry flask was fitted with a septum and a stirrer bar, purged with N;
and charged with diethyl ether (50 mL) and TMEDA (4.4 equiv, 6.29 mmol, 0.94 mL). "BuLi
(2.5 M in hexanes, 10 equiv, 14.30 mmol, 5.72 mL) was then added. The reaction mixture was
stirred at room temperature for 20 minutes. (R)-2,2'-Dimethoxy-1,1'-binaphthalene (176, 1
equiv, 1.43 mmol, 450.0 mg) was then added in one portion in solid form and the reaction
was allowed to proceed for a further 3 hours at room temperature. The reaction was cooled
to-78 °C and |, (3.4 equiv, 4.86 mmol, 1.23 g) was then added as a solution in THF (20 mL) in
a drop wise manner. The reaction was then allowed to warm room temperature and to stir
overnight. Upon completion, 20 mL of a half saturated solution of Na,S5,03 (prepared by
making a saturated solution and diluting this by a factor of two) was added and the reaction
was allowed to quench by stirring for 1 hour. The layers were then allowed to separate and
the organic layer was subsequently washed with H,O (2 x 10 mL) and brine (2 x 10 mL). The
organic layer was then dried using Na,SO,, passed through a hydrophobic frit, and
concentrated under reduced pressure to give a crude residue which was purified by flash
column chromatography (30% PhMe in petroleum ether 40 °C - 60 °C) to afford 177 as a
white amorphous solid (527.1 mg, 93%).

General Experimental Procedure H: Deprotection of methyl protected binaphthols.
For example, for (R)-3,3'-bis(2,4,6-triisopropylphenyl)-[1,1'-binaphthalene]-2,2'-diol, 195.

A flask was fitted with a stirrer bar and charged with (R)-2,2'-dimethoxy-3,3'-bis(2,4,6-
triisopropylphenyl)-1,1'-binaphthalene (194, 1 equiv, 1 mmol, 719.1 mg) and CH,Cl, (10 mL).
The flask was then purged with N, and cooled to 0 °C. BBr3 (5 equiv, 5 mmol, 5.0 mL (1 M
CH,Cl; solution)) was added. Upon completion (approximately 5 hours), the reaction was

quenched with 10 mL water in a drop wise manner at 0 °C, stirring at room temperature for
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1 hour. CHyCl; (10 mL) was then added and the organic layer separated. The organic layer
was then washed with H,0 (2 x 5 mL) and brine (2 x 5 mL). The organic layer was then dried
using Na,S04, passed through a hydrophobic frit and concentrated under reduced pressure

to afford 195 as a white amorphous solid (670.3 mg, 97%).

Reactionno. Qty.OMeBINOL Qty.BBr; Product, Mass, Yield

171 1.13¢g 10.0 mL 178,1.06 g, 99 %
308 719.1 mg 5.0 mL 195,670.3 mg, 97 %

General Experimental Procedure I: Suzuki-Miyaura cross-coupling of iodo

binaphthalenes.
For example, for (R)-3,3'-di([1,1'-biphenyl]-4-yl)-[1,1'-binaphthalene]-2,2'-diol, 180.

A flask was fitted with a stirrer bar and charged with a mix of 0.80 mL 1,4-dioxane and H,0
(0.20 mL). To this mixture was added Pd/C (0.05 equiv, 0.0095 mmol, 10 mg of 10% wt
powder), K2COs (4 equiv, 0.76 mmol, 105.0 mg), 4-biphenyl boronic acid (4 equiv, 0.76 mmol,
150.5 mg), and 3,3'-diiodo-[1,1'-binaphthalene]-2,2'-diol (178, 1 equiv, 0.19 mmol, 100.0
mg). The reaction was heated to 100 °C overnight. Upon completion, 5 mL CH,Cl; was then
added and the layers separated. The organic layer was then washed with H,0 (2 x 2 mL) and
brine (1 x 2 mL). The combined organic layers were then dried using Na,SO4 and concentrated
under reduced pressure to give a crude residue which was purified using flash column
chromatography (5% diethyl ether in petroleum ether 40 °C - 60 °C) to afford 180 as a white

amorphous solid (92.1 mg, 82 %).

Reaction no. Qty. Qty. Qty. Qty. Product, Mass, Yield
Pd/C K.COs Boronic Aicd BINOL
172 28.0mg  309.5mg 350.3 mg 300.0mg  179,238.7mg, 84 %
173 10.0mg 105.0 mg 150.5 mg 100.0 mg 180,92.1 mg, 82 %
245 25.0mg  276.4mg 312.7 mg 273.1mg  183,239.7mg, 93 %
246 250mg  276.4mg 396.1 mg 273.1mg 184,281.4mg, 94 %
247 250mg  276.4mg 328.0 mg 273.1mg  185,209.6 mg, 79 %
248 250mg  276.4mg 381.6 mg 273.1mg  186,248.4mg, 85 %
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249 250mg 276.4mg  2439mg  273.1mg 187,214.4mg 96 %
250 250mg 276.4mg  3440mg  273.1mg  188,240.6 mg, 88 %

General Experimental Procedure J: Phosphorylation of binaphthalenes.

For example, for (2r)-4-hydroxy-2,6-bis(2,4,6-triisopropylphenyl)dinaphtho[2,1-d:1',2'-
f][1,3,2]dioxaphosphepine 4-oxide, 146.

A flask was fitted with a stirrer bar and charged with (R)-3,3'-bis(2,4,6-triisopropylphenyl)-
[1,1'-binaphthalene]-2,2'-diol (195, 1 equiv, 0.20 mmol, 140.0 mg). Pyridine (0.4 mL) was
added before the drop wise addition of POCl; (2 equiv, 0.40 mmol, 37 pL). The reaction was
heated to 60 °C overnight. Upon completion, the reaction was quenched with 5M HCI (1 mL)
at 0°C, stirring at 60 °C for 1 hour. CH,Cl; (5 mL) was then added and the organic layer
separated. The organic layer was then washed with H,0 (2 x 5 mL) and brine (2 x 5 mL). The
organic layer was then dried using Na,;SO., passed through a hydrophobic frit and

concentrated under reduced pressure to afford 146 as a white solid (146.0 mg, 97 %).

Reaction no. Qty. BINOL Qty. POCl;  Product, Mass, Yield
174 200.0 mg 0.072 mL 144, 220.9 mg, >99 %
175 80.0 mg 0.024 mL 145, 83.2 mg, 98 %
251 163.9 mg 0.055 mL 147,175.1 mg, 96 %
252 154.6 mg 0.055 mL 148, 172.7 mg, >99 %
253 179.6 mg 0.055 mL 149, 188.3 mg, 95 %
254 159.2 mg 0.055 mL 150, 172.5mg, 97 %
255 175.3 mg 0.055 mL 151, 184.2 mg, 95 %
256 134.0 mg 0.055 mL 152, 151.0 mg, 99 %
257 164.0 mg 0.055 mL 153,178.9 mg, 98 %
306 699.1 mg 0.184 mL 155, 753.4 mg, 99 %
309 140.0 mg 0.037 mL 146, 146.0 mg, 97 %

General Experimental Procedure K: Hydrogenation of BINOL.

For example, for (R)-5,5',6,6',7,7',8,8'-octahydro-[1,1'-binaphthalene]-2,2'-diol, 181.
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Reaction 243. (R)-BINOL (175, 1 equiv, 6.98 mmol, 2.00 g) and palladium on activated carbon
(0.1 equiv, 0.69 mmol, 742 mg of 10% wt. powder) was added to EtOH (70 mL). The reaction
was allowed to proceed for 96 h at room temperature under 50 bars of hydrogen. Upon
completion, the reaction mixture was passed through a pad of celite, dried using Na,SO4, and

concentrated under reduced pressure to afford 181 as a white solid (2.05 g, >99%).

General Experimental Procedure L: Regioselective iodination of HsBINOL.

For example, for (R)-3,3'-diiodo-5,5',6,6',7,7',8,8'-octahydro-[1,1'-binaphthalene]-2,2'-diol,
182.

Reaction 244. A flask was fitted with a stirrer bar and charged with CH,Cl; (10 mL), (R)-
5,5'6,6'7,7',8,8'-Octahydro-[1,1'-binaphthalene]-2,2'-diol (181, 1 equiv, 1 mmol, 294.4 mg),
morpholine (6 equiv, 6 mmol, 522.7 mg, 0.525 mL), and |, (2 equiv, 2 mmol, 507.6 mg). The
reaction was allowed to proceed at room temperature for 16 hours. Upon completion, the
reaction was acidified with 1M HCI (10 mL). The layers were separated and a half saturated
solution of Na,S,0;5 (10 mL) (prepared by making a saturated solution and diluting this by a
factor of two) was added to the organic layer and allowed to stir for 1 hour. The organic layer
was then dried using Na;SO,4 and concentrated under reduced pressure to afford 182 as a

white solid (545.1 mg, >99%).

General Experimental Procedure M: Kumada cross-coupling of iodinated binaphthalenes.

For example, for (R)-2,2'-dimethoxy-3,3'-bis(2,4,6-triisopropylphenyl)-1,1'-binaphthalene,
194.

Reaction 307. An oven dry flask was fitted with a stirrer bar and charged with magnesium
filings (1.77 equiv, 19.05 mmol, 463 mg). The flask was then purged with N;and 20% (approx.
3.1 mL) of a 0.7 M solution of 1-bromo-2,4,6-triisopropyl benzene (1 equiv, 10.75 mmol,
2.925 mL) in dry Et,0 (12.7 mL) was added in a drop wise manner. To the reaction was then
added 1,2-dibromoethane (0.00015 mol%, 0.00032 mmol, 2.5 uL) as an activator. After
addition of the 1,2-dibromoethane, the reaction was heated to reflux and the remaining 1-
bromo-2,4,6-triisopropyl benzene solution was added over 1 hour. The reaction was then
allowed to proceed at reflux for 16 hours. At this point, the concentration of the formed
Grignard solution was determined to be 0.64 M (94% conversion to the Grignard reagent) by

titration of with (E)-2-((2-phenylhydrazono)methyl)phenol. Once the molarity of the Grignard
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solution had been determined, for the Kumada cross-coupling, 15 mL (3 equiv with respect
to 177, 9.6 mmol, 15 mL) of this solution was then added in a drop wise manner to a N,
purged flask containing a solution of (R)-3,3'-diiodo-2,2'-dimethoxy-1,1'-binaphthalene (177,
1 equiv, 3.2 mmol, 1.77 g) and Ni(PPhs),Cl> (11 mol%, 0.35 mmol, 229 mg) in dry Et,0 (37.6
mL). The reaction was then heated to reflux for 16 hours. Upon completion, the reaction
mixture was cooled to 0 °C and acidified with 1M HCI. EtOAc (5 mL) was then added and the
layers separated. The organic layer was passed through a short pad of silica, dried using
Na,SO, and concentrated under reduced pressure to afford a crude residue which was
purified by flash column chromatography (2% Et,0 in petroleum ether 40 °C - 60 °C) to afford
194 as a white solid (1.90 g, 83%).

General Experimental Procedure N: Asymmetric conjugate addition of aniline to vinyl N-

heterocycles.
For example, for N-(2-phenyl-2-(quinolin-2-yl)ethyl)aniline, 174.

A test tube was fitted with a stirrer bar and charged with 2-(1-phenylvinyl)quinoline (1 equiv,
0.05 mmol, 11.6 mg), Catalyst (146, 0.2 equiv, 0.01 mmol 6.1 mg) and THF (50 pL of a THF
solution containing the reaction standard (9-bromoanthracene, 0.075 equiv, 0.00375 mmol,
0.075 M solution of 9-bromoanthracene in THF)). Aniline (1.1 equiv, 0.055 mmol, 5.0 pL). The
reaction was allowed to proceed for 24 hours at the designated temperature before being
analysed by HPLC to obtain values for conversion to N-(2-phenyl-2-(quinolin-2-
yl)ethyl)aniline (based on 9-bromoanthracene as an internal standard) and enantiomeric

excess.

Reaction no.  Qty. Vinyl Het. Qty. Cat. Qty. Nuc. Conv., ee
176 11.6 mg 3.5mg 5.0 puL 78 %, 11 %
177 11.6 mg 3.5mg 5.0 pL 65 %,12 %
178 11.6 mg 3.5mg 5.0 pL 87 %, 10 %
179 11.6 mg 3.5mg 5.0 uL 90 %, 13 %
180 11.6 mg 3.5mg 5.0 pL 87 %,5%
181 11.6 mg 3.5mg 5.0 uL 88 %, 6%
182 11.6 mg 4.6 mg 5.0 uL 12%,0 %
183 11.6 mg 4.6 mg 5.0 uL 74 %,31%
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184
185
186
187
188
189
190
191
192
193
194
195
196
197
198
199
200
201
202
203
204
205
206
207
208
209
210
211
212
213
214
215

11.6 mg
11.6 mg
11.6 mg
11.6 mg
11.6 mg
11.6 mg
11.6 mg
11.6 mg
11.6 mg
11.6 mg
11.6 mg
11.6 mg
11.6 mg
11.6 mg
11.6 mg
11.6 mg
11.6 mg
11.6 mg
11.6 mg
11.6 mg
11.6 mg
11.6 mg
11.6 mg
11.6 mg
11.6 mg
11.6 mg
11.6 mg
11.6 mg
11.6 mg
11.6 mg
11.6 mg
11.6 mg

4.6 mg
4.6 mg
4.6 mg
4.6 mg
6.4 mg
6.4 mg
6.4 mg
6.4 mg
6.4 mg
6.4 mg
7.7 mg
7.7 mg
7.7 mg
7.7 mg
7.7 mg
7.7 mg
6.2 mg
6.2 mg
6.2 mg
6.2 mg
6.2 mg
6.2 mg
6.0 mg
6.0 mg
6.0 mg
6.0 mg
6.0 mg
6.0 mg
5.8 mg
5.8 mg
5.8 mg
5.8 mg

5.0 uL
5.0 uL
5.0 uL
5.0 uL
5.0 uL
5.0uL
5.0uL
5.0uL
5.0uL
5.0uL
5.0uL
5.0uL
5.0 uL
5.0 uL
5.0uL
5.0 uL
5.0 uL
5.0 uL
5.0uL
5.0uL
5.0uL
5.0uL
5.0uL
5.0uL
5.0 uL
5.0 uL
5.0 uL
5.0 uL
5.0 uL
5.0 uL
5.0 uL
5.0 uL

45%, 1%
37 %,5%
94 %, 4 %
75%,0 %
74 %, 30 %
12%,1%
90 %, 36 %
90 %, 10 %
81%,7 %
74 %,2 %
36 %, 19 %
66 %, -5 %
63 %, 23 %
96 %, 30 %
86 %, 20 %
89%,23%
57 %, -2 %
76 %, 10 %
72%,-1%
92%,-3%
75%, -2 %
80%,-2%
10 %, 24 %
21%,7 %
16 %, 22 %
32%,11%
31%,10%
48 %, 5 %
96 %, 44 %
7%,0%
92%,43 %
100 %, 13 %
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216
217
218
219
220
221
222
223
224
225
226
227
228
229
230
231
232
233
234
235
236
237
238
239
240
241
258
259
260
261
262
263

11.6 mg
11.6 mg
11.6 mg
11.6 mg
11.6 mg
11.6 mg
11.6 mg
11.6 mg
11.6 mg
11.6 mg
11.6 mg
11.6 mg
11.6 mg
11.6 mg
11.6 mg
11.6 mg
11.6 mg
11.6 mg
11.6 mg
11.6 mg
11.6 mg
11.6 mg
11.6 mg
11.6 mg
11.6 mg
11.6 mg
11.6 mg
11.6 mg
11.6 mg
11.6 mg
11.6 mg
11.6 mg

5.8 mg
5.8 mg
7.4 mg
7.4mg
7.4mg
7.4 mg
7.4 mg
7.4 mg
9.7 mg
9.7 mg
9.7 mg
9.7 mg
9.7 mg
9.7 mg
5.7mg
5.7mg
5.7mg
5.7mg
5.7mg
5.7mg
6.5mg
6.5mg
6.5mg
6.5mg
6.5mg
6.5mg
3.6mg
3.6mg
3.6mg
3.6mg
3.6mg
3.6 mg

5.0 uL
5.0 uL
5.0 uL
5.0 uL
5.0 uL
5.0uL
5.0uL
5.0uL
5.0uL
5.0uL
5.0uL
5.0uL
5.0 uL
5.0 uL
5.0uL
5.0 uL
5.0 uL
5.0 uL
5.0uL
5.0uL
5.0uL
5.0uL
5.0uL
5.0uL
5.0 uL
5.0 uL
5.0 uL
5.0 uL
5.0 uL
5.0 uL
5.0 uL
5.0 uL

86 %,22 %
95%,9 %
73%,21%
8%, 20 %
81%,5%
91%,22%
97 %, 8 %
88 %, 13 %
42 %,1%
90 %, 19 %
66 %, 3 %
85%,7 %
75%,5 %
78 %, 7 %
46 %, 34 %
75%,33%
57 %,29 %
71%,27 %
55%,17 %
51%,16 %
58 %,32 %
58 %, 27 %
61%, 26 %
53%,17 %
50 %, 15 %
53%,9 %
62 %, 15 %
53%,28 %
69 %, 17 %
84 %,28 %
51%,15%
48 %, 13 %
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264
265
266
267
268
269
270
271
272
273
274
275
276
277
278
279
280
281
282
283
284
285
286
287
288
289
290
291
292
293
294
295

11.6 mg
11.6 mg
11.6 mg
11.6 mg
11.6 mg
11.6 mg
11.6 mg
11.6 mg
11.6 mg
11.6 mg
11.6 mg
11.6 mg
11.6 mg
11.6 mg
11.6 mg
11.6 mg
11.6 mg
11.6 mg
11.6 mg
11.6 mg
11.6 mg
11.6 mg
11.6 mg
11.6 mg
11.6 mg
11.6 mg
11.6 mg
11.6 mg
11.6 mg
11.6 mg
11.6 mg
11.6 mg

5.8 mg
5.8 mg
5.8 mg
5.8 mg
5.8 mg
5.8 mg
6.6 mg
6.6 mg
6.6 mg
6.6 mg
6.6 mg
6.6 mg
59mg
59mg
59mg
59mg
59mg
59mg
6.5mg
6.5mg
6.5mg
6.5mg
6.5mg
6.5mg
5.1mg
5.1mg
5.1mg
5.1mg
5.1mg
51mg
6.1 mg
6.1 mg

5.0 uL
5.0 uL
5.0 uL
5.0 uL
5.0 uL
5.0uL
5.0uL
5.0uL
5.0uL
5.0uL
5.0uL
5.0uL
5.0 uL
5.0 uL
5.0uL
5.0puL
5.0 uL
5.0 uL
5.0uL
5.0uL
5.0uL
5.0uL
5.0uL
5.0uL
5.0 uL
5.0 uL
5.0 uL
5.0 uL
5.0 uL
5.0 uL
5.0 uL
5.0 uL

64 %, -58 %
40 %, -58 %
74 %, -52 %
77 %, -48 %
93 %, -30 %
40 %, -6 %
86 %, 48 %
47 %, 45 %
51%,43%
86 %,37 %
87 %,22%
49 %, 3 %
56 %, 37 %
39 %, 40 %
59%,31%
52%,33%
76 %, 24 %
68 %, 29 %
65 %, 17 %
44 %,11 %
72%,12 %
56 %, 8 %
87 %, 9 %
75 %, 4 %
74 %,33 %
59 %, 39 %
73%,25%
77 %,32 %
56 %, 9 %
45%,17 %
61%,36%
48 %, 33 %
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296
297
298
299
310
311
312
313
314
315
316
317
318
319
320
321
322
323
324
325
326
327
328
329
330
331
332
333
334
335
336
337

11.6 mg
11.6 mg
11.6 mg
11.6 mg
11.6 mg
11.6 mg
11.6 mg
11.6 mg
11.6 mg
11.6 mg
11.6 mg
11.6 mg
11.6 mg
11.6 mg
11.6 mg
11.6 mg
11.6 mg
11.6 mg
11.6 mg
11.6 mg
11.6 mg
11.6 mg
11.6 mg
11.6 mg
11.6 mg
11.6 mg
11.6 mg
11.6 mg
11.6 mg
11.6 mg
11.6 mg
11.6 mg

6.1 mg
6.1 mg
6.1 mg
6.1 mg
5.8 mg
5.8 mg
5.8 mg
5.8 mg
5.8 mg
5.8 mg
59 mg
59mg
59mg
59mg
59mg
59mg
6.1 mg
6.1 mg
6.1 mg
6.1 mg
6.1 mg
6.1 mg
6.0 mg
6.0 mg
6.0 mg
6.0 mg
6.0 mg
6.0 mg
6.1 mg
5.8 mg
6.1 mg
5.8 mg

5.0 uL
5.0 uL
5.0 uL
5.0 uL
5.0 uL
5.0uL
5.0uL
5.0uL
5.0uL
5.0uL
5.0uL
5.0uL
5.0 uL
5.0 uL
5.0uL
5.0 uL
5.0 uL
5.0puL
5.0uL
5.0uL
5.0uL
5.0uL
5.0uL
5.0uL
5.0 uL
5.0 uL
5.0 uL
5.0 uL
5.0 uL
5.0 uL
5.0 uL
5.0 uL

48 %, 31 %
90 %, 21 %
51%,14 %
82%,9%
65 %, 33 %
89 %, 20 %
71%,18 %
83 %, 8%
56 %, 10 %
54 %, 0%
7%, 22%
23%,15%
35%,13 %
21%,3 %
60 %, -5 %
50%, 7 %
37 %, 64 %
49 %, 4 %
98 %, 6 %
77 %, 3 %
82%,5%
60 %, 1%
58 %, 42 %
50 %, 39 %
58 %, 39 %
54 %,34 %
88%,23%
40 %, 10 %
0%,0%
1%, -67%
0%,0%
1%,-37%
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338
339
340
341
342
343
344
345
346
347
348
349
350
351
352
353
354
355
356
357
358
359
360
361
362
363
364
365
366
367
368
369

11.6 mg
11.6 mg
11.6 mg
11.6 mg
11.6 mg
11.6 mg
11.6 mg
11.6 mg
11.6 mg
11.6 mg
11.6 mg
11.6 mg
11.6 mg
11.6 mg
11.6 mg
11.6 mg
11.6 mg
11.6 mg
11.6 mg
11.6 mg
11.6 mg
11.6 mg
11.6 mg
11.6 mg
11.6 mg
11.6 mg
11.6 mg
11.6 mg
11.6 mg
11.6 mg
11.6 mg
11.6 mg

6.1 mg
5.8 mg
6.1 mg
5.8 mg
6.1 mg
5.8 mg
6.1 mg
5.8 mg
6.1 mg
5.8 mg
6.1 mg
5.8 mg
6.1 mg
5.8 mg
6.1 mg
5.8 mg
6.1 mg
5.8 mg
6.1 mg
5.8 mg
6.1 mg
5.8 mg
6.1 mg
5.8 mg
6.1 mg
5.8 mg
6.1 mg
5.8 mg
6.1 mg
5.8 mg
6.1 mg
5.8 mg

5.0 uL
5.0 uL
5.0 uL
5.0 uL
5.0 uL
5.0uL
5.0uL
5.0uL
5.0uL
5.0uL
5.0uL
5.0uL
5.0 uL
5.0 uL
5.0uL
5.0 uL
5.0 uL
5.0 uL
5.0uL
5.0uL
5.0uL
5.0uL
5.0uL
5.0uL
5.0 uL
5.0 uL
5.0 uL
5.0 uL
5.0 uL
5.0 uL
5.0 uL
5.0 uL

0%,0%
3%,-86%
5%,54%

34 %, -66 %
19%, 74 %
8%,-56 %
95 %, 53 %
37 %, -69 %
26%,81%
19 %, -62 %
67 %,51 %
26 %, -67 %
33 %, 80 %
32%,-63%
70 %, 40 %
72 %, -64 %
45%,74 %
39%, -61%
67 %, 34 %
70 %, -60 %
37 %,64 %
64 %, -58 %
57 %, 30 %
40 %, -58 %
54 %, 64 %
57 %,-52%
69 %, 32 %
65 %, -49 %
76 %, 54 %
91 %, -46 %
80 %, 29 %
95 %, -45 %

78



370
371
372
373
374
375
376
377
378
379
380
381
382
383
384
385
386
387
388
389
390
391
392
393
394
395
396
397
398
399
400
401

11.6 mg
11.6 mg
11.6 mg
11.6 mg
11.6 mg
11.6 mg
11.6 mg
11.6 mg
11.6 mg
11.6 mg
11.6 mg
11.6 mg
11.6 mg
11.6 mg
11.6 mg
11.6 mg
11.6 mg
11.6 mg
11.6 mg
11.6 mg
11.6 mg
11.6 mg
11.6 mg
11.6 mg
11.6 mg
11.6 mg
11.6 mg
11.6 mg
11.6 mg
11.6 mg
11.6 mg
11.6 mg

6.1 mg
6.1 mg
6.1 mg
6.1 mg
6.1 mg
6.1 mg
6.1 mg
6.1 mg
6.1 mg
6.1 mg
6.1 mg
6.1 mg
6.1 mg
6.1 mg
6.1 mg
6.1 mg
6.1 mg
6.1 mg
6.1 mg
6.1 mg
6.1 mg
5.8 mg
5.8 mg
5.8 mg
5.8 mg
5.8 mg
5.8 mg
5.8 mg
5.8 mg
5.8 mg
5.8 mg
5.8 mg

5.0 uL
5.0 uL
5.0 uL
5.0 uL
5.0 uL
5.0uL
5.0uL
5.0uL
5.0uL
5.0uL
5.0uL
5.0uL
5.0 uL
5.0 uL
5.0uL
5.0 uL
5.0 uL
5.0 uL
5.0uL
5.0uL
5.0uL
5.0uL
5.0uL
5.0uL
5.0 uL
5.0 uL
5.0 uL
5.0 uL
5.0 uL
5.0 uL
5.0 uL
5.0 uL

NA %, 6 %
NA %, 13 %
NA %, 29 %
NA %, 4 %
NA %, 3 %
37 %, 64%
NA %, 12 %
56 %, 14 %
NA %, 6 %
33 %, 28%
NA %, 33 %
NA %, 3 %
NA %, 26 %
85%,23%
91%,14 %
73%,11%
NA %, 28 %
NA %, 36 %
57 %, 30%
100 %, 22 %
83 %, 31%
NA %, -4 %
NA %, -28 %
NA %, -31 %
NA %, -3 %
NA %, -6 %
64 %, -58 %
NA %, -27 %
9 %, -6%
NA %, -20 %
23 %, -58 %
NA %, -56 %
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402
403
404
405
406
407
408
409
410
411
412
413
414
415
416
417
418
419
420
421
422
423
424
425
426
427
428
429
430
431
432
433

11.6 mg
11.6 mg
11.6 mg
11.6 mg
11.6 mg
11.6 mg
11.6 mg
11.6 mg
11.6 mg
11.6 mg
11.6 mg
11.6 mg
11.6 mg
11.6 mg
11.6 mg
11.6 mg
11.6 mg
11.6 mg
11.6 mg
11.6 mg
11.6 mg
11.6 mg
11.6 mg
11.6 mg
11.6 mg
11.6 mg
11.6 mg
11.6 mg
11.6 mg
11.6 mg
11.6 mg
11.6 mg

5.8 mg
5.8 mg
5.8 mg
5.8 mg
5.8 mg
5.8 mg
5.8 mg
5.8 mg
5.8 mg
5.8 mg
6.1 mg
6.1 mg
6.1 mg
6.1 mg
6.1 mg
6.1 mg
6.1 mg
6.1 mg
6.1 mg
6.1 mg
6.1 mg
6.1 mg
5.8 mg
5.8 mg
5.8 mg
5.8 mg
5.8 mg
5.8 mg
5.8 mg
5.8 mg
5.8 mg
5.8 mg

5.0 uL
5.0 uL
5.0 uL
5.0 uL
5.0 uL
5.0uL
5.0uL
5.0uL
5.0uL
5.0uL
5.0uL
5.0uL
5.0 uL
5.0 uL
5.0uL
5.0 uL
5.0 uL
5.0 uL
5.0uL
5.0uL
5.0uL
5.0uL
5.0uL
5.0uL
5.0 uL
5.0 uL
5.0 uL
5.0 uL
5.0 uL
5.0 uL
5.0 uL
5.0 uL

NA %, -23 %
NA %, -46 %
100 %, -46 %
31%,-56%
24 %, -56 %
NA %, -49 %
11 %, -6 %
40 %, -58 %
89 %, -46 %
68 %, -16 %
19 %, 22 %
30%,21%
54%,21%
21%,15%
31%,10%
64 %, 9 %
15%, 11 %
28%,9 %
70 %, 10 %
38 %, 30 %
43%,19 %
60 %, 24 %
18%,-33%
30 %, -36 %
59 %, -39 %
23%,-35%
48 %, -38 %
82 %, -40 %
23%,-28%
53%,-32%
71%,-34%
40 %, -55 %
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434
435
436
437
438
439
440
441
442
443
444
445

11.6 mg
11.6 mg
11.6 mg
11.6 mg
11.6 mg
11.6 mg
11.6 mg
11.6 mg
11.6 mg
11.6 mg
11.6 mg
11.6 mg

5.8 mg
5.8 mg
6.1 mg
6.1 mg
6.1 mg
6.1 mg
6.1 mg
5.8 mg
5.8 mg
5.8 mg
5.8 mg
5.8 mg

5.0 uL
5.0 uL
5.0 uL
5.0 uL
5.0 uL
5.0puL
5.0puL
5.0puL
5.0 uL
5.0puL
5.0 uL
5.0uL

41%,-41%
58 %, -52 %
37 %, 49 %
34 %, 48 %
33%,46 %
40 %, 50 %
53 %, 64 %
36 %, -58 %
38 %, -58 %
31%,-48%
38 %, -54 %
38 %, -68 %

81



8. Compound Characterisation Data

2-(Prop-1-en-2-yl)pyridine, 113.>*

Prepared according to General Experimental Procedure B using 1-(pyridin-2-yl)ethanone (1
equiv, 50 mmol, 6.57 g, 6.08 mL) and methyltriphenylphosphonium bromide (1.3 equiv, 65.0
mmol, 23.24 g), and n-butyllithium (1.2 equiv, 60 mmol, 37.44 mL (1.6 M hexane solution))
to afford 113 as a colourless liquid (4.73 g, 80%).

Umax (Neat): 3082, 2974, 1584, 1564, 1466, 1431 cm™.

'H NMR (400 MHz, CDCls): 6 8.60 (ddd, 1H, J = 4.8, 1.8, 0.9 Hz), 7.65 (td, 1H, J = 7.8, 1.8 Hz),
7.49 (dt, 1H, J = 8.0, 1.0 Hz), 7.17 (ddd, 1H, J = 7.5, 4.8, 1.1 Hz), 5.86 (dd, 1H, J = 1.6, 0.8 Hz),
5.31 (app. p, 1H, J = 1.5 Hz), 2.23 (s, 3H).

13C NMR (400 MHz, CDCl3): 8 158.4, 149.0, 143.4, 136.4, 122.2, 119.9, 115.7, 20.6.

HRMS: exact mass calculated for [M+H]* (CsH10N) requires m/z 120.0808, found [M+H]* m/z
120.08009.

2-(1-Phenylvinyl)pyridine, 119.%1

A/

Prepared according to General Experimental Procedure E using 1-phenyl-1-(pyridin-2-
yl)ethanol (120, 1 equiv, 2 mmol, 370.0 mg) and H,S04 (2 mL (85% H,O solution)) to afford
119 as an orange oil (322.3 mg, 89%).

Lmax (Neat): 3049, 1580, 1503, 1486, 1427 cm™.
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1H NMR (400 MHz, CDCls): & 8.56 (ddd, 1H, J = 4.8, 1.7, 0.8 Hz), 7.55 (td, 1H, J = 7.7, 1.9 Hz),
7.28-7.24 (m, 5H), 7.19-7.17 (m, 1H), 7.13 (ddd, 1H, J = 7.5, 4.8, 1.1 Hz), 5.92 (d, 1H, J = 1.4
Hz), 5.53 (d, 1H, J = 1.4 Hz).

13C NMR (400 MHz, CDCl3): & 158.6, 149.5, 149.3, 140.5, 136.3, 128.5, 128.4, 127.9, 122.9,
122.5,117.8.

HRMS: exact mass calculated for [M+H]* (C13H12N) requires m/z 182.0964, found [M+H]* m/z
182.0959.

1-Phenyl-1-(pyridin-2-yl)ethanol, 120.52

OH

Prepared according to General Experimental Procedure A using phenyl(pyridin-2-
yl)methanone (1 equiv, 20 mmol, 3.66 g) and methylmagnesium bromide (2 equiv, 40 mmol,

13.33 mL (3 M Et,0 solution)) to afford 120 as a white amorphous solid (3.96 g, >99%).
Melting point: 189 - 191 °C. Lit melting point: 189 °C.>3
Lmax (solid): 3319, 2978, 2930, 1589, 1388 cm™.

1H NMR (400 MHz, CDCls): & 8.54 (d, 1H, J = 4.8 Hz), 7.66 (td, 1H, J = 7.8, 1.7 Hz), 7.51-7.48
(m, 2H), 7.34-7.29 (m, 3H), 7.23 (tt, 1H, J = 7.8, 1.7 Hz), 7.19 (ddd, 1H, 7.3, 4.9, 0.7 Hz), 5.82
(brs, 1H), 1.95 (s, 3H).

13C NMR (400 MHz, CDCl3): 8 165.1, 147.7, 147.5, 137.3, 128.5, 127.3, 126.2, 122.4, 120.7,
75.4, 29.6.
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1-(Quinolin-2-yl)ethanol, 122.>*

\

Me

OH

Prepared according to General Experimental Procedure A using quinoline-2-carboxaldehyde
(121, 1 equiv, 10 mmol, 1.57 g) and methylmagnesium bromide (2 equiv, 20 mmol, 6.66 mL
(3 M Et,0 solution)) to afford 122 as a white amorphous solid (1.71 g, 99%).

Melting point: 77-79 °C. Lit melting point: 81-82 °C.»®
Lmax (solid): 3246, 2966, 2914, 1597, 1503, 1427 cm™.

'H NMR (400 MHz, CDCls): & 8.16 (d, 1H, J = 8.5 Hz), 8.09 (d, 1H, J = 8.3 Hz), 7.83 (dd, 1H, J =
8.1,1.1 Hz),7.73 (ddd, 1H,/=8.5,7.0, 1.5 Hz), 7.55 (ddd, 1H, J = 8.1, 7.0, 1.2 Hz), 7.37 (d, 1H,
J=8.5Hz),5.05(q, 1H, = 6.6 Hz. 1 x OH signal underneath (1H)), 1.59 (d, 3H, J = 6.6 Hz).

13C NMR (400 MHz, CDCls): & 163.3, 146.7, 137.4, 130.2, 129.1, 127.9, 127.8, 126.7, 118.3,
69.1, 24.4.

HRMS: exact mass calculated for [M+H]* (C1:H12NO) requires m/z 174.0913, found [M+H]*
m/z 174.0909.

1-(Quinolin-2-yl)ethanone, 123.%¢

\

Me

Prepared according to General Experimental Procedure D using 122 (1 equiv, 9 mmol, 1.56
g) and MnO; (6 equiv, 54 mmol, 4.69 g) to afford 123 as a brown/orange amorphous solid
(1.46 g, 95%).

Melting point: 49 - 51 °C. Lit melting point: 48 - 50.5 °C.%®

Umax (solid): 2922, 2851, 1694, 1600, 1503, 1435 cm™.

84



1H NMR (400 MHz, CDCls): & 8.28 (d, 1H, J = 8.1 Hz), 8.22 (d, 1H, J = 8.2 Hz), 8.14 (d, 1H, J =
8.1Hz), 7.88 (d, 1H, J = 8.2 Hz), 7.80 (ddd, 1H, J = 8.1, 6.9, 1.4 Hz), 7.66 (ddd, 1H, J = 8.1, 6.9,
1.1 Hz), 2.88 (s, 3H).

13C NMR (400 MHz, CDCl3): 6 201.0, 153.6, 147.6, 137.2, 130.9, 130.3, 129.9, 128.9, 128.0,
118.3, 25.9.

HRMS: exact mass calculated for [M+H]* (C11H10NO) requires m/z 172.0757, found [M+H]*
m/z 172.0753.

2-(Quinolin-2-yl)propan-2-ol, 124.

Me

Me
OH

A
7
N

Prepared according to General Experimental Procedure A using 123 (1 equiv, 8 mmol, 1.37 g)
and methylmagnesium bromide (2 equiv, 16 mmol, 5.33 mL (3 M Et,0 solution)) to afford

124 as an orange amorphous solid (1.36 g, 91%).
Melting point: 66 - 68 °C.
Umax (solid): 3393, 2972, 2928, 1694, 1599, 1454 cm™™.

H NMR (400 MHz, CDCls): & 8.07 (d, 1H, J = 8.5 Hz), 8.02 (d, 1H, J = 8.4 Hz), 7.73 (d, 1H, J =
8.1 Hz), 7.63 (t, 1H, J = 7.6 Hz), 7.45 (t, 1H, J = 7.5 Hz), 7.39 (d, 1H, J = 8.6 Hz), 5.91 (brs, 1H),
1.60 (s, 6H).

13C NMR (400 MHz, CDCl3): 6 166.8, 145.9, 137.4, 129.8, 128.8, 127.5, 127.1, 126.4, 117.1,
71.9, 30.6.

HRMS: exact mass calculated for [M+H]* (C12H14aNO) requires m/z 188.1070, found [M+H]*
m/z 188.1066.

85



2-(Prop-1-en-2-yl)quinoline, 125.%7
A
—
N

Prepared according to General Experimental Procedure E using 124 (1 equiv, 7 mmol, 1.31
g) and H,S04 (7 mL, 85% H,0 solution)) to afford 125 as a yellow amorphous solid (1.13 g,
96%).

Melting point: 49 - 51 °C.
Lmax (solid): 3057, 2951, 2920, 1695, 1597, 1555, 102, 1425 cm™.

1H NMR (400 MHz, CDCls): 6 8.11 (dd, 2H, J = 8.5, 1.9 Hz), 7.79 (dd, 1H, J = 8.1, 1.2 Hz), 7.72-
7.68 (m, 2H), 7.50 (ddd, 1H, J = 8.1, 6.9, 1.1 Hz), 5.94 (s, 1H), 5.50 (app. p, 1H, J = 1.4 Hz), 2.38
(dd, 3H, J = 1.4, 0.9 Hz).

13C NMR (400 MHz, CDCls): 6 158.8, 148.0, 144.8, 136.3, 130.0, 129.7, 127.6, 127.5, 126.5,
118.6, 117.3, 20.9.

HRMS: exact mass calculated for [M+H]* (C12H12N) requires m/z 170.0964, found [M+H]* m/z
170.0960.

1-Phenyl-1-(quinolin-2-yl)ethanol, 126.8

X
_ OH
N

Me

Prepared according to General Experimental Procedure A using 123 (1 equiv, 8 mmol, 1.37 g)
and phenylmagnesium bromide (2 equiv, 16 mmol, 5.33 mL (3 M Et,0 solution)) to afford
126 as a white amorphous solid (1.85 g, 93%).

Melting point: 100 - 102 °C. Lit melting point: 101 - 101.5 °C.>®

Umax (solid): 3337, 2961, 2924, 1595, 1503, 1447, 1385 cm™.
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1H NMR (400 MHz, CDCls): § 8.17 (d, 1H, J = 8.4 Hz), 8.10 (d, 1H, J = 8.6 Hz), 7.81 (dd, 1H, J =
8.4, 1.4 Hz), 7.77 (ddd, 1H, J = 8.4, 7.0, 1.4 Hz), 7.59-7.54 (m, 3H), 7.37-7.31 (m, 3H), 7.27-
7.25 (m, 1H), 6.72 (brs, 1H), 2.04 (s, 3H).

13C NMR (400 MHz, CDCl3): 6 164.8, 146.6, 138.1, 130.6, 129.1, 128.9, 127.8, 128.7, 127.6,
127.5,127.2,126.6, 118.9, 75.5, 29.0.

HRMS: exact mass calculated for [M+H]* (C17H16NO) requires m/z 250.1226, found [M+H]*
m/z 250.1224.

2-(1-Phenylvinyl)quinoline, 127.>7
E N
/
N

Prepared according to General experimental Procedure E using 126 (1 equiv, 7 mmol, 1.74
g) and H,S04 (7 mL, 85% H,0 solution)) to afford 127 as an orange amorphous solid (1.49 g,
92%).

Melting point: 110 - 112 °C. Lit melting point: 111- 113 °C.%’
Lmax (solid): 3049, 2918, 1591, 1553, 1491, 1443 cm™.

1H NMR (400 MHz, CDCls): 6 8.17 (d, J = 8.4 Hz, 1H), 8.10 (d, 1H, J = 8.6 Hz), 7.82 (dd, 1H, J =
8.1,1.2 Hz), 7.73 (ddd, 1H, J = 8.4, 6.9, 1.5 Hz), 7.55 (ddd, 1H, J = 8.1, 6.9, 1.2 Hz), 7.45 - 7.34
(m, 6H), 6.13 (d, 1H, J = 1.4 Hz), 5.79 (d, 1H, J = 1.4 Hz).

13C NMR (400 MHz, CDCls): 6 159.2, 149.9, 148.3, 140.5, 136.4, 130.2, 129.9, 128.7, 128.7,
128.3,127.7,126.8,121.5, 119.1. 1 carbon signal not observed/coincident.

HRMS: exact mass calculated for [M+H]* (C17H14N) requires m/z 232.1112, found [M+H]* m/z
232.1116.
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N-(2-(Pyridin-2-yl)propyl)aniline, 132.

Prepared according to General Experimental Procedure C using 113 (1 equiv, 1 mmol, 116.2
mg), 4-hydroxydinaphtho([2,1-d:1',2'-f][1,3,2]dioxaphosphepine-4-oxide (0.2 equiv, 0.2
mmol, 69.7 mg), and aniline (1.1 equiv, 1.1 mmol, 100.5 uL) to afford 132 as a yellow
amorphous solid (42.5 mg, 20%).

Melting point: 183 - 185 °C.
Lmax (solid): 3271, 2926, 2828, 1591, 1497, 1433 cm™.

14 NMR (400 MHz, CDCls): § 8.60 (ddd, 1H, J = 4.8, 1.7, 0.9 Hz), 7.62 (td, 1H, J = 7.7, 1.9 Hz),
7.21-7.12 (m, 4H), 6.68 (tt, 1H, J = 7.4, 1.1 Hz), 6.63-6.58 (m, 2H), 3.48 (dd, 1H, J = 12.4, 8.2
Hz), 3.40 (dd, 1H, J = 12.9, 5.5 Hz), 3.32-3.20 (m, 1H), 1.40 (d, 3H, J = 7.0 Hz). 1 deuterium-

exchangeable NH signal missing.

13C NMR (400 MHz, CDCl3): 6 164.3, 149.6, 148.6, 137.0, 129.5, 122.6, 121.9, 117.5, 113.2,
50.1, 41.3, 18.8.

HRMS: exact mass calculated for [M+H]* (C14H17N>) requires m/z 213.1386, found [M+H]* m/z
213.1381.

HPLC assay: tg enantiomer 1 = 14.1 min., tg enantiomer 2 = 19.3 min.

(R)-2,6-Bis(4-chlorophenyl)-4-hydroxydinaphtho([2,1-d:1',2'-f][1,3,2]dioxaphosphepine  4-
oxide, 144,
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Prepared according to General Experimental Procedure J using 179 (1 equiv, 0.39 mmol,
200.0 mg) and POClI; (2 equiv, 0.78 mmol, 72.1 pL) to afford 144 as a white amorphous solid
(220.9 mg, >99%).

Melting point: 251 - 253 °C.
Umax (solid): 3055, 2934, 1396, 1304, 1213 cm™.
[a]p?® +187.5 (c = 1.00, CHCls).

'H NMR (400 MHz, CDCls): 6 8.11 (s, 1H), 8.07 (s, 1H), 8.03 (dd, 2H J = 8.1, 5.8 Hz), 7.69-7.66
(m, 2H), 7.64-7.61 (m, 2H), 7.60-7.56 (m, 2H), 7.50-7.46 (m, 4H), 7.41-7.36 (m, 4H). 1

deuterium-exchangeable OH peak missing.

HRMS: exact mass calculated for [M-H] (Cs,H1sCl,04P) requires m/z 568.0359 (CI*), found
[M-H]- m/z 568.0350 (CI*), 569.0297 (CI¥).

(R)-2,6-Di([1,1'-biphenyl]-4-yl)-4-hydroxydinaphtho[2,1-d:1',2'-f][1,3,2]dioxaphosphepine 4-
oxide, 145.%°

Prepared according to General Experimental Procedure J using 179 (1 equiv, 0.13 mmol, 80.0
mg) and POClI; (2 equiv, 0.26 mmol, 24.0 L) to afford 145 as a white amorphous solid (83.2
mg, 98%).

Melting point: 267 - 269 °C.
Umax (solid): 3028, 1487, 1416, 1180, 1150, 1018, 843 cm™.

[a]o® -348.2 (c = 1.00, CHCl3).
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1H NMR (400 MHz, CDCl3): & 8.19 (s, 1H), 8.15 (s, 1H), 8.05 (dd, 2H, J = 8.2, 4.2 Hz), 7.86-7.84
(m, 2H), 7.80-7.68 (m, 10H), 7.60-7.57 (m, 2H), 7.53-7.44 (m, 5H), 7.41-7.35 (m, 5H). 1

deuterium-exchangeable OH signal missing.

HRMS: exact mass calculated for [M-H] (C44H2804P) requires m/z 651.1731, found [M-H] m/z
651.1715.

(R)-(2r)-4-Hydroxy-2,6-bis(2,4,6-triisopropylphenyl)dinaphtho[2,1-d:1',2'-
f][1,3,2]dioxaphosphepine 4-oxide, 146.*

Prepared according to General Experimental Procedure J using 195 (1 equiv, 0.20 mmol,
140.0 mg) and POCI; (2 equiv, 0.40 mmol, 37 uL) to afford 146 as a white amorphous solid
(146.0 mg, 97%).

Melting point: 311 - 313 °C.
Lmax (solid): 2959, 2868, 1462, 1362, 1173, 1150, 1018 cm™.

[a]p* -101.5 (c = 1.00, CHCl3).

1H NMR (400 MHz, CDCl3): 8 7.93 (s, 1H), 7.90 (s, 1H), 7.86 (s, 2H), 7.54-7.50 (m, 2H), 7.34 (m,
4H), 7.02-7.01 (m, 4H), 2.89 (app. p, 2H, J = 7.9 Hz), 2.68-2.59 (m, 4H), 1.26 (d, 12H, J = 6.8
Hz), 1.11 (d, 6H, J = 6.8 Hz), 1.08 (d, 6H, J = 6.8 Hz), 0.94 (d, 6H, J = 6.8 Hz), 0.90 (d, 6H, J = 6.5

Hz). 1 deuterium-exchangeable OH signal missing.

13C NMR (400 MHz, CDCl3): 6 148.9, 148.4, 147.9, 133.0, 132.7, 132.5, 132.4, 131.6, 131.4,
128.5, 127.7, 126.6, 126.1, 122.3, 121.4, 120.7, 34.6, 31.3, 31.0, 26.8, 25.4, 24.4, 24.3, 23.6,
23.1.
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HRMS: exact mass calculated for [M-H] (CsoHssO4P ) requires m/z 751.3922, found [M-H]
m/z 751.3916.

(R)-4-Hydroxy-2,6-diiodo-8,9,10,11,12,13,14,15-octahydrodinaphtho[2,1-d:1',2'-
f][1,3,2]dioxaphosphepine 4-oxide, 147.

‘O |
[N //O
P

0~ “OH
' ! [
Prepared according to General Experimental Procedure J using 182 (1 equiv, 0.3 mmol, 163.9

mg) and POCIs (2 equiv, 0.6 mmol, 55.4 uL) to afford 147 as a white amorphous solid (175.1
mg, 96%).

Melting point: 286 - 288 °C.
Umax (solid): 3707, 3665, 2938, 2864, 1314, 1055, 1007 cm™.

[a]p* -96.5 (c = 1.00, CHCl3).

'H NMR (400 MHz, CDCl3): 8 7.66 (d, 2H, J = 4.0 Hz), 2.81 (t, 4H, J = 4.0 Hz), 2.61-2.50 (m, 2H),
2.26-2.16 (m, 2H), 1.84-1.73 (m, 8H). 1 deuterium-exchangeable OH signal missing.

13C NMR (400 MHz, CDCl3): & 145.7, 140.7, 139.0, 138.9, 137.3, 127.3, 29.1, 28.0, 22.6, 22.5.

HRMS: exact mass calculated for [M-H]" (CoH1sl,04P) requires m/z 606.9038 (1*?7), found [M-
H] m/z 606.9020 (1'?7), 607.9053 (1'%9).
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(5)-(11bS)-2,6-Bis(4-chlorophenyl)-4-hydroxy-8,9,10,11,12,13,14,15-
octahydrodinaphtho[2,1-d:1',2'-f][1,3,2]dioxaphosphepine 4-oxide, 148.5?

Cl

Cl

Prepared according to General Experimental Procedure J using 183 (1 equiv, 0.3 mmol, 154.6
mg) and POCI; (2 equiv, 0.6 mmol, 55.4 uL) to afford 148 as a white amorphous solid (172.7
mg, >99%).

Melting point: 250 - 252 °C. Lit melting point: 252 - 254 °C ((R)-enantiomer).%?
Lmax (solid): 2934, 1495, 1431, 1016, 953 cm™.
[a]p®® +147.3 (c = 0.21, CHCl3). Lit [a]p® -137.0 (c = 0.21, CHCI3) ((R)-enantiomer).5?

14 NMR (400 MHz, CDCls): 7.41-7.38 (m, 4H), 7.27-7.23 (m, 4H), 7.11 (s, 2H), 2.88-2.83 (m,
4H), 2.73-2.65 (m, 2H), 2.36 (dt, 2H, J = 10.7, 5.7 Hz), 1.87-1.80 (m, 6H), 1.69-1.60 (m, 2H). 1

deuterium-exchangeable OH signal missing.

13C NMR (400 MHz, CDCl3): 6 142.9, 138.3, 136.0, 135.6, 133.6, 131.4, 131.0, 130.8, 129.6,
127.2, 295, 28.2,22.9, 22.8.

HRMS: exact mass calculated for [M-H] (Cs;H26Cl,04P) requires m/z 575.0951 (CI**), found
[M-H]" m/z 575.0947 (CI*%), 577.0916 (CI¥").
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(R)-2,6-Di([1,1'-biphenyl]-4-yl)-4-hydroxy-8,9,10,11,12,13,14,15-octahydrodinaphtho(2,1-
d:1',2'-f][1,3,2]dioxaphosphepine 4-oxide, 149.

Prepared according to General Experimental Procedure J using 184 (1 equiv, 0.3 mmol, 179.6
mg) and POCIs (2 equiv, 0.6 mmol, 55.4 L) to afford 149 as a white amorphous solid (188.3
mg, 95%).

Melting point: 267 - 269 °C.
Lmax (solid): 2930, 2361, 1016, 1007, 955, 837 cm™.
[a]p?® -237.1 (c = 1.00, CHCls).

14 NMR (400 MHz, CDCls): 7.50 (m, 4H), 7.39 (dd, 8H, J = 16.6, 7.1 Hz), 7.31-7.23 (m, 6H), 7.17
(s, 2H), 2.92-2.82 (m, 4H), 2.74-2.66 (m, 2H), 2.35 (dt, 2H, J = 10.4, 5.4 Hz), 1.87-1.78 (m, 6H),

1.66-1.59 (m, 2H). 1 deuterium-exchangeable OH signal missing.

13C NMR (400 MHz, CDCl3): 6 148.6, 141.3, 140.3, 137.2, 137.1, 132.1, 132.1, 130.7, 130.0,
129.1, 127.6, 127.5, 126.0, 120.4, 29.6, 27.6, 23.4, 23.3.

HRMS: exact mass calculated for [M-H] (Cs4H3604P) requires m/z 659.2357, found [M-H] m/z
659.2354,
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(R)-4-Hydroxy-2,6-bis(4-isopropylphenyl)-8,9,10,11,12,13,14,15-octahydrodinaphtho[2,1-
d:1',2'-f][1,3,2]dioxaphosphepine 4-oxide, 150.

Prepared according to General Experimental Procedure J using 185 (1 equiv, 0.3 mmol, 159.2
mg) and POCIs (2 equiv, 0.6 mmol, 55.4 uL) to afford 150 as a white amorphous solid (172.5
mg, 97%).

Melting point: 261 - 263 °C.
Umax (solid): 2934, 2249, 1508, 1303, 1213 cm™.
[a]p®® -166.6 (c = 1.00, CHCls).

1H NMR (400 MHz, CDCls): 7.39 (d, 4H, J = 6.8 Hz), 7.11 (s, 2H), 7.08 (d, 4H, J = 7.5 Hz), 2.88-
2.66 (m, 8H), 2.33 (dt, 2H, J = 9.0, 5.6 Hz), 1.85-1.78 (m, 6H), 1.64-1.59 (m, 2H), 1.12 (dd, 12H,

J=6.5, 5.3 Hz). 1 deuterium-exchangeable OH signal missing.

13C NMR (400 MHz, CDCl3): 6 147.8, 143.7, 137.3, 135.2, 134.9, 131.9, 131.4, 129.7, 127.6,
126.5, 34.0, 29.6, 28.2, 24.2, 24.1, 23.1, 23.0.

HRMS: exact mass calculated for [M-H] (CsgH4004P) requires m/z 591.2670, found [M-H] m/z
591.2656.
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(R)-2,6-bis(3,5-Dichlorophenyl)-4-hydroxy-8,9,10,11,12,13,14,15-octahydrodinaphtho([2,1-
d:1',2'-f][1,3,2]dioxaphosphepine 4-oxide, 151.

Prepared according to General Experimental Procedure J using 186 (1 equiv, 0.3 mmol, 175.3
mg) and POCI; (2 equiv, 0.6 mmol, 55.4 L) to afford 151 as a white amorphous solid (184.2
mg, 95%).

Melting point: 287 - 289 °C.
Umax (solid): 3514, 2955, 2924, 2361, 1456, 1233 cm™.
[a]p?®-113.4 (c = 1.00, CHCls).

'H NMR (400 MHz, CDCls): 7.50 (d, 2H, J = 1.9 Hz), 7.43 (d, 2H, J = 1.8 Hz), 7.38-7.36 (m, 2H),
7.22 (s, 1H), 7.19 (s, 1H), 2.94-2.87 (m, 4H), 2.74-2.66 (m, 2H), 2.38 (tt, 2H, J = 16.0, 4.0 Hz),
1.90-1.84 (m, 6H), 1.70-1.66 (m, 2H). 1 deuterium-exchangeable OH signal missing.

13C NMR (400 MHz, CDCl3): 6 142.9, 142.9, 140.1, 138.9, 136.1, 134.8, 131.3, 130.1, 128.3,
127.6,127.5, 29.5, 28.2, 22.9, 22.8.

HRMS: exact mass calculated for [M-H] (Cs;H24Cls04P) requires m/z 645.0147 (CI**), found
[M-H]- m/z 645.0141 (CI*), 647.0106 (CI*").
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(R)-4-Hydroxy-2,6-diphenyl-8,9,10,11,12,13,14,15-octahydrodinaphtho[2,1-d:1',2'-
f][1,3,2]dioxaphosphepine 4-oxide, 152.%3

Prepared according to General Experimental Procedure J using 187 (1 equiv, 0.3 mmol, 134.0
mg) and POCI; (2 equiv, 0.6 mmol, 55.4 uL) to afford 152 as a white amorphous solid (151.0
mg, 99%).

Melting point: 288 - 290 °C. Lit melting point: 286 - 288 °C.53
Lmax (solid): 2930, 2857, 1414, 1310, 943 cm™.
[a]p?®-248.3 (c = 0.40, CHCIs). Lit [a]p® -241.5 (c = 0.40, CHCl5).%3

'H NMR (400 MHz, CDCls): 7.62-7.60 (m, 2H), 7.55-7.53 (m, 2H), 7.42 (m, 4H), 7.38-7.33 (m,
2H), 7.26 (s, 1H), 7.22 (s, 1H), 2.91-2.87 (m, 4H), 2.76-2.68 (m, 2H), 2.46-2.31 (m, 2H), 1.91-
1.81 (m, 6H), 1.72-1.65 (m, 2H). 1 deuterium-exchangeable OH signal missing.

HRMS: exact mass calculated for [M-H] (Cs,H2s04P) requires m/z 507.1731, found [M-H] m/z
507.1720.
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(R)-4-Hydroxy-2,6-di(naphthalen-1-yl)-8,9,10,11,12,13,14,15-octahydrodinaphtho[2,1-
d:1',2'-f][1,3,2]dioxaphosphepine 4-oxide, 153.5

Prepared according to General Experimental Procedure J using 188 (1 equiv, 0.3 mmol, 164.0
mg) and POCI; (2 equiv, 0.6 mmol, 55.4 L) to afford 153 as a white amorphous solid (178.9
mg, 98%).

Melting point: 301 - 303 °C.
Umax (solid): 2924, 1491, 1298, 1196, 1151 cm™.
[a]p® -211.1 (c = 0.25, CHCls). Lit [a]p®® -216.12 (c = 0.245, CHCl3).%*

1H NMR (400 MHz, CDCl3): & 7.95-7.84 (m, 5H), 7.70-7.65 (m, 1H), 7.60-7.39 (m, 9H), 7.33-
7.31 (m, 0.5H), 7.25-7.20 (m, 1.5H), 2.95-2.83 (m, 7H), 2.62-2.51 (m, 2H), 2.00-1.78 (m, 9H).

1 deuterium-exchangeable OH signal missing.

HRMS: exact mass calculated for [M-H] (C40H3204P) requires m/z 607.2044, found [M-H] m/z
607.2029.

97



(R)-(3r)-2,2'-Dimethoxy-3,3'-bis(2,4,6-triisopropylphenyl)-5,5',6,6',7,7',8,8'-octahydro-1,1'-
binaphthalene, 155.%°

Prepared according to General Experimental Procedure J using 192 (1 equiv, 1 mmol, 699.1
mg) and POCI; (2 equiv, 2 mmol, 184.47uL) to afford 154 as a white amorphous solid (753.4
mg, 99%).

Melting point: 307 - 309 °C.
Lmax (solid): 2959, 2928, 2866, 1460, 1362, 1545, 1211 cm™.
[a]p?®-62.3 (c = 1.00, CHCI3). Lit [a]p*® -65.9 (c = 1.00, CHCl3).%

IH NMR (400 MHz, CDCls): & 7.10 (d, 2H, J = 8.0 Hz), 7.05 (s, 1H), 7.02 (s, 1H), 7.00 (d, 2H, J =
8.0 Hz), 2.95-2,80 (m, 8H), 2.78-2.70 (m, 2H), 2.64 (app. p, 2H, J = 8.0 Hz), 2.56 (app. p, 2H, J
= 8.0 Hz), 2.28 (dt, 2H, J = 10.8, 5.6 Hz), 1.96-1.82 (m, 6H), 1.80-1.72 (m, 2H), 1.32-1.14 (m,
30H). 0.99 (d, 3H, J = 8.0 Hz), 0.89 (d, 3H, J = 8.0 Hz). 1 deuterium-exchangeable OH signal

missing.

HRMS: exact mass calculated for [M-H] (CsoHg4O4P) requires m/z 759.4548, found [M-H] m/z
759.4527.

N-(2-Phenyl-2-(quinolin-2-yl)ethyl)aniline, 174.

Prepared according to General Experimental Procedure C using 127 (1 equiv, 1 mmol, 231.3

mg), 4-hydroxydinaphtho[2,1-d:1',2'-f][1,3,2]dioxaphosphepine-4-oxide (0.2 equiv, 0.2
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mmol, 69.7 mg), and aniline (1.1 equiv, 1.1 mmol, 100.5 uL) to afford 174 as a yellow
amorphous solid (210.9 mg, 65%).

Melting point: 195 - 198 °C.
Lmax (solid): 3375, 3055, 3025, 1601, 1504, 1428, 1318, 1184, 750 cm™.

IH NMR (400 MHz, CDCls): § 8.18 (d, 1H, J = 8.3 Hz), 8.01 (d, 1H, J = 8.4 Hz), 7.76 (m, 2H), 7.54
(ddd, 1H, J=8.1,7.0, 1.2 Hz), 7.34-7.33 (m, 4H), 7.20-7.15 (m, 3H), 6.71 (m, 1H), 6.66 (dt, 2H,
J=3.2,1.7 Hz), 4.61 (dd, 1H, J = 8.7, 5.8 Hz),4.44 (br.s, 1H), 4.26 (dd, 1H, 13.1, 8.7 Hz), 3.82
(dd, 1H, J = 13.1, 5.8 Hz).

13C NMR (400 MHz, CDCl3): 6 162.2, 148.4, 147.9, 142.0, 136.7, 129.7, 129.6, 129.1, 128.8,
127.9, 127.4, 127.3, 126.5, 122.7, 117.7, 113.6, 52.8, 48.2. 1 carbon signal not

observed/coincident.

HRMS: exact mass calculated for [M+H]* (C23H21N,) requires m/z 325.1699, found [M+H]* m/z
325.1698.

HPLC assay: tg enantiomer 1 = 10.4 min., tg enantiomer 2 = 11.3 min.

(R)-2,2'-Dimethoxy-1,1'-binaphthalene, 176.%°

I I OMe
] l OMe

Prepared according to General Experimental Procedure F using (R)[1,1'-binaphthalene]-2,2'-
diol (175, 1 equiv, 10 mmol, 2.86 g), iodomethane (4 equiv, 40 mmol, 1.31 g, 0.57 mL), and
K2COs (4 equiv, 40 mmol, 1.27 g) to afford 176 as a white amorphous solid (3.12 g, >99%).

Melting point: 224 - 226 °C. Lit melting point: 228 - 232 °C.%!
Lmax (solid): 3063, 2957, 2837, 1618, 1589, 1504, 1248, 1090, 1063 cm™™.

[a]o®® +71.1 (c = 1.00, THF). Lit [a]o®® +75.8 (c = 1.00, THF)®
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1H NMR (400 MHz, CDCls): § 7.99 (d, 2H, J = 8.0 Hz), 7.88 (d, 2H, J = 8.1 Hz), 7.47 (d, 2H, J =
8.0 Hz), 7.33 (t, 2H, J = 7.4 Hz), 7.22 (t, 2H, J = 7.6 Hz), 7.12 (d, 2H, J = 7.5.Hz), 3.78 (s, 6H).

13C NMR (400 MHz, CDCl3): 6 155.3, 134.4, 129.8, 129.6, 128.3, 126.7, 125.6, 123.9, 120.0,
114.6, 57.3.

HRMS: exact mass calculated for [M+H]* (C2;H190;) requires m/z 315.1380, found [M+H]* m/z
315.1383.

(R)-3,3'-Diiodo-2,2'-dimethoxy-1,1'-binaphthalene, 177.%

l I I
OMe
OMe
! i I
Prepared according to General Experimental Procedure G using 176 (1 equiv, 1.43 mmol,
450.0 mg), TMEDA (4.4 equiv, 6.29 mmol, 0.94 mL), n-butyllithium (10 equiv, 14.30 mmol,

5.72 mL (2.5 M hexanes solution)), and iodine (3.4 equiv, 4.86 mmol, 1.23 g) to afford 177 as

a white amorphous solid (527.1 mg, 93%).
Melting point: 233 - 235 °C.

Umax (solid): 2928, 2858, 1452, 1231, 1038 cm™.
[a]p?® +99.2 (c = 1.00, CHCI3).

IH NMR (400 MHz, CDCls): § 8.54 (s, 2H), 7.80 (d, 2H, J = 8.2 Hz), 7.42 (ddd, 2H, J = 8.2, 6.8,
1.2 Hz), 7.30-7.26 (m, 2H), 7.08 (d, 2H, J = 8.5 Hz), 3.43 (s, 6H).

13C NMR (400 MHz, CDCl3): 6 154.9, 140.3, 134.3, 134.2, 132.5, 127.4, 127.3, 126.1, 126.0,
92.7,61.5.

HRMS: exact mass calculated for [M+H]* (C2H171,0,) requires m/z 566.9312 (I**’), found
[M+H]* m/z 565.9229 (1*?°), 566.9306 (1*?”), 567.9339 (1'?8).
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(R)-3,3'-Diiodo-[1,1'-binaphthalene]-2,2'-diol, 178.°

Prepared according to General Experimental Procedure H using 177 (1 equiv, 2 mmol, 1.13
g) and BBrs (5 equiv, 10 mmol, 10.0 mL (1 M DCM solution)) to afford 178 as a white
amorphous solid (1.06 g, 99%).

Melting point: 308 - 310 °C. Lit melting point: 312 - 314 °C.%°
Lmax (solid): 2934, 2826, 1558, 1385, 1229, 1136, 1084 cm™.
[a]p®® +104.1 (c = 1.00, THF). Lit [a]p®* +102.7 (c = 1.00, THF).®®

1H NMR (400 MHz, CDCl5): & 8.53 (s, 2H), 7.80 (d, 2H, J = 8.0 Hz), 7.40-7.37 (m, 2H), 7.34-7.31
(m, 2H), 7.08 (d, 2H, J = 8.5 Hz), 5.44 (s, 2H).

13C NMR (400 MHz, CDCls): & 150.5, 140.7, 133.6, 131.0, 128.3, 127.6, 125.1, 124.8, 112.9,
86.9.

HRMS: exact mass calculated for [M+H]* (CyH11120,) requires m/z 536.8854 (1*?7), found
[M+H]* m/z 536.8848 (1*?7), 537.8879 (1*%8).

(R)-3,3'-Bis(4-chlorophenyl)-[1,1'-binaphthalene]-2,2'-diol, 179.7°

l Cl

l ! OH
I Cl

Prepared according to General Experimental Procedure | using 178 (1 equiv, 0.56 mmol,

300.0 mg), Pd/C (0.05 equiv, 0.028 mmol, 28.0 mg of 10% wt powder), K,COs (4 equiv, 2.24
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mmol, 309.5 mg), and 4-chlorobenzeneboronic acid (4 equiv, 2.24 mmol, 350.3 mg) to afford

179 as a white amorphous solid (238.7 mg, 84%).
Melting point: 299 - 301 °C.

Umax (solid): 1482, 3061, 1493, 1250, 1169, 1015 cm™.
[a]o2° +66.1 (c = 1.00, CHCl3).

1H NMR (400 MHz, CDCls): § 8.02 (s, 2H), 7.94 (d, 2H, J = 7.9 Hz), 7.71-7.67 (m, 4H), 7.48-7.45
(m, 4H), 7.42 (ddd, 2H, J = 8.1, 6.9, 1.2 Hz), 7.35 (ddd, 2H, J = 8.2, 6.8, 1.3 Hz), 7.21 (d, 2H, J =
8.4 Hz), 5.31, (s, 2H).

13C NMR (400 MHz, CDCls): 6 150.5, 136.3, 136.2, 134.2, 133.3, 131.9, 131.3, 129.9, 129.8,
128.9, 128.9, 128.1, 125.0, 124.5.

HRMS: exact mass calculated for [M+NH]* (C32H24Cl,02N) requires m/z 524.1179 (CI*), found
[M+NH.]* m/z 524.1175 (CI*), 526.1144 (CI¥"). Exact mass calculated for [M+H]* (C32H21Cl,05)
requires m/z 507.0913 (CI*®), [M+H]* found 507.0911 (CI3*), 509.0880 (CI*?).

(R)-3,3'-Di([1,1'-biphenyl]-4-yI)-[1,1'-binaphthalene]-2,2'-diol, 180.7*

OH

Prepared according to General Experimental Procedure | using 178 (1 equiv, 0.19 mmol,
100.0 mg), Pd/C (0.05 equiv, 0.0095 mmol, 10 mg of 10% wt powder), K,CO; (4 equiv, 0.76
mmol, 105.0 mg), and 4-biphenyl boronic acid (4 equiv, 0.76 mmol, 150.5 mg) to afford 180

as a white amorphous solid (92.1 mg, 82 %).

Melting point: 315 - 317 °C.
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Umax (solid): 3516, 3026, 1485, 1360, 1234 cm’™.
[a]o?® -51.2 (c = 1.36, CHCls). Lit [a]o? -59.9 (c = 1.36, CHCl3).™

'H NMR (400 MHz, CDCls): 8 8.10 (s, 2H), 7.96 (d, 2H, J = 8.1 Hz), 7.86-7.83 (m, 4H), 7.75-7.72
(m, 4H), 7.68 (m, 4H), 7.48 (m, 4H), 7.44-7.33 (m, 6H), 7.28-7.26 (m, 2H, overlapping
chloroform peak), 5.43 (s, 2H).

13C NMR (400 MHz, CDCl3): § 150.6, 141.1, 141.0, 136.8, 133.3, 131.8, 130.6, 130.4, 129.9,
129.2,128.9, 127.8, 127.8, 127.6, 127.5, 124.8, 124.6, 112.2.

HRMS: exact mass calculated for [M+H]* (C44H310,) requires m/z591.2319, found [M+H]* m/z
591.2314.

(R)-5,5',6,6',7,7',8,8'-Octahydro-[1,1'-binaphthalene]-2,2'-diol, 181.72

Prepared according to General Experimental Procedure K using (R)[1,1'-binaphthalene]-2,2'-
diol (175, 1 equiv, 6.98 mmol, 2.00 g) and Pd/C (0.1 equiv, 0.69 mmol, 742 mg of 10% wt
powder) to afford 181 as a white amorphous solid (2.05 g, >99%).

Melting point: 166 - 168 °C. Lit melting point: 161 °C.”2
Lmax (solid): 3474, 3385, 2927, 1472, 1196, 812 cm™.
[a]p?®® +56.2 (c = 1.00, CHCls). Lit [a]p?” +48.6 (c = 1.00, CHCl3).%”

1H NMR (400 MHz, CDCls): § 7.08 (d, 2H, J = 8.3 Hz), 6.84 (d, 2H, J = 8.3 Hz), 4.55 (br.s s, 2H),
2.76 (t, 4H, J = 6.2 Hz), 2.31 (dt, 2H, J = 17.1, 6.3 Hz), 2.18 (dt, 2H, J = 17.5, 6.3 Hz), 1.78-1.65
(m, 8H).

13C NMR (400 MHz, CDCl3): § 151.7, 137.5, 131.4, 130.5, 119.2, 113.3, 29.6, 27.5, 23.4, 23.3.

HRMS (Cx0H2303) [M+H*] requires 295.1693, found [M+H*] 295.1696.
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HRMS: exact mass calculated for [M+H]* (Ca0H230,) requires m/z 295.1693, found [M+H]* m/z
295.1696.

(R)-3,3'-Diiodo-5,5',6,6',7,7',8,8'-octahydro-[1,1'-binaphthalene]-2,2'-diol, 182.73

Prepared according to General Experimental Procedure L using 181 (1 equiv, 1 mmol, 294 .4
mg), morpholine (6 equiv, 6 mmol, 522.7 mg, 0.525 mL), and iodine (2 equiv, 2 mmol, 507.6
mg) to afford 182 as a white amorphous solid (545.1 mg, >99%).

Melting point: 211 - 213 °C. Lit melting point: 214 °C.”3
Umax (solid): 3449, 2934, 2857, 1458, 1337, 1177, 1151 cm.
[a]p?®-23.1 (c = 1.00, CHCIs). Lit [a]p%° -24.0 (c = 1.00, CHCl5).”

1H NMR (400 MHz, CDCls): 8 7.52 (s, 2H), 4.97 (s, 2H), 2.74 (t, 4H, J = 5.9 Hz), 2.28 (dt, 2H, J =
17.5, 6.0 Hz), 2.11 (dt, 2H, J = 12.4, 6.0 Hz), 1.76-1.63 (m, 8H).

13C NMR (400 MHz, CDCl3): 8 150.1, 139.7, 138.1, 132.8, 121.0, 81.4, 29.2, 27.3, 23.1, 23.0.

HRMS: exact mass calculated for [M+H]* (CaoH211,0;) requires m/z 546.9625 (1*?7), found
[M+H]* m/z 545.9543 (112), 546.9621(1'?7), 547.9653 (1129).
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(R)-3,3'-Bis(4-chlorophenyl)-5,5',6,6',7,7',8,8'-octahydro-[1,1'-binaphthalene]-2,2'-diol, 183.

l Cl

o9 l
Cl

Prepared according to General Experimental Procedure | using 182 (1 equiv, 0.5 mmol, 273.1
mg), Pd/C (0.05 equiv, 0.025 mmol, 25.0 mg of 10% wt powder), K2COs (4 equiv, 2 mmol,
276.4 mg), and 4-chlorobenzeneboronic acid (4 equiv, 2 mmol, 312.7 mg) to afford 183 as a
white amorphous solid (239.7 mg, 93%).

Melting point: 197 - 199 °C.
Umax (solid): 3499, 2928, 1454, 1231, 1088, 804 cm™.
[a]p® -115.7 (c = 1.00, CHCls).

IH NMR (400 MHz, CDCls): & 7.57-7.54 (m, 4H), 7.41-7.38 (m, 4H), 7.14 (s, 2H), 4.86 (s, 2H),
2.81 (t,4H, J=6.1 Hz), 2.38 (dt, 2H, J = 17.4, 6.2 Hz), 2.25 (dt, 2H J = 17.3, 6.3 Hz), 1.81-1.69
(m, 8H).

13C NMR (400 MHz, CDCl3): 6 148.4, 137.3, 136.6, 133.3, 132.1, 130.9, 130.9, 128.8, 125.3,
120.1, 29.6, 27.5, 23.3, 23.3.

HRMS: exact mass calculated for [M+H]* (C32H29Cl,05) requires m/z 516.1573 (CI*), found
[M+H]* m/z 516.1565 (CI**), 517.1505 (CI*’).
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(R)-3,3'-Di([1,1'-biphenyl]-4-yl)-5,5',6,6',7,7',8,8'-octahydro-[1,1'-binaphthalene]-2,2'-diol,
184.74

Prepared according to General Experimental Procedure | using 182 (1 equiv, 0.5 mmol, 273.1
mg), Pd/C (0.05 equiv, 0.025 mmol, 25.0 mg of 10% wt powder), KCO; (4 equiv, 2 mmol,
276.4 mg), and 4-biphenylboronic acid (4 equiv, 2 mmol, 396.1 mg) to afford 184 as a white
amorphous solid (281.4 mg, 94%).

Melting point: 209 - 211 °C.
Lmax (solid): 3512, 2928, 2855, 1450, 1231, 1450, 1132 cm™.
[a]p? -201.2 (c = 1.00, CHCls). Lit [a]p** -205.1 (c = 1.00, CHCl3).”*

1H NMR (400 MHz, CDCls): 8 7.22-7.64 (m, 12H), 7.48-7.44 (m, 4H), 7.38-7.34 (m, 2H), 7.23 (s,
2H), 4.27 (s, 2H), 2.84 (t, 4H, J = 6.0 Hz), 2.45 (dt, 2H, J = 17.0, 6.2 Hz), 2.29 (dt, 2H, J = 12.1,
6.3 Hz), 1.84-1.72 (m, 8H).

13C NMR (400 MHz, CDCls): 6 148.6, 141.3, 140.3, 137.2, 137.1, 132.1, 130.7, 130.0, 129.1,
127.6,127.5, 126.0, 120.4, 29.6, 27.6, 23.4. 2 carbon signals not observed/coincident.

HRMS: exact mass calculated for [M+H]* (C44H390;) requires m/z 599.2945, found [M+H]* m/z
599.2938.
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(R)-3,3'-Bis(4-isopropylphenyl)-5,5',6,6',7,7',8,8'-octahydro-[1,1'-binaphthalene]-2,2'-diol,
185.

Prepared according to General Experimental Procedure | using 182 (1 equiv, 0.5 mmol, 273.1
mg), Pd/C (0.05 equiv, 0.025 mmol, 25.0 mg of 10% wt powder), K»,COs (4 equiv, 2 mmol,
276.4 mg), and 4-cumenylboronic acid (4 equiv, 2 mmol, 328.0 mg) to afford 185 as a white
amorphous solid (209.6 mg, 79%).

Melting point: 188 - 190 °C.
Lmax (solid): 3514, 2924, 2855, 2361, 1456, 1233, 1130 cm™.
[a]p®-117.6 (c = 1.00, CHCls).

1H NMR (400 MHz, CDCls): & 7.53 (d, 4H, J = 8.1 Hz), 7.30 (d, 4H, J = 8.1 Hz), 7.15 (s, 2H), 4.92
(s, 2H), 2.95 (app. p, 2H, J = 8.0 Hz), 2.81 (t, 4H, J = 6.0 Hz), 2.41 (dt, 2H, J = 12.3, 5.9 Hz), 2.25
(dt, 2H,J = 11.9, 6.2 Hz), 1.81-1.70 (m, 8H), 1.30 (d, 12H, J = 4.0 Hz).

13C NMR (400 MHz, CDCls): 6 148.5, 148.0, 136.6, 135.6, 131.9, 130.4, 129.4, 126.9, 126.3,
120.5, 34.2, 29.6, 27.5, 24.3, 23.4. 1 carbon signal not observed/coincident.

HRMS: exact mass calculated for [M+H]* (C3sH430;) requires m/z 531.3258, found [M+H]* m/z
531.3247.

107



(R)-3,3'-Bis(3,5-dichlorophenyl)-5,5',6,6',7,7',8,8'-octahydro-[1,1'-binaphthalene]-2,2'-diol,
186.

Prepared according to General Experimental Procedure | using 182 (1 equiv, 0.5 mmol, 273.1
mg), Pd/C (0.05 equiv, 0.025 mmol, 25.0 mg of 10% wt powder), K»,COs (4 equiv, 2 mmol,
276.4 mg), and 3,5-dichlorobenzene-1-boronic acid (4 equiv, 2 mmol, 381.6 mg) to afford 186
as a white amorphous solid (248.4 mg, 85%).

Melting point: 235 - 237 °C.
Lmax (solid): 3510, 2928, 1584, 1557, 1234, 1177, 799 cm™.
[a]p? -89.8 (c = 1.00, CHCl3).

14 NMR (400 MHz, CDCls): 7.53 (d, 4H, J = 1.9 Hz), 7.32 (t, 2H, J = 1.9 Hz), 7.16 (s, 2H), 4.87 (s,
2H), 2.82 (t, 4H, J = 6.1 Hz), 2.38 (dt, 2H, J = 17.4, 6.2 Hz), 2.25 (dt, 2H, J = 17.4, 6.2 Hz), 1.83-
1.71 (m, 8H).

13C NMR (400 MHz, CDCls): 6 148.5, 141.1, 138.2, 135.0, 132.2, 131.3, 128.0, 127.3, 124.0,
119.9, 29.5, 27.6, 23.2. 1 carbon signal not observed/coincident.

HRMS: exact mass calculated for [M+H]* (C3,H25Cl40,) requires m/z 583.0585 (CI*), found
[M+H]* m/z 583.0576 (CI*®), 585.0546 (CI*").
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(R)-3,3'-Diphenyl-5,5',6,6',7,7',8,8'-octahydro-[1,1'-binaphthalene]-2,2'-diol, 187.7°

Prepared according to General Experimental Procedure | using 182 (1 equiv, 0.5 mmol, 273.1
mg), Pd/C (0.05 equiv, 0.025 mmol, 25.0 mg of 10% wt powder), K2COs (4 equiv, 2 mmol,
276.4 mg), and phenylboronic acid (4 equiv, 2 mmol, 243.9 mg) to afford 187 as a white
amorphous solid (214.4 mg, 96%).

Melting point: 188 - 190 °C. Lit melting point: 185 °C.”®
Lmax (solid): 3499, 2928, 1454, 1231, 1088 cm™.
[a]o® -31.7 (c = 1.07, CHCls). Lit [a]o?* -29.3 (c = 1.07, CHCl).7

14 NMR (400 MHz, CDCl3): 7.62-7.60 (m, 4H), 7.46-7.42 (m, 4H), 7.33 (tt, 2H, J =8.0, 4.2 Hz ),
7.16 (s, 2H), 4.84 (s, 2H), 2.82 (t, 4H, J = 6.1 Hz), 2.43 (dt, 2H, J = 17.2, 6.2 Hz), 2.27 (dt, 2H, J
=17.3, 6.3 Hz), 1.82-1.70 (m, 8H).

13C NMR (400 MHz, CDCls): 6 148.5, 138.3, 136.9, 132.1, 130.6, 129.6, 128.7, 127.4, 126.4,
120.5, 29.6, 27.5, 23.4, 234

HRMS: exact mass calculated for [M+H]* (Cs2H310,) requires m/z 447.2319, found [M+H]* m/z
447.2313.
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(R)-5',5",6',6",7',7",8',8"-Octahydro-[1,2":4',1":3",1""-quaternaphthalene]-2",3'-diol, 188.7

Prepared according to General Experimental Procedure | using 182 (1 equiv, 0.5 mmol, 273.1
mg), Pd/C (0.05 equiv, 0.025 mmol, 25.0 mg of 10% wt powder), K;COs (4 equiv, 2 mmol,
276.4 mg), and 1-naphthylboronic acid (4 equiv, 2 mmol, 344.0 mg) to afford 188 as a white
amorphous solid (240.6 mg, 88%).

Melting point: 151 - 153 °C. Lit melting point: 149 °C.”3
Lmax (solid): 3522, 2924, 1449, 1233, 802 cm™.
[a]p?® -47.4 (c = 1.00, CHCIs). Lit [a]p?®> -31.0 (c = 1.00, CHCl5).”

14 NMR (400 MHz, CDCls): 7.94-7.87 (m, 4H), 7.79-7.73 (m, 1.5H), 7.66 (d, 0.5H, J = 8.0 Hz),
7.59-7.34 (m, 8H), 7.11-7.10 (m, 2H), 4.74 (dd, 2H, J = 24.8, 12.1 Hz), 2.82-2.79 (m, 4H), 2.60-
2.36 (m, 4H), 1.85-1.80 (m, 8H).

HRMS: exact mass calculated for [M+H]* (C40H350,) requires m/z 547.2632, found [M+H]* m/z
547.2619.

(R)-3,3'-Diiodo-2,2'-dimethoxy-5,5',6,6',7,7',8,8'-octahydro-1,1'-binaphthalene, 189.

OMe

I l OMe
|

110



Prepared according to General Experimental Procedure F using 181 (1 equiv, 10 mmol, 5.46
g), iodomethane (4 equiv, 40 mmol, 1.31 g, 0.57 mL), and K,COs (4 equiv, 40 mmol, 1.27 g) to
afford 189 as a white amorphous solid (5.72 g, >99%).

Melting point: 218 - 220 °C.
Umax (solid): 2928, 1454, 1267, 1242, 1034, 995 cm™.
[a]p? -93.9 (c = 1.00, CHCl5).

'H NMR (400 MHz, CDCls): 7.57 (s, 2H), 3.51 (s, 6H), 2.76 (t, 4H, J = 6.3 Hz), 2.23 (dt, 2H, J =
17.2, 6.2 Hz), 2.10 (dt, 2H, J = 17.2, 6.4 Hz), 1.76-1.62 (m, 8H).

13C NMR (400 MHz, CDCl3): 6 154.7, 139.6, 137.7, 136.0, 131.8, 88.6, 60.8, 29.4, 27.8, 23.1,
23.0.

HRMS: exact mass calculated for [M+H]* (Cx2H2s1,0,) requires m/z 574.9938 (I*¥), found
[M+H]* m/z 573.9862 (1%%), 574.9940 (1), 575.9968 (I*2%).

(R)-(3r)-2,2'-Dimethoxy-3,3'-bis(2,4,6-triisopropylphenyl)-5,5',6,6',7,7',8,8'-octahydro-1,1'-
binaphthalene, 190.%°

Prepared according to General Experimental Procedure H using 189 (1 equiv, 4 mmol, 2.91
g) and BBr; (5 equiv, 20 mmol, 20.0 mL (1 M DCM solution)) to afford 190 as a white
amorphous solid (2.78 g, >99%).

Melting point: 287 - 289 °C.

Umax (solid): 3528, 2957, 2928, 2866, 1605, 1460, 1230 cm™.
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[a]o -13.8 (c = 0.60, CHC5). Lit [a]o2° -10.9 (c = 0.60, CHCl3).5

H NMR (400 MHz, CDCls): 7.08 (dd, 4H, J = 9.8, 1.7 Hz), 6.84 (s, 2H), 4.41 (s, 2H), 2.94 (app.
p, 2H, J = 8.0 Hz), 2.82-2.76 (m, 6H), 2.66 (app. p, 2H, J = 8.0 Hz), 2.46-2.32 (m, 4H), 1.84-1.72
(m, 8H), 1.30 (d, 12H, J = 6.9 Hz), 1.17 (d, 6H, J = 6.9 Hz), 1.12 (d, 6H, J = 6.9 Hz), 1.07 (d, 6H,
J=6.9 Hz), 1.01 (d, 6H, J = 6.9 Hz).

13C NMR (400 MHz, CDCls): & 148.9, 148.8, 148.1, 147.9, 136.2, 131.6, 131.6, 129.5, 124.5,
121.3,121.2, 120.8, 67.4, 34.6, 31.0, 30.9, 29.6, 27.3, 24.5, 24.4, 24.4, 24.4, 24.1, 23.5, 23.5.

HRMS: exact mass calculated for [M+H]" (CsoHe70>) requires m/z 699.5136, found [M+H]* m/z
699.5134.

(R)-(3r)-2,2'-Dimethoxy-3,3'-bis(2,4,6-triisopropylphenyl)-1,1'-binaphthalene, 194.”

Prepared according to General Experimental Procedure M using 177 (1 equiv, 3.2 mmol, 1.77
g), 1-bromo-2,4,6-triisopropyl benzene (3.36 equiv, 10.75 mmol, 2.925 mL), magnesium
filings (5.95 equiv, 19.05 mmol, 463 mg), and 1,2-dibromoethane (0.0001 mol%, 0.00032
mmol, 2.5 plL) to afford 194 as a white amorphous solid (1.90 g, 83%).

Melting point: 286 - 288 °C.
Umax (solid): 2957, 2866, 1454, 1402, 1244, 1040, 1018 cm™
[a]p®®-71.1 (c = 1.00, CHCls).

IH NMR (400 MHz, CDCls): & 7.86 (s, 1H), 7.84 (s, 1H), 7.74 (s, 2H), 7.43-7.39 (m, 2H), 7.35-
7.29 (m, 4H), 7.10 (dd, 4H, J=6.9, 1.6 Hz), 3.09 (s, 6H), 2.97 (app. p, 2H, J = 8.0 Hz), 2.86 (app.
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p, 4H,J=8.0 Hz), 2.80 (app. p, 2H, J = 8.0 Hz), 1.33 (d, 12H, J= 6.9 Hz), 1.20 (d, 6H, J = 6.8 Hz),
1.17 (d, 6H,J=6.9 Hz), 1.13 (d, 6H, J = 6.9 Hz), 1.08 (d, 6H, J = 6.8 Hz).

13C NMR (400 MHz, CDCls): § 155.4, 148.4, 147.4, 147.1, 134.5, 134.2, 133.6, 131.2, 130.6,
128.2,126.2, 126.1, 125.0, 124.9, 121.0, 60.1, 34.6, 31.3, 31.2, 25.8, 25.6, 24.5, 24.4, 23.7,
23.7.

HRMS: exact mass calculated for [M+ NH4]* (Cs;HssO2N) requires m/z 719.4750, found [M+
NH4]* m/z 720.4861.

(R)-(3r)-3,3'-Bis(2,4,6-triisopropylphenyl)-[1,1'-binaphthalene]-2,2'-diol, 195.78

Prepared according to General Experimental Procedure H using 194 (1 equiv, 1 mmol, 719.1
mg) and BBrs; (5 equiv, 5 mmol, 5.0 mL (1 M DCM solution)) to afford 195 as a white
amorphous solid (670.3 mg, 97%).

Melting point: 303 - 305 °C.
Umax (solid): 3522, 2959, 1456, 1362, 1136, 1117 cm'™.

[a]o -89.6 (c = 1.00, CHCl3).

1H NMR (400 MHz, CDCls): & 7.88 (s, 1H), 7.86 (s, 1H), 7.77 (s, 2H), 7.40-7.36 (m, 2H, J = 8.1),
7.34-7.31 (m, 4H), 7.14 (dd, 4H, J = 8.0 Hz, 1.6 Hz), 4.93 (s, 2H), 2.97 (app. p, 2H, /= 8.0 Hz),
2.86 (app. p, 2H, J=8.1 Hz), 2.70 (app. p, 2H, J=7.9 Hz), 1.32 (d, 12H, J = 6.9 Hz), 1.22 (d, 6H,
J=6.8Hz),1.12 (d, 6H, J=8.1 Hz), 1.10 (d, 6H, J =4 Hz), 1.04 (d, 6H, J = 6.9 Hz).
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13C NMR (400 MHz, CDCls): & 160.0, 149.5, 148.2, 148.1, 133.8, 131.0, 130.7, 129.5, 129.4,
128.6, 127.0, 124.9, 124.1, 121.6, 121.5, 113.5, 34.7, 31.2, 31.2, 24.7, 24.6, 24.4, 24.3, 24.3,

24.1. 1 carbon signal not observed/coincident.

HRMS: exact mass calculated for [M-H]" (CsoHs703) requires m/z 689.4634, found [M-H] m/z
689.4347.
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Chapter 2 - One-pot formal homologation of boronic acids: A platform for diversity-

oriented synthesis
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1. Introduction
1.1. The Suzuki-Miyaura Reaction

Since the 1979 discovery of the Suzuki-Miyaura reaction,’® it has grown to become one of the
most generally used reactions for catalytic C—C bond formation.%8! The main factors which
make this reaction so attractive are; i) the high functional group tolerance, ii) the generally

mild reaction conditions, and iii) the broad availability of organoboron coupling partners.

The Suzuki-Miyaura reaction involves the coupling of an organoboron compound with an

organic (pseudo)halide, catalysed by a transition metal, specifically Pd (Scheme 1).7°

Br O@ Pd(PPhs), (5 mol%) “ O
|
+ Ph/\/B CeHe, A O

50%

Scheme 1. Initial 1979 report of the Suzuki-Miyaura reaction coupling an aryl bromide

with a styrenyl catechol borane.

The discovery of this fundamental reaction led to the Nobel Prize being awarded to Suzuki in
2010 for his contribution to cross-coupling chemistry. Heck and Negishi also won the Nobel

Prize in the same year for their work in the cross-coupling field.
1.1.1. Mechanistic Aspects of the Suzuki-Miyaura Reaction

Mechanistically, a typical palladium-catalysed cross-coupling reaction follows the oxidative

addition, transmetallation, and reductive elimination cycle shown in Scheme 2.

L,Pd© RX
R-R' 4
10 Oxidative addition
Reductive elimination
/R R
LnPd_ L.Pd
6 R' 5 X

Transmetallation
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Scheme 2. Generic transition metal-catalysed cross-coupling cycle.

The first step of the catalytic cycle is the oxidative addition of the electron-rich Pd® into the
electrophilic carbon-(pseudo)halide bond, which oxidises Pd® (the active catalyst in the

Suzuki-Miyaura reaction) to Pd!" (Scheme 3).

Oxidative addition R,
PdOL,+ R-X ,PdiiL
X

4 7

5

Scheme 3. Oxidative addition in transition metal-catalysed cross-coupling.

Oxidative addition is often the rate-determining step in the reaction® and is known to be
accelerated by the use of electron-rich ligands on the Pd centre, making the metal more
nucleophilic and, thus, more able to oxidatively add to the electron deficient carbon-
(pseudo)halide bond.®* As can be deduced from this, another factor which increases this rate
is the electrophilicity of the carbon-(pseudo)halide bond its self. The strength of the formed
Pd-R bond is also a determining factor in the oxidative addition event, with a stronger bond

being more favourable.

The next step in the mechanism is the transmetallation event in which the organic fragment
of the organometallic reagent (boron being the metalloid in Suzuki-Miyaura chemistry) is
transferred from the metal to palladium. There is no change in the oxidation state of Pd in

this process (Scheme 4).

Transmetallation
X-PdL + R-M R-Pd"Lz  M-X

5 8 6 9

Scheme 4. Transmetallation in the palladium-catalysed cross-coupling.

The rate of transmetallation is enhanced by using more electropositive metals, i.e., R-ZnX >
R-SnX > R-B(OH).. The rate also increases with decreasing p-character (increasing s-character)
of the organic fragment (alkynyl (sp) > alkenyl (sp?) > alkyl (sp3)). This is because as the s-
character of the organic fragment increases, its electropositivity also increases since the s-
orbitals are closer in proximity to the electropositive atomic nucleus. This leads to an

increased rate of nucleophilic attack by the carbon-metal bond on the metal centre.
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The final step of the cross-coupling is the reductive elimination process, which is simply the
reverse of oxidative addition. In this step, the product is eliminated and the active Pd©

catalyst is regenerated and repeats the catalytic cycle (Scheme 5).

R\ Reductive elimination o
_PdiNL, PdOL, + R-R'

6 4 10

Scheme 5. Reductive elimination in palladium-catalysed cross-coupling.

Reductive elimination is aided by bulky ligands on the Pd centre,® forcing the organic
fragments away from the Pd centre, lengthening and, thus, weakening the bonds. Weak Pd-
R bonds are beneficial in reductive elimination in that it becomes easier to break the bonds,
eliminating the product. By having lower electron density on Pd (which is controlled by the
ligands directly attached to Pd), the Pd-R bonds become weaker.8> These factors directly

contrast what is required for efficient oxidative addition as it is the reverse process.

As would be expected, each different transition metal-catalysed cross-coupling reaction has
its own unique mechanistic aspects,®8 and the Suzuki-Miyaura reaction is no exception. As
such, there are two proposed mechanisms by which the reaction is generally accepted to
proceed: i) the ‘boronate pathway’ and; ii) the ‘oxopalladium pathway’ which are shown in

Scheme 6 89,90, 91, 92

R-B(OH), + X-R'

1 12
Pd cat.
R—X —
24 "",Zd R-R' LaPd R 1 ;(
Oxidative addition 13 14 - L
Reductive elimination Oxidative addition
Boronate Pathway
R R R R
LnPd, L,Pd’ L,Pd.  Oxopalladium Pathway L,Pd.
22X 23R 17R 15 X
B(OH)3 o)
20 OH
Transmetallation o Transmetallation R
S o ,
B(OH)sX on 1" o, OH Lipd
26 R—BuoH ——— R—B 16 OH ~
25 OH OH Oxopalladium

Boronate 19

Scheme 6. The two elucidated mechanisms of the Suzuki-Miyaura reaction.

As can be seen from Scheme 6, the reaction can proceed via two mechanisms i) the boronate

pathway, and/or ii) the oxopalladium pathway. For both these pathways, the oxidative
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addition and reductive elimination steps keep with the accepted mechanisms discussed for
general transition metal cross-coupling reactions. However, in Suzuki-Miyaura cross-
couplings, the transmetallation step is more complex and can proceed via the two different

processes shown in Scheme 7.

Much debate has been focussed on the nature of the active transmetallating species in the
Suzuki-Miyaura reaction, with the outcome of investigations being that both the boronate

and the oxopalladium can be the two active species in transmetallation.%

R OH
(@ LpPd  + R—E
OH OH OH i
Oxopazlladium 28 o--- BI\OH '?
7 . _
oH 8 RL,Pd----R' B(OH);  R7Pdky
R S X
®)  Lpd  + R—B-OH 31 32
X OH
29 Boronate
30

Scheme 7. Transmetallation in the Suzuki-Miyaura reaction.

Scheme 7 shows that the transmetallation event can proceed via one of two pathways: (a)
the boronate pathway in which the neutral, Lewis-acidic boronic acid is activated via its
negatively charged boronate. Formation of this boronate species is achieved when a
hydroxide ion (generated by the aqueous base in the reaction mixture) forms a bond to the
boronic acid boron (via its vacant p-orbital), generating the boronate. One of the oxygen
atoms on the boronate species then coordinates to Pd and undergoes transmetallation via
the four-membered palladacycle shown in Scheme 7. The formation of the boronate from
the free boronic acid has been found to be essentially energetically barrierless®* %> which re-
enforces the plausibility of this mechanism; (b) the oxopalladium pathway in which the
hydroxide ion is coordinated to Pd to form an oxopalladium species which can then

transmetallate via the same four-membered transition state.

Further debate has been focussed on which pathway is actually correct in the Suzuki-Miyaura
reaction but since there is substantial evidence in favour of both the boronate pathway® %

and the oxopalladium pathway,®” %° both have been generally accepted.

1.1.2. Boronic Acids as Suzuki-Miyaura Cross-coupling Partners
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Boronic acids are the most widely used reagents in Suzuki-Miyaura cross-couplings. However,
the range of organoboron compounds which can be employed in the Suzuki-Miyaura reaction
is large and continues to grow with ongoing research in the field.*® Figure 1 contains a

selection of these reagents.

Me
OH ® F O— O
/ M
= B/,[< R—E KZ oL F R-B_ [ o R-B :@
— Dy l \
OH R F o Me (0]
Borane Boronic acid Organotrifluoroborate Pinacol boronic Catechol boronic
ester ester

e
N !
AN R-E
gl RS
o

(0]
MIDA boronate BDAN

Figure 1. Boron reagents for use in the Suzuki-Miyaura cross-coupling.

Initially, the first boron reagents to be employed in the Suzuki-Miyaura cross-coupling were
alkenylboranes and catechol boronic esters.®®> However, boronic acids had quickly become
the preferred reagent due to their high reactivity and atom-economy.*® Pinacol boronic

esters also became widely used due to their increased stability over boronic acids.”

As work in the area of Suzuki-Miyaura cross-coupling progressed, a wide range of new boron
reagents for Suzuki-Miyaura cross-coupling was developed (Figure 1), with varying
reactivities and stabilities which have vastly increased scope in the area. Significant attention

96,97

has been focussed on the development and utility of organotrifluoroborate salts and

100, 101

MIDA boronates, initially reported by Mancilla®®®® and developed by Burke, but many

alternatives have also been well advanced such as BDAN reagents, pioneered by Suginome.%?

In order to understand the properties and reactivities of boronic acids, and the many other
boron reagents which are used in Suzuki-Miyaura cross-couplings, it is first necessary to
understand the nature of the boron atom itself, with particular regards to its electron
configuration and hybridisation states. Neutral boron’s valence electrons (2s?, 2p?) can be
reconfigured to 2s?, 2p? upon excitation of a 2s electron to the 2p energy level. Boron can
then form three sp? hybridised bonds, resulting in a trigonal planar geometry with the

remaining vacant 2p orbital orthogonal to the bonding plane (Figure 2).
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R—Q’R - Vacant 2p-orbital (Lewis acidic)
O "R | - 3 x sp? hybridised bonds

R

2s  2py 2py 2p, 2s  2p, 2p, 2p,
Ground state B B in BR3

Figure 2. Bonding and hybridisation in neutral, trigonal boron species.

Neutral boronic acids in anhydrous media can act as Brgnsted acids by deprotonation of the
hydroxyl functionality.’®® However, under aqueous conditions, through either autoprotolysis
of water (generating equivalent quantities of hydroxide and hydronium) or coordination of
water into the vacant Lewis acidic 2p orbital of the boron atom, the anionic boronate
complex, which is the active transmetallating species in the boronate pathway of the Suzuki-

Miyaura reaction, is generated (Scheme 8).1%

OH OH

B+ 2O O5OH  + ho
R OH R OH

33 34

Scheme 8. Water-mediated boronate formation.

Boronate complexes have different properties to their neutral boronic acid precursors and,
for that reason, generation of boronate complexes in situ can be desirable and is often
achieved by the addition of water or aqueous base to the reaction mixture in Suzuki-Miyaura

cross-coupling reactions.'®

Boronic acids can also self-trimerise - an equilibrium-driven process favoured entropically by
the liberation of three equivalents of water - to form boroxines which gain some stabilisation
through pseudoaromatic character, with the generation of triply zwitterionic resonance

structures (Scheme 9).%% 103

R R
OH -3H,0 B ® Bl ®
3 070 —— of ¢
R™ “OH +3H,0 B. B -Bso B
.B._.B. RO @R
35 R0 "R @9
Boroxine 37
36

Scheme 9. Boroxine formation from neutral boronic acids.
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Boroxines can be employed directly in the Suzuki-Miyaura reaction'® but are not commonly

sought as reaction products due to their equilibrium with the free boronic acid.

One major drawback of boronic acids is their inherent instability. The more labile C-B bonds
in boronic acids than in other organoboron reagents increase their ability to
‘protodeboronate’ - a process in which the boronic acid functionality is replaced with a

hydrogen atom (Scheme 10),103:105-107

~OH H-A
<8,

38

‘ate’ complex
Scheme 10. Protodeboronation of boronic acids.

This is a common side reaction in Suzuki-Miyaura cross-couplings and other reactions which
require the use of boronic acids, and is often overcome by using an excess of the boronic
acid. Cheon and co-workers have studied the protodeboronation of boronic acids,
highlighting under which conditions the boronic acid functionality is cleaved and which
conditions leave the C-B bond intact.}®> 1% Generally, heating under non-anhydrous
conditions leads to either partial or full protodeboronation of a selection of boronic acids in
a matter of a few hours in some cases and days in others. This protodeboronation is believed
to proceed via the coordination of a proton source (water, acid or aqueous base) into the
vacant 2p orbital of the boronic acid, forming the boronate, followed by o-bond metathesis

to generate the corresponding arene compound (Scheme 10).

Lee developed a gold-catalysed protocol for the proto- and deuterodeboronation of aromatic
boronic acids.®® In this process, the ability the carbon-boron bond to be cleaved by the
insertion of a transition metal has been utilised in a useful way. In doing so, the installation
of deuterium and hydrogen atoms in aromatic systems which would otherwise be difficult to

deuterate has been effectively achieved (Scheme 11).

PPh3AuNTf, (cat.)
Ar—B(OH) Solvent, X,0 Ar—X
r— 2 5 r—
41 90 °C, uw, 2 h 42
X = H, 24 examples X =D, 9 examples
62-100% yield <10%-Quant. conversion

Scheme 11. Lee’s proto- and deuterodeboronation reaction.
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A particular advantage of this approach is the lack of strongly acidic or basic conditions which
allows the tolerance of acid/base sensitive functionality such as esters, acetals, Boc-

protected N-heterocycles and nitriles.

Protodeboronation of boronic acids is known to occur not only in aqueous solution but also
in the solid state. To study this, Noonan and co-workers have carried out practical and
computational studies of the possible mechanistic pathways for the protodeboronation of
boronic acids when stored as neat reagents.!®” High energy barrier differences were
calculated for protodeboronation of boronic acids by water versus protodeboronation as a
neat reagent. Together with the practical observation that little protodeboronation occurred
in the presence of excess water, this suggests that water alone is not the determining factor

in protodeboronation of neat boronic acids.

The authors proposed two solid-state pre-organization effects in which the boronic acid
molecules arrange themselves such that the boronic acid functionalities coordinate each
other through intermolecular hydrogen bonding networks (Figure 3 (a)) and/or Lewis acid-

Lewis base pairs (Figure 3 (b)).

HO,
H H B-Ar
0---H-Q ar—p- 0 HO A
(@) Ar—B B-Ar ———= TTE .- H —— ArH
0-H---C, © 0 i‘ 45
H
43 44
HO
O-H B-Ar
Ar—B HO_ PoN
(b) O-H — B H —— A—H
H—O\B, HO - 48
O
46
a7

Figure 3. Proposed pre-organisation and self-protodeboronation of boronic acids in the

solid state.

Based on the proposed solid-state protodeboronation mechanisms illustrated above, the
authors hypothesised that boronic acids could be stored more stably in solution rather than
as neat reagents. To test this hypothesis, three notoriously unstable boronic acids were
monitored over the course of 15 days as neat reagents and over the course of >40 days as

solutions in reagent grade, non-anhydrous, non-degassed THF (Figure 4).
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OH OH OH
D" O™ D
OH o bH
49 50 OH 51
% remaining after 15 days as solid 7 | 88 | 80
% remaining after >40 days as THF solution 100 | 84 | 100

Figure 4. Stability of boronic acids in THF solution.

Upon investigation, it was observed that little or no protodeboronation was observed for
unstable boronic acids when stored in solution for prolonged periods of time. As well as
providing support for the proposed solid-state protodeboronation mechanism, this work

provided a valuable method for the stable storage of such reagents.
1.2. Chemoselectivity in the Suzuki-Miyaura Reaction

Chemoselective cross-coupling is a synthetically attractive process which selectively cross-
couples one coupling partner over another, typically less reactive, partner which is retained

and may be employed in a subsequent chemical transformation (Scheme 12).

/@ Pd cat. O O
_— —>
(RO)28 Chemoselective O O
X

/@ Pd cat. O O g
(RO Non-chemoselective O O
x Y S

Scheme 12. Chemoselective and non-chemoselective cross-coupling in the Suzuki-Miyaura

reaction. X = least reactive electrophile. Y = most reactive electrophile.

Chemoselective Suzuki-Miyaura cross-coupling may be achieved via either control of the rate

of oxidative addition or transmetallation steps in the Suzuki-Miyaura mechanism.

1.2.1. Chemoselective Suzuki-Miyaura Cross-coupling via Selective Oxidative Addition

Chemoselective oxidative addition relies on the differences in rates of oxidative addition of
(pseudo)halides in Pd-catalysed cross-coupling reactions, in which | > Br > OTf > CI.2% Fu
demonstrated this fundamental difference in oxidative addition rate in order to

chemoselectively cross-couple boronic acids to dihaloarenes (Scheme 13).
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Scheme 13. Chemoselective oxidative addition in the Suzuki-Miyaura reaction.

This work demonstrates that chemoselective Suzuki-Miyaura cross-couplings can be
achieved by control of the rate of the initial oxidative addition step by exploiting the inherent
reactivity differential observed between (pseudo)haloarenes in the Suzuki-Miyaura reaction.
An interesting result was observed when Ar-Cl was selectively cross-coupled in the presence
of Ar-OTf (compound 68). The more reactive OTf functionality remained intact after the
cross-coupling by control of the catalyst system i.e. the reactivity of the (pseudo)haloarenes

can be reversed.

Work within the Sherburn group has demonstrated that selective mono- and bis-coupling of
dihaloarenes can be achieved through, again, exploiting the difference in reactivity of iodides

versus bromides (Scheme 14).

Mono-coupled Bis-coupled
7 72

Scheme 14. Sherburn’s selective mono- and bis-cross-couplings.
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The outcome of the reaction is determined by both the nature of the boron species (i.e.
mono-coupling is more pronounced in boronic acids than in BPins) and the nature of the
dihaloarene (i.e., bis-coupling is favoured with diiodoarenes and mono-coupling with
dibromoarenes). However, the identity of the halide is the major factor in determining
selectivity, which suggests that the relative rates of oxidative addition versus

transmetallation is faster for Ar-l than Ar-Br (Scheme 15).
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Slow Fast 81
Mono-coupled
Br Br Br
78 79 80
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Scheme 15. Relative oxidative addition and transmetallation processes in Sherburn’s
selective mono- and bis- Suzuki-Miyaura cross-coupling. O.A. = oxidative addition. T.M.

= transmetallation. R.E. = reductive elimination.

As can be seen from Scheme 15, the authors propose that the oxidative addition of Pd into
the Ar-l1 bond is faster than insertion into the Ar-Br bond. This then means that both Ar-I
bonds on the arene can be quickly palladated and subsequently transmetallated and
reductively eliminated to form the bis-coupled product. However, with insertion of Pd into
the Ar-Br bond being much slower, one Ar-Br bond can be palladated, transmetallated and
reductively eliminated to form the product before the other has the chance to react. This

would then lead to the mono-coupled product being formed.

1.2.2. Chemoselective Suzuki-Miyaura Cross-coupling via Selective Transmetallation
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Transmetallation in the Suzuki-Miyaura cross-coupling relies, as well as on the nature of the
pre-transmetallation palladium complex (after oxidative addition), largely on the nature of
the boron species in the reaction. Two main methods for chemoselective transmetallation
have currently been developed: i) the use of MIDA boronates and ii) the use of BDAN reagents

. Both will be evaluated herein.

1.2.2.1. MIDA Boronates as Boronic Acid Protecting Groups and Their Role in

Chemoselective Transmetallation

BMIDA reagents have been successfully employed in iterative synthesis due to their
resistance towards a wide range of synthetic transformations such as oxidation, reduction,
O/N-protection/deprotection, halogenation, olefination, alkylation, and aldol processes and
many transition metal-catalysed cross-coupling reactions.!’%1%! The reason for their
robustness is due to the coordination of the nitrogen lone pair into the vacant 2p orbital on
boron, forming an unreactive, tetrahedral boronate species which can be deprotected by
basic hydrolysis to reveal the parent boronic acid for further manipulation as necessary
(Figure 5).

©

’;‘&O OH HO. , -OH
G

(0]
B HO OH R
s O
R 7(\ N /ﬁf 84
83 O Me O Boronic acid
MIDA boronate

-N-coordination (protected)
-sp® hybridised
-Tetrahedral

Figure 5. MIDA boronate stabilisation and deprotection.

Due to this stabilisation effect, BMIDA reagents are inert to transmetallation and, thus, can
be subjected to Suzuki-Miyaura cross-coupling conditions, retaining the BMIDA functionality
(provided that appropriate conditions are employed to avoid premature hydrolysis of the
base-labile BMIDA). As well as being swiftly hydrolysed by NaOH, BMIDA reagents can be
hydrolysed in a more controlled, slow-release fashion by using aqueous K3PO4.''! Such
controlled hydrolysis of BMIDA reagents provides a valuable method for the successful cross-
coupling of notoriously unstable boronic acids such as heterocyclic and olefinic derivatives

by releasing the parent boronic acid slowly to be cross-coupled.!2

127



The slow-release strategy has valuable applications in polyene natural product synthesis
since olefinic boronic acids can rapidly protodeboronate to prematurely afford the terminal
alkene.!® This strategy has made possible the iterative synthesis of a range of polyene

natural products from simple halovinyl BMIDA building blocks (Scheme 16).1%

Me Pd cat. Me 86

i) NaOH (aq.)
NN N S . i) 17NN coH
2 Pd cat.
Me 87

p-Parinaric acid
Scheme 16. Burke’s iterative synthesis of B-parinaric acid.

Recently, the Watson group developed a method for the formal homologation of sp?
hybridised BPin derivatives via controlling boron solution speciation in a chemoselective

Suzuki-Miyaura cross-coupling (Scheme 17).114

apin Pd(dppf)Cl, (4 mol%) [ ]
Ar” K3POy, (3 equiv.) _BMIDA )
88 0 (5 v A Ar' HO-BPin
equiv.
BMIDA 2 91
/Ar'/ THF, 90 °C, 24h L 90 J
X" g9 1L 1L
Me
_BPin éOH HO| Me
' - N +
Ar/Ar _Ar” TOH Me
94 Ar HO™ "Me
- 92 93 -

Scheme 17. Chemoselective BPin synthesis via control of boron solution speciation.

After the initial cross-coupling event, the intermediate BMIDA is then hydrolysed to the
parent boronic acid in situ and combination of this with the free pinacol (generated by the
hydrolysis of the HO-BPin by product of the cross-coupling) is driven towards the formation

of the formally homologated BPin derivative.

This work is an important advance in the Suzuki-Miyaura cross-coupling in that, in addition
to being a valuable method for chemoselective Suzuki-Miyaura cross-coupling of BPin and
halo-BMIDA derivatives via chemoselective transmetallation, it also builds on Burke’s
previously reported stepwise iterative synthesis of polyene natural products. It does so by

careful control of the boron solution speciation via the use of an aqueous, basic biphase to
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generate the homologated, reactive, BPin derivative which can be reacted further in a one-
pot fashion (in this case to afford triaryl derivatives), rather than having to isolate the BMIDA
product, hydrolyse this to the reactive parent boronic acid, then subject this to the next

transformation.

1.2.2.2. BDAN Reagents as Boronic Acid Protecting Groups and Their Role in

Chemoselective Transmetallation

BDAN reagents, developed by Suginome!®, provide an additional protecting strategy for
boronic acids, similar to BMIDA reagents in that one of the lone pairs on the DAN nitrogens
can coordinate into boron, forming the boronate complex and, as with MIDA boronates, this
renders the protected boronic acid inert to transmetallation. However, in the case of BDAN
reagents, boron is not tetrahedral sp® but planar sp? and can be cleaved under acidic

conditions (Figure 6).

O HCI (aq.) HO. __OH
HN 0 B
S) R
Bs
o SO
95

Boronic acid
BDAN NH, NH;,

-N-coordination (protected)
-sp? hybridised
-Trigonal planar

Figure 6. BDAN stabilisation and deprotection.

BDAN reagents have valuable utility in the field of chemoselective Suzuki-Miyaura cross-
coupling reactions. As such, Suginome has demonstrated that bromo-BDAN reagents can be
Miyaura-borylated to generate the BPin-R-BDAN compound which can be selectively cross-

coupled via the BPin moiety to afford the retained BDAN derivative (Scheme 18).1°

X-R'
R/BDAN B,Pin, R/BDAN Pd[P(t-Bu)s]2 (2 mol%) R/BDAN
_—
X~ Pd cat. PinB” NaOH or K3POy (3 equiv.) R 99
97 28 Dioxane, 60 °C, 4 h.
5N HCI
OH
=N
R” "OH
R
100
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Scheme 18. Suginome’s Miyaura-borylation and chemoselective Suzuki-Miyaura cross-

coupling of BDAN derivatives.

Similarly to Burke’s iterative polyene synthesis (Scheme 16), this methodology has been used
in an iterative manner to prepare a range of oligoarene derivatives which can be further
cross-coupled to form higher oligoarenes and deprotected to reveal their boronic acid

derivatives for further manipulation.

Suginome has also demonstrated a unique faculty of the BDAN group, in which the formation
of differentially protected BPin-BDAN olefinic derivatives can be achieved due to the greater
steric bulk of BDAN over BPin (Scheme 19).1'® The generated borylated derivatives can then

be chemoselectively cross-coupled.

Me H
Moo kN O Ir or Pt cat. BPin BDAN
B-E, + || ———— +

Me BDAN BPi
o ) e
Ar
104
101 102 103
BPin-BDAN Anti-Markovnikov-type Markovnikov-type
addition of BDAN addition of BDAN

Up to 99:1 selectivity
Scheme 19. Suginome’s unsymmetrical selective bis-borylation of terminal alkynes.

Anti-Markovnikov-type addition of BDAN affords the unsymmetrically bis-borylated olefin
which can be selectively manipulated whereas standard borylation with B,Pin; affords the
symmetrically borylated olefin which can then be selectively manipulated in the terminal

position (Scheme 20).11¢

Bpi Pd(dppf)Clz A i) Pd/C, H, Ar
in KsPO, r ii) 5N HCI r
+ Ar—x —— =4 5 I .
Ar/‘\/BDAN THF, 80 °C, 15 h. Ar/‘\/BDAN i) H205 Ar/‘\/OH
103 105 106 107
BDAN Pd(dppf)Clz BDAN i) Pd/C, H, oH
KoCO4 ii) 5N HCI
o+ Ar—X ———2 2 . .
Ar&Bpln DMF, 80 °C, 15 h. Ar/‘\/Ar i) Hp0, Ar)\/Ar
104 105 108 109

Scheme 20. Suginome’s regiocomplementary synthesis of arylethanols.

This methodology represents a useful strategy for selective bis-functionalisation of alkyne
derivatives and further demonstrates the ability of BDAN compounds to tolerate and

undergo chemoselective transmetallation in Suzuki-Miyaura cross-coupling reactions.
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The ability of olefinic BDAN compounds to undergo asymmetric hydroboration to afford
chiral, geminal BPin-BDAN compounds which can then be chemoselectively Suzuki-Miyaura
cross-coupled with both inversion!'” and retention!® of stereochemistry, depending on the

functionality surrounding the borylated carbon, has been demonstrated.

B,Pin, (1.1 equiv)
CuCl, (3 mol%)

o) (R)-(R)-Walphos(CF3) (3 mol%) O BPin
ROM BDAN NaOt-Bu (3 mol%) RO BDAN
110 MeOH (2 equiv) m
THF, rt

KHF,
R-Br (1 equiv.)
0 R Pd(OAc) (10 mol%) o BE.K
- XPhos (20 mol%) 8
Ro)K/\ BDAN —
113 Ko,COj3 (3 equiv.) RO BDAN

Chemoselective SM PhMe:H,0 (10:1), 80 °C 112

Stereochemical inversion

Scheme 21. Hall’'s asymmetric hydroboration of BDAN compounds and subsequent

chemoselective Suzuki-Miyaura cross-coupling.

In this work,'*® Hall has demonstrated the ability of BDAN compounds to undergo asymmetric
hydroboration, installing a geminal BPin moiety which is then converted to the potassium
trifluoroborate salt and chemoselectively Suzuki-Miyaura cross-coupled, as discussed in
previous examples, but with inversion of the stereochemistry on the bis-borylated carbon.
This represents a valuable method for the asymmetric B-difunctionalisation of ester

compounds via chemoselective Suzuki-Miyaura cross-coupling.

HBPin
CuCl, (3 mol%)
Are (R)-dtbm-segphos (3 mol%) BPin
BDAN NaOt-Bu (6 mol%) ABDAN
114 PhMe, rt 115
KHF,
R-I (1 equiv.)
R Pd(OAG) (10 mol%)
A S XPhos (20 mol%) BF3K
" BDAN K,CO3 (3 equiv.) A'—"BDAN
117 PhMe:H,0 (10:1), 80 °C 116

Chemoselective SM
Stereochemical retention

Scheme 22. Yun’s asymmetric hydroboration of BDAN compounds and subsequent

chemoselective Suzuki-Miyaura cross-coupling.
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Here, as well as expanding on the scope of Hall's previous work in the area, Yun has
demonstrated that geminal BPin-BDAN compounds containing an aromatic substituent,
rather than an ester, in the B-position can be cross-coupled chemoselectively and

stereoretentively.!!®

1.2.2.3. Neighbouring Group Activation of Vicinal and Geminal Diboron Species and Their

Role in Chemoselective Transmetallation

The examples of chemoselective transmetallation discussed up to this point have been
discriminatory for one boron species over another i.e. chemoselective Suzuki-Miyaura cross-
coupling of a boronic acid over a BMIDA, of a BPin over a BDAN etc. However, identical boron
species in a vicinal or geminal relationship can be chemoselectively Suzuki-Miyaura cross-
coupled, operating on the premise of neighbouring group activation (Figure 7).119120121

(“Q Me Me

"B== 07\ Me
R)\/B\O Me

-Terminal B more Lewis acidic
-Proximal B less Lewis acidic

Figure 7. Neighbouring group activation in vicinal BPin species.

Figure 7 shows how vicinal boron species can activate and deactivate each other to
transmetallation through coordination of the terminal BPin oxygen lone pair into the vacant
2p orbital of the proximal BPin. The terminal BPin, thus, becomes more Lewis acidic, making

it the more capable transmetallating group.

Shibata demonstrated this effect in the chemo- and regioselective Suzuki-Miyaura coupling
of multi-substituted sp® hybridised geminal diboranes.’™ In this work, it was shown that
geminal diboron species can be reacted selectively over mono-boronated species (Scheme

23).

( BPin BPin
Pd[P(t-Bu 5 mol%
® BPin [P(t-Bu)sly ( o)
KOH (4.5 equiv)
Br H,O/dioxane, rt.
118 119

Scheme 23. Shibata’s chemo — and regioselective Suzuki-Miyaura coupling.
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Shibata’s work here demonstrates the capacity of one BPin group to sufficiently activate
another such that it becomes more reactive than any other BPin group in the reaction
mixture. Here, it can be seen that the neighbouring group activation effect of the diboron
moiety renders the geminal sp® BPin group more reactive than a singular sp® BPin group,
enabling chemo- and regioselective Suzuki-Miyaura cross-coupling of the geminal BPin group

to generate the corresponding product in 85% yield.

Morken has demonstrated this neighbouring group activation effect well in the
chemoselective Suzuki-Miyaura cross-coupling of vicinal BPin derivatives towards the

synthesis of a range of pharmaceutically relevant compounds (Scheme 24).12°

Pt(dba)s (1 mol%) Pd(OAC) 2.5 mol%) Me BPin
Me (R.R)-L (1.2 mol%) Me BPin RuPhos (2.5 mol%) : Me
, “_BPi M \
Me A B,Pin, Me in CI/\rMe e 123 )
2 THF. 607C 122 Me ) CIcHL
2
KOH, 70 °C \ii) MeONH,
A A iii) Boc,0
o i) RuCly (1.5 mol%) NBoc,
Me>< \ég:Pph Me _NHCI ii) NalO, Me < y
Me o : : e
R X
° AY Ar Me/K/\/mzH iiiy HCI/MeOH Me/wf
125 124 Me
L Lyrica HCI

Scheme 24. Morken’s chemoselective Suzuki-Miyaura cross-coupling of vicinal BPins

towards the synthesis of anticonvulsant Lyrica HCI.

From this report, it can be seen that complex, enantioenriched aliphatic scaffolds can be
prepared from simple olefinic starting materials via the asymmetric bis-

borylation/chemoselective Suzuki-Miyaura cross-coupling strategy in relatively few steps.

Morken has also demonstrated the chemoselective Suzuki-Miyaura cross-coupling of

geminal BPins in the synthesis of (R)-tolterodine (Scheme 25).1%
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Scheme 25. Chemoselective Suzuki-Miyaura cross-coupling of geminal BPin derivatives.

This work demonstrates that geminal BPin derivatives can be chemoselectively and
asymmetrically cross-coupled and has shown that the methodology can be applied to the

synthesis of pharmaceutically relevant motifs.

One major advantage of Morken’s strategies of chemoselective Suzuki-Miyaura cross-
coupling over others which have been developed (BDAN and BMIDA reagents) is the lack of
boronic acid protecting/deprotecting steps, which is enabled by the neighbouring group
activation of one vicinal/geminal BPin over the other BPin. This is an important advance in
the field of chemoselective Suzuki-Miyaura cross-coupling as it keeps with Baran’s ethos of

7122

the ‘ideal synthesis’*** which argues that protecting group chemistry should be kept to a

minimum in order to increase the step- and atom-efficiency of a synthesis.
1.3. The Diversity of the Boronic Acid Functional Group

Boronic acids are amongst the most versatile of functional groups.1®® There exists a wide
range of reactions which boronic acids can undergo. Notably, there are different classes of

reaction which can be performed on boronic acids:

i) Boronic acid speciation processes: trifluoroborate formation,®697:123 Bpin
formation,®°%124 BCat formation,'?* BMIDA formation,®3100:103111-113 3n4

BDAN formation 93,112,115,116,124

ii) Ipso-substitution processes: protodeboronation,®>™%7 halogenation,!?>12¢

acetylation,'?’ and nitration.*?12°

iii) Fragment migration processes: oxidation!3®32 and amination.133134
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iv) Transition metal-mediated processes: azidation,3> sp cross-coupling,'*¢ sp?
cross-coupling,” sp? cross-coupling,*3”138 oxidative heck,'*® 1,4-addition,4"
142 1,2-addition,***%> carbonylative cross-coupling,'*1*’ and Chan-Evans-

Lam coupling4®-152

Figure 8 contains a representation of these reactions, organised into their respective reaction

classes.

Chan-Evans-Lam

Carbonylative OR'
Cross-coupling R-XR, R— Bi
O l
R~

1,2-addition R’

H:H \\ /

/o /

B
Oxidative Heck / \ R-0OAc
R-OH
Oxidation
sp Cross-coupling
R—NH,
sp CI‘OSS-CoupIing R—-Ar R—Nj3 Amination

sp 2 Cross-coupling  Azidation

Boronic acid speciation processes
Ipso-substitution processes
[l Fragment migration processes

[l Transition metal-catalysed processes
Figure 8. Reactions of boronic acids.

As can be seen from Figure 8, a remarkably wide range of bond formations such as C-C, C-H,
C-Br, C-Cl, C-l, C-F, C-N, and C-O bonds can be performed on boronic acids, making them
exceptionally useful groups for organic synthesis. It can thus be inferred that the generation
of methodology which produces diversely functionalised boronic acids would be of high value

to the chemical toolbox.

Not only are boronic acids amongst the most reactive of functional groups in general, they

are also the most reactive of all the boron species, being susceptible to many reactions which
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other boron species are inert to. As such, when compared to boronic acids, their
corresponding BPins display limited reactivity in a number of reactions such as 1,4-addition
(Scheme 26 (a)),*** Cu-catalysed etherification (Scheme 26 (b)),*>*!%> the Petasis reaction

(Scheme 26 (c)),**® and Cu-catalysed amination (Scheme 26 (d)).**
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Scheme 26. Relative reactivities of boronic acids and BPins.

As can be seen from Scheme 26, boronic acids can be more reactive than BPins towards many
transformations, making them generally more sought-after for organic transformations. It
can also be seen that, even in cases where BPins do react, boronic acids generally outperform
them. MIDA boronates and BDAN reagents (protected boronic acids) are also known to be
inert to a wide range of transformations which boronic acids can undergo. These boron

species and their reactivities are covered in sections 1.2.2.1. and 1.2.2.2., respectively.
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A significant sector of boronic acids’ exceptional reactivity as a functional group in general
can be attributed to their ability to form their corresponding, reactive, boronate species
(discussed in section 1.1.2.). This boronate species is fundamental to the vast majority of the
reactions which boronic acids can undergo, and an analysis of the mechanisms of the

different reaction classes of boronic acids (detailed in Figure 8) explains this (Scheme 27).10
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Scheme 27. Generic mechanisms of boronic acid processes.

From Scheme 27 it can be seen that each reaction class which the boronic acid can perform
involves, in its mechanism, the formation of the reactive boronate species. Boron speciation
events rely on the boronate species in order to facilitate the series of association/dissociation

steps which lead to the formation of the new boron species.®*°%% |pso-substitution processes
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rely on formation of the boronate in order to facilitate the electrophile pickup by increasing
the nucleophilicity of the organic fragment®’ (Figure 9), and subsequent elimination of the
neutral boric acid species to quench the cationic charge also requires the boronate.l%
Fragment migration processes rely on formation of the boronate species in order to increase
the nucleophilicity of the organic fragment which, in turn, promotes migration of the organic
fragment to the electrophilie.’®® Lastly, transition metal-catalysed processes often require
the boronate species to transmetallate due to a number of factors which are discussed in

section 1.1.1.

OH
HO. I ,X
Electronegativity 2.04—HO< BSS-)H 5 oB”
ca. 1.568A X s I— ca. 1.613A
Electronegativity 2.55— -
Boronic acid Boronate
-Attractive C-B forces -Repulsive C-B forces
-Standard bond length -Increased bond length
-Standard bond strength -Weakened bond strength

Figure 9. Nucleophilicity of boronic acid vs. boronate.

As can be seen in Figure 9, in phenylboronic acid the bonding carbon atom, with an
electronegativity of ca. 2.55,® and boron atom, with an electronegativity of ca. 2.04,%*®
forms a standard C-B bond of ca. 1.57A in length.®® When the boronic acid is converted to
its corresponding boronate, the increase of electron density on the boron atom eliminates
the formerly attractive forces between the relatively electronegative carbon atom and
relatively electropositive boron atom. The result of this is that an electrostatically repulsive
force is created between the carbon and boron atoms, inducing a weaker C-B bond of ca.
1.61 A in length. Understandably, it is this C-B bond lengthening and weakening which

gives boronic acids the ability to react in such a large number of processes.
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2. Proposed Work

The aims of this body of work were:

i) To validate the concept of the chemoselective formal homologation of boronic acids.
ii) To optimise the process to achieve high yields of homologated boronic acid product.

iii) To apply the developed methodology to a range of boronic acids and MIDA boronates to

generate a diverse range of products.

iv) To apply the homologation methodology in the synthesis of pharmaceutically relevant

motifs.
2.1. Concept Validation and Optimisation

To investigate the validity of the formal homologation reaction, it would be necessary to
perform benchmark reactions to gain insight in to the reactivity of the system. Once

validated, optimisation could then proceed to achieve a highly efficient system (Scheme 28)

OH
OH .

|'3\ BMIDA Pd cat. O B‘OH
©/ OH Br Base, H,O
Solvent O

Scheme 28. Optimisation reaction for the formal homologation methodology.

2.2. Substrate Application

Once the concept had been validated and the process optimised, the next stage would be to
apply the methodology to the synthesis of a range of structurally diverse boronic acids

starting from substituted aryl boronic acids and aryl/olefinic MIDA boronates (Scheme 29).

OH
R* 7
OH 4 \ 5.
R? R N
\xB- N\ BMIDA Pd cat. R OH
Ny OH AN - . T,
H R Base, H,0 R2/—
7 / Z Solvent o~
R Br x\_l p
R1

Scheme 29. Application of the boronic acid homologation methodology.
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2.3. Application of the Methodology Towards the Synthesis of Pharmaceutically Relevant
Motifs

To demonstrate the value of the methodology with regards to diversity-orientated synthesis
for rapid SAR screening, the methodology would then to be applied to the synthesis of a
range of pharmaceutically relevant compounds from one core homologated boronic acid

intermediate (Scheme 30).
R"

@ @

BMIDA

® >, — B‘°“’2H ®

5

Scheme 30. Application of the methodology.
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3. Results and Discussion
3.1. Benchmark Reaction

In order to gain an initial understanding into the homologation reaction, a benchmark system
was set up with PhB(OH); (38) and 4-bromophenylboronic acid MIDA ester (140), using a

catalyst and medium composition based on our previous work (Scheme 31).114

BMIDA 16h | 4h
‘ 0% 27%
O Reaction 1 | Reaction 2
141 :
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ol or
B a0 Pd(dppf)Cl, (5 mol%) B o 5
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é 3POy4 (3 equiv.), H,O (5 equiv.) O Reaction 1 ' Reaction 2
- THF (0.25 M), 90 °C, time, N '
©/ OH ( ) z 142

1.1 equiv.
38 33%: 3%
O Reaction 1 | Reaction 2

143
Scheme 31. Benchmark reaction outcome.

Upon initial investigation of the benchmark system, it was observed that the desired boronic
acid product (142) was formed at promising conversion (67%) and hydrolysis of the cross-
coupled BMIDA intermediate (141) had gone to completion. However, a significant quantity
of biphenyl (143) was formed through protodeboronation of the boronic acid product and
homocoupling of the boronic acid starting material. Shortening of the reaction time from 16
hours to four hours successfully tamed the protodeboronation, delivering the desired
product in 70% yield. However, by shortening the reaction time, this also restricted the
amount of time which the cross-coupled BMIDA intermediate had to hydrolyse to the parent
boronic acid, leaving 27% of the reaction composition as the protected BMIDA intermediate.

At this point, a thorough reaction optimisation was required.
3.2. Reaction Optimisation
3.2.1. Base and Water Studies

Optimisation of the boronic acid homologation began with a study of the reaction medium

with specific regards to the basic biphase, i.e., the KsPO, to H,O ratio. Based on our
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k,*** it was believed that the

benchmark reaction results and also on our previous wor
reaction outcome would depend heavily upon the rate of hydrolysis of the BMIDA

intermediate (141) (Scheme 32).

OH
B
B(OR), Uncontrolled hydrolysis “OH Controlled hydrolysis BMIDA
‘ Pd cat. 38 Pd cat. O
solvent, base/H,O solvent, base/H,0
BMIDA
bB(OR)z 141
Pd cat. Br
H,O/HO
Br 145 \Q\O/HO' 140 207

OH

B(OR), i
O B\OH
(T C

146 142
Uncontrolled hydrolysis Controlled hydrolysis
-Incomplete cross-coupling -Complete cross-coupling
-Premature hydrolysis -Subsequent hydrolysis
-Oligomerisation -Desired product accessed

Scheme 32. Different reaction outcomes depending on the rate of BMIDA hydrolysis.

As can be seen from Scheme 32, complete cross-coupling conversion before BMIDA
hydrolysis takes place would lead to high levels of singly homologated boronic acid product
(142), whereas premature hydrolysis of the cross-coupled BMIDA intermediate (141) before

completion of the cross-coupling would lead to oligomerisation of the aryl units (146).

Controlling the quantity of available H,O/HO"in the reaction mixture was fundamental to the
rate of BMIDA hydrolysis and, consequently, the success of the homologation process.
Typical Suzuki-Miyaura reactions are carried out using arbitrary quantities of base and water,
for example, solvent/water mixtures of 10/1, 5/1, 4/1, or 1/1 are commonly used.®¥17° This,
of course, would not be suitable for our process as the BMIDA hydrolysis is dependent on the
quantity of available water and using water in co-solvent quantities would result in rapid and
premature hydrolysis and subsequent, undesired, oligomerisation. Our solution to this was
to use a suitably hygroscopic inorganic base (for example, KsPO,) with the addition of
restricted quantities of water, generating a suitably tailored basic biphase (Figure 10) which
would, through careful control of the quantity of available H,O/HO", allow the initial cross-
coupling to proceed to completion before the BMIDA hydrolysis could significantly take

place.
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Figure 10. Generation of a suitable basic biphase.

Figure 10 depicts a scenario in which, after the addition of an inorganic base to an organic
solvent, generating a heterogeneous mixture in which the base is suspended in the solvent,

there are two possible reaction media compositions based on the quantity of added water:

i) Upon addition of excess water to the heterogeneous solvent/base mixture (for example,
THF:H,0 = 10:1, 7:1, 4:1 etc.) generates a biphasic reaction mixture in which the inorganic
base is fully soluble in the aqueous phase. This allows the H,O/HO" to be released into the
organic phase in an uncontrolled fashion, which would lead to, in our system, uncontrolled
hydrolysis of the BMIDA intermediate to the reactive boronic acid and subsequent

oligomerisation of the aryl units.

ii) Upon addition of restricted quantities of water to the heterogeneous solvent/base mixture
(for example, 3/4/5 equivalents etc.), the reaction mixture becomes one in which the
hygroscopic base effectively sequesters the water such that a basic biphase is generated in
which the extent of H,O/HO" release can be controlled. This, ultimately, would control the
rate of hydrolysis of the BMIDA intermediate, leading to the success of the homologation

reaction.

Based on the requirement for control of the quantity of available H,O/HO" in the reaction

mixture, optimisation began with a study of the base and water (Table 1).
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/©/BMIDA
Br

Pd(dppf)Cl, (5 mol%)

140

OH K3POy4 (3 equiv.), H,O (x equiv.)
THF (0.25 M), 90 °C, 4 h, N,

i
B.
OH

B.
O OH

! BMIDA

141

9l

or
147

R = H, B(OR),

Equiv. O %142 % 141* % 141+142® %Ph;® Reaction no.
0 25 32 57° 14 3
5 70 27 97 7 4
10 40 24 64 10 5
15 78 0 78¢ 8 6
20 60 0 60°¢ 8 7
25 62 0 62¢ 7 8

2 Conversion Determined by HPLC analysis using an internal standard.®

Remaining mass balance as unreacted starting material. € Remaining mass

balance as oligomeric material (147). 1.1 equiv. phenylboronic acid used.

Table 1. Initial base and water study.

The results shown in Table 1 indicated that the optimum number of equivalents of water at

three equiv. of base was five equiv.. Here, 97% cross-coupling conversion was observed, and

70% conversion to the boronic acid product was achieved. Given that Pd" must first be

reduced to Pd® before it is able to undergo oxidative addition to Pd" in the Suzuki-Miyaura

reaction (see section 1.1.1.), it can be assumed that, with 5 mol% of catalyst being used,

approximately 5% of all Ph, being generated in each reaction can be attributed to oxidative

homocoupling of the boronic acid starting material (two molecules of boronic acid per

molecule of Pd). The results from Table 1 are graphically represented in Figure 11.
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Cross-coupling Conversion and Boronic Acid Formation vs.
Equiv. H,0 at 3 Equiv. K;PO,
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Figure 11. Cross-coupling conversion and boronic acid formation vs. equiv. H,0 at 3 equiv.

K3POs.

As can be seen from Figure 11, at 0 equiv. H,0, the overall cross-coupling (141+142) did not
proceed to completion. This, however, was to be expected as the Suzuki-Miyaura reaction
requires the addition of water in conjunction with the base in order to achieve boronate

and/or or oxopalladium formation (the active transmetallating species - see section 1.1.1.).

As the quantity of water was increased to five equiv., excellent cross-coupling conversion
was observed. However, upon increasing water to 10 equiv., a decrease in cross-coupling
conversion was observed. At 10 equiv. water, the H,0/K3PO, ratio (10/3) represents a critical
point in the reaction medium composition in that, below 10 equiv water (i.e. H,O/K3PO, ratio
<10/3), the hygroscopic K3PQOy is able to sequester the water such that the K3PO, is essentially
sub-saturated with water. This enables the control of the rate of hydrolysis of the BMIDA
intermediate and, therefore, the overall success of the reaction. However, at 210 equiv.
water (i.e. H,O/KsPO, ratio (>10/3), the KsPO4 becomes less able to fully sequester the
increasing quantity of water. At this point, the reaction medium composition approaches a
biphasic mixture which is more akin to what is seen in the literature i.e. with co-solvent levels

of water being used (the water is sub-saturated with base) and the control over the rate of
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hydrolysis of the BMIDA starting material and BMIDA intermediate decreases, leading to the

formation of more oligomeric material and less desired product.

At quantities of water below 15 equiv. (i.e. 0 equiv., 5 equiv., and 10 equiv.), incomplete
hydrolysis of the cross-coupled BMIDA intermediate was observed and large proportions of
the product remained as the BMIDA intermediate. At 15 equiv. H,O and above (i.e. 15 equiv.,
20 equiv., and 25 equiv.), BMIDA intermediate hydrolysis was quantitative, as the base was
less able to sequester the water, and the conversion to boronic acid product was exactly

equal to the overall cross-coupling conversion.

By increasing the quantity of KsPO4 from 3 equiv. to 4 equiv. and varying quantities of water

at this level, this increased the conversion to the boronic acid product (Table 2).

BMIDA
OH
/©/ L BMIDA R
B Pd(dppf)Cl, (5 mol%) O “OH O ‘
OH K3PO, (4 equiv.), HyO (x equiv.) O O O n

B. THF (0.25 M), 90 °C, 4 h, N,
OH 142 141 147
R =H, B(OR),
38

Equiv. H,O0 %142 %141* % 141+142°® %Ph;® Reaction no.

0 5 68 73° 6 9
5 72 0 72° 5 10
7 84 8 92 6 11
10 71 17 88¢ 6 12
15 74 0 74¢ 8 13
20 82 0 82¢ 6 14
25 81 0 81¢ 6 15

2 Conversion Determined by HPLC analysis using an internal standard.®
Remaining mass balance as unreacted starting material.  Remaining mass

balance as oligomeric material (147). 1.1 equiv. phenylboronic acid used.

Table 2. Second base and water study.
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The results shown in Table 2 indicated that 7 equiv. of water and 4 equiv. of base were
optimal for conversion to boronic acid product. Here, 92% cross-coupling conversion was
observed, and 84% conversion to the boronic acid product was achieved. The results from

Table 2 are graphically represented in Figure 12.

Cross-coupling conversion and Boronic Acid Formation vs. Equiv.
H,0 at 4 Equiv. K;PO,.
100 -
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= 141 + 142

= 142

40 -

Conversion (%)
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0 T T T T T 1
0 5 7 10 15 20 25
Equiv. H,0

Figure 12. Cross-coupling conversion and boronic acid formation vs. equiv. H,O at 4 equiv.

KsPOas.

As can be seen form Figure 12, at 4 equiv. of KsPO4 both cross-coupling conversion and
conversion to boronic acid product were both generally higher, but followed similar trends
to the data at 3 equiv. water. The reasoning behind the observed trends remains the same
as with 3 equiv. base, in that, with less water, less cross-coupling was observed and also less
hydrolysis was observed and, with more water, more oligomerisation was observed due to
the increased rate of hydrolysis of the BMIDA starting material and intermediate. Based on
these results, 7 equiv. of water and 4 equiv. of base were taken as optimal and further

optimisation proceeded at this base/water ratio.

3.2.2. Temperature Study
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After the base and water studies, optimisation continued in the form of a temperature study,

starting from room temperature and reaching 90 °C (Table 3).

/©/BMIDA
Br

Pd(dppf)Cl, (5 mol%)

140

OH K3POy4 (4 equiv.), H,O (7 equiv.)

|
B. THF (0.25 M), temp., 4 h, N,

OH

?H

B.
O OH

142

! BMIDA O R

141

Temperature (°C) % 142° % 141° % 141+142° % Ph;® Reaction no.
RT 1 28 29° 0 16
70 45 18 63° 7 17
80 63 1 64° 11 18
90 84 8 92 10 19

3Conversion determined by HPLC analysis using an internal standard.® Remaining mass

balance as unreacted starting material. 1.1 equiv. phenylboronic acid used.

Table 3. Reaction temperature study.

Cr
147
R = H, B(OR),

The results shown in Table 3 confirmed that a reaction temperature of 90 °C was necessary

for complete conversion of the cross-coupling in the reaction timeframe and a temperature

of 80 °C and above was necessary for acceptable hydrolysis of the BMIDA intermediate to

the boronic acid product. Lower reaction temperatures slowed down BMIDA hydrolysis. This

data is represented graphically in Figure 13.
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Temperature
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Figure 13. Cross-coupling conversion and boronic acid formation vs. temperature.

As can be seen from Figure 13, as the temperature increased, both cross-coupling conversion
and BMIDA intermediate hydrolysis increased, with 90 °C being optimal. Based on these

results, 90 °C was taken as the optimum reaction temperature.
3.2.3. Catalyst Screen

In an attempt to increase overall conversion in the homologation reaction, a catalyst screen
was carried out. A range of Pd catalysts with varying oxidation states including Pd" catalysts
such as PdCl,, Pd(OAc),, Pd(OAc),/SPhos, Pd(dppf)Cl,, Pd(PPhs),Cl,, and Pd° catalysts such as
Pd(PPhs)s and Pd(dba)s; were used (Table 4).
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BMIDA
H
/©/ g BMIDA R
Br Catalyst (5 mol%) ‘ “OH O ‘

14°QH K3PO, (4 equiv.), H,0 (7 equiv.) O O O n
©/B\OH THF (0.25 M), 90 °C, 4 h, N, 142 141 147
R = H, B(OR),
38
Catalyst % 1427 % 141° % 141+142° % Phy® Reaction no.
Pd,(dba)s 9 0 9b 11 20
Pd(PPhs), 47 0 47° 13 21
PdCl, 7 0 7° 10 22
Pd(PPhs).Cl, 77 0 77° 15 23
Pd(dppf)Cl, 84 8 92 10 24
Pd(OAc); 37 0 37° 7 25
Pd(OAc),/SPhos® 32 2 34b 51 26

2 Conversion determined by HPLC analysis using an internal standard.® Remaining mass
balance as unreacted starting material. © 10 mol% SPhos was used. 1.1 equiv. phenylboronic

acid used.
Table 4. Catalyst screen in the formal homologation reaction.

The results shown in Table 4 revealed that Pd(dppf)Cl, was the most efficient catalyst for the
homologation reaction, leading to 92% cross-coupling conversion. Pd,(dba)s; and PdCl, each
led to <10% cross-coupling conversion and both Pd(PPhs), and Pd(OAc), led to <40% cross-
coupling conversion. Pd(PPhs),Cl>, Pd(OAc),/SPhos and Pd(dppf)Cl, each led to >75% cross-
coupling conversion with the Pd(OAc),/SPhos system generating 51% Ph,. The increased
quantity of Ph, being generated with the highly active Pd(OAc),/SPhos system?’! can be
attributed to significant protodeboronation of the boronic acid product and/or significant
oxidative homocoupling of the boronic acid starting material, since the Pd!" being continually
generated with the phosphine ligand is reduced to Pd® by transmetallation with boronic
acid, and reductive elimination affords Ph,. Based on these results, Pd(dppf)Cl, remained the

catalyst of choice for the homologation reaction.
3.2.4. Concentration Study

In order to increase overall conversion, a concentration study was undertaken in which the

reaction was diluted in increments (Table 5).
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BMIDA
/©/ gH BMIDA R
B Pd(dppf)Cl, (5 mol%) ‘ “OH ‘ O
OH KsPO, (4 equiv.), H,O (7 equiv.) O O O n

B on THF (X M), 90 °C, 4 h, N, 142 141 147
R =H, B(OR),
38

Concentration (M) % 142® % 141° % 141+142° % Ph;® Reaction no.

0.1 90 6 96 6 27
0.15 88 2 90 7 28
0.185 86 0 86 8 29
0.25 84 8 92 6 30

aConversion determined by HPLC analysis using an internal standard.
Table 5. Concentration screen in the formal homologation reaction.

Cross-coupling Conversion and Boronic Acid Formation vs.
Concentration
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Figure 14. Cross-coupling conversion and boronic acid formation vs. concentration.

The results shown in Table 5 indicated that the optimum concentration for the homologation

reaction was 0.1 M.

3.4. Reaction Scope
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With optimised conditions in hand, the next stage of the project was to investigate the scope

of the homologation reaction. A range of boronic acid starting materials were tolerated, as

were different bromoaryl MIDA boronates. The generated substrates are shown in Figure 15.
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Figure 15. Formal homologation reaction substrate scope. Yields are isolated yields of pure

compounds.? Compound isolated as the BFsK derivative.
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As shown in Figure 15, the homologation reaction tolerated a functionally diverse range of
boronic acids and BMIDAs with functionality such as ethers (151, 152, 154, 155, 157, 158,
159, 162, 163, 166, 167), thioethers (148, 156), fluoroarenes (149, 160, 162, 166),
trifluoromethyl groups (149), amines (159), indoles (157), pyridines (149, 150, 155, 158, 161,
162, 164), thiophenes (165), and pyrazoles (153). The developed reaction conditions also
allowed for the chemoselective cross-coupling of aryl bromides over aryl chlorides (x). Not
only was the homologation reaction applicable to bromoaryl BMIDAs but bromovinyl BMIDAs
(148, 153, 165) also performed well in the homologation reaction, generating functionalised
vinyl boronic acid derivatives in good vyields. It is appropriate to note that both vinyl and

112, 113

heteroaryl boronic acids, which can be typically prone to protodeboronation, were

generated efficiently in the developed process.
3.5. The Homologation Reaction as a Platform for Diversity-oriented Synthesis

Diversity-oriented synthesis (DOS) has emerged as a powerful method for the generation of
privileged small molecule libraries which bear significant potential to explore novel chemical
and biological space.’’>17® By investigating new areas of chemical space, new areas of
biological space can in turn be discovered and targeted by utilising derivatives of privileged
small molecule motifs (Scheme 33).27% The development of DOS libraries can thus be of

significant value for the exploration of druggable targets.
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Scheme 33. Park’s substructure-based design strategy for the discovery of specific small-

molecule modulators.

Scheme 33 shows Park’s work in utilizing a privileged chromone substructure as a starting
material for the synthesis of a number of bioactive molecules via syntheses a,'’® b,*® ¢’
and d.2”® This work is a representative example of DOS and shows the strong potential for

using privileged motifs as small molecule modulator precursors.

In order to demonstrate the ability of the developed formal boronic acid homologation to
provide rapid access to new chemical space, derivatives of a favored pharmacophore which
is currently used within epigenetic drug discovery were to be prepared using the
methodology. Bromodomain and extra terminal domain (BET) inhibitors are targets of

179 and there are a number of

particular interest within drug discovery programmes
compounds that have been developed which act as inhibitors of BET, a selection of which are

shown in Figure 16.18
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Figure 16. Known BET protein inhibitors.

As can be seen from Figure 16, a number of the compounds which are known potent BET
protein binders are derivatives of 3,5-dimethylisoxazole motifs (168, 169, 170, 171, 172). For
example, compound 170 is an inhibitor of BRD4 and CREBBP BET proteins® which recognise
and interact with acetylated lysine (AcK) residues on DNA histones, acting as selective readers
of lysine acetylation.?®% 18 These BET protein-AcK interactions are known to have an adverse
effect on transcriptional regulation and chromatin assembly which, in turn, can lead to a
number of diseases.183184185186 Tha key feature of compound 170 is the dimethylisoxazole
motif, which acts as an AcK mimic, inhibiting BET proteins from interacting with the AcK on
the DNA histone, and the core trisubstituted arene and pendant phenylmethanol provides

isoform selectivity and potency modulation vectors.'®

Selecting compound 170 (Figure 16) as a suitable pharmacophore for the DOS-based
application of the methodology, installation of dimethylisoxazole motif 177 onto the 1,3,5-
trisubstituted aryl core, 176, using the developed boronic acid homologation protocol

provided the key intermediate 178 in 83% yield (Scheme 34).
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Scheme 34. Synthesis of intermediate 178 using the boronic acid homologation protocol.

From the key reactive boronic acid intermediate 178, a range of derivatives of the BET
inhibiting compounds shown in Figure 16 were expediently accessed, displaying the
versatility of the boronic acid homologation towards privileged substructure-based DOS

(Scheme 35).
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Scheme 35. DOS-based formal homologation and subsequent functionalisation of boronic

acids. Reaction conditions: a) 178 (1.1 equiv.), 4-bromobenzonitrile (1 equiv.), PdCl.dppf (5

mol%), KsPOs (3 equiv.), H,O (5 equiv.), THF, 70 °C, 1 h; b) 178 (1.5 equiv.), morpholine (1

equiv.), Cu(OAc); (10 mol%), MS 4A, 0,, CH,Cl,, 40 °C, 24 h; c) 178 (1 equiv.), methyl vinyl

157



ketone (2 equiv.), [Rh(COD)CI]; (2 mol%), Na,COs (2 equiv.), H,0, 80 °C, 16 h; d) 178 (1
equiv.), H20; (10 equiv.), THF, rt, 2 h; e) 178 (1 equiv.), methyl acrylate (1.5 equiv.), 1,4-
benzoquinone (1 equiv.), Pd(OAc)2 (2 mol%), phenanthroline (2.5 mol%), MeCN, 60 °C, 16 h;
f) 178 (1 equiv.), N-bromosuccinimide (1.5 equiv.), THF, rt, 16 h; g) 178 (1 equiv.), benzyl
bromide (1.5 equiv.), PdCl.dppf (5 mol%), K3sPOs (4 equiv.), H,O (20 equiv.), THF, 90 °C, 5 h.

Scheme 35 summarises the application of the developed methodology towards DOS-based
privileged substructure generation and subsequent derivatisation. A number of derivatives
of the biologically active BET protein binding compounds shown in Figure 16 were prepared
in two synthetic steps (an improvement on the current 5-6 step routes towards these

180 yjg the reactive boronic acid intermediate, 178. The versatility of the boronic

compounds)
acid motif made possible transformations such as Suzuki cross-couplings (a, g) to access
compounds 179 and 185 in high yields. 178 could then be converted to 170 - another known
BET binding compound - using conditions previously reported within the group.®” Chan-
Evans-Lam coupling (b) of 178 with morpholine enabled access to amine derivative 180 in
high yield also. Using Hayashi chemistry (c), 178 was converted to the corresponding ketone
derivative, 181. Oxidation (d) of 178 to the phenol proceeded quantitatively and oxidative

Heck chemistry (e) afforded the unsaturated ester derivative in high yield. Halogenation (f)

of 178 provided the corresponding bromide product.
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4, Conclusions

In conclusion, the chemoselective formal homologation of boronic acids was successfully
validated and the process was optimised to achieve high yields of homologated boronic acid

(Scheme 36).

Validation

O 0% | 27%
141 :

BMIDA
OH
Br” 370 oH Pd(dppf)Cl, (5 mol%) B on .
! K3POy4 (3 equiv.), H,O (5 equiv.) H
B. 3V 2 o o/ ' 7m0,
OH THF (0.25 M), 90 °C, x h, N, O Optimised 67% : 70%
142 90% :

38

1.1 equiv. ‘
O 33%: 3%

143

Scheme 36. Initial validation results of the homologation reaction and final optimised

reaction conversion.

The methodology was then successfully applied to gain access to a wide range of 22
substrates, generating an attractive range of novel aryl, vinyl and heterocyclic boronic acids

in moderate to excellent yields (Scheme 37).

B(OH),

B(OH). BMIDA Pd(dppf)Cl, (5 mol%) @
®/ Br KsPO, (4 equiv.), H,O (7 equiv.) @

186 187 THF (0.1 M), 90 °C, 4 h, N, 188

22 examples
46-95% yield

Scheme 37. Homologation reaction scope.

To demonstrate the utility of the methodology within diversity-oriented synthesis, the
methodology was successfully applied to the expedient synthesis of a range of

pharmaceutically relevant BET binding inhibitor compounds (Figure 17).
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Figure 17. Application of the developed methodology in a diversity-oriented synthesis

fashion.
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5. Future work
The methodology which has been developed could be advanced in the following ways:

i) Work could be done to elucidate the mechanism of BMIDA hydrolysis. Isotopic labelling
could be employed by using O*®-labelled water in the reaction and analysing the isotopic
composition of the reaction products. Detecting 0 -labelled MIDA acid by-product would be
a significant development in elucidating the mechanism, as the isotopic composition of this
could correspond to a BAc? hydrolysis mechanism rather than the standard

association/dissociation mechanism associated with Bpin hydrolysis.

ii) The development of one-pot protocols in which the generated boronic acid is further
reacted in situ to generate more complex molecules in one synthetic step would be a valuable

extension of the methodology (Scheme 38).

R2 (?H R4
\ N B\OH 3ﬁ\\ BMIDA
H/:;/ R [/ P2
R! Br
Pd (cat.)
OH R?
3
\ J—
s
R1 R!
3— F‘}
:)/ R;)/

Scheme 38. One-pot boronic acid homologation/functionalisation protocol.

iii) Further optimising the homologation process to generate a system in which the reaction
can be carried out in a vessel which does not have to be pressure-sealed or carried out at
high temperature would also be beneficial to the methodology, as the scale could be
increased and the reaction carried out more mildly. Thorough solvent and temperature

screening could be a means of achieving these objectives.
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6. Experimental
6.1. Reagents

All reagents and solvents were obtained from commercial suppliers and were used without
further purification unless otherwise stated. Purification was carried out according to

standard laboratory methods.*°
6.2. Purification of Solvents

i) Tetrahydrofuran used for dry reactions was obtained from a PureSolv SPS-400-5 solvent
purification system. These solvents were transferred to and stored in a septum-sealed oven-
dried flask over previously activated 4 A molecular sieves and purged with and stored under

nitrogen.

ii) Acetonitrile, dichloromethane, diethyl ether, dimethylformamide, ethyl acetate, and
petroleum ether 40-60 °C for reaction solvent or purification purposes were used as obtained

from suppliers without further purification.
6.3. Experimental Details

i) Moisture-sensitive reactions were carried out using microwave vial glassware. The

glassware was oven-dried and purged with N, before use.
ii) Purging refers to a vacuum/nitrogen-refilling procedure.
iii) Reactions were carried out at 0 °C using ice/water baths.
iv) Room temperature was generally ca. 18 °C.

v) Reactions carried out at elevated temperatures were done so using a temperature-

regulated hotplate/stirrer.
6.4. Purification of Products

i) Thin layer chromatography was carried out using Merck silica plates coated with
fluorescent indicator UV254. These were analysed under 254 nm UV light or developed using

potassium permanganate solution.
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ii) Normal phase flash chromatography was carried out using ZEOprep 60 HYD 40-63 um silica
gel. Reverse phase flash chromatography was carried out using Isolute SPE C18(EC) or

ZEOprep 60 HYD 40-63 um silica gel.
6.5. Analysis of Products

i) Fourier Transformed Infra-Red (FTIR) spectra were obtained on a Shimadzu IRAffinity-1

machine.
ii) I°F NMR spectra were obtained on a Bruker AV 400 spectrometer at 376 MHz.
i) 1B NMR spectra were obtained on a Bruker AV 400 spectrometer at 128 MHz.

iv) IH and *C NMR spectra were obtained on either a Bruker AV 400 at 400 MHz and 125
MHz, respectively, or Bruker DRX 500 at 500 MHz and 126 MHz, respectively. Chemical shifts
are reported in ppm and coupling constants are reported in Hz with CDCl; referenced at 7.27

ppm (*H) and 77.36 ppm (*3*C) and DMSO-ds referenced at 2.50 ppm (*H) and 39.52 ppm (*3C).

v) High-resolution mass spectra were obtained through analysis at the EPSRC UK National
Mass Spectrometry Facility at Swansea University or at the Strathclyde Institute of Pharmacy
and Biomedical Sciences. Products in which the high-resolution mass spectra show the
‘adduct + Et Gly’ were generated by the addition of ethylene glycol to the sample to be
analysed. This is a technique used by the EPSRC UK National Mass Spectrometry Facility to
detect ethylene glycol ester derivatives of boronic acids which can be difficult to detect as

the free boronic acid.

vi) Reverse phase HPLC data was obtained on an Agilent 1200 series HPLC using a Machery-
Nagel Nucleodur C18 column. For 142, analysis was performed using a gradient method,
eluting with 5 - 80% MeCN/H,0 over 16 minutes at a flow rate of 2 mL/min. tg = 6.7 min.
Samples for HPLC analysis were prepared through the addition of 2 mL of caffeine standard
solution to the completed reaction mixture, the resulting solution was then stirred before
the removal of a 200 pL aliquot. The aliquot was diluted to 1 mL with MeCN and was then
filtered through cotton wool/Celite. A 200 pL aliquot of the filtered solution was then further
diluted with 800 pL MeCN and 500 pL H,0 for HPLC analysis against established conversion

factors.
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7. General Experimental Procedures and Reaction Data
General Experimental Procedure A: Preparation of BMIDA compounds.
For example, for 4-biphenylboronic acid MIDA ester, 141

A round-bottomed flask with magnetic stirrer bar was charged with 4-biphenylboronic acid
(1 equiv, 0.5 mmol, 99.0 mg), N-methyliminodiacetic acid (1.05 equiv, 0.525 mmol, 77.0 mg),
and DMF (0.075 M, 227 mL). The reaction was heated to 100 °C for 16 hours. Upon
completion the reaction was allowed to cool to room temperature and the solvent was
removed under reduced pressure to afford a white slurry. Et,O (50 mL) was added and the
resulting white precipitate was removed by filtration and washed with Et,0 (2 x 50 mL). The

solid was collected to afford 141 as a white amorphous solid (153.0 mg, 99%).

Reaction no. Qty. Boronic Acid  Qty. MIDA Acid  Product, Mass, Yield

60 99.0 mg 77.0 mg 141, 153.0 mg, 99%
61 3.00¢g 2.10g 189,4.31g,97%
62 875.0 mg 618.0 mg 190, 994.0 mg, 75%

General Experimental Procedure B: Formal homologation of boronic acids - isolation of the

boronic acid.
For example, for 4-biphenylboronic acid, 142.

An oven-dried microwave vial containing a magnetic stirrer bar was charged with 4-
bromophenylboronic acid MIDA ester (140, 1 equiv, 0.25 mmol, 78.0 mg), phenylboronic acid
(1.1 equiv, 0.275 mmol, 33.5 mg), Pd(dppf)Cl,-CHCl> (5 mol%, 0.0125 mmol, 10.2 mg), and
anhydrous K3PO4 (4 equiv, 1 mmol, 212.3 mg). The vial was sealed and purged with N, before
the addition of THF (0.1 M, 2.5 mL) and H,0 (7 equiv, 1.75 mmol, 31.5 uL). The reaction was
heated to 90 °C for 4 hours then was allowed to cool to room temperature. The reaction
mixture was loaded directly onto a reverse phase flash chromatography column with a short
pad of celite on top and eluted with 25-40% MeCN (+0.1% TFA) in H,0 (+0.1% TFA). Fractions
containing product were collected and evaporated to afford 142 as a white amorphous solid

(47.0 mg, 95%).
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Reaction no. Qty. Qty. Qty. Qty. Qty. Product, Mass,
Br-R-BMIDA Pd Cat. Boronic Acid K3PO4 H,0 Conversion?/Yield®
1 78.0 mg 10.2 mg 33.5mg 159.2mg  23pulL 142, 67%°
2 78.0 mg 10.2 mg 33.5mg 159.2mg 23 pulL 142, 70%°
3 78.0 mg 10.2 mg 33.5mg 159.2 mg OouL 142, 25%°
4 78.0 mg 10.2 mg 33.5mg 159.2mg  23pulL 142, 70%°
5 78.0 mg 10.2 mg 33.5mg 159.2mg  45pulL 142, 40%°
6 78.0 mg 10.2 mg 33.5mg 159.2 mg 68 uL 142, 78%°
7 78.0 mg 10.2 mg 33.5mg 159.2mg  91uL 142, 60%*
8 78.0 mg 10.2 mg 33.5mg 159.2mg 113 uL 142, 62%°
9 78.0 mg 10.2 mg 33.5mg 212.3 mg OpuL 142, 5%°
10 78.0 mg 10.2 mg 33.5mg 2123 mg 23 pulL 142, 72%°®
11 78.0 mg 10.2 mg 33.5mg 2123 mg  32ulL 142, 84%°®
12 78.0 mg 10.2 mg 33.5mg 2123 mg  45ulL 142, 71%°
13 78.0 mg 10.2 mg 33.5mg 212.3 mg 68 pL 142, 74%*?
14 78.0 mg 10.2 mg 33.5mg 212.3 mg 91 uL 142, 82%*?
15 78.0 mg 10.2 mg 33.5mg 2123 mg 113 uL 142, 81%°
16 78.0 mg 10.2 mg 33.5mg 212.3 mg 32l 142, 1%
17 78.0 mg 10.2 mg 33.5mg 212.3 mg 32l 142, 45%°?
18 78.0 mg 10.2 mg 33.5mg 212.3 mg 32 L 142, 63%°?
19 78.0 mg 10.2 mg 33.5mg 2123 mg  32ulL 142, 84%*®
20 78.0 mg 10.2 mg 33.5mg 2123 mg  32ulL 142, 9%°*
21 78.0 mg 10.2 mg 33.5mg 2123 mg  32ulL 142, 47%°®
22 78.0 mg 10.2 mg 33.5mg 2123 mg  32ulL 142, 7%*
23 78.0 mg 10.2 mg 33.5mg 2123 mg  32ulL 142, 77%°
24 78.0 mg 10.2 mg 33.5mg 2123 mg  32ulL 142, 84%*®
25 78.0 mg 10.2 mg 33.5mg 2123 mg  32ulL 142, 37%°
26 78.0 mg 10.2 mg 33.5mg 212.3 mg 32 L 142, 32%*
27 78.0 mg 10.2 mg 33.5mg 212.3 mg 32 L 142, 90%°
28 78.0 mg 10.2 mg 33.5mg 212.3 mg 32 puL 142, 88%*°
29 78.0 mg 10.2 mg 33.5mg 212.3 mg 32l 142, 86%*®
30 78.0 mg 10.2 mg 33.5mg 212.3 mg 32l 142, 84%*
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31 78.0 mg 10.2 mg 33.5mg 212.3 mg 32 uL 142, 47.0 mg, 95%"

32 65.5 mg 10.2 mg 46.2 mg 212.3 mg 32 uL 148, 42.2 mg, 87%"
33 78.2 mg 10.2 mg 57.2mg 212.3 mg 32 uL 149, 37.1 mg, 52%"
34 78.2 mg 10.2 mg 52.3mg 212.3 mg 32 uL 150, 42.0 mg, 63%°
37 65.5mg 10.2 mg 55.6 mg 212.3 mg 32 uL 153, 42.8 mg, 75%"
38 85.5 mg 10.2 mg 53.4mg 212.3 mg 32 uL 154, 57.0 mg, 76%°
39 78.2 mg 10.2 mg 42.0 mg 212.3 mg 32 uL 155, 39.7 mg, 69%°
41 85.5mg 10.2 mg 44.3 mg 2123 mg  32ulL 157, 42.7 mg, 64%"°
42 85.5mg 10.2 mg 42.0 mg 212.3 mg 32 uL 158, 45.3 mg, 70%°
44 82.5mg 10.2 mg 44.3 mg 212.3 mg 32 uL 160, 33.2 mg, 52%°
45 78.2mg 10.2 mg 52.5mg 2123 mg  32ulL 161, 30.8 mg, 46%"°
46 82.5mg 10.2 mg 42.0 mg 212.3 mg 32l 162,41.4 mg, 67%"°
48 78.2 mg 10.2 mg 33.5mg 212.3 mg 32l 164, 37.8 mg, 76%°
49 65.5 mg 10.2 mg 35.2mg 212.3 mg 32l 165, 25.8 mg, 67%°
50 78.0 mg 10.2 mg 46.8 mg 212.3 mg 32l 166, 54.7 mg, 89%°
52 85.5mg 10.2 mg 38.7mg 212.3 mg 32l 178,51.3 mg, 83%°

General Experimental Procedure C: Formal homologation of boronic acids - isolation as the

potassium trifluoroborate.

For example, for (4-(2,3-dihydrobenzo[b][1,4]dioxin-6-yl)phenyl)boronic acid, potassium

trifluoroborate derivative, 152.

An oven-dried microwave vial containing a magnetic stirrer bar was charged with 4-
bromophenylboronic acid MIDA ester (140, 1 equiv, 0.25 mmol, 78.0 mg), (2,3-
dihydrobenzo[b][1,4]dioxin-6-yl)boronic acid (1.1 equiv, 0.275 mmol, 49.5 mg),
Pd(dppf)Cl,-CH,Cl> (5 mol%, 0.0125 mmol, 10.2 mg), and anhydrous K3PO, (4 equiv, 1 mmol,
212.3 mg). The vial was sealed and purged with N before addition of THF (0.1 M, 2.5 mL) and
H,0 (7 equiv, 1.75 mmol, 31.5 pL). The reaction was heated to 90 °C for 4 hours then was
allowed to cool to room temperature. The reaction mixture was treated with KHF, (6 equiv,
1.5 mmol, 117.2 mg) and heated to 90 °C for a further 2 hours. The reaction mixture was

allowed to cool to room temperature before addition of Et,0 (3 mL). The resulting precipitate
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was filtered and washed with Et,0 (3 x 5 mL). The solid was collected to afford 152 as a white

amorphous solid (63.6 mg, 80%).

Reaction no. Qty. Qty. Qty. Qty. Qty. Qty. Product, Mass, Yield
BMIDA PdCat. Boronic Acid KsPO4 H.O KHF,
35 78.0mg 10.2mg 41.8 mg 2123 mg 32puL 117.2mg 151, 60.9 mg, 84%
36 78.0mg 10.2mg 49.5 mg 2123 mg 32puL 117.2mg 152, 63.6 mg, 80%
40 78.0mg 10.2mg 46.2 mg 2123 mg 32puL 117.2mg 156, 63.5 mg, 83%
43 85.5mg 10.2mg 45.4 mg 2123 mg 32puL 117.2mg 159, 73.3 mg, 88%
47 85.5mg 10.2mg 41.8 mg 2123 mg 32puL 117.2mg 163, 70.4 mg, 88%
51 85.5mg 10.2mg 41.8 mg 2123 mg 32uL 117.2mg 167,72.8 mg, 91%
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8. Compound Characterisation Data

2-([1,1'-Biphenyl]-4-yl)-6-methyl-1,3,6,2-dioxazaborocane-4,8-dione, 141.

Me\N/io\fo
¥

! B-O

Prepared according to General Experimental Procedure A using 4-biphenylboronic acid (1
equiv, 0.5 mmol, 99.0 mg) and N-methyliminodiacetic acid (1.05 equiv, 0.525 mmol, 77.0 mg)
to afford 141 as a white amorphous solid (153.0 mg, 99%).

Umax (solid): 3006, 2958, 1742, 1461, 1448, 1210, 985 cm™.

'H NMR (400 MHz, DMSO-dg): 8 7.70-7.65 (m, 4H), 7.53 (d, 2H, J = 8.1 Hz), 7.47 (t, 2H,/=7.9
Hz), 7.39-7.35 (m, 1H), 4.36 (d, 2H, J=17.6 Hz), 4.14 (d, 2H, J = 17.8 Hz), 2.55 (s, 3H).

13C NMR (400 MHz, DMSO-de): & 169.4, 140.5, 140.1, 133.1, 128.9, 127.5, 126.6, 125.9, 61.8,

47.6. 1 carbon signal not observed/coincident.
118 NMR (400 MHz, DMSO-d¢): & 12.3.

HRMS: exact mass calculated for [M + NH4]* (C17H20BN204) requires m/z 327.1511, found [M
+ NHa4]* m/z 327.1514.

[1,1’-Biphenyl]-4-ylboronic acid, 142.

OH

B.
O OH

Prepared according to General Experimental Procedure B using phenylboronic acid (1.1
equiv, 0.275 mmol, 33.5 mg) and 4-bromophenylboronic acid MIDA ester (1 equiv, 0.25
mmol, 78.0 mg) to afford 142 as a white amorphous solid (47.0 mg, 95%).

Umax (solid): 3330, 3054, 3032, 1606, 1552, 1331 cm™.
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14 NMR (400 MHz, DMSO-ds): 5 8.07-8.00 (m, 2H), 7.88 (d, 2H, J = 8.0 Hz), 7.69 (d, 2H, J = 7.8
Hz), 7.64 (d, 2H, J = 8.1 Hz), 7.47 (t, 2H, J = 7.9 Hz), 7.37 (t, 1H, J = 7.9 Hz).

13C NMR (400 MHz, DMSO-d): & 141.6, 140.1, 134.8, 128.9, 127.5, 126.7, 125.6. 1 carbon

signal not observed/coincident.
1B NMR (400 MHz, DMSO-ds): & 28.4.

HRMS: exact mass calculated for [M + H]* (C12H1,BO,) requires m/z 199.0847, found [M +
H]* m/z 199.0844.

HPLC assay: tg = 6.7 min.

(E)-(4-(Methylthio)styryl)boronic acid, 148.

/@/\/ B(OH),
MeS

Prepared according to  General Experimental Procedure B using (4-
(methylthio)phenyl)boronic acid (1.1 equiv, 0.275 mmol, 46.2 mg) and (E)-(2-
bromovinyl)boronic acid MIDA ester (1 equiv, 0.25 mmol, 65.5 mg) to afford 148 as a white

amorphous solid (42.2 mg, 87%).
Lmax (solid): 3341, 2954, 2919, 2854, 1621, 1593, 1348, 987, 805 cm™.

1H NMR (400 MHz, DMSO-de): & 7.73 (s, 2H), 7.41 (m, 2H), 7.24 (m, 2H), 7.20 (d, 1H, J = 18.3
Hz), 6.06 (d, 1H, J = 18.3 Hz), 3.28 (s, 3H).

13C NMR (400 MHz, DMSO-ds): & 145.2, 138.6, 134.3, 127.1, 125.9, 14.5. 1 carbon signal not

observed/coincident.
1B NMR (400 MHz, DMSO-dg): 6 31.1.

HRMS: exact mass calculated for [M +Et Gly + H]* (C11H14BO,S) requires m/z 221.0802, found
[M + Et Gly + H]* m/z 221.0797.
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M + Et Gly =

CF3

Prepared according to General Experimental Procedure B using (4-fluoro-3-
(trifluoromethyl)phenyl)boronic acid (1.1 equiv, 0.275 mmol, 57.2 mg) and (5-bromopyridin-
3-yl)boronic acid MIDA ester (1 equiv, 0.25 mmol, 78.2 mg) to afford 149 as a white
amorphous solid (37.1 mg, 52%).

Umax (solid): 1614, 1438, 1359, 1332, 1303, 1256, 1127, 1069, 732 cm™.

IH NMR (500 MHz, DMSO-dg): & 8.68 (d, 1H, J = 2.0 Hz), 8.64 (d, 1H, J = 2.0 Hz), 8.33 (t, 1H, J
= 2.1 Hz), 8.20-8.09 (m, 2H), 7.51-7.39 (m, 1H). 2 proton signals not observed.

13C NMR (126 MHz, DMSO-ds): 6 160.1 (d, Ycr = 254.5 Hz), 148.8, 147.0, 140.2 (td, Jor = 107.1
Hz, Jor = 8.2 Hz), 138.3, 132.69 (q, Jor = 3.8 Hz), 131.7, 131.7, 131.4 (d, “Jcs = 3.8 Hz), 130.7
(d,J = 3.6 Hz), 126.2, 124.1, 121.3, 120.3, 116.3 (d, Ycr = 19.3 Hz), 119.8, 116.4, 116.3, 116.1
(d, “Jer = 3.7 Hz), 116.0 (d, *Jcr = 6.9 Hz), 115.8 (d, *Jcr = 11.3 Hz).

118 NMR (128 MHz, DMSO-dg): & 26.1.
19F NMR (376 MHz, DMSO-de): & -59.9 (d, 3F, J = 11.3 Hz), -114.8 (m, 1F).

HRMS: exact mass calculated for [M+H]* (C12HoBF4NO>) requires m/z 286.0659, found [M+H]*
m/z 286.0659.
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(5-(4-Cyclopentylphenyl)pyridin-3-yl)boronic acid, 150.

Prepared according to General Experimental Procedure B using (4-cyclopentylphenyl)boronic
acid (1.1 equiv, 0.275 mmol, 52.3 mg) and (5-bromopyridin-3-yl)boronic acid MIDA ester (1
equiv, 0.25 mmol, 78.2 mg) to afford 150 as a white amorphous solid (42.0 mg, 63%).

Umax (solid): 3265, 2963, 1612, 1409, 1350, 1185, 1089, 1020, 748 cm™.

1H NMR (500 MHz, DMSO-dg): 6 8.73 (d, 2H, J = 2.1 Hz), 8.46 (t, 1H, J = 2.2 Hz), 7.69 (d, 2H, J
= 8.0 Hz), 7.19 (d, 2H, J = 7.9 Hz), 3.56 (br.s, 2H), 2.98-2.92 (m, 1H), 2.02-1.96 (m, 2H), 1.76-
1.74 (m, 2H), 1.68-1.59 (m, 2H), 1.56-1.48 (m, 2H).

13C NMR (126 MHz, DMSO-de): 6 149.1, 147.9, 140.9, 134.2, 126.0, 120.6, 45.3, 34.1, 25.1. 3

carbon signals not observed/coincident.
118 NMR (128 MHz, DMSO-ds): 6 29.9.

HRMS: exact mass calculated for [M+H]* (C16H1sBNO,) m/z requires 268.1432, found [M+H]*
m/z 268.1431.

Trifluoro(4'-methoxy-[1,1'-biphenyl]-2-yl)-14-borane, potassium salt, 151.

! OMe
l BF;K

Prepared according to General Experimental Procedure C using (4-methoxyphenyl)boronic
acid boronic acid (1.1 equiv, 0.275 mmol, 41.8 mg) and 2-bromophenylboronic acid MIDA
ester (1 equiv, 0.25 mmol, 78.0 mg) to afford 151 as an off-white amorphous solid (60.9 mg,
84%).

Umax (solid): 3006, 2835, 1608, 1515, 1435, 1247, 1190, 751 cm™.
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1H NMR (400 MHz, DMSO-dg): & 7.54 (dd, 1H, J = 7.8, 1.8 Hz), 7.39 (dt, 2H, J = 7.7, 2.0 Hz),
7.09-7.02 (m, 2H), 6.97 (dd, 1H, J = 7.1, 1.6 Hz), 6.82 (dd, 2H, J = 7.8, 1.9 Hz), 3.76 (s, 3H).

13C NMR (400 MHz, DMSO-de): 8 157.2, 144.9, 138.5, 133.0, 133.0, 130.1, 128.6, 125.1, 124.5,
112.2, 54.8.

1B NMR (400 MHz, DMSO-dg): 6 2.80.
9F NMR (400 MHz, DMSO-dg): & -139.2.

HRMS: exact mass calculated for [M - K] (C13H11BF30) requires m/z 251.0861, found [M - K]
m/z 251.0863.

(4-(2,3-Dihydrobenzo[b][1,4]dioxin-6-yl)phenyl)trifluoro-14-borane, potassium salt, 152.

! BF4K

o)

Lo
Prepared according to General Experimental Procedure C using (2,3-
dihydrobenzo[b][1,4]dioxin-6-yl)boronic acid (1.1 equiv, 0.275 mmol, 49.5 mg) and 4-

bromophenylboronic acid MIDA ester (1 equiv, 0.25 mmol, 78.0 mg) to afford 152 as an off-
white amorphous solid (63.6 mg, 80%).

Umax (solid): 2961, 2881, 1587, 1493, 1312, 1230, 803 cm™.

1H NMR (400 MHz, DMSO-ds): & 7.35 (d, 2H, J = 8.2 Hz), 7.29 (d, 2H, J = 8.1 Hz), 7.06-7.04 (m,
2H), 6.87 (d, 1H, J = 8.0 Hz), 4.25 (s, 4H).

13C NMR (400 MHz, DMSO-dg): 8 143.5, 142.4,136.2,134.9,131.8,124.2,119.1, 117.2,114.6,

64.1. 2 carbon signals not observed/coincident.
118 NMR (400 MHz, DMSO-de): & 3.4.

9F NMR (400 MHz, DMSO-dg): 8 -139.0.
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HRMS: exact mass calculated for [M - K] (C14H11BF30,) requires m/z 279.0810, found [M - K]
m/z 279.0812.

(E)-(2-(1-Benzyl-1H-pyrazol-4-yl)vinyl)boronic acid, 153.

N\//j/\/ B(OH)2
N

Ph

Prepared according to General Experimental Procedure B using (1-benzyl-1H-pyrazol-4-
yl)boronic acid (1.1 equiv, 0.275 mmol, 55.6 mg) and (E)-(2-bromovinyl)boronic acid MIDA
ester (1 equiv, 0.25 mmol, 65.5 mg) to afford 153 as a white amorphous solid (42.8 mg, 75%).

Umax (solid): 3456, 3276, 2922, 1632, 1429, 1372, 1346, 987, 702 cm™.

1H NMR (400 MHz, DMSO-ds): 8 7.96 (s, 1H), 7.63 (s, 1H), 7.56 (brs, 1.5H), 7.34 (t, 2H, J = 7.4
Hz), 7.28 (t, 1H, J = 7.3 Hz), 7.23 (d, 2H, J = 7.3 Hz), 7.09 (d, 1H, J = 18.4 Hz), 5.73 (d, 1H, J =
18.5 Hz), 5.29 (s, 2H).

13C NMR (400 MHz, DMSO-dg): 6 137.4,137.4,136.9, 136.7, 128.9, 128.5, 127.6, 127.5, 121.8,
54.8.

B NMR (400 MHz, DMSO-dg): 8 27.8.

HRMS: exact mass calculated for [M + Et Gly + H]* (C14H16BN20O>) requires m/z 255.1299, found
[M + Et Gly + H]* m/z 255.1296.

M + Et Gly =

o

N

Ph
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(3'-Isobutoxy-4-methoxy-[1,1'-biphenyl]-3-yl)boronic acid, 154.

OMe

O B(OH),
O o/\r Me

Me

Prepared according to General Experimental Procedure B using (3-isobutoxyphenyl)boronic
acid (1.1 equiv, 0.275 mmol, 53.4 mg) and (5-bromo-2-methoxyphenyl)boronic acid MIDA
ester (1 equiv, 0.25 mmol, 85.5 mg) to afford 154 as a white amorphous solid (57.0 mg, 76%).

Umax (solid): 3406, 2980, 2913, 1598, 1485, 1468, 1390, 1178, 1214, 1030 cm™.

IH NMR (400 MHz, DMSO-ds): & 7.82 (d, 1H, J = 1.9 Hz), 7.79 (br.s., 2H,), 7.68 (dd, 1H, J = 7.9,
2.0 Hz), 7.32 (t, 1H, J = 8.1 Hz), 7.15 (d, 1H, J = 8.0 Hz), 7.11 (s, 1H), 7.05 (d, 1H, J = 8.1 Hz),
6.87 (dd, 1H, J = 8.1, 2.1 Hz), 3.84 (s, 3H), 3.81 (d, 2H, J = 3.9 Hz), 2.03 (app. sept, 1H, J= 7.7
Hz, 3.9 Hz), 1.00 (d, 6H, J = 8.2 Hz).

13C NMR (400 MHz, DMSO-de):  163.1, 159.3, 141.5,133.5,132.0, 129.9, 129.8, 118.4, 112.7,
112.3,110.8, 73.7, 55.5, 27.8, 19.1. 1 carbon signal not observed/coincident.

B NMR (400 MHz, DMSO-dg): 6 27.8.

HRMS: exact mass calculated for [M + H]* (C17H22B0O4) requires m/z 301.1606, found [M + H]*
m/z301.1607.

(6'-Methoxy-[3,3'-bipyridin]-5-yl)boronic acid, 155.
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Prepared according to General Experimental Procedure B using (6-methoxypyridin-3-
yl)boronic acid (1.1 equiv, 0.275 mmol, 42.0 mg) and (5-bromopyridin-3-yl)boronic acid MIDA
ester (1 equiv, 0.25 mmol, 78.2 mg) to afford 155 as a white amorphous solid (39.7 mg, 69%).

Umax (solid): 3323, 2955, 1655, 1603, 1562, 1598, 1329, 1245, 1057, 1014, 794 cm™.

IH NMR (500 MHz, DMSO-ds): & 8.69 (d, 1H, J = 1.9 Hz), 8.65 (d, 1H, J = 2.0 Hz), 8.52 (dd, 1H,
J=2.0,0.7 Hz), 8.33 (t, 1H, J = 2.0 Hz), 8.07 (br.s, 2H), 8.00 (dd, 1H, J = 8.3, 2.0 Hz), 6.75 (dd,
1H, J = 8.3, 0.7 Hz), 3.85 (s, 3H).

13C NMR (126 MHz, DMSO-dg): 6 164.8,153.2, 148.8, 146.9, 144.4, 138.3, 131.7,120.3, 109.5,

52.9. 1 carbon signal not observed/coincident.
118 NMR (128 MHz, DMSO-ds): 5 28.4.

HRMS: exact mass calculated for [M+H]* (C11H12BN,0s) requires m/z 231.0942, found [M+H]*
m/z 231.0943.

Trifluoro(4'-(methylthio)-[1,1'-biphenyl]-3-yl)-A*-borane, potassium salt, 156.

BF3K

MeS l

Prepared according to  General Experimental Procedure C using (4-
(methylthio)phenyl)boronic acid (1.1 equiv, 0.275 mmol, 46.2 mg) and 3-
bromophenylboronic acid MIDA ester (1 equiv, 0.25 mmol, 78.0 mg) to afford 156 as a white
amorphous solid (63.5 mg, 83%).

Umax (solid): 3633, 3515, 1591, 1416, 1290, 1191, 948 cm™.

1H NMR (400 MHz, DMSO-dg): & 7.57-7.52 (m, 3H), 7.33-7.29 (m, 4H), 7.19-7.17 (m, 1H). CHs

signal not observed.

13C NMR (400 MHz, DMSO-dg): 6 138.7, 137.2,136.1, 130.6, 129.4, 126.9, 126.8, 126.5, 123.2,

14.9. 1 carbon signal not observed/coincident.
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B NMR (400 MHz, DMSO-dg): 6 2.9.
9F NMR (400 MHz, DMSO-dg): & -139.2.

HRMS: exact mass calculated for [M - K] (C13H11BFsS) requires m/z 267.0632, found [M - K]
m/z 267.0632.

(5-(1H-Indol-6-yl)-2-methoxyphenyl)boronic acid, 157.

QH OMe

B
HO O

HN

Prepared according to General Experimental Procedure B using (1H-indol-6-yl)boronic acid
(1.1 equiv, 0.275 mmol, 44.3 mg) and (5-bromo-2-methoxyphenyl)boronic acid MIDA ester
(1 equiv, 0.25 mmol, 85.5 mg) to afford 157 as a white amorphous solid (42.7 mg, 64%).

Umax (solid): 3378, 1616, 1510, 1451, 1402, 1356, 1334, 1077, 1010, 681 cm™.

'H NMR (400 MHz, DMSO-d¢): 6 11.08 (s, 1H), 7.89 (d, 1H, J = 0.6 Hz), 7.75 (br.s, 1H), 7.58 (d,
1H, J = 8.4 Hz), 7.49-7.44 (m, 2H), 7.35 (t, 1H, J = 0.7 Hz), 7.20 (d, 1H, J = 2.3 Hz), 6.96 (dd, 1H,
J=28.4,2.3Hz), 6.44-6.40 (m, 1H), 3.87 (s, 3H). 1 proton signal not observed.

BCNMR (126 MHz, DMSO-d¢): 6 164.8, 153.2,148.8,146.9, 144.4,139.8, 138.3,131.7,120.3,
119.1, 109.5, 52.9. 3 carbon signals not observed/coincident.

118 NMR (128 MHz, DMSO-dg): 6 28.8.

HRMS: exact mass calculated for [M+H]* (C1sH1sBNOs) requires m/z 268.1141, found [M+H]*
m/z 268.1142.
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(2-Methoxy-5-(6-methoxypyridin-3-yl)phenyl)boronic acid, 158.

QH OMe

_B
HO

&
N
OMe
Prepared according to General Experimental Procedure B using (6-methoxypyridin-3-
yl)boronic acid (1.1 equiv, 0.275 mmol, 42.0 mg) and (5-bromo-2-methoxyphenyl)boronic
acid MIDA ester (1 equiv, 0.25 mmol, 85.5 mg) to afford 158 as a white amorphous solid (45.3
mg, 70%).

Umax (solid): 3091, 2972, 1579, 1474, 1391, 1259, 1124, 1091, 1035, 1018, 797 cm™.

14 NMR (400 MHz, DMSO-dg): 6 8.53 (dd, 1H, J = 2.0, 0.7 Hz), 8.06 (br.s, 2H), 8.00 (dd, 1H, J =
8.3,2.0 Hz), 7.57 (d, 1H, J = 8.5 Hz), 7.19 (d, 1H, J = 2.3 Hz), 6.96 (dd, 1H, J = 8.5, 2.3 Hz), 6.75
(dd, 1H, J = 8.3, 0.7 Hz), 3.87-3.85 (m, 6H).

BCNMR (126 MHz, DMSO-d¢): 6 164.8, 156.2,153.2,144.4,133.7,133.2,121.6,113.1, 109.5,
109.2, 56.6, 52.9. 1 carbon signal not observed/coincident.

B NMR (128 MHz, DMSO-dg): 6 30.5.

HRMS: exact mass calculated for [M+H]* (C13H1sBNO4) requires m/z 260.1091, found [M+H]*
m/z 260.1099.

4'-Methoxy-N,N-dimethyl-3'-(trifluoro-A*-boranyl)-[1,1'-biphenyl]-3-amine, potassium salt,
159.

BF K

O OMe

NMe2

Prepared according to General Experimental Procedure C using (3-

(dimethylamino)phenyl)boronic acid (1.1 equiv, 0.275 mmol, 45.4 mg) and (5-bromo-2-
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methoxyphenyl)boronic acid MIDA ester (1 equiv, 0.25 mmol, 85.5 mg) to afford 159 as a
white amorphous solid (73.3 mg, 88%).

Umax (solid): 2937, 2841, 1766, 1602, 1485, 1294, 1175, 957 cm™™.

'H NMR (400 MHz, DMSO-de): 6 7.56 (d, 1H, J = 4.1 Hz), 7.28 (dd, 1H, J = 8.1, 4.0 Hz), 7.18 (t,
1H, J = 7.9 Hz), 6.81-6.80 (m, 2H), 7.64 (d, 1H, J = 8.2 Hz), 6.63 (dd, 1H, J = 8.0, 4.0 Hz), 3.65
(s, 3H), 2.93 (s, 6H).

13C NMR (400 MHz, DMSO-ds): 8 162.4,150.7, 142.6,131.9, 131.9, 131.8, 129.0, 125.0, 114.6,
110.3, 110.2, 109.9, 54.9. 1 carbon signal not observed/coincident.

B NMR (400 MHz, DMSO-dg): 6 3.2.
F NMR (400 MHz, DMSO-dg): 5 -136.8.

HRMS: exact mass calculated for [M - K] (C1sH16BFsNO) requires m/z 294.1283, found [M - K]
m/z294.1277.

(2-Fluoro-4-(1H-indol-6-yl)phenyl)boronic acid, 160.

H
N
\ PH
W
\
OH
F

Prepared according to General Experimental Procedure B using (1H-indol-6-yl)boronic acid
(1.1 equiv, 0.275 mmol, 44.3 mg) and (4-bromo-2-fluorophenyl)boronic acid MIDA ester (1
equiv, 0.25 mmol, 82.5 mg) to afford 160 as a beige amorphous solid (33.2 mg, 52%).

Umax (solid): 3479, 3368, 1601, 1519, 1415, 1340, 1227, 1140, 1019, 872 cm™.

H NMR (500 MHz, DMSO-ds): 6 11.10 (s, 1H), 7.89 (d, 1H, J = 0.7 Hz), 7.80 (dd, 2H, J = 8.4,
1.8 Hz), 7.53-7.44 (m, 5H), 7.36 (t, 1H, 0.7 Hz), 6.40-6.39 (m, 1H).

13C NMR (126 MHz DMSO-ds): & 158.1 (d, Ycr = 250.1), 135.7, 135.1 (d, Yer = J = 3.7 Hz),
135.0, 129.2, 126.0, 125.5 (d, Ycr = 24.1 Hz), 124.5, 118.8, 117.8, 108.2 (d, Ycr = 20.6 Hz),
100.8, 93.7 (d, 3Jcr = 7.0 Hz). 1 carbon signal not observed/coincident.
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118 NMR (128 MHz, DMSO-dg): 6 28.4.
19F NMR (376 MHz, DMSO-de): & -105.8.

HRMS: exact mass calculated for [M+H]* (C14H1,BFNO>) requires m/z 256.0942, found [M+H]*
m/z 256.0943.

(5-(3,4-Dichlorophenyl)pyridin-3-yl)boronic acid, 161.

Cl
Cl

Prepared according to General Experimental Procedure B using (3,4-dichlorophenyl)boronic
acid (1.1 equiv, 0.275 mmol, 52.5 mg) and (5-bromopyridin-3-yl)boronic acid MIDA ester (1
equiv, 0.25 mmol, 78.2 mg) to afford 161 as a yellow amorphous solid (30.8 mg, 46%).

Umax (solid): 3558, 3367, 3069, 1586, 1467, 1372, 1325, 1036, 1001, 819, 720 cm™.

'H NMR (500 MHz, DMSO-d¢): 6 8.72 (d, 2H, J = 2.0 Hz), 8.45 (t, 1H, J = 2.0 Hz), 7.95-7.94 (m,
1H), 7.81-7.71 (m, 1H), 7.64-7.59 (m, 1H). 2 OH proton signals not observed, br.s. at 8.32.

13C NMR (126 MHz, DMSO-d¢): 6 148.8, 146.9, 138.3, 135.8, 134.9, 134.1, 133.4, 131.6, 130.6,
130.0, 120.3.

B NMR (128 MHz, DMSO-dg): & 26.7.

HRMS: exact mass calculated for [M+H]* (C11HsBCI2NO,) requires m/z 268.0026 (CI*), found
[M+H]* m/z 268.0025 (CI*®).

(2-Fluoro-4-(6-methoxypyridin-3-yl)phenyl)boronic acid, 162.
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Prepared according to General Experimental Procedure B using (6-methoxypyridin-3-
yl)boronic acid (1.1 equiv, 0.275 mmol, 42.0 mg) and (4-bromo-2-fluorophenyl)boronic acid
MIDA ester (1 equiv, 0.25 mmol, 82.5 mg) to afford 162 as a white amorphous solid (41.4 mg,
67%).

Umax (solid): 3479, 3366, 1601, 1519, 1444, 1415, 1340, 1226, 1227, 1140, 1019, 764 cm™™.

IH NMR (500 MHz, DMSO-de): 6 8.52 (dd, 1H, J = 2.0, 0.7 Hz), 8.06 (m, 2H), 8.00 (dd, 1H, J =
8.3,2.0Hz), 7.79 (dd, 1H, /= 8.4, 1.8 Hz), 7.53-7.45 (m, 2H), 6.75 (dd, 1H, J = 8.3, 0.7 Hz), 3.85
(s, 3H).

13C NMR (126 MHz, DMSO-dg): 6 164.8, 158.1 (d, YJc.r = 250.1 Hz), 153.2, 144.4, 135.0 (d, *Jcr
= 3.7 Hz), 135.0, 125.4 (d, %Jcr = 24.1 Hz), 109.5, 108.2 (d, *Jcr = 20.6 Hz), 93.6 (d, *Jcr = 6.9

Hz), 52.9. 1 carbon signal not observed/coincident.
118 NMR (128 MHz, DMSO-ds): 6 28.7.
F NMR (376 MHz, DMSO-d¢): 6 -105.9.

HRMS: exact mass calculated for [M+H]* (C12H1,BFNO3) requires m/z 248.0891, found [M+H]*
m/z 248.0899.

(4',5-Dimethoxy-[1,1'-biphenyl]-3-yI)trifluoro-A*-borane, potassium salt, 163.

OMe

O ! BF;K

Prepared according to General Experimental Procedure C using (4-methoxyphenyl)boronic

MeO

acid (1.1 equiv, 0.275 mmol, 41.8 mg) and (3-bromo-5-methoxyphenyl)boronic acid MIDA
ester (1 equiv, 0.25 mmol, 85.5 mg) to afford 163 as a grey amorphous solid (70.4 mg, 88%).

Umax (solid): 2941, 2835, 1587, 1587, 1517, 1331, 1216 cm™.

IH NMR (400 MHz, DMSO-de): & 7.51-7.49 (m, 2H), 7.13 (s, 1H), 6.99-6.97 (m, 2H), 6.83 (d,
1H, J = 2.3 Hz), 6.78 (t, 1H, J = 1.9 Hz), 3.78 (s, 3H), 3.74 (s, 3H).
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13C NMR (400 MHz, DMSO-de): & 158.6, 158.3, 139.0, 134.3, 127.5, 122.0, 114.9, 114.1, 108.9,

55.1, 54.5. 1 carbon sighal not observed/coincident.
1B NMR (400 MHz, DMSO-ds): & 2.88.
F NMR (400 MHz, DMSO-d¢): 6 -140.1.

HRMS: exact mass calculated for [M - K]™ (C14H13BF30,) requires m/z 281.0966, found [M - K]
m/z 281.0962.

(5-Phenylpyridin-3-yl)boronic acid, 164.

Prepared according to General Experimental Procedure B using phenylboronic acid (1.1
equiv, 0.275 mmol, 33.5 mg) and (5-bromopyridin-3-yl)boronic acid MIDA ester (1 equiv, 0.25
mmol, 78.2 mg) to afford 164 as a beige amorphous solid (37.8 mg, 76%).

Umax (solid): 3385, 1638, 1432, 1358, 1263, 1178, 1127, 1065, 757 cm™.

IH NMR (500 MHz, DMSO-de): & 8.69 (d, 1H, J = 2.4 Hz), 8.65 (d, 1H, J = 2.5 Hz), 8.33 (t, 1H, J
= 2.5 Hz), 7.97 (br.s, 2H), 7.80-7.77 (m, 2H), 7.41-7.36 (m, 1H), 7.34-7.30 (m, 2H).

13C NMR (126 MHz, DMSO-dg): 6 148.8, 146.9, 138.3, 134.0, 133.4, 131.7,129.9, 127.3, 120.3.
B NMR (128 MHz, DMSO-dg): & 28.8.

HRMS: exact mass calculated for [M+H]* (C11H11BNO,) requires m/z 200.0879, found [M+H]*
m/z 200.0882.
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(E)-(2-(Thiophen-3-yl)vinyl)boronic acid, 165.

0]
S

Prepared according to General Experimental Procedure B using thiophen-3-ylboronic acid
(1.1 equiv, 0.275 mmol, 35.2 mg) and (E)-(2-bromovinyl)boronic acid MIDA ester (1 equiv,
0.25 mmol, 65.5 mg) to afford 165 as an off-white amorphous solid (25.8 mg, 67%).

Umax (solid): 2976, 2926, 1615, 1517, 1323, 1138 cm™.

1H NMR (400 MHz, DMSO-de): 8 7.71 (d, 1H, J = 2.1 Hz), 7.54 (dd, 2H, J = 4.3 Hz, 2.1 Hz), 7.43
(d,1H,J=2.0Hz),7.30(d, 1H, J=18.4 Hz), 5.92 (d, 1H, J = 18.4 Hz). 2 OH signals not observed.

13C NMR (400 MHz, DMSO-dg): 6 143.3, 140.9, 127.1, 126.1, 125.4, 82.9.
B NMR (400 MHz, DMSO-dg): & 28.4.

HRMS: exact mass calculated for [M - H]" (CeHsBO,S) requires m/z 153.0176, found [M - H]
m/z 153.0173.

(3'-Fluoro-4'-methoxy-[1,1'-biphenyl]-3-yl)boronic acid, 166.

O B(OH),
L,

OMe

Prepared according to General Experimental Procedure B using (3-fluoro-4-
methoxyphenyl)boronic acid (1.1 equiv, 0.275 mmol, 46.8 mg) and 3-bromophenylboronic
acid MIDA ester (1 equiv, 0.25 mmol, 78.0 mg) to afford 166 as a white amorphous solid (54.7
mg, 89%).

Umax (solid): 3224, 2984, 1604, 1524, 1448, 1346, 1169, 1019 cm™.
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1H NMR (400 MHz, DMSO-de): & 8.11 (s, 2H), 8.08 (m, 1H), 7.73 (dt, 1H, J = 8.2, 1.1 Hz), 7.68
(ddd, 1H, J = 7.9, 1.9, 1.2 Hz), 7.55 (dd, 1H, J = 13.0, 2.1 Hz), 7.48 (ddd, 1H, J = 8.5, 2.1, 1.0
Hz), 7.40 (t, 1H, J = 7.8 Hz), 7.26 (t, 1H, J = 8.9 Hz), 3.88 (s, 3H).

13C NMR (400 MHz, DMSO-ds): 8 151.8 (d, Ycr = 243.5 Hz), 146.5, 146.4, 137.5, 133.5 (d, 3Jcr
= 6.1 Hz), 133.0, 132.0, 127.9 (d, YJcr =, 1.4 Hz), 122.6 (d, 3Jcr = 2.5 Hz), 114.2, 113.9 (d, Ycr =

18.9 Hz). 1 carbon signal not observed/coincident.
1B NMR (400 MHz, DMSO-ds):  28.8.
F NMR (400 MHz DMSO-ds): & -135.1.

HRMS: exact mass calculated for [M + Et Gly + H]* (C1sH14BFO3) requires m/z 272.1015, found
[M + Et Gly + H]* m/z 272.1011.

M + Et Gly =

9
B\O
L

OMe

(4,4'-Dimethoxy-[1,1'-biphenyl]-3-yl)trifluoro-A*-borane, potassium salt, 167.

OMe
O : BF3K
MeO

Prepared according to General Experimental Procedure C using (4-methoxyphenyl)boronic
acid (1.1 equiv, 0.275 mmol, 41.8 mg) and (5-bromo-2-methoxyphenyl)boronic acid MIDA
ester (1 equiv, 0.25 mmol, 85.5 mg) to afford 167 as a grey amorphous solid (72.8 mg, 91%).

Umax (solid): 3030, 2846, 1602, 1481, 1470, 1255, 1203, 1156, 972 cm™.

1H NMR (400 MHz, DMSO-de): & 7.65-7.62 (m, 2H), 7.59 (d, 1H, J = 2.6 Hz), 7.37-7.33 (m, 3H),
6.78 (d, 1H, J = 8.4 Hz), 3.66 (s, 3H). 1 CHs signal not observed.
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13C NMR (400 MHz, DMSO-de): 8 162.9, 146.7, 141.1,131.8, 131.8, 129.3, 127.5, 125.1, 121.2,

110.0, 54.8. 1 carbon signal not observed/coincident.
1B NMR (400 MHz, DMSO-ds): & 2.83.
F NMR (400 MHz, DMSO-d¢): 6 -138.3.

HRMS: exact mass calculated for [M - K]™ (C14H13BF30,) requires m/z 281.0966, found [M - K]
m/z 281.0965.

(3-(3,5-Dimethylisoxazol-4-yl)-5-methoxyphenyl)boronic acid, 178.

OMe

N B(OH),

Me

Prepared according to General Experimental Procedure B using (3,5-dimethylisoxazol-4-
yl)boronic acid (1.1 equiv, 0.275 mmol, 38.7 mg) and (3-bromo-5-methoxyphenyl)boronic
acid MIDA ester (1 equiv, 0.25 mmol, 85.5 mg) to afford 178 as a white amorphous solid (51.3
mg, 83%).

Umax (solid): 3318, 2943, 2848, 1600, 1586, 1418, 1348, 1212, 1049 cm™.

1H NMR (400 MHz, DMSO-de): & 8.13 (s, 2H), 7.36 (dd, 1H, J = 2.4, 1.6 Hz), 7.33 (m, 1H), 6.94
(dd, 1H, J = 2.5, 1.6 Hz), 3.79 (s, 3H), 2.39 (s, 3H), 2.22 (s, 3H).

13C NMR (400 MHz, DMSO-ds): 8 165.0, 158.9, 158.1, 130.3, 126.8, 118.1, 116.3, 116.1, 55.0,

11.3, 10.4. 1 carbon signal not observed/coincident.
118 NMR (400 MHz, DMSO-ds): & 29.0.

HRMS: exact mass calculated for [M + H]* (C12H1sBNQ4) requires m/z 248.1089, found [M +
H]* m/z 248.1090.
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3'-(3,5-Dimethylisoxazol-4-yl)-5'-methoxy-[1,1'-biphenyl]-4-carbonitrile, 179.

Reaction 53. A round-bottomed flask containing a magnetic stirrer bar was charged with THF
(0.8 mL, 0.25 M), 178 (1.1 equiv, 0.222 mmol, 55.0 mg), 4-bromobenzonitrile (1 equiv, 0.202
mmol, 36.8 mg), KsPO4 (3 equiv, 0.606 mmol, 128.6 mg), H.0 (5 equiv, 1.01 mmol, 18.2 uL),
and Pd(dppf)Cl;:CH,Cl; (5 mol %, 0.01 mmol, 8.2 mg). The reaction was heated at 70 °C for 1
hour. The reaction mixture was then allowed to cool to room temperature, passed through
a pad of Celite, and the filtrate was concentrated under reduced pressure. The crude residue
was purified by Si column chromatography (15% EtOAc in petroleum ether 40 °C - 60 °C) to
afford 179 as an off-white amorphous solid (56.6 mg, 92%).

Umax (solid): 2854, 2922, 2221, 1729, 1539, 1418, 1212, 836 cm™.

1H NMR (500 MHz, CDCl3): 6 7.76 (d, 2H, J = 8.4 Hz), 7.69 (d, 2H, J = 8.4 Hz), 7.10 (t, 1H, J = 1.7
Hz), 7.04 (t, 1H, J = 1.3 Hz), 6.85 (dd, 1H, J = 2.1, 1.4 Hz), 3.91 (s, 3H), 2.46 (s, 3H), 2.32 (s, 3H).

13C NMR (500 MHz, CDCls): 6165.9, 160.8, 158.9, 145.5, 141.6, 133.1, 133.0, 128.2, 120.8,
119.1, 116.6, 115.4, 112.3, 111.8, 55.9, 12.0, 11.2.

HRMS: exact mass calculated for [M+H]* (C1sH17N20,) requires m/z 305.1285, found [M+H]*
m/z 305.1287.

4-(3-(3,5-Dimethylisoxazol-4-yl)-5-methoxyphenyl)morpholine, 180.

OMe
Me
N\/ [ N/\(’)
© Me

Reaction 54. A microwave vial containing a magnetic stirrer bar was charged with CH,Cl, (0.6
mL, 0.33 M), 178 (1.5 equiv, 0.303 mmol, 75.0 mg), morpholine (1 equiv, 0.202 mmol, 17.6

HL), Cu(OAc); (10 mol%, 0.020 mmol, 2.6 mg), and molecular sieves (3A powdered, 76.0 mg).
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The vial was sealed before purging and fitting with a balloon of oxygen connected via needle.
The reaction was heated at 40 °C for 24 hours. The reaction mixture was then allowed to cool
to room temperature, passed through a pad of Celite, and the filtrate was concentrated
under reduced pressure. The crude residue was purified by Si column chromatography (40%
EtOAc in petroleum ether 40 °C - 60 °C) to afford 180 as a white amorphous solid (45.4 mg,
78%).

Umax (solid): 2952, 2921, 2852, 1738, 1634, 1587, 1418, 1255 cm™.

'H NMR (500 MHz, CDCls): & 6.45 (t, 1H, J = 2.2 Hz), 6.38-6.37 (m, 1H), 6.31 (dd, 1H, J = 2.0,
1.3 Hz), 3.88-3.86 (m, 4H), 3.83 (s, 3H), 3.20-3.18 (m, 4H), 2.42 (s, 3H), 2.28 (s, 3H).

13C NMR (500 MHz, CDCls): 6 165.5, 161.2, 159.0, 153.2, 132.6, 109.7, 106.5, 101.3, 67.2,
55.7,495, 25.2,12.0, 11.2.

HRMS: exact mass calculated for [M+H]* (C16H21N203) requires m/z 289.1547, found [M+H]*
m/z 289.1547.

4-(3-(3,5-Dimethylisoxazol-4-yl)-5-methoxyphenyl)butan-2-one, 181.

OMe

o Me

Reaction 55. A round-bottomed flask containing a magnetic stirrer bar was charged with H;0
(0.4 mL, 0.5 M), 178 (1 equiv, 0.202 mmol, 50.0 mg), methyl vinyl ketone (2 equiv, 0.404
mmol, 32.7 uL), [Rh(COD)CI]: (2 mol%, 0.004 mmol, 2.0 mg), and Na,CO; (2 equiv, 0.404
mmol, 42.8 mg). The reaction mixture was heated at 80 °C for 16 hours. The reaction mixture
was then allowed to cool to room temperature, passed through a pad of Celite, and the
filtrate was concentrated under reduced pressure. The crude residue was purified by Si
column chromatography (15% EtOAc in petroleum ether 40 °C - 60 °C) to afford 181 as a clear
oil (40.9 mg, 74%).

Umax (solid): 2956, 2926, 2850, 1714, 1632, 1591, 1415, 1329, 1154 cm™.
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'H NMR (500 MHz, CDCl3): § 6.73 (t, 1H, J = 1.8 Hz), 6.67 (m, 1H), 6.62 (dd, 1H, J= 2.1, 1.5
Hz), 3.83 (s, 3H), 2.92 (t, 2H, /= 7.5 Hz), 2.80 (t, 2H, J = 7.5 Hz), 2.41 (s, 3H), 2.28 (s, 3H), 2.17
(s, 3H).

13C NMR (500 MHz, CDCl3): § 207.9, 165.6, 160.3, 159.0, 143.5, 132.2, 121.9, 116.9, 113.3,
113.0, 55.6,45.3, 30.4, 30.0, 12.0, 11.2.

HRMS: exact mass calculated for [M+H]* (C16H20NOs) requires m/z 274.1438, found [M+H]*
m/z 274.1437.

3-(3,5-Dimethylisoxazol-4-yl)-5-methoxyphenol, 182.

OMe

// OH

Reaction 56. A round-bottomed flask containing a magnetic stirrer bar was charged with THF
(0.3M, 0.7 mL). 178 (1 equiv, 0.202 mmol, 50.0 mg), K3PO4 (3 equiv, 0.606 mmol, 128.6 mg),
and water (20 equiv, 4.04 mmol, 72 pL). The mixture was cooled to 0 °C before addition of
hydrogen peroxide (30% w/v, 10 equiv, 2.02 mmol, 228.9 uL). The reaction mixture was then
allowed to warm to room temperature and stirred for 2 hours. The mixture was cooled to 0
°C and quenched with sodium metabisulphite (4 equiv). The solvent was then removed under
reduced pressure and ethyl acetate (10 mL) was added. The organic layer was separated and
then washed with saturated NH4Cl (2 x 10 mL) and brine (2 x 10 mL). The organics were
separated and passed through a hydrophobic frit containing a layer of Celite. The filtrate was
concentrated under reduced pressure to afford 182 as a white amorphous solid (43.8 mg,

>99%).
Lmax (solid): 3153, 2960, 2924, 2842, 1641, 1593, 1342, 1162, 836 cm™.

IH NMR (400 MHz, DMSO-dg): 8 9.59 (s, 1H), 6.35-6.32 (m, 3H), 3.72 (s, 3H), 2.38 (S, 3H), 2.20
(s, 3H).

13C NMR (400 MHz, DMSO-dg): 8 164.9, 160.7, 158.8, 158.0, 131.6, 116.0, 108.4, 105.5, 100.3,
55.0, 11.4, 10.5.
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HRMS: exact mass calculated for [M + H]* (C12H14NOs) requires m/z 220.0968, found [M + H]*
m/z 220.0966.

Methyl (E)-3-(3-(3,5-dimethylisoxazol-4-yl)-5-methoxyphenyl)acrylate, 183.

OMe
Me
O
N 4 I =
. OMe
o Me

Reaction 57. A microwave vial containing a magnetic stirrer bar was charged with MeCN (0.2
mL, 0.1 M), 178 (1 equiv, 0.202 mmol, 50.0 mg), methyl acrylate (1.5 equiv, 0.303 mmol, 27.3
pL), p-benzoquinone (1 equiv, 0.202 mmol, 21.8 mg), Pd(OAc): (2 mol%, 0.004 mmol, 0.9 mg),
and 1,10-phenanthroline (2.5 mol%, 0.0051 mmol, 0.9 mg). The vial was capped and the
reaction mixture was heated at 60 °C for 16 hours. The reaction mixture was then allowed to
cool to room temperature, passed through a pad of Celite, and the filtrate was concentrated
under reduced pressure. The crude residue was purified by Si column chromatography (20%
EtOAc in petroleum ether 40 °C - 60 °C) to afford 183 as a white amorphous solid (49.9 mg,
86%).

Umax (solid): 2948, 2924, 2852, 1729, 1716, 1641, 1589, 1407, 1292, 979 cm™.

14 NMR (400 MHz, CDCl3): § 7.69 (d, 1H, J = 16.0 Hz), 7.05 (t, 1H, J = 1.8 Hz), 6.99 (m, 1H),
6.82 (dd, 1H, J = 2.2, 1.5 Hz), 6.46 (d, 1H, J = 16.0 Hz), 3.87 (s, 3H), 3.83 (s, 3H), 2.43 (s, 3H),
2.29 (s, 3H).

13C NMR (400 MHz, CDCl3): 6 167.5, 165.9, 160.6, 158.9, 144.6, 136.6, 132.8, 122.0, 119.2,
117.5, 116.4, 111.8, 55.8,52.2, 12.0, 11.2.

HRMS: exact mass calculated for [M+H]* (C16H1sNO4) requires m/z 288.1230, found [M+H]*
m/z 288.1228.
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4-(3-Bromo-5-methoxyphenyl)-3,5-dimethylisoxazole, 184.

OMe

4 Br

Reaction 58. A round-bottomed flask containing a magnetic stirrer bar was charged with THF
(0.6 mL, 0.33 M), 178 (1 equiv, 0.202 mmol, 50.0 mg) and N-bromosuccinimide (1.5 equiv,
0.303 mmol, 53.9 mg). The reaction mixture was stirred at room temperature for 16 hours at
room temperature before the addition of sodium thiosulphate (5 mL of a % sat. solution).
EtOAc (5 mL) was then added and the layers separated. The organic extract was washed with
% sat. sodium thiosulphate solution (2 x 5 mL) and then concentrated under reduced pressure
to afford a crude residue which was purified by Si column chromatography (30% EtOAc in

petroleum ether 40 °C - 60 °C) to afford 184 as a white amorphous solid (88%, 50.1 mg).
Lmax (solid): 2974, 2945, 2839, 1632, 1602, 1558, 1409, 1214, 1028 cm™.

1H NMR (400 MHz, CDCls): § 7.06 (dd, 1H, J = 2.3, 1.8 Hz), 6.98 (t, 1H, J = 1.5 Hz), 6.72 (dd, 1H,
J=2.3,1.5Hz), 3.83 (s, 3H), 2.41 (s, 3H), 2.27 (s, 3H).

13C NMR (400 MHz, CDCls): 8 166.0, 160.8, 158.7, 133.6, 124.7, 123.5, 116.3, 115.8, 114.7,
55.9,11.9, 11.1.

HRMS: exact mass calculated for [M + H]* (C12H13BBrOz) requires m/z 282.0124 (Br”) and
284.0104 (Br®), found [M + H]* m/z 282.0127 (Br”®), and m/z 284.0101 (Br8?).

4-(3-Benzyl-5-methoxyphenyl)-3,5-dimethylisoxazole, 185.

Reaction 59. A sealable microwave vial containing a magnetic stirrer bar was charged with
THF (0.8 mL, 0.25 M), 178 (1 equiv, 0.202 mmol, 50.0 mg), benzyl bromide (1.5 equiv, 0.303
mmol, 36.0 L), KsPO4 (4 equiv, 0.808 mmol, 171.5 mg), H.0 (20 equiv, 4.04 mmol, 72.8 ulL),
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and Pd(dppf)Cl,:CH.Cl; (5 mol%, 0.01 mmol, 8.2 mg). The vial was capped and the reaction
mixture was heated at 90 °C for 5 hours. The reaction mixture was then allowed to cool to
room temperature, passed through a pad of Celite, and the filtrate was concentrated under
reduced pressure. The crude residue was purified by Si column chromatography (10% EtOAc

in petroleum ether 40 °C - 60 °C) to afford 185 as a white amorphous solid (56.3 mg, 95%).
Lmax (s0lid): 2956, 2922, 2848, 1632, 1589, 1415, 1327, 1255, 1052, 704 cm™.

1H NMR (500 MHz, CDCl3): & 7.33-7.30 (m, 2H), 7.24-7.21 (m, 3H), 6.74 (m, 1H), 6.65-6.63
(m, 2H), 4.00 (s, 2H), 3.81 (s, 3H), 2.38 (s, 3H), 2.24 (s, 3H).

13C NMR (500 MHz, CDCl3): 6 165.5, 160.3, 159.0, 143.6, 140.8, 132.1, 129.3, 128.9, 126.7,
122.5,116.9, 113.8, 112.9,55.6, 42.8, 11.9, 11.2.

HRMS: exact mass calculated for [M+H]* (C1sH20NO,) requires m/z 294.1489, found [M+H]*
m/z 294.1486.

2-(3-Bromo-5-methoxyphenyl)-6-methyl-1,3,6,2-dioxazaborocane-4,8-dione, 189.

o)

Me
SN0

\/

Meo\©/ B-O

Br

Prepared according to General Experimental Procedure A using (3-bromo-5-
methoxyphenyl)boronic acid (1 equiv, 13 mmol, 3.00 g) and N-methyliminodiacetic acid (1.05
equiv, 14.3 mmol, 2.10 g) to afford 189 as a white amorphous solid (4.31 g, 97%).

Umax (solid): 3400, 3069, 3015, 1747, 1591, 1268, 1032 cm™.

1H NMR (400 MHz, DMSO-de): & 7.15 (m, 2H), 6.96 (t, 1H, J = 1.0 Hz), 4.34 (d, 2H, J = 17.2 Hz),
4.15 (d, 2H, J = 17.2 Hz), 3.79 (s, 3H), 2.57 (s, 3H).

13C NMR (400 MHz, DMSO-de): & 169.2, 159.8, 127.0, 122.1, 117.3, 117.0, 62.0, 55.4, 47.8. 1

carbon signal not observed/coincident.

118 NMR (500 MHz, DMSO-de): & 10.8.
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HRMS: exact mass calculated for [M + NH4]* (C12H17BBrN,Os) requires m/z 359.0409 (Br’®) and
m/z 361.0388 (Br8), found [M + NH4]* m/z 359.0413 (Br’®) and m/z 361.0391 (Br®!).

2-(4-Bromo-2-fluorophenyl)-6-methyl-1,3,6,2-dioxazaborocane-4,8-dione, 190.1*

o)
Me  ~

SN0
'y

oo
Br F
Prepared according to General Experimental Procedure A using (4-bromo-2-

fluorophenyl)boronic acid (1 equiv, 4 mmol, 875.0 mg) and N-methyliminodiacetic acid (1.05
equiv, 4.2 mmol, 618.0 mg) to afford 190 as a white amorphous solid (994.0 mg, 75%).

Umax (solid): 3351, 1771, 1602, 1557, 1403, 1025, 871, 734 cm™.

IH NMR (500 MHz, DMSO-dg): & 7.47-7.40 (m, 3H), 4.41 (d, 2H, J = 17.3 Hz), 4.09 (d, 2H, J =
17.3 Hz), 2.62 (s, 3H).

13C NMR (500 MHz, DMSO-de): § 168.9, 165.3 (d, YUcr = 246.3 Hz), 136.4 (d, 3Jcr = 10.1 Hz),
127.4 (d, “Jcr = 3.0 Hz), 123.4 (d, 3Jcr = 10.4 Hz), 118.4 (d, Ycr = 28.7 Hz), 62.4, 47.5. 1 carbon

signal not observed/coincident
118 NMR (500 MHz, DMSO-ds): & 11.3.
19 NMR (500 MHz, DMSO-dg): & -102.9.

HRMS: exact mass calculated for [M + H]* (C11H1:BBrFNO,) requires m/z 329.9943 (Br’®) and
m/z 331.9923 (Br®), found [M + H]* m/z 329.9954 (Br’°) and m/z 331.9928 (Br?).
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