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Abstract

Investigations into the Symmetric and Asymmetrigz\$ki cross-coupling
reaction have been described. A new reaction pobtoas been developed in which
isolated pre-activated sodium trihnydroxyarylboratalts were employed as the
organoboron coupling partner, resulting in a maravenient and stoichiometrically
efficient process. This alternative protocol hagrbepplied to symmetric Suzuki
reactions employing simple electron-rich and etaepoor aryl halide partners, and
to sterically challenging Suzuki reactions emplgybulkier substrates. Asymmetric
(atroposelective) Suzuki coupling reactions we auccessfully performed using
sodium trinydroxyarylborate salts as coupling sigtes. The versatility of these
species as general organoboron reagents was atsondgated by their successful

application in a rhodium-catalysed 1,4-additiorctien.

Experimental studies of asymmetric Suzuki crosgatings towards axially
chiral biaryl products have also been detailed. @&llodeactions towards
configurationally stable biaryl products were fouttd undergo a successful chiral
induction with the use of chiral ferrocenyl ligar{®)-(S)-PPFA 180, with high
enantiomeric excesses achieved in some cases.tijatems into the possible
influences on the asymmetric induction processtegeby the electronic and steric
properties of the coupling partners were carrieti owolving repeat asymmetric
reactions towards the biaryl product 1-(2’-nitropyk-2-phenylnaphthalen#79. In
these reactions, changes to the reacting moietlyeo€oupling substrates were tested,
with an additional reaction carried out involvingetreversal of the organic group

borne by each substrate.
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| ntroduction



INTRODUCTION

1.1 Background: The Suzuki cross-coupling reaction

Reactions in which new carbon-carbon bonds aratedeare vital steps in
organic synthesis. Many significant products (druggterials, polymers, optical

devices, etc.) require the use of such reactiossrae stage of their construction.

During the past 50 years, transition-metal mediat®ss-coupling reactions
have revolutionised this area of organic synthéBmey have become an important
class of carbon-carbon bond forming reactions tiaat been modified and optimised
over the years to give reliable, efficient reswften using mild protocols. A few
examples of the more well-known and utilised of stheinclude the Heck®
Kumada®”’ Stille 2% and Suzuki?3coupling reactions.

Prior to the discovery of these, the Ullmann reat®® — in which aryl
halides are coupled in the presence of finely digidopper — was generally a routine
method. Although its use in present times has sdmewwindled, it is still of value
and is still called upon on occasion. The scopthisfreaction, however, is restricted
by a number of inherent limitations. As the reattiosually requires elevated
temperatures (in the region of 130 — 200 °C) coowkt as harsh as these
automatically rule out the use of more thermallynsitve substrates. Also,
stoichiometric or quasi stoichiometric quantitidscopper are required resulting in
large amounts of metal waste, which is costly ithbeconomic and environmental
terms. Lastly, when the Ullmann reaction is appliedhe synthesis of symmetrical
biaryl products, respectable results are usuallyiezed, but when unsymmetrical
couplings are attempted between two unactivated hafydes, three biaryl products
are produced in approximately equal amodh®o, in light of these drawbacks, the

need arose for an alternative, more selective arospling protocol.

Given its widespread popularity and extensivesdtion in both academic and
industrial settings, it can be argued that thessdave been best fulfilled by the
Suzuki coupling reactioff. Exponential numbers of papers have been published



the Suzuki reaction since its discovery, and it bfésn become the method of choice

for carbon-carbon bond construction in many symtrsgtategies.

1.1.1 Early Suzuki cross-coupling reactions

The first successful cross-coupling protocol emetb by Suzuki and co-
workers in 1978 coupled alkenyl borane$ together with alkenyl halideg or
alkynyl halides3 in the presence of a palladium catalyst and baggve conjugated

dienes4 or enyne®:

R4

Br R4
1 >:< Rl\/\%\ 2
R \/\BY R3 R2 R
Pd(PPhg), R®

1 +

ag. base 4

benzene, 80 °C or

5
la,Y:‘B—} Br———R RL ~
, 3 \/\ 5
.0 5 R
1b,v= 10

Scheme 1.1 First Suzuki cross-coupling reactionE)f1l-alkenylboranes with 1-

alkenyl or 1-alkynyl bromides.

Despite being initially performed with alkenyl aatkynyl reagents, its scope
was rapidly extended to include the coupling ofboas in ary!:?2?° alkyl?*** and
heteroaryl”?® groups under a wide variety of conditions.

The first method towards the preparation of bmtyl was reported by Suzuki

and Miyaura in 198% and used the conditions shown below:

—\Y ag. Na,COg —/Y

6

L

benzene, reflux 10

7
8, X =Br
9 X=I

Scheme 1.2 First Suzuki cross-coupling reactioratdw biaryl products.

The reaction was carried out under homogeneouditomms, using aqueous

NaCO; base. Good yields were also obtained under hesasmys conditions.



A wide range of standard bases were subsequesdted and used in the
Suzuki reaction, namely K£0;,22%*° C$C0;,%33! TI,C05*? and KPO3**and all
gave the desired coupled products in high yieldhealternative bases have also
been tested, with good results achieved for magcsily challenging biaryl cross-
couplings with use of NaOBf, Ba(OH),***** and TIOH®?*' to give just a few
examples. Use of milder conditions such as thosgl@yimg CsF, KF and BINF®
have enabled the synthesis of biaryls containirsgisnsitive functional groups.

1.1.2 Advantages of using the Suzuki coupling reaoh

Throughout its development it has emerged thatSiheuki coupling reaction
holds many advantages over other related methiddsThese advantages are

summarised as follows:

* Under conditions appropriate to the substrates,3teuki reaction typically
demonstrates good reproducibility together witthhjields and selectivity>™*°

e It can perform both symmetrical and unsymmetriqalss-coupling reactions
equally wel|>1923

« |t displays a wide tolerance for a variety of fuantl groups (present on either
the electrophile or the organometallic partner) &md adds to its synthetic
flexibility. This has important advantages in teraisnore convergent synthetic
routes and improved overall yielgfg3*3>4°

e The stability of the organoboron reagent (e.g. bmraacid) is a significant
benefit as they are generally thermally stable et to water and oxygen,
enabling ease of handling without special precasflb This also entails a
prolonged shelf-life without degradation and allavesivenience of storage.

* Boronic acids and boronate esters are non-toxicdesmot pose a hazard to
human health or the environméhtThe inorganic boron salt by-product is also
non-toxic and can easily be removed from the reagatiixture®

* Many boronic acids and esters are now commercaiilable.

« Mild experimental conditions can be employed, wihctions often performed
at ambient temperaturds??43

» The reaction of simple substrates is largely urcaéia by the presence of water,

in fact water has even been used as a solventiie saseé&**®



* Very low guantities of palladium catalyst have bedtown to catalyse the
reaction efficiently, with®>* or without ligandg?°2>3

« Heterogeneous catalysts such as palladium on cdbomnd polymer-
supported palladiuMi®’ can be used, facilitating their removal and emapli
them to be recycled for further use.

» Aryl chlorides can now be used in some instanceglace of generally more
expensive aryl bromides or iodid&g'9->1>°°865

« Aryl fluorides have now been successfully emplogedhe aryl halide substrate

in some select coupling&®’

1.1.3 Limitations of the Suzuki coupling reaction

There are a small number of features associateld thé Suzuki coupling

reaction that are considered unfavourdBf&:

e The starting boronic acid can be difficult to pwrifcontaining mixtures of
trimeric anhydrides or ‘boroxine&®’? Although these have been shown to
participate in the coupling reaction in the same aa the free boronic acid,
the presence of these species makes accurate at@loal of stoichiometric
amounts difficult.

» Aryl-aryl exchange between the palladium centre pimasphine ligands (ligand
scrambling) in the palladium(ll) species can ocdGUr. Contamination of the
desired coupled product with an alternate coupfeeties containing the aryl
group originating from the phosphine ligand canltes

» Hydrolytic/protolytic deboronation side-reactionncpose problems especially
with highly hindered substratés’®°

* The Suzuki coupling of highly hindered partnersrbmathree or fourortho
substituents is often problematic, although sigaifit progress has been made in
recent year&! 8

As can be seen from all the aforementioned adgmst the benefits of this
reaction far outweigh the limitations, and so tham it is unsurprising that the

Suzuki coupling reaction has gained so much atiergince its first conception. It has



become an attractive method not just in the lalooydtut for industrial processes also

and is now widely used in large-scale proce&&&s.

Notable applications of the Suzuki coupling reactinclude use in the
synthesis of natural products such as michellafiimencomycir®® and ellipticin&®

as well in the construction of ligarfds*and polymerd?93

1.2 Mechanism/catalytic cycle of the Suzuki reactio

1.2.1 General catalytic cycle

As in other transition-metal promoted coupling ateans, the generally
accepted mechanism consists of a catalytic &ycie!*%*%This is thought to involve
a sequence of steps; (i) oxidative addition, i@nsmetallation, and (iii) reductive
elimination. A simplified catalytic cycle for theu3uki cross-coupling reaction

towards biaryl products is summarised below (wiglahds omitted for clarity):

Ar-Ar' Pd(0) Ar-

17 3 11 ( 7 oxidative
reductive addition
elimination

16
©0oR
Ar- BYZ(OR) < Ar'

r-BY2
X- BY2(OR) 14 13

transmetallanon

Figure 1.1 General catalytic cycle for the Suzukss-coupling reaction.

Oxidative addition of an aryl halidéto the palladium(0) specidd occurs in
the first step to form the arylpalladium(ll) halideomplex 12, followed by
transmetallation of the aryl group from the boratéon14 to give the diarylpalladium
complex16. This then undergoes reductive elimination to faha new C-C bond

giving the coupled produdt7, with regeneration of the catalyst.



In many instances, oxidative addition forms theetmiting stept>*°>19239

although numerous synthetic and mechanistic stutige shown that any one of the
other steps in the cycle may also determine thee tigpending on the conditions and
substrates employe&d>°"%8

Reduction of a Pd(ll) precursor to form the caiablly active Pd(0) species
11 is thought to occur in a separate process prighéostart of the cycle. The exact
manner in which this reduction takes place remaimdear, but has been shown to
occur in the presence of a phosphine such as mipbteosphine’*® hydroxide
ions°° or as a result of a side-reaction involving homgtimg of the boronic acid
substraté’ 1% A simplified scheme of the reduction via boronaidshomocoupling is

outlined below:

2 Ar-B(OH), + Pd(Il)(OAC), Pd(0) + Ar-Ar + 2 AcO-B(OH),
18 11 19

Scheme 1.3 Formation of a Pd(0) species via bowicchomocoupling reaction.

In the case of stable Pd(Q)tatalyst precursors (such as Pd(®Bhformation
of the catalytically active species is thought twwr as a result of the spontaneous

(and reversible) dissociation of two ligarfds” 2

-L -L

)

PdO)L4 === Pd(O)L3 === Pd(O)L,

Scheme 1.4 Formation of Pd(0) species via spontenaeligation.

These coordinatively unsaturated Pd(0) specietharepresent in the reaction

media (albeit as a transient species) and areatblesto initiate the catalytic cycle.

1.2.2 Alternative catalytic cycle

An alternative catalytic cycle has also been psedd® in which the oxidative
addition step is followed by direct displacementlté coordinated halide ion by the
anionic base species to form an (oxo)palladium@®mplex 20 (figure 1.2);
sometimes referred to as a ‘metathetical’ displaa#m



Ar-Ar' Ar-X

17 ‘> Pd©® —( 7 oxidat

_ oxidative
r_ed_uctlye 11 addition
elimination

Ar-Pd(Il)-Ar’ Ar-Pd(I1)-X

16 12
NaOR
BY,(OR) .
] halide ion
transmetallation Ar-Pd(I1)-OR displacemen
Ar-BY, 20 Nax
13

Figure 1.2 Alternative catalytic cycle for the Skizeross-coupling reaction.

In this version of the catalytic cycle, a neutrafliaoronic acid/borane reagent
13 is speculated to react with the (oxo)palladium(dpmplex 20 in the
transmetallation step'® Various stable (Ar-Pd(ll)-OR) complexes have been
successfully isolated and characteri§®d®*'°’Evidence supporting this alternative
catalytic cycle has been gained from experimentsluing isolated complexes such
as these, in which they were shown to react withtraé organoboron species in the

absence of badé!%

In another variation of the catalytic cycle shoabove, an arylborate anid4
is postulated to react with the (oxo)palladium@®mplex20 in the transmetallation

step, with the overall process requiring two eqgints of basé’°

The precise mechanisms of oxidative addfif®"19%1%13and reductive
elimination***?* have been studied to a large degree, and areivedjatwell
understood. Although the transmetallation step leen studied to a lesser extent,
recent investigations carried out by the groupsviesera¥>*?® Goossetf***° and
Hartwig'® have been successful in providing further insights the nature of this

process (see sectidn?.4).

1.2.3 Oxidative addition

This step corresponds to the insertion of a ttemmsimetal, in this case
palladium, into the Ar-X bond with subsequent ckege of thes bond and formation

of two news bondst31133



Ar
PdO)L, + Ar—X —— LnPd\(II)

Scheme 1.5 Oxidative addition of palladium intofanX bond.

This process is named as such on account of tneage in oxidation state of
the metal, which is raised by two. This is acconmnby an increase in the
coordination number, with the new coordinated sggeciarranged in acis
configuration’”*?"1?*Therefore, in order for oxidative addition to takce, the
preliminary metal complex is required to be in awlmxidation state and
coordinatively unsaturated, with usually equal to either 2 or'{? The oxidative
addition step is also known to be facilitated blyigher electron density at the metal
centre, witho-donor ligands such as tertiary phosphines prowernintrease this

electron density®?*34

The exact mechanism is thought to differ sliglabcording to the nature of
the organohalide substrate, and has been postutatgatoceed via one of two
different processe®:?"102110 he first example of a mechanism (shown below) can
be compared to a nucleophilic aromatic substituteaction, in which the metal acts
as the nucleophil®?

X Lpd. X P(ILAX
\ 7 \ X
Pd(O)L, *+ @ — (7@ ) |
Vo Ve
11 Y Y Y
7 21 12

Scheme 1.6 @\r-type mechanism of oxidative addition.

Data gathered from some select stUtfiE§ were found to fit this mechanism,
with the cleavage of the aryl halide bond on thdaaion intermediat21 thought to
form the rate-determining step. This would agreth\le observed reactivity of the
aryl halides towards oxidative addition, in whichet reactivity decreases with
increasing strength of the Ar-X bond. The rate xiflative addition has been shown
to be particularly enhanced by the presence oftreleavithdrawing groups on the
aromatic ring; a feature also characteristic @AiStype reactions.



The second possible mechanism involves the foomatif a three-centred
transition state22, in which the attack of the metal at the Ar-X bdmabpens as a
direct, concerted process (scheme 1273

X X Pd(Il)LpX
L,Pd<
X X AN
PdO)L, + |l — | — |
S /G S
11 Y Y Y
7 22 12

Scheme 1.7 Concerted mechanism of oxidative additio

This mechanism was found to be consistent withmagority of data collected

from investigations into the oxidative additionpst&897:102.111.127

In the case of oxidative additions involving Pd{®)species, the direct
formation of atrans configured oxidative adduct is generally accemedsymmetry
forbidden™*® This has been recently proven by theoretical sgdin which the
formation of trans complexes directly from diphosphine palladium(Peces was
confirmed as an unfeasible proc&Ss:?® Therefore, the resulting four-coordinate
square-planar complex is initially arranged inigconfiguration23. Isomerisation to

its transisomer24 is expected to occur rapidly:

Ar %
L—Pd—X Ar—Pd—X
(1) X ()
L L
23 24

Scheme 1.8 Isomerisation of an oxidative adducehfts to trans geometry.

This isomerisation proceeds readily as titaas isomer is thermodynamically
more stabl&**"and is confirmed by the fact therans palladium(ll) complexes are
commonly observed and isolated from this st&p2*3*137 unlike the cis

complexes 3813

Three potential mechanisms were proposed for ifmmerisation; (i) direct
rearrangement via a quasi-tetrahedral transitiate strising from the distortion of the
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four-coordinate complex, (ii) ligand dissociationttwrearrangement of the resulting
three-coordinate species followed by subsequeatseciation of a ligand, and (iii)
initial incorporation of an additional ligand toetlpalladium coordination sphere to
form a five-coordinate intermediate followed by pderotation and then loss of a
ligand. In theoretical studies conducted by Masetaal. the first mechanism was
found to possess a high energy barrier associaitbdtie unfavourable formation of
the quasi-tetrahedral transition stHte.The second mechanism possessed a
significantly lower energy barrier, and thus appéan be more favourable. A smooth
energy profile was also obtained for the third naesbm, and so the formation of a
five-coordinate species as an intermediate coult b® ruled out. However,
conflicting results were obtained in calculatiorsfprmed by Goossen et al. in which
no stable five-coordinate intermediates could bedpced®® Results from
experimental studié¥ agreed with the second mechanism as a more pebabl
description, although kinetic data were complicatadthe formation of dimeric

species in the media as well as the effects ofdinating solvents.

Isomerisation to th&ans configuration is usually considered to be a neargss
requirement prior to transmetallation, althoughs tbommonly held belief has been
challenged in some computational studies in whiohd transmetallation step was
found to progress equally smoothly beginning whtadis isomert?"+3°

1.2.4 Transmetallation and the role of the base

Transmetallation is the process by which an orgeatallic species reacts with
the oxidative adduct from the previous step resgltin the transfer of a second
organic group onto the palladium compfgx%319812>128rhjg step is regarded as a

key feature of the Suzuki cross-coupling reaction.

According to the original model of the catalyticte (figure 1.1), this process
occurs between an ‘activated’ arylborate ariidrand thetrans oxidative adducg4,
giving thetrans-diarylpalladium(ll) complexX25 with formation of an inorganic borate
salt by-producil5 (scheme 1.9).
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© o
L Ar'—BYz(OR) X-BY,(OR) L
Ar—Pd—X Ar—Pd—Ar'
[ (1) X0
L L

24 25

Scheme 1.9 Transmetallation step involving a neghticharged arylborate ion.

In this version of the process, the role of theseb& that of forming the
negatively charged arylborate id@l. Formation of this quaternary ‘ate’ species is
believed to increase the nucleophilicity i.e. caibaic nature of the organic group on
the boron atom, thus enabling the transfer of tlgamic group onto the palladium

centret’

In the alternative version of the catalytic cy¢ss depicted in figure 1.2),
displacement of the halide ion on the oxidativeumd@d4 by the base (RQis thought

to occur before transmetallation takes place.

RO X Ar'l‘gBYz BY,(OR) L
| | |
Ar—Pd—X LL» Ar—Pd—OR LL» Ar—Pd—Ar
||_(||) (i) J(”) (ii) ||_(||)
24 26 25

Scheme 1.10 Alternative pathway proposed for thestmetallation step.

Displacement of the halide ion (i) is followed bwnsfer of the aryl group
from the neutral arylboron substrélt8 to the (oxo)palladium(ll) complef6 (ii). In
this alternative process, the role of the addee lm¢hat of facilitating the formation
of the (oxo)palladium(ll) comple®6, rather than formation of a quaternary borate
anion 14. These (oxo)palladium(ll) complexes are believedbe more reactive
towards transmetallation than arylpalladium(ll) ilalcomplexes, on account of the
increased polarity of the Pd-O bond which renddrs palladium centre more

electrophilic®

Recent computational studies into the intricateclmaisms of the catalytic

=128

cycle have been carried out by Maseras and co-w& During investigations
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focused on the transmetallation step, their DFEuwdations revealed that a ‘control’
reaction between neutral phenylboronic a6iénd a phenylpalladium(ll) bromide
complex 27 (in the absence of base) possessed too high agyebarrier for the
process to be viabf&®

L : OH

[/

. O ™
(kcal/mol) “gf  OH

30
@\'9'4 Br-B(OH),
OH
B/
\
O—H
v
O
L
28

Figure 1.3 Theoretical energy profile for transriiateon between phenylboronic acid
6 and phenylpalladium(ll) bromide compléX (where L = PH).

This profile indicated that the transmetallatioasaenergetically unfeasible,
with the overall reaction endothermic by 32.3 koall. This is in direct agreement
with observations from the earliest experimentsiedrout by SuzuRkf in which

analogous Suzuki couplings did not proceed in iseace of base.

Additional calculations also revealed that thexfation of an organoborate ion

32 from the coordination of a base (OHwith an organoboronic aci@l was an

extremely favourable process with virtually no eyebarrier:?>*2

o S]
R—B(OH), + OH ———— R—B(OH)3
31 32

Scheme 1.11 Formation of an organoborate sp8@&®m an organoboronic aciil

and base.
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Therefore the theoretical transmetallation reactietween phenylborate ion
33 and phenylpalladium(ll) bromide compl&X was calculated. It was found to be an

energetically favourable process, with the likeliermediates identified as beldty.

© €]
@B(OH)S Q ] 7 _.-X_ OH
33 5o ' "~0” “oH
OoH

(kcal/mol)
+ / ~

L L
[ r .OH
Pd-Br Pd’

I\
L Br

) ! 30

L /
| /
@Pd—Br 36 o +
I + Br B(OH2);3

Figure 1.4 Theoretical energy profile for transriiatemn between phenylborate ion

33 and phenylpalladium(ll) bromide compl@X (where L = PH).

In the first step, the phenylborate aniB8 approaches the palladium(ll)
complex 27 to form the hydrogen-bonded intermedié#4. Coordination of the
organoborate group to the palladium centre themrscthrough the oxygen atom of
one of its hydroxyl groups, giving transition stdte Displacement of the bromide ion
leads to the intermedia®6. In the next stage, the transmetallation itsekesaplace,
through a 4-centred transition staBg (a model also proposed by Matos and
Soderquist)). In this transition state the base occupies a hglgioordination
between the two metal atoms. The migration of thenyl group from the boron atom
to the palladium centre happens as a concerteeggspcesulting in the formation of

thetransdiphenylpalladium(ll) comple80 and B(OH).
When the theoretical transmetallation reactiowken neutral phenylboronic

acid6 and a ‘pre-prepared’ (hydroxo)palladium(ll) compRE&was calculated, it was

also found to be a viable process with few enemyiérs (figure 1.5).
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E
(kcal/mol)

39

Figure 1.5 Theoretical energy profile for transriiatemn between ‘pre-prepared’
(hydroxo)palladium(ll) complex38 and neutral phenylboronic acidl (where L =
PHs).

In the initial step a hydrogen-bonded intermed&ies formed, followed by
coordination of the boron atom to the hydroxyl graaf the palladium(ll) complex
via transition statd0. The resulting intermediaf6 is essentially the same as the one
seen in the previous energy profile (for phenylb®ian 33 with phenylpalladium(ll)
bromide 27), with the 4-centred transition staf¥ also equivalent to the one

calculated previously.

As mentioned previously, experimental data havewsh that isolated
(oxo)palladium(ll) complexesuch as38 are indeed able to react successfully with
neutral organoboron compoundsThese results are often presented as persuasive
evidence in favour of the alternative mode of traetllation.

In a recent experimental study carried out by Garemd Hartwig:®® two

contrasting reactions were performed in order &ngre the main pathways proposed

for transmetallation. The first reaction was catrait with a stoichiometric quantity
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of the isolated dimeric (hydroxo)palladium(ll) colep 41 and 4-
methylphenylboronic acid2.

PPhs
PPhy
de oH + (HO)ZB—< >— H + Pd(PPhs),
HO- Pd THF/H,0

pph3 42 rt, <2 min

Scheme 1.12 Reaction of isolated dimeric (hydroaldpium(ll) complex41 with 4-
methylphenylboronic acid2.

High yields of the cross-coupled produ® were observed (81%) within
minutes of the start of the reaction. The secorattien was performed with an
isolated arylpalladium(ll) iodide complexd4 and a pre-prepared potassium
trinydroxyarylborate sal5.

PPhs @ o PPhs
Pd—I + K (HO)gB —— + Pd(PPh3)4
! THF/H,0

44 PPhs 45 18-crown-6 43

rt, 10 min
Scheme 1.13 Reaction of isolated phenylpalladiymigdide complex44 with
potassium trihydroxy(4-methylphenyl)borate <t

This reaction also produced high yields of thepted product43 (93%) in a

short period of time.

The rates of two reactions shown below (scheme) Mbkte then compared,
with reaction (a) identical to scheme 1.12 and treaqb) analogous to scheme 1.13
using an arylpalladium(ll) bromide complex. It wisund that the observed rate
constant for the reaction between the (hydroxojo@im(ll) complex41 and boronic
acid42 (at —40 °C) was orders of magnitude greater thanestimated rate constant
for the reaction between the arylpalladium(ll) brdencomplex46 with the potassium
trinydroxyarylborate sal5 (at —40 °C).
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PPhs PPhy
(a) @Pd OH + (HO)284®7 H + Pd(PPhg),
THF/H,0

4l (2.4 x 103 D)
PPhs PPh
(b) @Pd Br + K (HO)384©7 ° H + Pd(PPhy),
THF/H,0
46 PPhs 18-crown-6
(1.7x 107 sh

Scheme 1.14 Comparison of the rates of reactiondmst reactions (a) and (b).

This marked difference in the rate constants, iteedgeing derived from an
approximated value of the rate constant for reacfly) and despite the seemingly
conflicting data obtained from experimentally detered equilibrium constants for
the species present in the reaction media, lechdiigors to propose that reaction (a)
was the process most likely to represent the nmamsimetallation step of the catalytic

cycle, under these conditions.

There were, however, several caveats imposed éyathhors, and also a
number of additional inconsistencies that arosa assult of the direct comparison
between the two reactions. For example, importampgrties intrinsic to the dimeric
form of the hydroxo comple#l - that would have undoubtedly exerted a pronounced
influence on the rate of reaction - were not takeo account. Firstly, as compared to
its mononuclear form, the dimeric compldg is more ‘phosphine deficient®” as
each palladium atom in either half of the complesans only one phosphine ligand.
This would effectively reduce the electron densitythe palladium centres, and so
enhance reactivity towards transmetallation. Wit palladium atoms bonded by two
hydroxo bridges (as opposed to a single hydroxgugy this would also further
increase the electrophilic nature of the palladigentres. Additionally, a less
sterically hindered approach for the incoming amytin species would also result
from the absence of second phosphine ligand. Tiweref is likely that the dimer is
markedly more reactive than the mononuclear fornPdhs(OH), and reacts
preferentially. As the mononuclear form ArB@DQH) is the species usually depicted

3,14,55, 103and is the spec|es used

in schemes of the alternative transmetallation\pa
to model computational pathways (e.g. figure 1tBgn it follows that a reaction in
which the dimeric species participates cannot besidered as analogous to the

postulated process occurring in the alternativayay.
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Although use of a mononuclear (hydroxo)palladiujngomplex ArPdl(OH)
in reaction (a) could have potentially producedhbatcloser representation of the
suggested alternative transmetallation pathway anthore accurate comparison
between the two reactions, it has been reporteddihzerisation of these complexes
occurs rapidly upon dissolution with the resultieguilibrium favoured towards the

dimer!®

Lastly, as the reactions were performed underfaldyeselected conditions
using stoichiometric amounts of the isolated paliaf{ll) complexes, this by its very
nature entails that neither reaction can be claitodae truly representative of a step

within a catalytic process.

In fact, the presence of either (hydroxo)- or ¢ai)palladium(ll) complexes
under catalytic reaction conditions was questiomedn earlier study conducted by
Aliprantis and Canary’ It was reported that, from the direct analysisntérmediates
in an active Suzuki coupling reaction (performedi@emstandard conditions using
aqueous base) no indication of the formation ohs{axo)palladium(ll) complexes
could be observed. This appeared to strongly ahgdle the alternative
transmetallation mechanism as a feasible pathwitlypugh by the authors’ own
admission; ‘the absence of peaks correspondingtewsmediates does not prove that
such intermediates are absent.’

(25128t \was found

Returning to the investigations conducted by Maset a
that, despite best efforts to model an energejicaild chemically feasible transition
state for the direct replacement of the halidehbgrthe base, involving a low-energy
approach of the OHion, none could be achieved. As a result, it weduded that the
anionic base species was theoretically unabledplalte the bromide ligand from the
organopalladium(ll) bromide complex in a direct man An alternative
computationally feasible pathway was proposed, hicltv the base could possibly
react via initial nucleophilic attack on the phospls atom of one of the phosphine
ligands. This would be followed by migration onke tpalladium centre, releasing the
bromide ion and thus producing the (hydroxo)palladiil) complex 49 (scheme

1.15).
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e —‘@
KOH HO R

PH3 H{P/ PH3

| |~ |
R—Pd—Br ———  R—Pd-1Br R—Pd—OH
NO) NO) \ N0
PHs PH3 PH3

o
47 48 Br 49
R—I|3d(I—I)Br + 0=PH,
PH3 51
50

Scheme 1.15 Indirect substitution of the halidebgrihe base.

This route would adequately account for the foramatof the hydroxo
complex 49, although it could also lead to a side-reactiomoiving formation of
phosphine oxidés1l and eventually to catalyst destruction. This Ied authors to
argue that a process in which oxidation of onehef phosphine ligands is implied
cannot be claimed to represent the main transmagtall pathway in the catalytic
cycle, because of its inherent links to catalygjrddation. All the same it must be
borne in mind that, as with experimentally deducesllts, computationally derived
results also include limitations which have to taketo consideration. Therefore, as
this pathway was calculated from the probable auigons of species reacting in the
gas phase in which solvent and entropic effectsnaggected, it cannot be taken as a

definitive account of the halide displacement pssce

It would certainly appear from a number of expenal reports into the
preparation of (oxo)palladium(ll) complexes from ganopalladium(ll) halide
complexes that the direct replacement of the hatidéoy the base species is implicit,
as the process appears to occur rapidly and clé¥ni$f'°’As a consequence, the
apparent ease with which these (oxo)palladium(@nplexes are formed seems to
contradict the findings from the DFT calculatioasd yet the precise mechanism of

this displacement (under the conditions of a Sure#ction) still remains unknown.

There are, however some reports in which the pribalu of phosphine oxide

is noted during the preparatiof’*** which would suggest that there may be some
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experimental evidence to support the indirect meigma of halide displacement
postulated by Maseras et'al**°In work carried out by Matos and Soderqtfistor
example they observed that addition of bastans-palladium(ll) bromide complex
46 produced the hydroxo speci®2 with a significant amount of triphenylphosphine
oxide53;

&)
PPhs O, PPhs
Pld—Br Pld-OH (+ OPPhjg)
PPh3 PPh3 53
46 52

Scheme 1.16 Preparation of (hydroxo)palladium(tnplex 52 with formation of
triphenylphosphine oxidg3.

The presence of triphenylphosphine oxtfewas also noted by Grushin and

Alper*® during their reported synthesis of the dimeric ditoxo)palladium(l)

complex41l:
PPh,
6 KOH |
2 PdC'z(PPhg)z + 2 | —_— Pd-OH + 2 OPPh3 + 2Kl +4KCl +2 Hzo
benzene/H,O —I—I-
54 ? 2 53

55 A3-5h a1

Scheme 1.17 ‘One-pot’ preparation of (hydroxo)mhlan(ll) dimer4l.

This could initially appear to support the indiremechanism of halide
displacement, if it is assumed that oxidative additof iodobenzenes5 to a
palladium(0) species occurs first, followed by elttaof the base on the oxidative
adduct (in the manner depicted in scheme 1.15ptm fthe (hydroxo)palladium(ll)
complex 41 In this particular case (scheme 1.17), the foiwnat of
triphenylphosphine oxidéb3 was postulated by the authors to result from the
reduction of the palladium(ll) chloride compl&4 by base; in a reaction occurring
independently to oxidative addition. This reactismas predicted to result in a
palladium(0) specieS8 (scheme 1.18) with formation of triphenylphosphaxéde 53
as a by-product, deduced from experiments conduaiéd palladium(ll) chloride
complex54 and base in the absence of iodobenZgmelrwo possible pathways for

this reduction reaction were put forward (scheni8)1.
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Path A Path B

? /Ph/\@/—\cl /Ph

Cl—Pd—PR, ,
iy Nph OH 10D \Nph
PPhs Ph PPh; Ph
54 54
cl
¢l i OH Ph
C'_Pld('g"'i""o'* Cl—Pd—PR,
Ph i\~
PPhs pp Fl)é )3 Ph
56 59
F‘Oggm OPPhy
53
S
| i Hel Hel T
C'_P‘{“)H 4 Pd(0)PPh; ; Cl—pd
PPh Q)
3 58 PPh;
57 60

Scheme 1.18 Possible pathways for the reaction o&seb with

bis(triphenylphosphine)palladium(ll) chlorid.

In path A, nucleophilic attack of the hydroxideion the phosphorus atom of
a ligand occurs, followed by loss of triphenylphoisie oxide 53 and eventual
formation of a palladium(0) speciés. It is interesting to note that this pathway
closely resembles the side-reaction proposed byeMast al. (scheme 1.15). In path
B, the base directly displaces a chloride ligandoron a hydroxo comple%9, in a
manner resembling the first step of the alternatikensmetallation mechanism
(scheme 1.10). Subsequent reductive eliminatidnigienylphosphine oxidg3 from

complex59 occurs.

When this reaction was repeated using a palladluegmplex bearing chiral
phosphine ligands, the process was found to ocdir netention of configuration at
the phosphorus atom, with the stereochemistry ef ghosphine oxide by-product
confirmed by its optical rotation. This providedostg evidence to effectively rule out
path A, as this mechanism would have led to ineersif configuration. Path B was
thus suggested to be the most likely mechanisnthisrreaction, although no further
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details regarding the exact nature of the chlomaedisplacement that occurs at the

beginning were elucidated.

Although analogies could be drawn between theltesid this reaction and
that of the palladium(ll) oxidative adduct with asunfortunately this is not
necessarily the case. This is because of the uiffarature of the ligands present on
the palladium(ll) complex, with comple®4 bearing an extra chloride ligand as
opposed to an aryl group. This difference would tmosrtainly influence the
electronic (e.g. thérans effect) and steric properties in a way that mayoae hand
allow the direct displacement of a chloride ionnfraomplex54; but on the other
hand disallow the same process for an arylpallafijiroxidative adduct. In fact,
even within this particular example (scheme 1.18yas observed that there was a
noticeable change in the rate of substitution efdhloride ligand according to which
isomer of complexs4 was used; with theis isomer reacting faster rather than the
trans form. This was attributed to the strongeans influence of a phosphine ligand
as compared to a chloride ligand.

Another example of this sensitivity could be séerthe work of Otsuka et
al’®” in which it was noted that the success of prepatians[PdR(OMe)(PP}),]
complexes from the corresponding chloride complék Wwase (NaOMe) was highly
dependent on the nature of ttnans ligand. It was observed that when the complex
[PA(CH=CC})CI(PPh);] was treated with NaOMe, the expected
(methoxo)palladium(ll) complex was not achievedwdweer, when théransligand R
was either @Fs or CCI=CC}, displacement of the chloride ligand by the base
occurred rapidly to give the desiredns[PdR(OMe)(PP§).] complex.

An additional issue brought to light was whethes identity of the halide ion
on the palladium(ll) oxidative adduct bears anyuefnce on the transmetallation step.
It would appear that, unlike the well-documentei@@t of a change in halide on the
oxidative addition stépl>19%1314%2only a few reports address this related

issue5?5,143,144
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In one report, Amatore and co-workéfexamined the displacement of iodide

from transPhPdI(PPk), 44 by acetate ions and deduced that the reactionimvas

PPhy A PPhs o
Pd—| — Pd-OAc + |
PPhs PPhs

44 61

equilibrium:

Scheme 1.19 Displacement of iodide ion from comgiky an acetate ion.

This reaction was found be general to other hgjideith the addition of
chloride ions to the reaction resulting in the fatroan of somerans-PhPdCI(PP4)..
However, when the equilibrium constants were caked for the substitution of
different halides from the corresponding palladiljn¢omplexes it was found that
the ease of substitution decreased in the ordér>oBr > CI. The rate of exchange
was found to be enhanced in this case by the u$élBfas the solvent. (Interestingly
it was also noted that a detectable amount of énglphosphine oxidé&3 was
produced during this reaction).

The reaction was suggested to proceed via gh r8echanism, in which
heterolytic dissociation forming cationic intermatd 63 occurs as a first step,
followed by association of the acetate ion:

PPh (i) PPhs o
Pld—X _ ||:d® + X

PPhg PPhg
62 63
IIDPhg o (ii) IIDPh3
IIDd @ + AcO ———— Pld-OAc
PPhg PPh;
63 61

Scheme 1.20 8 mechanism proposed for the substitution of adkadbn.

In separate work by Smith et*3lthe validity of this dissociative mechanism
within the context of a real Suzuki coupling reastiwas questioned. During their
mechanistic study of a Suzuki reaction it was fotinat the rate-determining step
changed according to which aryl halide was usedet runs revealed that the use of

an aryl bromide substrate resulted in slow oxidatddition whereas use of an aryl
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iodide resulted in slow transmetallation. This sedno imply that, in the case of a
decreased energy barrier for oxidative additioe, displacement of the halide ion
from the oxidative adduct during the transmetallatistep could become a rate-
determining process (under the conditions used)eMine rate constants for the
transmetallation step were calculated using thetldrdata in mathematical models,
the reactivities of the bromide and iodide comptexeere found to be the same.
Therefore a mechanism involving the formation otaionic intermediate (from
dissociation of the halide ion) was ruled out, asfference in the ease of dissociation
would have led to a difference in the rate of traetallation between halides. (Other
more recent theoretical studies have also disphisctationic mechanisni’
An additional important observation from the wdmk Smith et af®> was that

the transmetallation step appeared to be surplyssensitive to steric crowding on
the palladium(ll) oxidative adduct, with a ligatedho-substituted aryl group acting

to considerably slow the process.

Lastly, in other notable work conducted by theup® of Goosséh”**° and

Jutand**'4°

alternative transmetallation pathways have beepqsed involving the
participation of anionic intermediates, in whicHiti@ or acetate ions play an integral
role. These alternative pathways have been postulad include either three-
coordinate palladium(ll) species or five-coordingi@ladium(ll) species, with the
feasibility of these modes investigated by compoma methods. During
experiments in which the reactive species were lggtherated and monitored by
electrochemical methods, Amatore and Jutdrd® concluded that the influence of
the extra anion (released from either reductiothefpalladium catalyst precursor or
from the aryl halide during the reaction) was nietited to just the oxidative addition
step, as the reactivity of a five-coordinate pallat(ll) oxidative adduct towards
nucleophiles was also dependent on the type ofnahgated to the palladium

complex.

Goossen and co-workéf8 could not find any evidence for the existence of
such five-coordinate palladium(ll) intermediates wewer, as all attempted
calculations led to unfeasibly high energy systentgs mirrored their findings from
previous investigations intais-trans isomerisation mechanisms of the oxidative

adduct. The participation of a three-coordinateermiediate was determined to be
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more feasible, with a mono-phosphine palladium{dmplex found to be a very
favourable starting point for transmetallation. piés being obtained from theoretical
reactions modelled on phenylboronic acid and a@etltydride substrates, this result
implied that transmetallation may, in general, deoired by prior dissociation of a
phosphine ligand, as this would not only enhaneeetkctrophilicity of the palladium

centre but also serve to decrease the steric cngnatdiound the complex.

In summary, it has not yet been determined outrighich postulated
mechanism (scheme 1.9 or 1.10) represents the mosturate mode of
transmetallation, as each method of analysis (8teat or experimental) carries its
own associated limitations. What can be establishelertheless is that
transmetallation is a complex process in whichprexise pathway is dictated by the
nature of the substrates and reaction conditionglerad. Theoretical and
mechanistic studies are consequently hamperedi®gdmplexity, with real reaction
systems containing a variety of different specadspf which may play a role in this
step. Therefore, the search for a single universakchanism to describe all
transmetallation processes is perhaps an unreadistieavour, as it would seem that
no one single model could possibly encompass @&l dbssible variations in the

reaction media.

In spite of the conflicting arguments that ariseyeral conclusionsan be

drawn from all the investigations carried out ithc step. These are:

* Transmetallation is a multi-step process that cedimough a number of
intermediate$®> '’

» The precise pathway is highly dependant on theifsp@ature of the substrates
and reaction conditions us&t:**’

* From this, it follows that accurate parallels canbe drawn between either
isolated stoichiometric reactions or model readiomwith an actual
transmetallation step in a catalytic cycle, becafses sensitivity to the type of
species and their presence (or absence) in théaeacedia**>4®

* However it can be predicted with a reasonable degfeertainty that couplings

in which the formation of a borate ion is favourae likely to proceed via the
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original scheme proposed, whereas couplings enmdoyieakly Lewis acidic
organoboron reagents are more likely to proceethéalternative pathway*

* In either scenario, the addition of a base is rsargsin order to facilitate the
transmetallation stefs.

» The displacement of the halide ion from the pallad{ill) oxidative adduct is a
fundamental feature of the transmetallation pracéfsshe exact manner in
which this displacement occurs is elucidated, ttlea would unravel many
uncertainties regarding the mechanism of transhagétai.

« The two main pathways proposed (figures 1.4 and fiepresent discrete
examples in a number of possible interlinked pagrsag 304

e These mechanisms may not necessarily be mutuatlysxe, with the strong
possibility that both (or more) may be operativettee same time within the
same reaction.

« It is also highly likely that rather than functioi in one specific role over
another, the base performs multiple roles throughihe catalytic cycle,

simultaneously**

Inevitably, investigations into the mechanismrahsmetallation are on-going
as the intricacies of this step continue to be @ of interest. The benefits of an
improved understanding are clearly evident, as ¢bisld lead to better design and
optimisation of reaction conditions. It would se#émt in order to elucidate the exact
details of a transmetallation mechanism operatinipinv a particular experimental
system, studies involving meticulous attentionhe éxact nature of all variables e.g.

substrates, ligands, solvent, etc. are essential.

1.2.5 Reductive elimination

In simple terms, reductive elimination can be od&®d as a unimolecular
process, in which palladium(ll) is reduced backptdladium(0) with simultaneous
elimination of the coupled biaryl produt?.*>*3*

Ar

/
LPdl ——= PdOL, + Ar—Ar
an Ar 1 17

16

Scheme 1.21 General ‘text-book’ description ofréatuctive elimination step.
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The regenerated palladium(0) specldsis then able to repeat the oxidative
addition step to complete the catalytic cycle. Tgnscess can only take place through
the cis configuration of the diorganopalladium(ll) compl&®8, and is favoured by a
reduced electron density at the palladium cengetteer with an increased steric bulk
around the metal. It has been claimed that, inrtheid bulky, less electron-rich
phosphine ligands are employed then the barriersxXmlative addition are expected
to increase whereas those on the other hand farctigd elimination would be
expected to decreal®.

The actual C-C bond formation is thought to prace& a concerted process

involving a three-centred transition stéee™>"**

/Ar /Al\r
LPd ——= LPdl | ——= PdOL, + Ar—Ar
(1) DAr () Ar
11 17
16 64

Scheme 1.22 Concerted process of C-C bond formation

In the case of aryl groups, it has been suggebgdreductive elimination is

further enhanced by the participation of therbitals during the formation of the C-C

bond 15,123,130
—_— PdO)L, + Ar—Ar

N 11 17

L,Pd
(I

- —— -

65
Scheme 1.23 Participation oforbitals during reductive elimination.

The resulting perpendicular orientation of thel @mpups with respect to the
coordination plane is thought to present a steest@nically favourable

conformation for reductive eliminatidf®

Other important insights into the nature of redigctelimination have been
gained from studies into the thermal decompositimin diorganopalladium(ll)
complexes 10122 Whilst investigating the decomposition afis and trans

dialkylpalladium(ll) complexes, Yamamoto and co-kens found that both species
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decomposed rapidly to produce a coupled alkane ugto@ith precipitation of
palladium metal’® Isolated diarylpalladium(ll) complexes were foutw be more
stable, but also decomposed readily upon dissalutogive a biaryl product and
metallic palladium*® As this process was found to occur equally wellboth cis-

andtrans-diorganopalladium(ll) complexes, isomerisatiortfadtrans complexes was

deduced to take place prior to the process.

L R
R—F|>d—R' =—— | —Pd—R
J(n ||_(")

25 66

Scheme 1.24 Isomerisation of thansisomer to theisisomer.

As with the isomerisation that follows oxidativedition, this isomerisation
was also speculated to proceed via three possibtegses; (i) distortion of the square
planar complex into a quasi-tetrahedral transitgtate or (ii) initial loss of a
phosphine ligand to form a three-coordinate speftbswed by rearrangement and
re-association of a ligand, or (iii) coordinatioham additional ligand to give a five-
coordinate species followed by pseudorotation assbdiation of a ligand*1>127.13¢
Computation of the energy profiles for these preesgevealed that the dissociation
of a ligand to give a three-coordinate species thasmost feasible, with the others
possessing high energy barriers. The formation fofeacoordinate intermediate was
determined to be especially unfavourable, as tloemation of the apical position by
an unsaturated organic group was found to exetoagly destabilising influence in
this partially antibonding positiotf” (A fourth possible process involving an extra
oxidative addition to the diorganopalladium(ll) colex was also proposed; see
be|OW).8’114'118
This isomerisation was also found to be enhancedthiey use of polar,
coordinating solventsyhich at first was thought to infer a mechanismoiming the
five-coordinate transition stdfé but was later rationalised in terms of possible

stabilisation of the three-coordinate species bgadinating solvent molecule.

Although generally applicable to most reductivien@ation processes- the
unimolecular mechanism depicted in scheme 1.21 chaflenged by a number of
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studies in which experimentally derived observaiorould not be adequately
explained by this simplistic mod&f!41171191471498rhe concept of stimulation of
reductive elimination by an incoming organohalidéstrate molecule, for example,
was alluded to as early as 1976 in studies by Kamaad co-worker5.During
examination of the catalytic cycle of nickel-catdg coupling reactions they
suggested that the reductive elimination of twoaaorig ligands bound to the nickel
complex LLNiR; could possibly be stimulated by the addition ofeatra molecule of
organohalide, with the formation of a five-coordmatermediate.

Later investigations by Milstein and Stfifé® into the mechanism behind
palladium-catalysed couplings of either organotin @rignard reagents with
organohalides also included the supposition thdtigeve elimination was preceded
by an interaction with the diorganopalladium(ll)ngolex by another molecule of
organohalide. Further oxidative addition to givesix-coordinate palladium(IV)
intermediate was proposed to occur, with obsermatifsom preliminary studies in
apparent support of this. For example, the rateremfuctive elimination from
palladium(ll) complex67 was found to be accelerated by the addition of an

organohalide substra6s.*'8

| N
~
Y
PPh3
Ph3P// \\Br
PhH,C— Pd JCHs + —_— P~ —
Pph PhH,C” |(IV) CHj
3 PPh3 70
67 69

Scheme 1.25 Reductive elimination promoted by auidinf organohalid&8.

The enhanced rate was attributed to the resuttapiositioning of the organic
groups as well as the increased desire of the diaita centre to return to a lower

oxidation state.
The facile decomposition-type reaction aé-palladium(ll) complex71 with

resulting reductive elimination of etha@@ was also monitoret:.”**® Evolution of

ethane’2 was observed at 40 °C at a steady rate (scherg 1.2
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PhgP— Fl’d( )CH3 — = H3C—CHz + Pd(0)(PPhs);
PPhy 72

71

Scheme 1.26 Reductive elimination of eth@Z@érom complex71.

When benzyl bromide73 was added however, reductive elimination
proceeded rapidly at room temperature giving res& tsmall amount of etharn&
together with an alternative coupled product, dibgkzene&’O:

Br
CHs PPh3
| 7 HaCri,, | WBr

Ph3P Pd— CHy ——— + H3C— Pd BI’ + H3C—CHgj

| (D rt Ph3P/ |(|

72
PPhy Pph3 PPh3
71 74

Scheme 1.27 Rapid reductive elimination of ethy#ese70.

As this process occurred at a lower temperatudeadian increased rate it was
deduced that the addition of the extra bromideltedun the facilitation of reductive
elimination, with resulting preferential eliminatioof coupled product70. The
formation of this alternative coupled product wadeipreted as proof of the

participation of the postulated six-coordinate @aillim(1V) intermediat§ 4.

Further evidence supporting the involvement oalapium(lV) intermediate
was gained from the study tfans-dimethylpalladium(ll) complex’6, in which the
trans configuration was fixed by the use of a bridginigemtate phosphine ligand
‘TRANSPHOS' 75 (scheme 1.28Y"’ It was noted that despite the fixed configuration
preventing isomerisation to th@s geometry, rapid reductive elimination occurred
after addition of methyl iodide, with evolution ethane72. Use of trideuteriomethyl
iodide provided further confirmation, as trideubethane79 was the only product

eliminated (scheme 1.28).
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Scheme 1.28 Reductive elimination through postdlgialladium(lV) intermediate
77.

The involvement of palladium(lV) intermediates part of the general
catalytic cycle was also put forward as a possiglanation as to why overall rates
of cross-coupling reactions have often found tddster than the isolated reductive

elimination step.

An alternative reductive elimination mechanism va#so suggested in work
carried out by our own research grddipln these studies, the Suzuki coupling of two
sterically hindered aryl substrates was investjateith the rate-determining step
thought to be reductive elimination. Stimulation odductive elimination was
proposed to occur through the possible formatioramfoctahedral transition state.
However, the feasibility of the formation of a ts#tion state of this kind would
strongly depend upon the ability of a second incgmorganohalide molecule to
overcome the significant steric barrier posed bg toordinated ligands already
present. The high steric bulk of the organic ligandoordinated to the
diorganopalladium(ll) complex would suggest that flormation of such a highly
congested species is unlikely. Studies have shbansiguare-planar four-coordinate
palladium(ll) species possessing large ligandslaysp marked preference for this
form, with the formation of higher coordinated sigsenergetically unfavourable due

to strong repulsive steric interactioffs.

Arguments against the alternative reductive elation mechanism proposed
by Stille et al. claim that the outcomes of reatsiguch as those previously described
(schemes 1.22, 1.24 and 1.25) are the result efnmdlecular processes, in which

exchange of organic groups occurs between a dioggdiadium(ll) complex and a
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trans-organopalladium(ll) halide complex (formed in $ithrough a dimeric bridged
intermediatd?>*??|t has also been claimed that if the postulateidctve elimination
mechanism involving a six-coordinate palladium(l\fermediate was operating
universally then significant amounts of scramblesnbcoupled products would be
regularly observed?'*® which is not usually the case. Other points intention
include the fact that palladium(lV) complexes ameely observed or isolatétf >
unlike the equivalent platinum(lV) complexes whiate well documentetf® There
are also no reports of the direct observation ohsauspecies within an actual catalytic
Suzuki reaction, despite in-depth analyses utiisiNMR spectroscopg$® and

electrochemical method&>*4®

In an exceptional case the preparation and isolatif a stable octahedral
palladium(lV) complex80 was achieved, with its structure confirmed by X-ray

crystallography*°

Figure 1.6 Isolation of octahedral palladium(IV)galex 80.

Both the formation o8B0 via oxidative addition of methyl iodide to a pre-
prepared palladium(ll) complex together with itbsequent decomposition through
reductive elimination of ethang2 were clearly observed by NMR spectroscdpy.
The relative stability of this type of complex wiasind to be strongly dependent on
both the nature of the ligands present and thesitipaing, with those disfavouring
dissociation to a five-coordinate species greatlyamcing the stability?°

Consequently, it has been demonstrated that athopalladium(lV)
complexes are indeed viable and can even be igolateemains to be determined
whether they represent an actual participatingispen the reductive elimination step

of a Suzuki coupling reaction.
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1.3 Coupling reagents: The organoboron substrate

Historically, early Suzuki coupling reactions isld organoboranes and
boronates, synthesised from hydroboration of thkkiene or alkyne counterparfs:?

The first organoborane species used in these cgglvere81 and82

R-B O
and R]—Bi D
o)

81
Figure 1.7 Organoboron species first employed imuucoupling reactions.

Use of the catechol boronate or ‘benzodioxaborsldgstrateé32 was found to
give the best yields as compared to alkylbor&8ied his prompted the continued use
of this substrate and other boronate esters, whidisequently led to the use of
boronic acids. When they were tested as the organalsubstrate they were found to
couple successfully in the presence of base. Tieplayed a higher reactivity than
their boronate ester analogues and so rapidly bedhm organoboron reagents of
preference. However boronate esters remained usdfeh employed in couplings

where deboronation was a problem (see sedtidr).*

Other organoboron species have since been teste@uizuki coupling
reactions; specific examples include trifluoroberaalts 83 and 84"*** and

tetraarylborate sal®5;*'#81>4

OF o © @
R\/\@/F ® @—B/—FK 7\ B Na
B. K pd \ X__
& F Y \— = Y
4
83 84 85

Figure 1.8 Other alternative organoboron couplungssrates.

Potassium vinyltrifluoroborate sal@&3 were first used by Genét et'at.in a
Suzuki-type coupling reaction with arenediazoniwatissto give a vinylated coupled
product. This type of reaction was then extendedhtiude the use of potassium
aryltrifluoroborate salt$4 as substrate’s? although subsequent studies by Molander

| 153

et al’*and Lloyd-Jones et &1°***have questioned the mode of participation of these
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trifluoroborate species in the catalytic cyclewtis observed from'B and'°F NMR
analysis of test reactions that addition of baspdiassium phenyltrifluoroborate salt
86 in methanol led to the displacement of fluoridesuiting in a different ‘ate’
complex bearing no fluorine substituefts.lt was deduced that under these

conditions the complete substitution of fluoridehygroxyl groups occurred.

©) ® @ @
oF K © OH K ©OH K ©OH K
Ph—B—F === Ph—B—F Ph—B—OH Ph—B—OH
F F F OH
86 87 88 89

Scheme 1.29 Substitution of fluoride by hydroxydgps.

Although the completely substituted specg&%swas found to be the most
predominant, the possibility of mon®8, di- 87 or trifluorinated 86 species
participating in the catalytic cycle could not beled out. Calculations of the
transmetallation energy profiles for all four sgecrevealed that the trihydroxyborate
speciesB9 was the most reactiVé®> The presence of the free boronic acid spe8ies
was also observed, and was found to be in rapidilgum with the borate species
89. Under conditions in which the concentration ottevan the reaction solvent was
reduced, the equilibrium shifted dramatically irvdar of the boronic acid species.
Further investigations proposed that in such systma trifluoroborate salt could act
as an in situ ‘slow-release’ source of boronic aeabling smooth cross-coupling

with inhibition of side-reactions such as debormrat®®

In 1992, sodium tetraarylborate sas were first used in Suzuki coupling
reactions with vinyl and aryl triflates by Ortarcano-workers™>* The tetraarylborate
species was speculated to surrender two of itsgaotips readily during successive
transmetallation processes, with the transfer tfi aryl moiety less effective but
also feasible. The addition of base was a necesszguirement, despite the
quaternary nature of the initial species. Bumagial&’ later reported the successful
coupling of sodium tetraarylborate sa#Swith aryl halides7, carried out in agqueous
media using ‘ligandless’ palladium catalysts. Thepe of this reaction was extended
to include the use of aryl chlorides as substrdtesnore recent work, Xu and co-
worker$?® also utilised sodium tetraarylborate s&@fsin Suzuki couplings, performed
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under similar aqueous conditions in which it wasoahoted that the presence of a
base was vital for the success of the reaction. ddtalytic cycle proposed was
essentially the same as the general catalytic dgde scheme 1.1) except for the
involvement of successive alternative transmetaltasteps allowing for the complete

consumption of all aryl groups present on the istqusubstrat@5.

1.3.1 Preparation of organoboron substrates

1.3.1.1 Preparation of arylboronic acids

Syntheses of arylboronic acids8 employing Grignard reagent80 or
organolithium reagent®2 are generally considered the standard approaabres f

preparing such compounds?>*°71%9

@
OR OH
(a) ﬁ \ MgBr ﬂ ﬁ \ B/ H3O / \ B/
Y \— Y = OR Y= OH
R = Me ori-Pr
90 91 18
OH
(b) 7\ n-BuLi_ 1 B(OR)3 7 N\
e Br pd B\
Y — 2. H3O Y \— OH
8 R = Me ori-Pr 18

Scheme 1.30 Preparation of arylboronic acids wmoometallic reagents.

The original protocol established by Bean and 8oHi’ was that of method
(a) in which a Grignard reage®@0 is prepared from its aryl bromidand then added
to a solution of trialkylborate, followed by hydysis of the resulting boronic est@t
to give the free acid8. This method is still commonly used although itastricted to
substrates that are compatible with the Grignaadjeat. A later variant illustrated in
method (b) utilised an organolithium reag88twhich is reacted with trialkylborate in

a similar manner followed by hydrolysis under acidonditions:>%*>°

1.3.1.2 Preparation of arylboronate esters

Arylboronate esters of the typ&l are usually unstable and are prone to

hydrolysis at room temperature by atmospheric moest Cyclic boronate este@3
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on the other hand are thermally stable and carbbaned from arylboronic acids3

by a condensation reaction with diols under dehymiyaconditions*

OH HO OH 0]
O L O
Y/_ \OH A v e \O
18 93

Scheme 1.31 Preparation of cyclic boronate estens &rylboronic acids.

In this example ethylene glycol is used but aliéue boronate esters can be
formed from diols such as pinacol and 1,3-propaviedihey typically form waxy

solids and can usually withstand purification bjucon chromatography.

Arylboronate ester85 have also been obtained directly from aryl halides

the coupling of an alkoxydibordd:

i :O O: i
\ /
B—B
’ \
O O
94

0
7 N\, PdCl,(dppf) // N\ Bi
v R — KOAc Y A= o)
DMSO, 80 °C
7 95

Scheme 1.32 Alternative route towards boronate®ste

This reaction is often referred to as the ‘Miyaboaylation’ and is useful as it
tolerates a variety of functional groups such aterss nitrile, nitro, and acyl
groups:°®*!|t can also be utilised in ‘one pot’ strategiesnihich the boronate ester
is formed in situ and then reacted directly withagl halide in a Suzuki coupling

reactiont®?

1.3.2 Reactivity of arylboron substrates

As discussed previously, boronic acid substragsain unreactive in the
Suzuki coupling reaction until a base is adtfed.The addition of base was found to
be crucial to the success of the reaction, aneémeglly attributed to the formation of

a quaternary ‘ate’ species. This is believed tdhgereactive species that partakes in
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the transmetallation step of the catalytic cyclkhaugh other modes of activation

caused by the presence of the base have been pbfsee sectioh.2.4.

When employed in simple unhindered Suzuki coupiigggctions, arylboronic
acids are generally more reactive than their arglbate ester analogues. However,
when sterically hindered arylboronic acids are u#tekdas been noted that the rate of
the coupling reaction drops significantly, with lemyields of product obtained.In
these reactions the deboronation side-reactionrbesanore prominent and adversely
consumes the organoboron starting reagent (seenialy section). Although the use
of a stronger base was found to accelerate theofatee coupling reaction, other
measures taken to prevent the deboronation sidtigaavere also beneficial. Such
measures included the use of anhydrous, aprotiditons, requiring the use of cyclic
boronate esters such 88 and 95 on account of their inability to act as a proton
source and ease of drying. Therefore, in reactsuth as these the use of boronate

esters is usually preferential to that of bororids.

1.3.3 Deboronation side-reaction of arylboron substtes

The deboronation side-reaction of arylboronic ad@ in Suzuki coupling
reactions has been speculated to proceed by atywaoie different pathways.
Comprehensive studies conducted by Kuivila et elealed that deboronation of
arylboronic acids can occur under both acidic aasid condition$®™® as well as

being catalysed by the presence of metal f1%

A number of different mechanisms were initiallyspdated. In the case of
acid-catalysed deboronation, results obtained fkamatic experiments revealed that
the mechanistic pathway which correlated best #ighobserved data was that of the
A-Sg2 mechanism.

BOH) (i) H._ B(OH), H
X slow 7 X o (i) N
| +HA —— (@} + A ——— || + B(OH),A
Y/ = Y?‘" /F
Y
18 96 97

Scheme 1.33 A+£2 mechanism of acid catalysed deboronation of arglhic acids.
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This simple two-step mechanism favoured by Kresged Chiandf*
exemplifies ‘general acid catalysis’ in which thadaspecies is represented by ‘HA'.
The acid-catalysed deboronation reaction of argbar acids was found to fit this
model as it was not specifically catalysed byDHions only. The first step involving
proton transfer from an acid to form an arenium 9@n(i) was found to be the rate
determining step’ Cleavage of the C-B bond then occurs with the hisracid
moiety lost from the ring (ii), with hydrogen thueplacing the group in thgso
position. The main driving force behind the reacti® thought to be the formation of
the new C-H bond which is stronger than the C-Bdbom this example of an
aromatic substitution the proton acts as the elpbite, which explains why the

reaction is often referred to as ‘protolytic debwation’ or ‘proto-deboronation’.

Although this mechanism can be considered to adcdar most acid-
catalysed deboronation reactions, it cannot beieghpb all cases. Further kinetic
experiments on reactions carried out in highly emtiated acidic media gave results
which deviated from those predicted using the g&-Smechanism® Other
observations made from the acid-catalysed reactiemsaled that arylboronic acids
18 with substituents in thertho position were found to show a marked increaséén t

rate of deboronation.

The mechanism of base-catalysed deboronation gs ieell-understood.
Studies carried out revealed that data obtainad kimetic experiments did not fit the
predicted pathway which was that of ar1 $ype mechanisrt

B(OH), © B(OH)3 o
X o (i) N (i) X
| + OH ——— || —— | + B(OH)3
/G S /&
Y Y Y
18 98 99
H
S
AN (i) X ©)
| + H,0 | OH
/- /G
Y
99 97

Scheme 1.34 Predicted aromaticelS type mechanism for base-catalysed

deboronation.
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In this postulated mechanism, preliminary coortioraby a hydroxide ion to
the boronic acid group to form a borate ang@(i) was expected to occur, followed
by loss of the group to form the intermediate carya 99 (ii). Protonation of the
carbanion99 by water was thought to form the last step (iljowever, this
mechanism was ruled out on account of the obseexperimental data, which was

not in agreement with the formation of a negativeigrged intermediate suchgg"®

It was discovered that this reaction did not fallgeneral base catalysis’ and
perhaps somewhat surprisingly, the mechanism foaifitlthe observed data best was

as shown below:

B(OH), B(OH)3

A () A @
| + H0 | + H
Vo Y//

18 08

B(OH)s (i)

N slow X ©)
| + H,0 | + B(OH); + OH
/G Y/

98 97

Scheme 1.35 Observed deboronation mechanism iroasjieasic media.

In this mechanism, the first step involves theersible coordination of water
to form the arylborate i088 (i) which then serves to activate tipso position on the
ring towards electrophilic attack by another wateslecule in the second step (ii),
with subsequent loss of the boronate group. Datairdd from kinetic experiments
deduced the second step as being rate-determiamdy,also pointed towards the
formation of a slightly positively charged interniee’® Although observation of a
positively charged intermediate served to confiime tmechanism as that of an
electrophilic aromatic substitution, the small miagghe of the charge was unusual for
such reactions. This was attributed to the preseaficihe negative charge on the
borate group, which would effectively offset anyspiiwe charge gained from the

addition of an electrophile.

39



This proposed mechanism could not be proven wiolate certainty, but
was supported to some extent by the fact that deladion of arylboronic acid$8
has been shown to occur in water alone, albeitigit temperature and pressuifé.
More recent deboronation experiments carried ouftoynn et al. on polyfluorinated
arylboronic acid¥” revealed spectroscopic data that was also in agneewith the
formation of a quaternary arylborate i@8 during the base-catalysed reaction, but

could not confirm the mechanism outright.

The effects of substituents on the rate of reactiere also investigatéd.As
observed in the acid-catalysed reaction, it wasidothat arylboronic acid$8 with
substituents in theortho position also displayed an increased tendency risva
deboronation as compared to substituentsneta and para positions. It was also
revealed that both electron-withdrawing and electtonating groups served to

accelerate the rate of reaction.

In the case of the metal-ion catalysed reactidmas long been established that
metallic salts such as those of mercury, cadmiung, and silver function as catalysts
for the deboronation of arylboronic acid8.”>%°*%*'%®Early studies conducted by
Ainley and Challengéf® suggested that the mechanism involved the formatipo
organometallic intermediates which were then edsygrolysed in the presence of
water. This mechanism was corroborated by Kuivilal&® who carried out kinetic
experiments on the cadmium ion catalysed reactbawn below).

B(OH), cdx
(i) | N . CdX, + H,0 _sow . B(OH)s + HX
S F S/
Y Y
18 100
Cdx
. X fast N
(i) | + H0o —— || + CdXOH
S/ S
Y %
100 97

Scheme 1.36 Deboronation of an arylboronic acidlgs¢d by a cadmium salt.

The data from these studies provided evidencavour of the formation of a
borate ior98 prior to electrophilic attack on thpso position by the metal ion.
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B(OH), © B(OH)3
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| + Hz0 | + H
& ~=
Y Y

18 98

Scheme 1.37 Formation of borate @prior to metal-catalysed deboronation.

The data also identified the probable formation aofpositively charged
intermediate, which as before, confirmed the meigmanas being an overall

electrophilic aromatic substitution.

@

S

B(OH)s (HO)3B_ MX MX

N 7 © X
| + MX (@) + x —— | + B(OH)3
IF Vo N F
Y Y Y

98 101 102

MX M H H

X 7 © N

| + Hy0 ‘@3 + oH ——— @ +  MXOH
S ot Vo
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Scheme 1.38 Possible mechanism of deboronatiolysatbby a metal salt.

It was discovered that in this mode of the debation, the rate-determining
step was not the proton transfer, implying that fbemation of organometallic
intermediatel 02 facilitates this step, thus increasing the oveaedl. (The presence of
ortho substituent groups on the aromatic ring also atddrther increase the rate of

reaction).

In a test experiment, the phenylboronic acid wamé to be stable towards
dilute hydrochloric acid, which indicated that tdeboronation was not due to acid
formed from hydrolytic dissociation of the metalltsarhis proposed mode of
deboronation was further supported by the successb@lation of the mercuric
chloride and bromide analogues of intermedigt2from the equivalent reaction®:

In a similar manner, the acceleration of deboronahas also been found to

occur in the presence of a palladium species. [Qunrestigations conducted by our
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own research group, the deboronation of a steyitatidered boronate est&94 was
investigated?’ It was discovered that the combination of botlaseband a palladium
species resulted in rapid deboronation, whereasptbeess was slower in media
containing either just the base or the palladiunalgst. This implied that the
formation of the ‘ate’ species was an importanp gigor to the palladium-promoted

loss of the boron moiety.

3.0 (o
"B 05B—Nu
©
F NU F
F Nu=OH or F° F
C7H1s C7Hss
104 105

Scheme 1.39 Formation of an ‘ate’ species priateieoronation.

An analogous mechanism to the one described byilduet al. could then
ensue; easily conceivable if palladium(ll) chloridalt was used as the catalyst
precursor. During the Suzuki coupling of substra@d, it was suggested that the
observed deboronation could be due to hydrolysighefdiarylpalladium(ll) species
produced in the catalytic cycle following transntietson. This could be possible,
provided the electronic properties of this speeies favourable. This process is less
likely to constitute a main deboronation pathwayweweer, as hydrolysis of the
diarylpalladium(ll) species could just as easilgdeo protonation of the aryl moiety
donated by the aryl halide substrate, with subssigcensumption of the aryl halide
(again dependant on the electronic properties). aldglenated side-products are
occasionally observed, although this is less comr@mthe whole, deboronation can
be considered as a separate reaction that occargysadle the catalytic cycle.
Nevertheless the two processes are inherentlydinke a slow catalytic turnover may
result in catalyst decomposition thus providingadlgolium species able to accelerate

deboronation.

Studies by Moreno-Mafi# in which the mechanism of boronic acid

homocoupling was explored have proposed the pdisgithat, in the absence of
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competing processes, a Pd(®3#pecies is able to insert into the C-B bond inaamer

resembling that of oxidative addition (scheme 1.40)

B(OH),
BOH), L—Pld—L
| : + PdL, —> | o

J 106 J Z
18 107

Scheme 1.40 Insertion of palladium into a C-B bond.

Aside from the route leading to catalytic homodmg this could also be
conceivably followed by proton transfer, resultingleboronation.

I?(OH)z
L—Pd—L H
B B
+ HO — + (HO)PdL,B(OH
- 2 S (HO)PdL,B(OH),
Y Y 108
107 97

Scheme 1.41 Deboronation following palladium insert

Palladium(ll) chloride, palladium(ll) acetate, lpalium on carbon and
elemental palladium have all been shown to catatigd®oronation, with or without
the presence of ba&k®*’Inhibition of this process has become an importat in
the optimisation of Suzuki coupling reactions, esquléy those employing sterically
hindered substrates. The presence of water inioeachedia is well-known to
exacerbate the problem, as it can evidently absist the formation of the borate ion
and the subsequent protonation. Therefore the sxciuof water and other proton
sources from hindered Suzuki coupling reactions Iloften become routine

practiCe31,32,84,147,167—169

1.4 Coupling reagents: The organohalide substrate
The Suzuki coupling reaction is typically carrieat with aryl bromide$ and

aryl iodides9.>*° Less reactive aryl chloridds 0*349-°1°°5859d even aryl fluorides

111°®®" have been successfully employed as the organehsiitistrate. Aryl triflates
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109 are also commonly used, under both palladium- amckel-catalysed

HSLIS2ITT1830d anilines

conditions?®3>1°41701"Recently, arenediazonium saltd
113" have been effectively used as coupling substratesdss-coupling reactions.
In the case of anilined413 they were used by Wang et'&l.as precursors to
arenediazonium saltsl2 in a ‘one-pot’ strategy, in which the salts weregared in

situ and then reacted with arylboronic acids iruauki-type coupling reaction.

O O Do O
111 112

Figure 1.9 Aryl halides and other species usedexdrephiles in the Suzuki coupling

reaction.

1.4.1 Reactivity of aryl halide substrates

The relative reactivity of aryl halides and trila was found to follow the

orderﬁZ 142,171,172

|>Br>0OTf>Cl>F

Figure 1.10 General order of reactivity of halidesl pseudo-halides in the Suzuki

coupling reaction.

This order (in the case of halide substrates itiqudar) is in direct correlation
with the increasing strength of the Ar-X bdffdand was confirmed in trends

observed from many general Suzuki coupling reastion

Competition reactions in which dihalogenated amyklre used as coupling
substrates also provided additional confirmatiorheW 4-bromo-iodobenezerid 4
was used, for example, the coupled product formasl faund to be 4-bromobiphenyl
115 (scheme 1.42%
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Pd cat.
I Br + (HO),B E—— Br
base

114 6 115

Scheme 1.42 Reactivity of iodide vs. bromide iruauki coupling reaction.

Exclusive formation of biaryl produdtl5 provided verification that the iodo
group was more reactive than the bromo group. Whénomo-chlorobenzen#16
was used, 4-chlorobiphenylL7 was the only producf

Pd cat.
Br Cl + (HO),B _— Cl
base

116 6 117

Scheme 1.43 Reactivity of bromide vs. chloride Buauki coupling reaction.

And so in this manner the order of reactivity bé thalides was established.
This observed order of reactivity allowed the matagon of dihalogenated
substrates such as the ones shown abd! @nd 116 to afford useful

chemoselective transformations.

Aryl triflates 109 were shown by Huth and co-workEfsin 1989 to couple
with arylboronic acidsl8 under Suzuki conditions. They were observed tdelss
reactive than aryl bromide® This trend was also noted by the groups of Snigck
and Suzuki”® who independently carried out competition reactiim an analogous

fashion to those illustrated above.

The usual reactivity order of aryl bromid8sand aryl triflates1l09 could be
reversed however, with the use of alternative reactonditions. Mechanistic and
kinetic studies performed by Jutand et®akevealed that when DMF was used as the
reaction solvent (with Pd(PB as catalyst), aryl triflates09 displayed a marginally
higher reactivity than aryl bromidé&s Hayashi also reported that the reactive site of
4-bromophenyl triflatel18 in a palladium-catalysed cross-coupling with ag@ard
reagent could be controlled with remarkable efficie depending on which specific

ligand was used (scheme 1.4%).
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ArMgX ArMgX

PdClx(dppp) PdCl,(meo-mop),
Ar Br - TfO Br ——— > TfO Ar
LiBr LiBr

EtZO Etzo
119 118 120

Scheme 1.44 Control of reactive site by the usspetific ligands.

These findings were confirmed in related studig8kown and co-worker§
who noted the same chemoselectivity, and elaboraf@oh previous work by

extending this method of control to other palladicatalysed transformations.

Further investigations into the use of triflatessaibstrates in Suzuki coupling
reactions revealed that yields could be increayeithdr addition of a metal halide salt
such as lithium chloride or lithium bromide, assteseemed to prevent decomposition
of the palladium catalyst:***® The use of powderedsRO, suspended in THF or
dioxane was also found to accelerate the couplinigiftates with boronic acids or
esters.’> The utilisation of triflates as coupling substmatpresented an instant
advantage in that they are easily accessible froem@ls; a wide variety of which are
commercially available. They are, however thermdlipile thus requiring mild
reaction conditions, and are prone to hydroly5t§:*°

Under the original Suzuki-Miyaura reaction protisc@ryl chloridest10 were
found to be unreactive and were generally constténebe inert to such coupling
reactions. Mitchell and Wallbank later demonstrateat electron-deficient heteroaryl
chlorides could be made to react satisfactorily wkel(dppb)Gl, was used as the
catalyst®° Other work carried out by the groups of Befteand She also revealed
that aryl chlorides could be made to react wheivatetd by the presence of one or
more electron-withdrawing groups wmrtho and/or para positions on the aromatic
ring. In the reactions investigated by Sh&the use of a more electron-rich ligand,
tricyclohexylphosphine (PG), was found to be beneficial. In studies carried loy
Beller et af’® the use of a palladacyclic catalyst was foundatslifate the successful
coupling of their substrates.

The use of unactivated aryl chlorides in Suzukuptmg reactions still

presented a challenge however. This remained sib thet groups of Ft/"® and
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Buchwald®°0-60.83

independently developed highly active ligand/gatabystems that
promoted the coupling of these difficult substratashe case of the catalyst systems
developed by Fi they were so successful at activating the C-Cldbeowards
oxidative addition that they reversed the usuakouaf reactivity, with aryl chlorides
110 showing a higher reactivity under their conditiotiean aryl triflates109
Interestingly, aryl iodide® were found to be less reactive than their aryhhde 8
counterparts under the same conditions. Other m&dsegroups also managed to
achieve successful Suzuki coupling reactions withctivated aryl chlorides, using
similarly bulky, electron-rich ligand¥:®> Overall, these new systems have led to
more efficient reactions with lower catalyst loaginhigher coupling rates, and have
enabled reactions to be carried out at ambient ¢eatyres. Sterically hindered di-

ortho substituted aryl chlorides have even been coupl#dgood result§>>>°

This development has meant that the highly deleirabe of aryl chlorides as
starting materials has become a viable possibilitys is advantageous for industrial
processes as aryl chlorides are much more readiijehle and less costly.

More recent advances have seen the successfuirgpoparyl fluorides111

In 2003, Widdowson and Wilheffireported the coupling of electron-deficient aryl
fluorides such as 2,4-dinitrofluorobenzene withimas arylboronic acids, catalysed
by Pd(dba) with MesP as ligand. Control experiments confirmed thatréections
were indeed proceeding via palladium catalysishémanner typically expected for a
Suzuki coupling reaction. Surprisingly, when 4-e¢bjghenylboronic acid was used as
a coupling substrate, the C-Cl bond remained intattt oxidative addition occurring
exclusively at the C-F bond. This result was furtpeof of the ability of a specific
set of conditions to effect a reversal in the usuwdeér of reactivity of the electrophilic
partner. In this particular set of reactions it waand that the presence of a nitro
grouportho to the fluoro- position was essential for the ssscof the reaction. Other
electron-withdrawing groups such as trifluoromethylthe ortho position did not
result in the formation of coupled product. In tethstudies, Kim and Y{ achieved
similar successful couplings of electron-deficianglfluorides with arylboronic acids
using Pd(PP4), in DMF. Aryl fluorides with a nitro group in thertho position and a
second electron-withdrawing group in thara position were found to give the best

yields of coupled product.
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Finally, although not formally included in the geal order featured above

(see figure 1.10), arenediazonium sdli® have been shown to be highly reactive
coupling substrates in Suzuki coupling reactior@ng@etition reactions carried out by
Genét and co-workers " revealed that, under their conditions, the reitgtiof the
diazonium functional group surpassed that of teffaand of bromides. Fast
conversion was observed even at ambient tempesatline same high reactivity was
also noted in experiments conducted by Sengupt.’® As a result, it is highly
probable that their utilisation as coupling parsneill continue to generate interest in

future developments.

In summary, the reactivity of aryl halides andyzk®halides has been shown
to usually follow the order illustrated in figurelD. However, when certain reaction
conditions/catalysts are used, the order can leeedlt The reactivity of aryl halides
can generally be increased by the presence ofr@heatithdrawing groups imrtho

positions?>142

1.5 Catalysts and ligands

A vast array of catalysts and ligands have beesd us Suzuki coupling
reactiong2327:28:42:46.49-6781-86.184hage reactions are typically performed with a
palladium catalyst, although in some instances atidatalysts have been used in
‘Suzuki-type’ couplings®*%* Homogeneous catalysts are usually employed, i.e.
those that are soluble in the organic reactionesdlvThey can exist as either Pd(0)
catalysts or Pd(ll) ‘pre-catalysts’ which are rdéyadeduced to the active Pd(0) species
in the reaction media. The facile redox intercharmpgween Pd(ll) and Pd(0)
oxidation states has often been cited as a keyactaistic responsible for the
catalytic efficiency of palladium species during tatalytic cyclé?

Heterogeneous catalysts also exist and are atgdor use in industry as they
are more easily separated from the end mixture,camdeven be recycléf®3%%8
Biphasic aqueous solvent systems are often impledeor these reactiof$>° or in
other cases water alone is employed as the sdiVé&hPalladium catalysts with

hydrophilic/water soluble ligands can be ué&dr solid-supported catalysts such as
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palladium on carbon (Pd/C) are also u&ed. The use of Pd/C without

|igand848,54,176,178(

in water or other solvent systems) has becomepalpr option, as
it is readily separated from the mixture and comtation of the product by ligand
species is avoided. Other catalyst systems such as polfi&f-or resin-supported

palladiuni® have also gained interest.

Phosphine-free and ‘ligandless’ conditions havecob®e established
procedures and offer an instant advantage in tlatrsactions relating to ‘ligand
scrambling’ are prevented from occurring. The peaiion step involving removal of
phosphine/phosphine oxide residues from the produatso eliminated. One of the
first phosphine-free protocols was reported by Walland Novak in which
Pd(OACc), [(17°*-CsHs)PdCIL and Pd(dba)-CsHg were tested as catalysts in couplings
towards biaryl products. High yields were obtairsdow catalyst loadings for all

three catalysts.

Further work by other research groups extendedutiee of Pd(OAg) as a
phosphine-free catalyst for a variety of differenbstrates, including polysubstituted
aryls® heteroaryl ring systen’$, potassium aryltrifluoroborate  salft¥,
arenediazonium safté*’"*"®and tetraarylborate safts.In some investigations the
use of a copper salt additive was found to be bieine?***>**¢The use of ‘ligandless’
PdCL has also been reporté?>®’ The exact mechanistic details and nature of the
catalytic species generated in these ligand-fraetiens remains unclear, although it
has been suggested that catalysis occurs via e@theterogeneous process involving
colloidal palladium particlé&° or by the formation of palladium complexes ligated
by oxygen-containing speciésThe term ‘ligandless’ is therefore used loosely fo
these reactions, as it has been shown in crosdiegsipnith other organometallic
substrates under these conditions that weakly danégand species (such as polar
solvent molecules) exist in the reaction mediatabiise the catalytic palladium(0)

complexes®®

Palladacycle catalysts have also been investigatedSuzuki coupling
reactions. It was initially reported by Beller and-workers® that a palladacyclic
catalystl21was able to facilitate the cross-coupling of ahllorides with arylboronic

acids with remarkable efficiency. Later work by Bed and co-workers also saw the
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development of palladacyclic compleé?2 which was able to catalyse coupling
reactions at very low Pd concentratidfs.

tBu
N
ArO OAr Ar NO
\/ N_

-
Ar. Ar
, Ac "\ / o—R Cl ),
R o. P v _Cl By Ar
pa” pd 'Bu P . —"d Pd~ci
P\ ,(A)c R ArC \ * “Me
R AT Ar ro OAr Me
tB
121 Y122 123

Figure 1.11 Examples of palladacyclic catalysts.

More recently, palladacyclic catalyst&3 bearing arN-heterocyclic carbene
ligand have been demonstrated by Nolan et al.ftoieitly catalyse the coupling of
aryl chlorides with arylboronic acids at room temgtere** Less common substrates
such as (organo)trifluoroborate sa#3 and 84, and arenediazonium sali42 have

even been coupled successfully using a palladacyatalyst.>"**

It has been proposed that in palladacycles, oxidatates Il and O of Pd are
stabilised to a greater extent than in conventicadlytic specie¥’ This would result
in a more facile interchange between oxidationestand thus enhance the catalytic
activity of the palladacyclic species, explaininigeit unusual efficiency. Other
speculations surrounding the mechanism of palladi@mcgatalysis have suggested
that they act as catalytic precursors in which theyide a ‘slow-release’ source of
colloidal Pd particles® Pd(I1)/Pd(IV) oxidation states have also been sstgd to be

involved, although this theory has been discouintedcent reviews? 1!

These alternative catalytic systems have all [sw®wn to present their own
unique set of advantages and benefits, howevenegslie beyond the scope of this
study, they will not be explored further. Severamprehensive reviews can be

consulted for further details on these systénig®388190-192

50



1.5.1 Palladium catalysts with phosphine ligands

1.5.1.1 General palladium/phosphine catalysts

In the very first Suzuki coupling reactions, tkatalyst employed was
tetrakis(triphenylphosphine)palladium(0), Pd(BRH**?° Throughout subsequent
studies it became the catalyst most frequently .usesl still commonly employed to
this day and is often regarded as a ‘work-horsealgst, although it is usually

reserved for relatively simple substrates and stethdonditions.

A slight disadvantage encountered when using Ha@JPR that it displays a
marginally greater propensity towards ‘ligand sdoéing’ in which the phenyl group
from PPRh becomes incorporated in the coupled product. Tngsvback has been
overcome to some extent by the use of alternativiixybligands such as BY
MeOGsH4)s, Which were found to restrict this type of sideagon’® On the whole,
phosphine-based palladium catalysts have remaiopdlar, as they are stable at high
temperatures and can thus withstand prolongedriteati

Many other phosphine-based catalysts have sinargemh and have been
shown to display high activity in Suzuki couplingactions. A few examples include
PdCh(dppf)** Pd(dppf)(OACc),?® and Pd(dppb)GI® As a result, bidentate ligands

such as dppi24, dppel25a dpppl25h dppb125¢ and BINAP126 have become
3?1,22,42,180

. PPhy l l PPh,
Fe \ /

= e -
n

124 125

routine choices in aryl-aryl Suzuki coupling rean

an=2
b,n=3 126
c,n=4
Figure 1.12 Commonly used phosphine ligands in Euzupling reactions.
Pd(OAc)», PdCh, and Pd(dba)y used in conjunction with various other

phosphine ligands have also become frequently usasdlytic systems. Each

individual catalyst/ligand combination has beercoi®red to present its own unique
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set of electronic and steric properties, and asalf, systems such as these have been
able to be tailored to meet the needs of specyfies of substrates and reaction
conditions. It has been frequently observed thatrdaction conditions and types of
substrates used show a high sensitivity towardsiéere of the catalytic species, and
vice versa. Predicting the exact performance ohitalgst/ligand combination in a
specific set of conditions is difficult however,dansually the most feasible option

towards identifying optimal catalyst systems i4 thfascreening protocols.

An early example of this sensitivity could be s@ethe work of Thompson et
al?® Their investigations centred on the coupling ofbstiluted pyrazine
bromide/chloride substrates with aryl/heteroaryldmc acids, using DMF as solvent
and EtN as base. Initial attempts at the coupling reastiotilised Pd(PRJy as the
catalyst, which resulted in only traces of the dedpproduct. Using Pd[B{
tol)3]o(OAc), as an alternative was also met with limited suscéiswas only when
Pd(dppf)(OAc) was used as the catalyst that the desired coumteduct was
obtained in good yield.

In related work carried out by Mitchell and Walitka® heteroaryl chlorides
also failed to couple with aryl/heteroaryl boromicids in the presence of Pd(BRh
But when Pd(dppb)Giwas used, successful coupling was achieved wétboreable to

good yields of the products formed.

Conversely, when Anderson et al. investigated ¢bapling of sterically
hindered mesitylboronic acid with iodobenzeseat ambient temperatdfeit was
found that Pd(PRJy, as well as the combination of Jfdba} with PPh, gave near
quantitative yields of coupled product. The usd’df(dba} with dppf124 as ligand
resulted in no product formation at all. In thesetigular reactions dimethylacetamide
(DMA) was used as solvent with TIOH as base.

In similar studies conducted by Griffiths and Liedtet® the coupling of di-
ortho substituted aryl bromides such as 2,6-dimethyllmioemzene with
phenylboronic acidb were investigated. Dioxane was chosen as the rsplvath

K3sPQO, as base. Ligand screening reactions revealedtlibatise of Pgdba)y with
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P(OMe}) gave the best yields, whereas(@ta) with PPh or dppfl24resulted in no

coupled product.

Therefore, as can be seen in the examples ofestuliscussed above, the
efficiency of the catalytic system is clearly degent on the reaction conditions and

substrates employed.

1.5.1.2 Palladium/phosphine catalysts capable oftaating aryl chloride

substrates

In connection to the first two examples mentiomédve, it can perhaps be
claimed that one of the most significant advancethis area has been the discovery
of catalytic systems able to activate the C-Cl btmdards oxidative addition. The
use of bulky electron-rich phosphine ligands hasnbgroven to especially enhance
this activation. As mentioned previously (sectibb.1.), numerous research groups
have discovered new palladium catalyst systemstatfigcilitate the coupling of aryl
chlorides, including those incorporatifgrheterocyclic carbendé?® ‘pincer-type’
aminophosphine ligand$,  ferrocenylphosphine ligand&®® and
ruthenocenylphosphine ligantfs®® Prominent examples have exploited the use of
monophosphine ligands such as tri(cyclohexyl)phosphPCy 127 and tri-

butyl)phosphine R{Bu); 128

=k
x

128
127

Figure 1.13 Electron-rich bulky phosphine ligands.

In a preliminary report by Shen, the coupling ofllaoronic acids with aryl
chloride substrates bearing two strongly electrathdvawing groups were achieved
using the standard catalysts Pd(BPland Pd(PP#).Cl, (with NMP as solvent and
CsF as baséy. Aryl chlorides bearing only one electron-withdragigroup on the
other hand were found to require the use of Pd{RCly (Pd127) or Pd(OAc)dppp
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(PdA25Db) catalysts; use of the former catalysts faileprimvide any coupled product.
In this particular study, aryl chlorides withoueeiron-withdrawing groups did not

react at all under either set of conditions.

Littke and Fu then developed the use of catalsgstems such as Kdba)
with P{-Bu)s 128 to successfully couple a variety of aryl chloride), including

‘unactivated’ electron-neutral and electron-richocides®*

/N J\  Phdbanzs 7N 7N
YQ—CI + (HO),B . Cs,CO3 Y/_ \:/\z
110 18

dioxane
80-90 °C 129
Y = Me, MeO, Z =H, Me,
NH,, COMe MeO, Ckg

Scheme 1.45 Suzuki coupling of unactivated arybties.

The combination of Rba} with PCy 127 also gave good results but did
not match the vyields obtained with JRtba}/P({t-Bu); in this set of reactions.
Conditions used for these initial experiments waiocxane as solvent with g80; as

base.

Later modifications to these conditions by the sagrouf? led to the
successful coupling of sterically hindered unadédaaryl chlorides such ds80 and
133 with hindered arylboronic acids31 and134, using KF as base, THF as solvent
and Pd(dba)/ PCys.

Pda(dba)/127
Cl HO),B —_—
o) e
THF
130 131 132

60-90 °C

Pd,(dba)s/127
(b) o+ (HOB RERPEL LY )
KF
THF
60-90 °C
133 134 135

Scheme 1.46 Suzuki coupling of sterically hindesadctivated aryl chlorides.
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Exceptionally high yields were obtained for biapybducts132 and 135, in
the region of 89-93%. This was a remarkable featsicening that aryl chloride

substrates were previously deemed unreactive.

The high activity of systems such as(@bay/ PCy and Pd(dba)/ Pt-Bu);
was attributed to both steric bulk and electronwiegds. These attributes were
speculated to enhance the activation of the C-@Gtkowards oxidative addition and
also favour the formation of a coordinatively unsated palladium complex, believed
to be the highly reactive catalytic species. Oneomdrawback encountered with the
catalytic system of RB@ba)y/ P{-Bu); was the pyrophoric nature of the ligand-P(
Bu); 128 which required special precautions while handlifigs problem was later
resolved when it was demonstrated that an air-stabtesphonium salt precursor,
[P(t-Bu)sH]BF,4 could be used to generate the desired ligand epécksitu:®®

In studies conducted around the same time, Buchveadd co-workers
developed biphenyl-type phosphine ligands that wede® able to facilitate the
coupling of unactivated aryl chlorid€s. The first of these ligands was 2-

(dimethylamino)-2’-dicyclohexylphospinobiphenyl ‘diMe ,-Phos’136

Pcy2 PCYZ P(t'BU)z
136 137 138

Figure 1.14 Electron-rich biphenyl-type phosphiigands.

This ligand136, when used in conjunction with either Pd(OAc) Pd(dba)
(under conditions of dioxane as solvent and CsFbase) enabled the room
temperature coupling of unactivated aryl chlorid&® with boronic acid€ 8 in good
yields (scheme 1.47).
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72\ O+ (HOpe 72D\ Pd(OAc),/136 7\ // \\\

v = — 7 CsF, dioxane  y\— — 7
rt
110 18 129
Y = Me, MeO, Z = H, Me,
COMe, CQMe MeO

Scheme 1.47 Suzuki coupling of unactivated arybieties using ligand 36.

It was initially unclear as to wheth&36 was acting as a monodentate or
bidentate ligand (with the possibility of its eff@abeing dependent on the presence
of the amino group), so the catalytic efficiency ofigands o-
(dicylohexylphosphino)biphenyll37 and o-(di-tert-butylphosphino)biphenyl138
were examined® Ligand 138 was found to be equally effective in the room-
temperature coupling of aryl chlorides, and toledathe presence of a variety of
different functional groups. Although ligand38 gave better results at lower
temperatures, ligant37 was found to be more effective for Suzuki coupliegctions

carried out with lower catalyst loadings at 100 °C.

These results indicated that the presence of miecagroup on the second
phenyl ring was not crucial to the catalytic activibf the ligand. The correct
combination of solvent and base, on the other haad,discovered to be essential for
the success of the reactions. Bases KF and CsFfaamnd to be the most effective,
with THF or dioxane as solvent. The bas#®, was found to be useful in reactions
run at very low catalyst loadings at 100 °C, butyowhen toluene was used as

solvent>®

In these reactions it was noted that coupling sates bearing one or more
ortho substituents displayed a decreased reactivity,sanalternative ligands derived
from the structure 0137 were investigated with the aim of improving the syases
of hindered biaryl compounds. This led to the depeient of ligand€.39 and 140
(figure 1.15).
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PCy, PCy,
Me ! i-Pr ]
139 140

Figure 1.15 Biphenyl-type phosphine ligands for¢bapling of hindered substrates.

In coupling reactions carried out between 2,6-dinyiphenyl chloride130
and 2-methylphenylboronic ack81, catalyst systems employing liganb®7 and140
were found to give the best results (at 100 °C).démpling reactions carried out with
a more hindered boronic acid, 2,6-dimethylphenydbar acid, aryl bromides rather
than chlorides were required in order to enable ecessful reaction, and were
coupled most successfully using ligari and138 (at 80-100 °C§°

1.5.1.3 Palladium/phosphine catalysts in the syntbis of tetra-ortho

substituted biaryls

Following on from the successful coupling of uneatied aryl chlorides,
perhaps the next significant hurdle to be overcamhe development of the Suzuki
reaction has been the synthesis of tetthe substituted biaryls. Prior to the
discoveries of Buchwald’s and Fu’s highly activeéatgic systems, the synthesis of
such sterically hindered compounds was considergtlyhiunfeasible, and there
existed only one isolated report of the successfathesis of a tetrartho substituted
biaryl via the Suzuki coupling reaction. This wasd&ed in work carried out by

Johnson and Foglesofiy:

OBn BnO BnO OBn
o) Pd(PPhs), O
o-tBut a2C0s O-t-But
o BnO dioxane o OBn
BnO 142 BnO
141 143

Scheme 1.48 Preparation of a tedréhio substituted biaryl via Suzuki coupling.

The conditions employed were fairly standard, with(FPh), as catalyst,

N&COs as base and dioxane as solvent. The yield of ptddtB obtained however
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was a lowly 12%, which could not be improved upon itlyee a change of base or by

use of the aryl iodide.

Later work carried out by Buchwald et al. on the tegsis of further
analogues of ligand37 led to the identification of other highly activigdnd/catalyst
systems able to catalyse the coupling of steridaithglered substrat&6® These new

systems utilised the following ligands (figure 1.16)

I PCy, I PPh, I PCy, I PCy,
0 OO oo A
O O 146 147
14 145

4
Figure 1.16 Bulky biaryl-based phosphine ligands.

Phenanthrene-based ligarid®t and145 were found to be especially active in
the coupling of substrates bearimgho methyl substituent®:

Pd,(dba)s/144 or 145
Br + (HO),B
K3POy4
toluene
148 149

110-120 °C 150

Scheme 1.49 Suzuki coupling towards a teitao substituted biaryl.

Various combinations oértho methyl andortho methoxy groups on either
substrate were also tolerated. Isolated yields efctiupled product were as high as
82%. The presence of aortho electron-withdrawing group on the aryl halide

however resulted in no product formation.

Use of the alkoxy-substituted biphenyl-derived fiddSPhos’147 presented
an immediate advantage in that it could be reagilgpared using a ‘one-pot’
strategy?® This ligand also displayed excellent activity iouplings towards tetra-
ortho substituted biaryls, giving equally high yield2¢8) when used in reactions
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such as the one illustrated in scheme 1.49, andasiynhigh yields in reactions in

which di-ortho methoxy substituted aryl bromides were employeldds®e 1.50).

OMe
sz(dba)3/147
Br + (HO),B
K3PO4
toluene
OMe o
151 149 100 °C

152

Scheme 1.50 Suzuki coupling towards a tettio substituted biaryl.

Another advantage gained from the use of ‘SPHd3 was that it required
only 3-4 mol% Pd whereas phenanthrene-based ligjdddequired 10% Pd. ‘SPhos’
147 was also found to show superior activity when useaduoplings employing

extremely hindered aryl bromides bearing langdo substituents:

i-Pr i-Pr
. Pd,(dba)s/147 .
i-Pr Br + (HO),B —_—> i-Pr

K3POy4
. toluene :
i-Pr i-Pr
100 °C
153 131 154

Scheme 1.51 Suzuki coupling employing an extrerhilglered aryl bromide.

In this example the coupled prodddi4 was achieved in an impressive 95%
yield using only 0.1 mol% Pd. However, Suzuki cougdinattempted with this
catalyst system employing 2,6-dimethylphenylboraag 149 and aryl bromidd.53

as partners were unsuccessful.

In recent work carried out by Wiirtz and Glorfigxceptionally challenging
coupling reactions were achieved usikgneterocyclic carbene ligands; specifically,

the group of bioxazoline-derived ‘IBiox’ ligands:

1 'IBiox6'
2 'IBiox7"
3 'IBiox8'
7 'IBiox12'

Figure 1.1MN-heterocyclic carbene ligands.
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This series of monodentate carbene ligands wasnebitdoy altering the size
of the cycloalkyl ring substituents on each anaéodthese ligands were then tested in
sterically demanding Suzuki coupling reactions, witest results achieved with
‘IBiox12’ 155d Incredibly, this catalyst system enabled the dagpof di-ortho
substituted aryl chlorides with dirtho substituted arylboronic acids, tolerating di-
ortho ethyl substituents on both the arylboronic atkb and the aryl chloridd58

partner.

Pd(OAC),/155d
+ (HO),B —_—
K3PO,

toluene/THF
156 110 °C

o

157

@ QC.
130
Pd(OAc),/155d
0 o vl == 00
K3POy4
toluene/THF
149
158

&

110°C
157

Scheme 1.52 Suzuki coupling reactions towards tetted substituted biaryls

employing arN-heterocyclic carbene ligand.

Yields of coupled product were high, in the regidri75-96%. These results
represent the only reactions reported so far tlaate hsuccessfully employed aryl
chlorides to give products bearingoftho substituents comprising of methyl groups

or larger®

Finally, recent reports by Hoshi and co-worRef& have demonstrated the
efficiency of a biphenylene-substituted ruthenodgingsphine ligand ‘R-Pho€59in

couplings towards tetrartho substituted biphenyl compounds:

-
%—P\Q
<—>Ru O
159
Figure 1.18 Ruthenocenylphosphine ‘R-Phos’ ligand.
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This ligand159was also shown to facilitate the efficient couplofghindered
aryl chloride substrates with hindered arylboronitds, to give coupled biaryls in
yields of up to 9498°

_ Pd(dba),/159
Cl + (HO),B
K3PO,4

dioxane

130 134 100°C 150
Scheme 1.53 Suzuki coupling towards a temtho substituted biaryl employing ‘R-
Phos’ ligand.

The scope of this ligand was extended to inclugechupling of extremely
hindered aryl bromides such &53 with ortho substituted boronic acids such as 2-
methylphenylboronic acid31 in an analogous procedure to that in scheme ®.51.
Yields matched those obtained with ‘SPhb47.

To conclude, it has been shown that by using medlifgand/catalyst systems
tetraortho substituted biaryls can be prepared in very gdettlg®*® even utilising
aryl chlorides as coupling partnéf€® It is believed that the high activity of these
types of ligands is due to a combination of eledtr@nd steric effects, both of which
exert a significant influence on the nature of ¢hgalytic palladium speci€&!** The
electron-donating character of the ligand incredbeselectron density at the metal
and so favours oxidative addition. This charactetymalso help to stabilise other
intermediates in the catalytic cycf®. The large steric bulk - as well as providing
electron density - also facilitates the formatidnaomonoligated palladium species
‘L1Pd(0). This is thought to be the species respdadir the high catalytic activity
as, perhaps somewhat ironically, it provides a t@esvded approach for incoming

substrate molecules, as oppose to,®t(0)’ species>

1.6 Axial chirality
Early investigations by Christie and Kenft&mto the optical activity of tetra-

ortho substituted 6,6’-dinitro-2,2’-diphenic acid gavieer to the first intimations of

axial chirality. Their observations led to the maisg that the two aryl rings were
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linked by a common axis, but that the rings did lr@in the same plane. Later studies
established the nature of this form of chirality rngrecisely®” with the steric
hindrance produced by tha@tho substituents on both aryl rings confirmed as the
cause of restricted rotation around the aryl-amyis.aBoth the energy barrier to
rotation and the dihedral angle between the plah#se two aryl rings were primarily
dependent on the size and number of ¢ného substituents. Contributions from
‘buttressing’ effects ometasubstituents and electronic effects frpara substituents

were also observed, although they played a farsigssficant role*%%%°

Axial chirality in biaryl compounds, known as atre@inerism, can thus be
defined as a phenomenon in which the restrictediootaf the aryl-aryl bond gives
rise to two separate atropisomers, provided thatBdand A’~B’. IfA=A"and B =
B’, the molecule has £symmetry, but is still chiral. Depending on the megof
steric hindrance, a minimum of three bulky subestitis inortho positions is usually

required to produce a sufficient barrier to rotafity 2%

0 0

Figure 1.19 Restricted rotation around an axial 3@hd leading to separate

atropisomerd60and161

The axial configuration of biaryls possessing fewéan three ortho
substituents is not usually resistant to heat, wattemisation often occurring rapidly

at room temperatur@®?**

In more conventional terms, biphenyd$0 and 161 can be considered as
enantiomers, as each one possesses a definedosertseality. The configuration of
axially chiral molecules can be definedRasr Sin accordance with the Cahn-Ingold-
Prelog rules; sometimes prefixed with @hto denote axial chirality, as iaR or aS

Alternatively,M andP are used if considered as helices.
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Assignment of the absolute axial configuration shalecule can be achieved
if viewed along the biaryl axis, in the form of a Neamprojectiorf° Beginning
with theortho substituent of highest priority on the proximalgi(in this example A),
the shortest 90° path to the ortho substituentgifdst priority on the distal ring (A’)

is found.

Figure 1.20 Assignment of absolute configurationhiral biaryls162and163

If the turn is clockwise as 60 the configuration i® (for plus). If the turn is
anti-clockwise as ii161, the configuration is determined &is(for minus). (It should
be borne in mind that this denotation bears naicglao the direction in which the

molecule rotates plane-polarised light).

1.6.1 The importance of axially chiral biaryls

Axially chiral biaryls are common structural motifs many natural products,
many of which display remarkable bioactivities. Ndealexamples of natural
compounds incorporating a hindered biaryl unit udel vancomycif’
michellamine® steganacifi® and knipholoné® It has only recently been recognised
that natural products possessing a rotationallyddried biaryl axis are far more
widespread and structurally diverse than previoassume®*?*>and in many cases,
the biological activity of the compound is depertdem the absolute axial
configuration, with properties restricted to oneopitsomeric form. Consequently,

atroposelective syntheses of such compounds haertgehighly desirable.
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Aside from pharmacologically active compounds, ititeresting properties of
axially chiral biaryls have led to their exploitatiin other wide-ranging applications.
They have for instance found common usage as chigahds in asymmetric
catalysi§®®?!° (exemplified by the well-known ligands BINAR26, BINOL and
MOP) as well as being utilised in the cores of chii@lid crystalé* and more

recently as molecular switches in nanoscience aajiits®*?

Classical resolution methods employed in the e of racemic
atropisomeric mixtures typically suffer from low oa# yields and often employ
laborious procedure§®?*3In view of this, and together with the growing numbér
applications of chiral biaryls, there has been werable interest in the development

of efficient protocols that produce enantiomerigcahriched chiral biaryl products.

1.7 Methods of inducing asymmetry in axially chiralcompounds

To date, a wide variety of different synthetic @dares enabling the control

d167—169,175,214—23
)

of axial chirality in biaryl compounds have beepade ®some of

which have been applied in targeted synthéseg?234-23¢

These procedures can usually be classified underod three fundamentally
different methods. The first method involves theedi intermolecular coupling in
which the asymmetric configuration is generatedrdythe formation of the aryl-aryl
bond. The second method involves the atroposetettansformation of a (previously
stereochemically undefined) biaryl system througtheaymmetrisation process. The
third involves the induction of asymmetry during ttonstruction of an aromatic ring

system.

Of the methods described above, the first involimg direct atroposelective

coupling of two aryl substrates has arguably reckite most attentioff>214217220-

223.226.229-231 g has since become an attractive method adldhituction on account
of its expedient nature. One of the main drawbackeaated with this method is the
inherently challenging nature of coupling sterigatowdedortho-substituted biaryls,

although significant improvements continue to belenim this area.
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A number of procedures also fall under the desonpaf the second and third
methods, with exceptional results produced in soreble example$:®?%42%7
Although of value, these types of procedures lieobdythe context of this study and
so will not be elaborated upon further.

1.7.1 Direct atroposelective cross-coupling reacts

The first atroposelective transition-metal catatyscross-coupling was
reported by Kumada and co-workers in 1977 in whichntic&el-catalysed coupling
of an aryl halide substrate with an aryl Grignardgeed was carried oGt? In this
reaction, two naphthyl halves were coupled in thesgmee of chiral binaphthyl
phosphine ligandS)-NAPHOS164to give an enantiomerically enriched produ§j; (
2,2’-dimethyl-1,1’-binaphthalen&65

COL L OO . U
+ 12.5% ee
Br MgBr OO
162 163

-165
CCU oo, 9
OO PPh,
(9)-164

Scheme 1.54 Asymmetric nickel-catalysed couplingatas binaphthyl productS-
165

Although only a modest ee of 12.5% was achievied, dffect of the chiral
ligand observed in this reaction was of particudagnificance. It presented strong
evidence to suggest that the presence of a chpedies in such transition-metal
catalysed coupling reactions could exert an infbgéeaver the stereochemistry of the

final coupled product.

Subsequent work by Hayashi et al. proved thisetdHe casé™ with axially
chiral binaphthyls successfully synthesised in hagtantioselectivity using chiral
ferrocenylphosphine ligand$S)¢(R)-PPFOMe 166 and §)-(R)-PPFOEt167 (figure
1.21).
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PPh, PPh;

Ee q Me Fe f Me
= =
166 167

Figure 1.21 Chiral ferrocenylphosphine ligan@®-(R)-PPFOMe 166 and §)-(R)-
PPFOENGY.

Best selectivities were achieved using ligai@6 with coupled binaphthyl
products such as R}-2,2’-dimethyl-1,1’-binaphthalenel65 produced in high

enantiomeric excess.

+ e
95% ee
Br MgBr OO
162 163
(R)-165
Scheme 1.55 Asymmetric nickel-catalysed couplingaials binaphthyl produdi6s.

Use of a ferrocenyl ligand bearing opposite chiyd(R)-(S-PPFOMe) led to
the formation of the opposite atropisom&-2,2’-dimethyl-1,1’-binaphthalen&65

in a similarly high enantiomeric excess of 80%.

The scope of the asymmetric reaction between thelstrates was extended
by Frejd and Klingste@t® who tested the use of other chiral catalyst spedgially
chiral ligands (+)- and (-)-BIPHEMPA68 and R)- and §-BINAP 126 were

employed, this time using a palladium salt as thedition-metal catalyst precursor.

O PPh, OO PPh,
l PPh, l l PPh,

(+)- or (-)168 (R)- or (9-126

Figure 1.22 Axially chiral phosphine ligands (x)PHEMP 168 and R)- and §)-
BINAP 126.
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Use of the ligand (+)-BIPHEMRG68 was found to give the best ee values in

these reactions.

OO + OO Pd(acac),/(+)-168
O‘ 45% ee

Br MgBr
162 163

(9-165
Scheme 1.56 Asymmetric palladium-catalysed coupbmgardsl65

Although the enantiomeric excesses were not as agthose achieved by
Hayashi et af'® the use of a chiral ligand nevertheless resutieahi enantiomerically
enriched product. The same trend as in previoug was also observed, whereby use

of a ligand of opposite chirality gave rise to tpgposite atropisomeric product.

1.8 The Asymmetric Suzuki coupling reaction

The first asymmetric palladium-catalysed crossptiog of an aryl halide with
an arylboronic acid or boronate ester was achidyedur group in 2006%" Axially
chiral ortho-substituted binaphthyl derivatives suchlé® were synthesised, with the
atroposelectivity induced through the use of aathphosphine ligand. In these
reactions, use of the ligand§){(R)-PPFOMe 166, (R)-BINAP 126 and §)-(R)-
DPPFA 169 led to low to moderate ee values, whereas use hef dhiral
monophosphine ferrocenyl ligan8){(R)-PPFA170resulted in good selectivity, with
a high ee of 85% produced.

PPh, PPh,
Fe [ Me Fe [ Me
©\pph2
169 170

Figure 1.23 Chiral ferrocenylphosphine ligan8s(R)-DPPFA169and §)-(R)-PPFA
170
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+ —_—
A 85% &
| ~
. 99
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172 (R)-165

171

Scheme 1.57 Asymmetric Suzuki coupling towards fifitiay| (R)-165.

Despite this reaction incorporating the advantaggserally associated with
Suzuki reactions (such as the ease of handlindv@forganoboron substrate) high
yields of product from these asymmetric couplingctns were unfortunately
difficult to achieve. This was due to the hindenedure of the coupling reaction, with
competing deboronation a particular problem. Duriegctions toward$65 utilising
(R)-BINAP 126, a change in the boronate ester moiety from aylertb glycol ester
172 to a bulkier pinacol ester led to the formationtlud opposite atropisomer. This
raised fundamental questions about the nature efaymmetric induction, and
implicated the transmetallation step in the catalgiycle as a key moment in this
process. From this result it was inferred that hese reactions the process of

asymmetric induction was operating under kinetictag.*%°

Buchwald and Yil® subsequently reported the synthesis of axiallyathi
biaryl compounds also via an asymmetric Suzuki togpreaction. Their reactions
were primarily aimed towards the synthesis of nayphtlerivatives bearingrtho-
phosphonate groups, with best enantiomeric excessaseved using the
monophosphine binaphthyl-derived ligand ‘KenPhdg3. This chiral ligand was a
structural analogue of the ligand NpA@hos 136 (previously developed for use in
Suzuki couplings employing unactivated aryl chleridubstrates and sterically

crowded ortho-substituted aryl substrates) in this case feaguran binaphthyl

backbone?®°
NMe2
Yy

(9-173

Figure 1.24 Chiral binaphthyl ligan®)¢(KenPhoslL73
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dy(dba)s/
P(O)(OEY), + Q\/ M P(O)(OEt),
“OO o > on OO 92% ee

175 (+)-176

NOZ .\ OO O Pd,(dba)3/173 NOZ
0" % on O

72% ee
(+)-179

Scheme 1.58 Examples of asymmetric Suzuki coupliigsing chiral ligand §)-
KenPhosl73

Bidentate ligands such as BINARG6 were found to give poor overall yields
with low atroposelectivity, indicating that only @mphosphinyl coordinating group
was necessary for optimal performance. In additidhe presence of the
dimethylamino group on §-KenPhos 173 was discovered to be essential for
successful chiral induction, as the replacemerthisf group with alternative groups
such asn-butyl or trimethylsilyl led to significant reductis in selectivity. This
mirrored findings from our own studi§s in which the use of a monophosphine
ligand ©)-(R)-PPFA 170 gave superior results as compared to diphosplgaads
(R)-BINAP 126 and §-(R)-DPPFA 169, with the necessity for a dimethylamino
group also reflected in the lower selectivity réisigl from use of a ligand bearing an
alternative ether groud)-(R)-PPFOMel66

Since the publication of these findings, the aswmim Suzuki reaction has
been applied as a key step in the synthesis ofal smamber of pharmacologically
important chiral biaryl compounds, including an@sinzanine B and &pi4’-O-
demethylancistrobertsonine €83 reported by Bringmann et &% (see scheme
1.59), as well as an analogue of (-)-rhazinilamoregl by Baudoin and co

workers?3
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In the synthesis of Bpi4’-O-demethylancistrobertsonine C, use of the ligand
(R)-(9-PPFA 180 (figure 1.25) was found to give the best atropastireomeric
excess of all the ligands tested, with good cornwrré85%)>°

MezN \Me
~H
PPh,
Fe
180

Figure 1.25 Chiral ferrocenylphosphine ligait)-(S-PPFA180.

OH OMe
O o ®
+ Me Pd,(dba)s/180
- o/B\o
181 H
182 (M)-183

Scheme 1.59 Atroposelective synthesishdf-183 using ligandl80.

It was found that the use of a ligand bearing dpposite chirality $-(R)-
PPFA 170 did not result in the formation of the oppositeopb-diastereomeric
product P)-183 in an equal excess. Instead, an almost 1:1 rdtibeotwo atropo-
diastereomers was produced, in a reduced ovenallecsion. This mirrored findings
in their previous work towards the synthesis ofistnatanzanine B, in which the use
of ligand 182 gave the best diastereomeric excess with goodersion, whereas use

of the opposite ligandi72led to a 1:1 diastereomeric ratio in low yiéfa.

In subsequent studies on the asymmetric Suzulpltmureaction, a variety of
different variations to the reaction conditions édeen reported, typically involving
modifications to the catalyst and/or ligand speci€®r example, a group of
alternative monophosphine ferrocenyl ligands bearin sole element of planar
chirality have been synthesised and tested by deasd Johannsén’ Although

couplings towards binaphthyl produd®){165 achieved reasonable conversions, the
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ee values did not improve upon those obtained bymup. It was noted during their

studies that a decrease in the Pd:ligand ratio ftatrto 1:1.2 resulted in an increase
in the catalytic turnover frequency, and was attel to the possible high activity of

a monophosphine palladium species.

In a related study by Colobert and co-worké&fsatroposelective couplings
towards 2,2’-dimethoxy-1,1’-binaphthalene were fduto be sensitive to the
Pd:ligand ratio. Despite changes to the identityhef palladium salt, a Pd:ligand ratio
of 1:1.1 or higher (where the ligand employed wadkee (R)-BINAP 126 or (R)-
ToIBINAP) consistently gave the (+) product, whexgaratio of 1:0.97 or lower led
to inversion of the stereochemistry. These findingse rationalised in terms of the
different catalytic species that may form as a ltestithe differing proportions of
palladium and ligand present in the reaction mextur

Use of a cationic palladium(ll) complex bearingtdral cyclohexyl-BINAP
derivative (figure 1.26) was reported by Mikamiadt to lead to reduced reaction
times and improved yields with reasonable selegtfi’

Figure 1.26 Chiral cationic palladium(ll) compl&g4.

OO OO 184 I I OMe
OoMe * -
B
Br HO/ \OH O‘

185 186
(9-187

Scheme 1.60 Cationic Pcatalysed asymmetric Suzuki coupling reaction.

70% ee

A maximum conversion of 92% with 70% ee was aakiewm the synthesis of
(9-187; however the scope of the reaction was limitelit@phthyl products bearing

oneortho group only.
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Palladium nanoparticles have also been shown feectafely catalyse the
asymmetric Suzuki coupling of naphthyl substrate2% °C when combined with
chiral bisphosphine ligands (such & BINAP 126) producing ee’s of up to 748
However, as in the work of Mikami et al., the talece towards steric hindrance was
limited to monoertho substituted binaphthyl products e.B)-(87.

Labande and co-workers recently reported the sgmhof planar chiral
ferrocenyl phosphine ligands furnished with ld+heterocyclic carbene moiety that,
after complexation with palladium, were able to abgge asymmetric Suzuki

couplings towards binaphthyl derivativés.

we. O
+
Br _B. O‘ 42% ee
HO OH
162 186

(9-189

CI\P§| Me
. N
Ph,P” Y
QVNJ

Fe

=

(R)-188
Scheme 1.61 Asymmetric Suzuki coupling reactionatas §)-189 using catalyst
(R)-188

Good conversion was achieved in reactions towhnmdaphthyl productl89
(88%), with moderate ee values obtained. The sobplee reaction was also limited
to the synthesis of monartho substituted binaphthyls, with the arylboron congli
partner required to be the less hindered substfateattempted coupling using the
‘reversed’ substrates 2-methylnaphth-1-ylboroniadaand 1-bromonaphthalene

resulted in no product formation.

1.8.1 Speculated mechanisms of chiral induction

Despite the intense interest surrounding the asstmervariant of the Suzuki

reaction together with the rapidly expanding rarajealternative substrates and
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conditions available for its protocol, very few digs have been conducted with the

aim of elucidation of the mode of chiral inductit?**

In the earliest attempts towards the rationalbgawf this phenomenon, the
highest selectivities achieved during asymmetrassfcouplings performed with an
aryl Grignard reagent were speculated to be dubegresence of an ether group on
the ligand employed, in which coordination of thagnesium atom of the Grignard
substrate with the oxygen atom of the ether groas wostulated to occéf> The
transmetallation step was therefore tentativelyppsed as the key step in the chiral
induction, in which the delivery of the incomingganometallic partner at a particular
orientation, facilitated by this coordination, wasnsidered to be the determining
factor behind the overall stereochemical outcomgh®icoupled product.

As mentioned previously, the transmetallation siethe catalytic cycle was
also implicated as the key step in chiral inductthnming studies conducted by our
own research groups? The apparent change in the stereochemistry ofcthupled
product resulting from a simple change in the baterester functionality strongly
indicated this to the case, particularly considgiine absence of other coordinating
groups appended on the substrate molecule. It wasady proposed that the
presence of the chiral amino group on the ligansieseto deliver the organoboron
substrate in a manner analogous to that proposes Grignard reagent with an ether

group, thus effecting a favoured orientation dutimg step.

Very recently during the completion of this inugation, a study was
published by Buchwald et al. in which the mode bira induction was examined
using computational methods modelled on substraemployed in previous
experimental studied’ The results from these DFT calculations indicateat the
stereoselectivity was induced from the combinatminweak hydrogen-bonding
interactions (and steric interactions) between ghbstrate groups and the ligand
during the reductive elimination step. These hydmbonding interactions arose as a
direct result of the presence of oxygen-contaironfpo groups on the organohalide
substrate (such as phosphonates and amides) aedspeculated to act as ‘anchor
points’ preventing twisting of the organic portiodsring the reductive elimination

process. Although beneficial towards the elucidatd the possible stereochemical
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influences during asymmetric Suzuki reactions eyiplpthese substrates, the results
from this study could not be extended to ratiomalise mode of chiral induction

operating between substrates lacking polar ‘analgbsubstituent groups.

In light of these recent investigations, and givére great substrate
dependency of the Suzuki coupling reaction, it isteg possible that the use of
different coupling substrates could give rise toffedent mechanisms of

stereochemical control.

1.9 Aims of this study

The primary aim of this study was to investigdite atroposelective version of
the Suzuki reaction, in which coupling reactiondlisibg hindered aryl units to
produce axially chiral biaryl compounds were stddi&he goal was to perform
carefully selected reactions (either novel or pyasly reported) in which the intricate
relationship between the steric and electronic @rigs of the substrate species and
the chiral catalyst species could be observed; Withultimate aim of uncovering

further details regarding the mode of asymmetrauation.

Attention was also directed towards the Suzukiptiog reaction of simple
aryl substrates, in which investigations into thee wf an alternative ‘activated’
guaternary organoboron species as a reagent weailedcaut. These studies were
performed in order to extend the scope of the ggriauzuki reaction and to enable
the possible development of a more efficient protoédn improved understanding
into the fundamental steps of the general catalgyicle was also the motivation

behind these additional experiments.

74



1.10 References for Introduction

(1) R. F. Heck and J. P. Nolley JJ.,0rg. Chem1972 37, 2320.

(2) H. A. Dieck and R. F. Hecll, Am. Chem. Sot974 96, 1133.

(3) C. B. Ziegler Jr. and R. F. Heck,Org. Chem1978 43, 2941.

(4) W. Cabri and I. CandianAcc. Chem. Re4995 28§, 2.

(5) F. Alonso, I. Beletskaya and M. JUstrahedror2005 61, 11771.

(6) K. Tamao, K. Sumitani and M. Kumadh,Am. Chem. Sot972 94, 4374.

(7) K. Tamao, K. Sumitani, Y. Kiso, M. ZembayasAi, Fujioka, S. Kodama, I.
Nakajima, A. Minato, M. Kumada&ull. Chem. Soc. Jpi976 49, 1958.

(8) D. Milstein and J. K. Stille]J. Am. Chem. So&979 101, 4992.

(9) J. K. Stille,Angew. Chem. Int. EA986 25, 508.

(10) T. N. Mitchell, Synthesid992 803.

(11) N. Miyaura, K. Yamada and A. SuzuKietrahedron Lett1979 20, 3437.

(12) N. Miyaura and A. Suzukizhem. Commuri979 866.

(13) N. Miyaura, K. Yamada, H. Suginome and A. Suzuki, Am. Chem. Soc.
1985 107, 972.

(14) T. Moriya, N. Miyaura and A. Suzukgynlett1994 149.

(15) N. Miyaura and A. SuzukiChem. Rev1995 95, 2457 and references therein.

(16) A. Suzuki,J. Organomet. Chem999 576, 147.

(17) A. Suzuki,Chem. Commur2005 4759.

(18) A.R. Martin and Y. Yan@icta Chem. Scand993 47, 221.

(19) S. Kotha, K. Lahiri and D. Kashinathetrahedror2002 58, 9633.

(20) N. Miyaura, T. Yanagi and A. Suzulsynth. Commuri.981, 11, 513.

(21) N. Miyaura, T. Ishiyama, H. Sasaki, M. IshikgwM. Satoh and A. Suzuki,
J. Am. Chem. Sot989 111, 314.

(22) M. R. Netherton, C. Dai, K. Neuschutz and G. C. FltAm. Chem. So2001,
123 10099.

(23) S. R. Chemler, D. Trauner and S. J. Danishefa8kgew. Chem. Int. E@00],
40, 4544,

(24) P.E. FantaChem. Rev1964 64, 613.

(25) P. E. FantaSynthesisl974 9.

75



(26)

(27)
(28)

(29)
(30)
(31)
(32)
(33)
(34)

(35)

(36)

(37)
(38)

(39)

(40)

(41)

(42)
(43)
(44)
(45)
(46)
(47)
(48)

J. Hassan, M. Sévignon, C. Gozzi, E. Schulz and_&maire, Chem. Rev.
2002 102, 1359.

W. J. Thompson and J. GaudidoOrg. Chem1984 49, 5237.

W. J. Thompson, J. H. Jones, P. A. Lyle and J.Hies[J. Org. Chem1988
53, 2052.

T. 1. Wallow and B. M. Novak]. Org. Chem1994 59, 5034.

H. E. Katz,J. Org. Chem1987 52, 3932.

T. Watanabe, N. Miyaura and A. SuzuBynlett1992 207.

Y. Hoshino, N. Miyaura and A. SuzulBull. Chem. Soc. Jpri988 61, 3008.
R. S. Coleman and E. B. Gramgtrahedron Lett1993 34, 2225.

P. Rocca, F. Marsais, A. Godard and G. Quéguihetrahedron Lett1993
34, 2937.

T. R. Kelly, A. Garcia, F. Lang, J. J. Walsh, K. Bhaskar, M. R. Boyd, R.
Gotz, P. A. Keller, R. Walter and G. Bringmanretrahedron Lett1994 35,
7621.

J.-I. Uenishi, J.-M. Beau, R. W. Armstrong and Ysl{, J. Am. Chem. Soc.
1987, 109, 4756.

J. C. Anderson and H. Nam$ynlett.1995 765.

S. W. Wright, D. L. Hageman and L. D. McCluik, Org. Chem1994 59,
6095.

J. P. Corbet and G. MignanGhem. Rev2006 106, 2651 and references
therein.

K. C. Nicolaou, J. M. Ramanjulu, S. Natarajan, $a4&, H. Li, C. N. C.
Boddy and F. Rubsanghem. Commuri997 1899.

D. G. Hall, Structure, Properties, and Preparation of BoroniccicA
Derivatives. Overview of Their Reactions and Aggilons Wiley-VCH
GmbH, Weinheim2005

J. C. Anderson, H. Namli and C. A. Robefftsfrahedronl997 53, 15123.

O. Navarro, R. A. Kelly and S. P. Nolah,Am. Chem. So2003 125, 16194.
A. L. Casalnuovo and J. C. CalabreséAm. Chem. So&99Q 112 4324.

Y. Uozumi, H. Danjo and T. Hayashi,Org. Chem1999 64, 3384.

M. Ueda, M. Nishimura and N. Miyaui@ynlett200Q 856.

N. A. Bumagin and V. V. Bykov,etrahedronl997 53, 14437.

G. Lu, R. Franzén, Q. Zhang and Y. Xefrahedron Lett2005 46, 4255.

76



(49)
(50)

(51)

(52)

(53)
(54)
(55)
(56)
(57)
(58)

(59)
(60)

(61)
(62)
(63)
(64)
(65)

(66)
(67)
(68)
(69)
(70)
(71)
(72)
(73)
(74)

(75)

J. P. Wolfe and S. L. Buchwakingew. Chem. Int. EA999 38, 2413.

J. P. Wolfe, R. A. Singer, B. H. Yang and SBuchwald,J. Am. ChemSoc.
1999 121, 9550.

J. L. Bolliger, O. Blacque and C. M. Freétngew. Chem. Int. EQ007, 46,
6514.

E. M. Campi, W. R. Jackson, S. M. Marcuccia & G. M. Naeslund].
Chem. Soc., Chem. Comm@f894 2395.

X. Tao, Y. Zhao and D. She®ynlett2004 359.

G. Marck, A. Villiger and R. Bucheckérretrahedron Lett1994 35, 3277.

J. P. Simeone and J. R. SowaTktrahedror2007, 63, 12646.

S.-B. JangTetrahedron Lett1997 38, 1793.

I. Fenger and C. Le Driaiietrahedron Lett1998 39, 4287.

M. Beller, H. Fischer, W. A. Herrmann, K. Ofele a@d BrossmerAngew.
Chem. Int. Ed1995 34, 1848.

W. Shen,Tetrahedron Lett1997 38, 5575.

D. W. Old, J. P. Wolfe and S. L. Buchwaldl, Am. Chem. S0d.998 120,
9722.

A. F. Littke and G. C. FuAngew. Chem. Int. EA998 37, 3387.

A. F. Littke, C. Dai and G. C. Fd, Am. Chem. So200Q 122 4020.

A. F. Littke and G. C. FuAngew. Chem. Int. E@002 41, 4176.

T. E. Pickett, F. X. Roca and C. J. RichadQrg. Chem2003 68, 2592.
S.-B. Yu, X.-P. Hu, J. Deng, J.-D. Huang, D.-Y. WaZ.-C. Duan and Z.
Zheng,Tetrahedron Lett2008 49, 1253.

D. A. Widdowson and R. Wilheln€hem. Commur2003 578.

Y. M. Kim and S. YuJ. Am. Chem. So2003 125 1696.

C. R. Kinney and D. F. Pontk,Am. Chem. So&936 58, 197.

H. R. Snyder, J. A. Kuck and J. R. JohnshrAm. Chem. So&938 60, 105.
Z.Z. Song and H. N. C. Wong, Org. Chem1994,59, 33.

M. MastalerzAngew. Chem. Int. E@008 47, 445.

M. F. LappertChem. Rev1956 56, 959.

K.-C. Kong and C.-H. Chengd, Am. Chem. So&991 113 6313.

D. F. O’Keefe, M. C. Dannock and S. M. Mardo¢d etrahedron Lett1992
33, 6679.

F. Y. Kwong and K. S. Cha@hem. Commur200Q 1069.

77



(76)
(77)
(78)
(79)

(80)

(81)
(82)

(83)

(84)
(85)

(86)

(87)

(88)
(89)

(90)

(91)
(92)
(93)
(94)
(95)

(96)
(97)

(98)

H. G. Kuivila and K. V. Nahabediah, Am. Chem. Sot961, 83, 2159.

H. G. Kuivila and K. V. Nahabediah, Am. Chem. Sot961, 83, 2164.

K. V. Nahabedian and H. G. Kuivild, Am. Chem. So&961, 83, 2167.

H. G. Kuivila, J. F. Reuwer Jr. and J. A. Maemgte, Can. J. Cheml1963 41,
3081.

H. G. Kuivila, J. F. Reuwer Jr. and J. A. Mengte,J. Am. Chem. Sott964
86, 2666.

M. G. Johnson and R. J. Foglesohetrahedron Lett1997 38, 7001.

J. Yin, M. P. Rainka, X.-X. Zhang and S. L.dBwald,J. Am. Chem. Soc.
2002 124, 1162.

T. E. Barder, S. D. Walker, J. R. MartinelidaS. L. Buchwald]). Am. Chem.
S0c.2005 127, 4685.

S. Wirtz and F. Gloriugcc. Chem. Re2008 41, 1523.

T. Hoshi, T. Nakazawa, |. Saitoh, A. Mori, $uzuki, J.-l. Sakai and H.
Hagiwara,Org. Lett.2008 10, 2063.

T. Hoshi, I. Saitoh, T. Nakazawa, T. Suzukil. Bakai and H. Hagiward.
Org. Chem2009 74, 4013.

Y. Urawa, H. Naka, M. Miyazawa, S. Souda andQ¢ura,J. Organomet.
Chem 2002 653 269.

J. Magano and J. R. Dunethem. Rev2011, 111, 2177.

T. Konakahara, Y. B. Kiran, Y. Okuno, R. lkediad N. SakaiTetrahedron
Lett.201Q 51, 2335.

S. Kaye, J. M. Fox, F. A. Hicks and S. L. Bweltd, Adv. Synth. Catak001,
343 789.

C. Baillie, W. Chen and J. Xiadetrahedron Lett2001, 42, 9085.

W.-L. Yu, J. Pei, W. Huang and A. J. Heeg&drem. Commur200Q 681.

M. Kertesz, C. H. Choi and S. Yar@@hem. Rev2005 105, 3448.

A. O. Aliprantis and J. W. Canar;,,Am. Chem. So&994 116, 6985.

G. B. Smith, G. C. Dezeny, D. L. Hughes, A.King and T. R. Verhoeven,
J. Org. Chem1994 59, 8151.

G. Espino, A. Kurbangalieva and J. M. Bro@hem. Commur2007, 1742.
C. Amatore, A. Jutand and A. Suaré&zAm. Chem. So&¢993 115 9531 and
references therein.

D. H. Valentine Jr. and J. H. Hillhous&ynthesi2003 2437.

78



(99)

(100)
(101)
(102)
(103)
(104)
(105)
(106)
(107)

(108)
(109)
(110)
(111)
(112)

(113)

(114)
(115)

(116)
(117)
(118)
(119)
(120)
(121)

(122)

(123)

C. Amatore, A. Jutand and M. A. M’'Barkdrganometallics1992 11, 3009.

V. V. Grushin and H. Alpe©Qrganometallics1993 12, 1890.

M. Moreno-Mafas, M. Pérez and R. Pleixat€)rg. Chem1996 61, 2346.

J. K. Stille and K. S. Y. Lakcc. Chem. Re4977, 10, 434.

N. Miyaura,). Organomet. Chen2002 653 54.

V. V. Grushin and H. Alped, Am. Chem. Sot995 117, 4305.

V. V. Grushin and H. Alpe©Qrganometallicsl996 15, 5242.

M. S. Driver and J. F. Hartwi@rganometallicsl997 16, 5706.

T. Yoshida, T. Okano and S. Otsulda,Chem. Soc., Dalton Tran$976
993.

B. P. Carrow and J. F. Hartwij,Am. Chem. So2011, 133 2116.

K. J. Klabunde and J. Y. F. Lowv,Am. Chem. Sot974 96, 7674.

M. F. Semmelhack and L. Ryortrahedron Lettl973 14, 2967.

C. Amatore and F. Pfligé&rganometallicsL99Q 9, 2276.

C. Amatore, E. Carré, A. Jutand and M. A. B, Organometallics1995
14, 1818.

C. Amatore, G. Broecker, A. Jutand and F.liKkhd Am. Chem. S0d.997,
117,5176.

A. Gillie and J. K. Stille]J. Am. Chem. So&98Q 102, 4933.

F. Ozawa, T. Ito, Y. Nakamura and A. Yamamduoll. Chem. Soc. Jpn.
1981, 54, 1868.

G. W. Parshalll. Am. Chem. So&974 96, 2360.

A. Moravskiy and J. K. Stilld. Am. Chem. So&981, 103 4182.

D. Milstein and J. K. Stillel. Am. Chem. Sot979 101, 4981.

H. Kurosawa, M. Emoto and A. Uralde,Chem. Soc., Chem. Commwi84
968.

F. Ozawa, M. Fujimori, T. Yamamoto and A. Yamoto, Organometallics
1986 5, 2144.

F. Ozawa, T. Hidaka, T. Yamamoto and A. Yam@nl. Organomet. Chem.
1987, 330, 253.

F. Ozawa, K. Kurihara, M. Fujimori, T. Hidgkd. Toyoshima and A.
YamamotoOrganometallicsL989 8, 180.

P. S. Braterman, R. J. Cross and G. B. Yodn§hem. Soc., Dalton Trans.
1977, 1892.

79



(124)

(125)

(126)

(127)
(128)

(129)

(130)

(131)

(132)
(133)
(134)
(135)
(136)
(137)
(138)
(139)
(140)

(141)
(142)
(143)
(144)

(145)
(146)
(147)

E. Zuidema, P. W. N. M. van Leeuwen and C.®aanometallic2005 24,
3703.

A. A. C. Braga, N. H. Morgon, G. Ujaque andVaseras,). Am. Chem. Soc.
2005 127, 9298.

A. A. C. Braga, N. H. Morgon, G. Ujaque, Aledés and F. Maseras,
Organomet. Chen2006 691, 4459.

A. A. C. Braga, G. Ujague and F. Masetagjanometallic2006 25, 3647.
C. Sicre, A. A. C. Braga, F. Maseras and M.Qwl, Tetrahedron2008 64,
7437.

L. J. Goossen, D. Koley, H. L. Hermann and Wiel, J. Am. Chem. Soc.
2005 127, 11102.

L. J. Goossen, D. Koley, H. L. Hermann andTMel, Organometallic2006
25, 54.

F. J. McQuillin, D. G. Parker and G. R. Stepson, Transition Metal
Organometallics for Organic SynthesisCambridge University Press,
Cambridge 1991

. Fitton, M. P. Johnson and J. E. McKé&dimem. Commuri968§ 6.

. Fitton and E. A. Ricld, Organomet. Cheml971, 28, 287.

. Calvin and G. E. Coat&s,Chem. Sod.96Q 2008.

. Jutand and A. Moslerganometallicsl995 14, 1810.

. K. Anderson and R. J. Cro€siem. Soc. Re®98(Q 9, 185.

. Fitton and J. E. Mckeddhem. Commuri.968§ 4.

. Urata, M. Tanaka and T. Fuchika@hem. Lett1987, 751.

A. L. Casado and P. Espin@erganometallicsL998 17, 954.

L. J. Goossen, D. Koley, H. L. Hermann andTMel, Organometallic2005
24, 2398.

K. Matos and J. A. Soderquidt,Org. Chem1998 63, 461.

V. V. Grushin and H. Alpe€hem. Rev1994 94, 1047.

K. Fagnou and M. LautenSngew. Chem. Int. EQ002 41, 26.

C. Amatore, E. Carré, A. Jutand, M. A. MBarkknd G. Meyer,
Organometallicsl 995 14, 5605.

C. Amatore and A. Jutant,Organomet. Chemi999 576, 254.

C. Amatore and A. Jutanticc. Chem. Re200Q 33, 314.

A. N. Cammidge and K. V. L. Crépy, Org. Chem2003 68, 6832.

I T O » @ U T

80



(148)
(149)

(150)

(151)
(152)
(153)
(154)
(155)

(156)
(157)
(158)
(159)
(160)
(161)
(162)
(163)
(164)
(165)

(166)
(167)
(168)
(169)
(170)
(171)
(172)
(173)
(174)
(175)

(176)

D. G. Morrell and J. K. Kochi, Am. Chem. Sot975 97, 7262.

P. K. Byers, A. J. Canty, B. W. Skelton and A White,J. Chem. Soc.,
Chem. Commuri986 1722.

A. Bayler, A. J. Canty, P. G. Edwards, B. Bkelton and A. H. WhiteJ.
Chem. Soc., Dalton Tranz00Q 3325.

. Darses, G. Michaud and J.-P. Générahedron Lett1998 39, 5045.

. Darses and J.-P. Geii@ir. J. Org. Chen2003 4313.

. A. Molander and B. Biolattd, Org. Chem2003 68, 4302.

. G. Ciattini, E. Morera and G. Ortaetrahedron Lett1992 33, 4815.

. Butters, J. N. Harvey, J. Jover, A. lehnox, G. C. Lloyd-Jones and P.
. Murray,Angew. Chem., Int. EQ01Q 49, 5156.

. J. J. Lennox and G. C. Lloyd-Jon&sim. Chem. So2012 134, 7431.

R. Bean and J. R. JohnsdrmAm. Chem. So&932 54, 4415.

. S. Mattesor,etrahedronl 989 45, 1859.

. Rocca, F. Marsais, A. Godard and G. Qureguietrahedronl993 49, 49.
Ishiyama, M. Murata and N. Miyauda,0Org. Chem1995 60, 7508.
Ishiyama, K. Ishida and N. Miyaufigetrahedror2001, 57, 9813.

. Giroux, Y. Han and P. Prasigtrahedron Lett1997, 38, 3841.

A. D. Ainley and F. Challengel, Chem. Sod93Q 2171.

A. J. Kresge and Y. Chianj,Am. Chem. So&959 81, 55009.

H.-J. Frohn, N. Y. Adonin, V. V. Bardin and ¥. StarichenkoZ. Anorg.
Allg. Chem2002 628 2834.

H. R. Snyder and F. W. Wymah Am. Chem. Sot948 70, 234.

A. N. Cammidge and K. V. L. Crépghem. Commur200Q 1723.
J.Yinand S. L. Buchwald, Am. Chem. So200Q 122 12051.

A. N. Cammidge and K. V. L. Crépletrahedror2004 60, 4377.

A. Huth, I. Beetz and |. Schumafetrahedronl989 45, 6679.

J.-M. Fu and V. SnieckuSetrahedron Lett199Q 31, 1665.

T. Oh-e, N. Miyaura and A. SuzuBiynlett199Q 221.

W.-C. Shieh and J. A. Carlsan,Org. Chem1992 57, 379.

K. Ritter,Synthesid4993 735.

T. Hayashi, S. Niizuma, T. Kamikawa, N. Suzakd Y. Uozumi,J. Am.
Chem. Socl995 117, 9101.

T. Kamikawa and T. HayasHietrahedron Lett1997, 38, 7087.

> 4 4 vt omnm» < 20T 6O 0N W

81



(177)

(178)
(179)

(180)
(181)
(182)
(183)
(184)
(185)
(186)
(187)
(188)
(189)

(190)
(191)
(192)
(193)
(194)
(195)
(196)
(197)
(198)
(199)
(200)
(201)
(202)

(203)
(204)

S. Darses, T. Jeffery, J.-P. Genét, J.-Ly@&rand J.-P. Demouté&etrahedron
Lett. 1996 37, 3857.

S. Sengupta and S. Bhattacharyy®rg. Chem1997 62, 3405.

F. Mo, D. Qiu, Y. Jiang, Y. Zhang and J. Wahegtrahedron Lett2011, 52,
518.

M. B. Mitchell and P. J. WallbanKetrahedron Lett1991 32, 2273.

A. F. IndoleseTetrahedron Lett1997 38, 3513.

S. Saito, S. Oh-tani, N. Miyauth,Org. Chem1997, 62, 8024.

C. Griffiths and N. E. Leadbeat&getrahedron Lett200Q 41, 2487.

D. Zim, V. R. Lando, J. Dupont and A. L. Meimb, Org. Lett.2001, 3, 3049.
P. Gros, A. Doudouh and Y. Forgtrahedron Lett2004 45, 6239.

X.-X. Liu and M.-Z. DengChem.Commun2002 622.

Y. Deng, L. Gong, A. Mi, H. Liu and Y. Jiarfgynthesi2003 337.

I. P. Beletskaya, Organomet. Cheml983 250, 551.

D. A. Albisson, R. B. Bedford, S. E. Lawrenaed P. N. ScullyChem.
Communl1998 2095.

R. B. BedfordChem. Commur2003 1787.

J. Dupont, C. S. Consorti and J. Sper€eem. Rev2005 105 2527.

F. Bellina, A. Carpita and R. RosSynthesi2004 2419.

M. R. Netherton and G. C. FDrg. Lett.2001, 3, 4295.

. Martin and S. L. Buchwaldcc. Chem. Re2008 41, 1461.

. K&ovsky,J. Organomet. Chen2003 687, 256.

. H. Christie and J. Kenndr,Chem. Soc., Tran%922 121, 614.

. Adams and H. C. Yua@hem. Rev1933 12, 261.

. Rieger and F. H. Westheimér Am. Chem. So&95(Q 72, 19.

. Bott, L. D. Field and S. Sternéll, Am. Chem. So&98Q 102, 5618.

. Lloyd-Williams and E. GiralEhem. Soc. Re2001, 30, 145.

. S. Cooke and M. M. Harri3, Chem. Sod 963 2365.

. Bringmann, A. J. P. Mortimer, P. A. Kellst. J. Gresser, J. Garner and M.
Breuning,Angew. Chem. Int. EQ005 44, 5384.

O. Baudoinkur. J. Org. Chenm2005 4223.

J. Mutanyatta, M. Bezabih, B. M. Abegaz, Mefer, R. Brun, N. Kocher and
G. BringmannTetrahedror2005 61, 8475.

® >» T O 8 O U XD

82



(205)
(206)
(207)

(208)

(209)
(210)

(211)

(212)

(213)
(214)

(215)
(216)
(217)
(218)
(219)
(220)
(221)
(222)
(223)
(224)

(225)

(226)

G. Bringmann, T. Gulder, T. A. M. Gulder aMl Breuning, Chem. Rev.
2011, 111, 563.

L. PuChem. Rev1998 98, 2405.

C. Rosini, L. Franzini, A. Raffaelli and Ralgadori,Synthesid4992 503.

A. C. Spivey, F. Zhu, M. B. Mitchell, S. Gaizey and R. L. Jarvesi, Org.
Chem 2003 68, 7379.

J. M. BrunelChem. Rev2005 105 857.

A. Chieffi, K. Kamikawa, J. Ahman, J. M. Fard S. L. BuchwaldQrg. Lett.
2001, 3, 1897.

G. Solladié, P. Hugelé, R. Bartsch and A.uliks, Angew. Chem. Int. Ed.
1996 35, 1533.

D. Zehm, W. Fudickar, M. Hans, U. Schilde,k&lling and T. LinkerChem.
- Eur. J.2008 14, 11429.

N. Maigrot and J.-P. Mazaleyr&ynthesid985 317.

K. Tamao, H. Yamamoto, H. Matsumoto, N. Migakl. Hayashi and M.
Kumada,Tetrahedron Lett1977, 18, 1389.

T. Hayashi, K. Hayashizaki, T. Kiyoi and Yo,lJ. Am. Chem. So&988 110,
8153.

T. Frejd and T. Klingstedfcta Chem. Scand989 43, 670.

T. Shimada, Y.-H. Cho and T. HayashiAm. Chem. So2002 124, 13396.
A. I. Meyers and K. A. Lutomski, Am. Chem. So&982 104, 879.

G.-Q. Lin and M. Zhong,etrahedron Lett1997 38, 1087.

T. Watanabe and M. Uemu@hem. Commurl998 871.

K. Kamikawa, T. Watanabe, A. Daimon and Mntlea, Tetrahedron200Q
56, 2325.

T. Watanabe, Y. Tanaka, R. Shoda, R. SakagntttKamikawa and M.
UemuraJ. Org. Chem2004 69, 4152.

K. Kamikawa, T. Sakamoto, Y. Tanaka and Mmuea,J. Org. Chem2003
68, 9356.

J. Clayden, P. M. Kubinski, F. Sammiceli, Melliwell and L. Diorazio,
Tetrahedror2004 60, 4387.

T. Hattori, M. Date, K. Sakurai, N. Morohashki. Kosugi and S. Miyano,
Tetrahedron Lett2001, 42, 8035.

T. HayashiJ. Organomet. Chen2002 653 41.

83



(227) G. Bringmann, M. Breuning, R.-M. Pfeifer, W. Schenk, K. Kamikawa and
M. UemuraJ. Organomet. Chen2002 661, 31.

(228) A. V. Vorogushin, W. D. Wulff and H.-J. Hamsel. Org. Chem2003 68,
9618.

(229) X. Li, J. B. Hewgley, C. A. Mulrooney, J. Ygiand M. C. KozlowskiJ. Org.
Chem 2003 68, 5500.

(230) P.-E. Broutin and F. Colobe@yg. Lett.2003 5, 3281.

(231) F. Colobert, V. Valdivia, S. Choppin, F. Rerbux, |. Fernandez, E. Alvarez
and N. KhiarOrg. Lett.2009 11, 5130.

(232) M. C. Willis, L. H. W. Powell, C. K. Claverand S. J. Watso#ngew. Chem.
Int. Ed.2004 43, 1249.

(233) P.-E. Broutin and F. Colobe@yg. Lett.2005 7, 3737.

(234) A. Herrbach, A. Marinetti, O. Baudoin, D. Gaéd and F. Guéritte]. Org.
Chem 2003 68, 4897.

(235) G. Bringmann, A. Hamm and M. Schradtg. Lett.2003 5, 2805.

(236) G. Bringmann, S. Rudenauer, T. Bruhn, L. Bensnd R. BrunTetrahedron
2008 64, 5563.

(237) J. F. Jensen and M. Johann§¥ng, Lett.2003 5, 3025.

(238) A.-S. Castanet, F. Colobert, P.-E. Broutird ah. Obringer, Tetrahedron:
Asymmetry2002 13, 659.
(239) K. Mikami, T. Miyamoto and M. HatanG@hem. Commur2004 2082.

(240) K. Sawai, R. Tatumi, T. Nakahodo and H. FaijéhAngew. Chem. Int. Ed.
2008 47, 6917.

(241) N. Debono, A. Labande, E. Manoury, J.-C. barand R. Poli,
Organometallic201Q 29, 1879.

(242) A. Joncour, A. Décor, J.-M. Liu, M.-E. Trarutd Dau and O. BaudoiGhem.
-Eur. J.2007, 13, 5450.

(243) A. Bermejo, A. Ros, R. Fernandez and J. MsshettaJ. Am. Chem. Soc.
2008 130, 15798.

(244) X. Shen, G. O. Jones, D. A. Watson, B. Bhayamd S. L. Buchwaldl. Am.
Chem. So201Q 132, 11278.

84



CHAPTER 2

Results and Discussion



RESULTS AND DISCUSSION

2.1 The re-examination of a known hindered Suzukiaupling:

Synthesis of 2,2’-dimethyl-1,1’-binaphthalene

It was considered important from the outset tongan immediate direct
experience into the challenging nature of stencdlindered Suzuki couplings.
Therefore, the re-examination of a known Suzukiptiog of this type was thought to
present a beneficial first exercise, in which aplimg towards a highly hindered
ortho-substituted biaryl would be repeated. The hindereapling towards racemic
binaphthyl165 (scheme 2.1) originally described by our grbtwas thus chosen as a

suitable starting point.

| m, 2
—_—
| B CsF, DME
o” "o
171 \/

172 165

Scheme 2.1 Suzuki coupling towards racemic 2,2'edinyl-1,1’-binaphthalen&65

This coupling reaction had been found to be paldity challenging, on
account of its sterically demanding substrates. Phesence ofortho methyl
substituents on both naphthyl partners tested pipemnost limits of the tolerance of
the Suzuki coupling towards steric bulk, and consetly a reaction protocol
employing rigorously anhydrous conditions was digred to be essential for the
achievement of respectable yields. Prior to theeiggment of this reaction, a small
number of earlier studies had also reported theomgul success of hindered Suzuki
couplings with the use of non-aqueous conditith§o date, the exclusion of water is

still an often used measure to facilitate the cimgpdf bulky or precious substraté$.
In this protocol, significant efforts were madevérds the minimisation of

factors leading to the promotion of deboronatiatesieaction. Therefore the use of

boronate esters as opposed to boronic acids wasl tesd found to be advantageous,
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as was the use of DME as the reaction solvent. @dreeficial use of this aprotic
polar coordinating solvent in Suzuki couplings wasiginally described by
Gronowitz)? The use of an iodide substrate was also foundvi® spperior yields as
compared to the bromide equivalent; an observatiso reported in previous wotR.
Cesium fluoride was found to give best resultshis reaction compared to other

bases.

The use of this base has been described as achoax for these reactions on
account of the high affinity of the fluoride ionwards the boron atom of the
organoboron substraté.The potential for base-catalysed deboronation diwlias
been tentatively speculated in some reports todoel@rated by an increase in the
concentration of hydroxide iori8)is decreased, as is the potential for catalyst
destruction on account of the weak affinity of fide towards palladium. (The mild
nature of cesium fluoride has also been found tad&ntageous in the coupling of
substrates bearing base-sensitive functional gjoidijpe highly hygroscopic nature of
this base on the other hand presents a slight éd@lylin that atmospheric moisture

can inadvertently be introduced into the reacti@dia.

2.1.1 Synthesis of 2,2’-dimethyl-1,1’-binaphthalenePreparation of

coupling substrates

Synthesis of the coupling substrafie&l and 172 was necessary prior to the
undertaking of the coupling reaction outlined inheme 2.1. In general, the
preparation of these substrates was successfulligvad following the previously
reported procedurés, although on some occasions the procedures werdfietbih

order to optimise conversions or to give more eigradoutes (see experimental).

2.1.1.1 Initial preparation of 1-bromo-2-methylnaphhalene

Synthesis of 1-bromo-2-methylnaphthaldi® was achieved by the addition
of a slight excess dfl-bromosuccinimide to a solution of 2-methylnaphéima190in
acetonitrile at room temperature (scheme 2.2). (findure was kept covered and
away from direct sources of light throughout thegadure).
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MeCN ”\ 95%

Scheme 2.2 Preparation of 1-bromo-2-methylnaphtiedl62

The yellow oil that remained was analysed"HyNMR spectroscopy and was
found to contain the desired brominated prodLi6f A substantial amount of
unreacted 2-methylnaphthalene starting matelr®#) was also present, comprising
approximately 10% of the mixture (calculated frohh NMR peak integrals). This
impurity could not be removed by column chromatpgsaor by any other methods
attempted. (In previous studies, purification bystitlation was found to be
unsuccessful and so was not attempted here). Hotior was repeated, and allowed
to stir for a greater length of time to encourdge rieaction to go to completion. This
did not improve the yield as the observed ratiopofduct to unreacted starting
material remained the same after the extendedHesfgime. Commercially available
1-bromo-2-methylnaphthaleri62, despite containing the same impurity, was found
to be of a higher purity and so was used in alksghent syntheses.

2.1.1.2 Preparation of 1-iodo-2-methylnaphthalenecripling substrate

1-lodo-2-methylnaphthalen&71 was prepared according to the procedure
described by Crépyvia a metal-halogen exchange reaction using 1-bfdmo
methylnaphthalen&62

(|) n-BuLi/-78°C
89%
(||) I,/ THF
I
171

Scheme 2.3 Preparation of 1-iodo-2-methylnaphtleadenipling substrate7 1

The producti71was isolated as a pale yellow oil which was driader

vacuum and kept under an inert atmosphere untiiired| for use.
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2.1.1.3 Preparation of 2-methylnaphth-1-yl(ethylenglycol)boronate ester

coupling substrate

Preparation of the (ethylene glycol)boronate esidostratel72 was then
undertaken, with the initial synthesis of the parbaronic acid191 achieved via

conversion of 1-bromo-2-methylnaphthale&® to its Grignard reagendit63

OO Mg J THF OO (i) BOMe); / THF OO )
(i) ag. HCI 1%

Br MgBr HO™ 2 oH

162 163 191

Scheme 2.4 Preparation of 2-methylnaphth-1-yl bieranid191 via Grignard reagent
163

The Grignard reagerit63 was added to a cooled solution of trimethyl borate
and the resulting ester hydrolysed under aqueoigscamonditions to give the free
boronic acid191 On each occasion, this method produced satisfagtelds of
boronic acid in the region of 60 — 70%. Howevee $tep in the procedure involving
addition of the Grignard reagent to the trimethgrdie solution was often fraught
with problems. Upon preparation, the Grignard read6é3 frequently crystallised out
of solution despite continued heating and vigorstirsing. Transferral of this mixture
to the cooled trimethyl borate solution via canwas also difficult due to the
viscosity of the mixture. In addition, immediatdidification of the Grignard reagent
163 on addition to the cooled trimethyl borate solntresulted in a large solid mass
that often prevented efficient stirring of the nuive. Consequently, yields of product

obtained were lower than expected.

An alternative protocol for the synthesis of bacomcid 191 was thus
considered, and achieved by metal-halogen exchasiggn-butyllithium (originally
described by Brown and Col#).

SONLIINS SR
0,
(i) B(OMe)3 o2%

B

B
Br MeO™ “OMe HO~ “OH
162 192 191

Scheme 2.5 Alternative route towards synthesismieghylnaphthylboronic aciti91
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This method gave improved yields of the prodi@l in a smooth and less
arduous manner, and so was used preferentiallyafiosubsequent boronic acid

syntheses.

The boronic acid91was then converted to its (ethylene glycol)borormrster

analoguel 72 by treatment with anhydrous ethylene glycol urtteating:

”\ ethylene glycol
toluene / A 91%
B
0]

O/\

191
172

Scheme 2.6 Preparation of 2-methylnaphth-1-yl(ethglglycol)boronate estér2

Simple reflux conditions were found to be adequest¢he reaction proceeded
readily to give the product72 in 91% vyield. Any excess ethylene glycol starting
reagent was effectively removed during the aqueemik-up. The product obtained
was initially a viscous oil that solidified afteefrigeration at 5 °C*H NMR

spectroscopic analysis of the pale yellow waxydsobnfirmed the structure and

purity.

2.1.2 Symmetric Suzuki coupling towards 2,2’-dimetyl-1,1'-

binaphthalene

In this test experiment, the aim of the coupliegation was to achieve the
successful repeat preparation of the hindered Igpoguct165 in its simple racemic
form. Therefore, the conventionally employed ligamgphenylphosphine was

employed.

e
+ —_—
| B CsF, DME 37%
o "o
171 \ OO
172 165

Scheme 2.7 Suzuki coupling towards binaphthaleadymt165as a racemate.

90



Care was taken to ensure that the reaction conditiwvere completely
anhydrous, in accordance with the original protdédlo this end, the reaction vessel
and condenser were flame-dried prior to use, apddtide171 and boronate ester
172 reagents dried and stored under vacuum prior ¢o fasllowing the addition of
each solid reagent the reaction vessel was evataatk purged with argon, with the
liquid iodide starting material71 added via syringe. Freshly distilled solvent was
added, and the mixture heated to reflux for 6 damis addition of extra catalyst and
ligand every 24 h. The system was kept under aipegressure of argon throughout

this period of time.

The first attempt at this Suzuki coupling resultednly a very small amount
of the productl65 The probable cause was speculated to be moidgtare
atmospheric air entering the system through theurgtoglass joints. Using this
particular set-up (round-bottom flask with Liebigndenser) entailed that this was
always a possibility. The opportunity for atmosptienoisture to enter the system
during the addition of fresh catalyst and ligandsvedso unavoidable, although care

was taken to maintain a positive pressure of atijooughout this process.

The second attempt resulted in greater succes$sthgt productl65 clearly
identifiable by its prominent peaks in tHel NMR spectrum. Unreacted iodide
starting materiall71 was also identified together with deboronated -pideluct (2-
methylnaphthalend90). Isolation from the crude mixture proved diffitids the
deboronated side-product eluted closely to theymthydowever successful separation
was achieved using a gradient solvent system. $bokted coupled product was
obtained in a 37% vyield as a viscous pale yellowwith NMR data in agreement

with previous reports.

The accomplishment of this reaction served to il useful insight into the
sensitive nature of this type of reaction, and coréd that stringent measures during
the preparation and undertaking of the reactionewedeed vital in order to ensure

maximum success.

In the consideration of Suzuki coupling reactianstable for asymmetric

investigations, it was decided that this particaaunpling reaction could not be taken
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further. In previous studies it was discovered #@ratunfortunate characteristic of the
two atropisomeric forms of the product was themdequate separation via chiral
HPLC methods. The use of chiral HPLC separatiorsafers for the calculation of
enantiomeric excesses is on the whole consideredcaurate method; however a
good baseline separation of peaks is requiredgodaitiy in the calculation of large
excesses. (An inadequate baseline separation teatie merging of peaks which

consequently results in imprecise calculationsefdnantiomeric excess).

An additional inherent drawback to this particul@action arose from the fact
that the homocoupled product has an identical &trado the cross-coupled product.
The formation of this side-product could also léachn inaccurate determination of
the enantiomeric excess achieved. As a resultnalige model reactions towards

rotationally restricted biaryl products fulfilling/l necessary criteria were sought.

2.2 Investigations into the use of sodium trihydroyarylborate

salts as alternative organoboron substrates

During the course of this investigation, it becaapparent from a discovery
within our own research group that a previously eported class of organic
trihydroxyborate salts could be synthesised anldtsd from the treatment of boronic
acids with strong base.

A search through the historical literature reveatbat the existence of
quaternary borate species has been acknowledgeal iomber of years:'**° The
formation of quaternary borate ions from boric asials postulated in early work by
Ainley and Challengéf and was attributed to the desire of the boron atom
complete its octet of electrons. Subsequent workEblwards et af® observed the
presence of a B(OH)ion in an aqueous solution of boric acid with gstam
hydroxide from the analysis of Raman spectra. Tdralsnation of their data led the
authors to conclude that the identity of the iorswadeed that of B(OH)and that the
structure of this ion displayed tetrahedral symgnetn more recent times, the

presence of organoborate species in alkaline aguetgia has been confirmed by
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NMR spectroscopy'*®!” and are known to exist in equilibrium with theieutral

boronic acid forms.

Early investigations into the chemical propertiédoronic acids revealed the
tendency of boronic acids to behave as Lewis ditfsHowever, preliminary tests
conducted by Snyder et #linvolving the treatment of boronic acids with sated
aqueous sodium hydroxide solution led to the ewasededuction that the
precipitated salt product was composed of the strashown below.

O @
/\/\B/OH sat. NaOH soln. /\/\B/O Na
AN

“OH OH
193 194

Scheme 2.8 Initial structure suggested for a baalteproduct.

Since these early findings there exists (to thet beéour knowledge) no other
attempted isolation of organotrihydroxyborate sglecies, despite their implicated
presence in aqueous alkaline media. There haveJsovieen a number of studies
which have documented the preparation and isolatbnorganotrifluoroborate

§.7,20-23

salt and also tetraarylborate saftsvith application in Suzuki-type coupling

reactions.

In the context of a Suzuki coupling reaction, astbeen commonly proposed
that it is a quaternary borate species that ppdies in the transmetallation step of the
catalytic cycle?®> Therefore the availability of a procedure enablthg preparation
and isolation of these ‘pre-activated’ species h@igimising implications regarding
their potential use in Suzuki coupling reactionsthwthe intention of the possible

improvement (and widening of the scope) of thetegsprotocol.

Therefore, attention was immediately turned towatdvestigation and
preparation of these compounds. The aim was totheste alternative species in
simple Suzuki coupling reactions in order to essdbtheir reactivity and feasibility as
possible coupling substrates. For this purposecttrally simple, readily available
boronic acids were selected as initial candidates the preparation of these

compounds.
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2.2.1 Preparation of sodium trinydroxyarylborate sdts from simple

boronic acids

The first synthesis of this type of compound wadterapted using the
structurally simple boronic acid 4-methylphenylbmimacid42.

C]
OH Na

OH
/ sat. NaOH soln. Q1

B B—OH o
‘ou Toluene ' 95%

OH

42 195

Scheme 2.9 Preparation of sodium 4-methylphenytb@alt195

4-Methylphenylboronic acid2 was added to a portion of hot toluene under
stirring. The boronic acid was found to be onlyrspgly soluble, so an extra portion
of toluene was added and the mixture heated furtdpon complete dissolution,
aqueous saturated sodium hydroxide solution wagddilopwise. On addition, a
creamy white precipitate formed instantly. Afterntoued addition precipitation
eventually ceased. The suspension was left to godér stirring and then filtered.
The white solid that remained was washed with doldene under suction and
transferred to a flask for drying. The white sgiduct was dried under high vacuum
with the resulting solid crushed to a fine powded atored in a desiccator. The final

yield of productl95was 95%.

The solid product was analysed B NMR spectroscopy, using.D as
solvent with a couple of drops of anhydrous acetimiadded as a reference. The
spectrum observed was consistent with that expeatethe product, as the peaks
resembled those of the starting material exceptlatver chemical shift as a result of
the increased shielding effect of the negative gigresent on the boron atom*3&
NMR was obtained for further verification and aB&'B NMR spectrum to confirm
the quaternary nature of the boron species (seé gr Schubertf® This data
indicated the formation of a negatively charged,atgnary ‘ate’ species.
Determination of the melting point for borate shf5 was attempted; however the
white solid did not melt despite being heated t® tippermost limit of the melting
point apparatus (over 300 °C).
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Other readily available boronic acids were obtdirsd their borate salt
analogues prepared and isolated. 3-Methylphenythoracid 196 for example was

converted to borate sdlf7.

®
OH OH Na
/ sat. NaOH soln. SN
B\ B—OH 98%
OH Toluene '

OH

196 197

Scheme 2.10 Preparation of sodium 3-methylphengteaaltl97.

Observations were the same as those for 4-methyifiboronic acidd2. The
boronic acidl96 was only sparingly soluble in toluene, therefasenplete dissolution
only occurred with strong heating and addition ofextra quantity of solvent. The
white solid precipitate was then filtered and drigeler high vacuum. The product
197 was confirmed byH NMR and**C NMR spectroscopy.

The next boronic acid to be converted to its korsdlt analogue was 2-

methylphenylboronic acidi31

®
OH OH Na
/ sat. NaOH soln. ol
B B—OH 97%
\OH Toluene '

OH

131 198

Scheme 2.11 Preparation of sodium 2-methylphengtbmsalt1 98

Observations from this procedure were the sami@se noted in previous
preparations. A white precipitate formed immediatafter addition of saturated
aqueous sodium hydroxide solution, which was fiteand dried. The white solid

was confirmed as the borate salt prodi8in 97% vyield.
Other simple phenylboronic acids bearing a methgsyup on alternative

positions on the ring were converted to their soditrihydroxyarylborate salts
(scheme 2.12).
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/OH
OH
199

MeO
OH

OH
201

OMe
OH
/
B
\
OH
203

sat. NaOH soln.

Toluene

sat. NaOH soln.

Toluene

sat. NaOH soln.

Toluene

202

OMe @
OH Na
Q1
IIB—OH
OH

204

96%

97%

97%

Scheme 2.12 Preparation of sodium methoxyphenyibaats200, 202 and204.

These were prepared in the same manner as betweandreased polarity of

the boronic acids arising from the presence ofntie¢hoxy group appeared to render

them even less soluble in toluene. All boronic a@gentually dissolved however,

allowing subsequent addition of saturated sodiumrdwde solution to give

characteristic white precipitates. After filtratiomda drying the borate salts were

obtained in similarly quantitative yields.

X-ray crystallography data was obtained for sodidimethoxyphenylborate

salt200, which revealed conclusively the quaternary stmgcaf the borate grouf.

Figure 2.1 X-ray crystal structure of sodium 4-noetyphenylborate sa00.
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The borate salt was shown to be a hydrate, withoédooated water molecules
surrounding the sodium atom. This relatively higégieee of hydration could have
resulted from the growth of the crystal used for Xamy analysis in aqueous media,
or could have been a simple consequence of theenafuthe preparation of the salt
using aqueous base.

The following boronic acids to be converted to thmrate salts were #rt-
butylphenylboronic aci@05and 2-ethylphenylboronic acik¥5

@
OH Na
B/OH sat. NaOH soln. \ T @é—OH 98%
; < ) \OH Toluene / \ 7 CI)H °
205 206
©\/ sat. NaOH soln. ;@ ~ 99%
B Toluene HO—B—OH
PA=AN |
HO OH OH Na
175 207

Scheme 2.13 Preparation of sodiumted-butylphenylborate salt206 and 2-
ethylphenylborate sak07.

Observations during preparation of these boratks sdid not differ
significantly to ones noted previously, with thecegtion of these particular boronic
acids dissolving more readily in toluene most kkdue to the presence of their non-
polar aliphatic substituent groups. Borate sali§ and 207 were isolated as white

solids in quantitative yields, with structures domed by the standard analytical
methods.

In summary, these compounds have been found to rddatively
straightforward to prepare and are easily isolaoléds that can be handled without
special precautions. Although hygroscopic, theyeapdo be able to be stored for

long periods of time at ambient temperature if Ka@n air-tight container.

As discussed previously, trihydroxyarylborate salbuld have considerable

potential for use as coupling substrates in Suzokipling reactions, as these salts
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exist in a pre-activated form. It is conceivablattlan increased rate of coupling
reaction could be achieved by the use of thesetdaalts, which in turn could
possibly lessen the effects of deboronation sidetien. Therefore, a series of test
Suzuki couplings reactions employing these isolatdts were investigated.

2.2.2 Test Suzuki coupling reactions using sodiunobate salts as

organoboron substrates with a simple unhindered arybromide

A structurally simple, readily available bromidé;bromotoluene208 was
chosen as the halide reagent with which to perften first test Suzuki coupling
reactions. For these basic test reactions, a besudstrate as opposed to an iodide
was chosen, as in simple couplings using unhindstdxtrates bromides perform
equally well (and are on the whole less costlyoifoe purchased from commercial

sources).

Sodium 4-methylphenylborate sdl®5 was chosen as the first borate salt to

test as an alternative organoboron coupling partner

@
OH Na
|
O K% - Bt
Toluene
OH
208 195 209

Scheme 2.14 Test Suzuki coupling employing sodiemmeghylphenylborate saltos.

The dried borate salt95 was added to the reaction vessel followed by the
bromide coupling partne208 and catalyst. The reaction solvent was added laad t
mixture heated to reflux for 24 h. During this tirttee mixture underwent a gradual
change of colour from a pale red solution to a lblaaspension, which was an
indication of the formation of ‘palladium black’ drthus a sign of completion. The
mixture was allowed to cool to room temperature avatked up according to
standard protocol (see experimentdhl. NMR spectroscopic data obtained of the
crude material revealed peaks attributable to #@streld coupled product in high yield.
All of the bromide starting materi@08 appeared to have been consumed as there
were no traces seen in thé NMR spectrum. The crude material was passed tffrou
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a short column of silica and the pure prodR@® was isolated as a white solid in a

yield of 83%. Data collected from NMR analyses wawasistent with literature data.

The success of this test reaction provided evig@éacsuggest that the borate
salt had participated in the catalytic cycle, affog the desired coupled product with
no apparent detrimental effects. The reaction apge#o proceed smoothly and
cleanly to give a comparable yield of coupled pidi@This result implied that other
boronic acids could also be effectively replacedhsir borate salt counterparts, and

so further test coupling reactions were attempted.

The second test Suzuki coupling reaction employsddium 4-
methoxyphenylborate saM00 as the organoboron reagent with 4-bromotoluzd@

as the halide reagent following the same procedure:

Toluene
210 72%

Scheme 2.15 Test Suzuki coupling using sodium basaltt200 as the organoboron

coupling partner.

The borate sal200 and 4-bromotoluen208 were added to the reaction vessel
followed by the catalyst. The solvent was added taedmixture heated to reflux for
24 h. After this period of time the pale red sautihad become a black suspension,
and so the mixture was allowed to cool and subjetieghe same work-up procedure
as before. The crude material was analysetHbdMR spectroscopy which identified
the coupled produ@10in good yield. The crude mixture was purified tigh a short
column of silica to give the produ2tlO as an off-white solid. The presence of an
electron-donating methoxy group on the borate 28tdid not appear to adversely
affect the reaction in any manner as it progressadothly and cleanly to give a

respectable yield of the coupled product.
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The following test Suzuki coupling reaction emmdy sodium 3-

methoxyphenylborate s&201 with the same bromid208

MeO @ OMe
@OH Na d(I)dppf
| P
e O e -
I Toluene
OoH 211
208 201

Scheme 2.16 Test Suzuki coupling using sodium b@ait201 with bromide208.

The borate sa01, bromide208 and catalyst were heated to reflux in toluene
for 24 h. Analysis of the crude material Biy NMR spectroscopy revealed peaks
attributable to those of the coupled prod@dtl, with characteristic singlet peaks
occurring at 2.39 and 3.85 ppm corresponding tsdhof the product methyl and
methoxy groups respectively. The pure prodiit was isolated as a colourless oil in
a yield of 79%.

The success achieved with these reactions prowld evidence to suggest
that these species participate readily and effelstivn the catalytic cycle of the
Suzuki coupling, and demonstrated that they candsel in place of the commonly
employed boronic acids. An immediate advantage eghiftom the use of these
isolated borate salts was that the addition ofse lta the reaction was not necessary,
as the correct stoichiometric amount of base wasffect already present within the
‘ate’ species. It follows from this that a more a@te calculation of the
stoichiometric amount of the organoboron couplinggstrate could be achieved, in
contrast to that of boronic acids in which anhydrichpurities cause this calculation

to be imprecise.
These results prompted the undertaking of furtimegstigations, with the aim

of establishing the limits (and any possible latgmiblems) of the use of these borate
salts as alternative coupling substrates.
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2.2.3 Test Suzuki coupling reactions employing sagin borate salts with

an electron-deficient aryl halide

In the following Suzuki reactions an alternativerbide coupling partner, 1-
bromo-2-nitrobenzen&77, was chosen. This reagent was selected on acobutst
electron-deficient nature, resulting from the prese of the electron-withdrawing
ortho-nitro group. The use of this bromide could deteenihether these reactions -
which have so far been seen to proceed successgitlg the comparatively electron-
rich bromide 4-bromotoluen208 - would be affected by the use of an electron-

deficient halide coupling partner.

The first test Suzuki coupling employing 1-brommiftobenzenel77 was

performed with sodium 4-methylphenylborate 486 as the organoboron reagent:

N02 @ NOZ
OH Na
[
S e S
Toluene
OH
177 195 212

Scheme 2.17 Test Suzuki coupling using 1-bromot@inenzend 77 as halide.

Coupling partners borate sa®5and bromidel77 were added to the reaction
vessel, followed by the catalyst. Following the sapmotocol as before, toluene was
added and the mixture heated to reflux for 24 halgsis of the crude mixture By
NMR spectroscopy confirmed the presence of therelkscoupled producfl2
Purification by column chromatography isolated freduct212 as a yellow oil in
69% yield.

The next Suzuki coupling employing 1-bromo-2-riigazenel 77 was carried
out with sodium 4-methoxyphenylborate s200.

NO, @ NO;

OH Na
|
B + Meo@e-cm pataent (75 N ove
CI)H Toluene
177 200 213 62%

Scheme 2.18 Suzuki coupling using 1-bromo-2-nitnale@el 77 with borate sal200.
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The same procedure was followed and after workhagpcrude material was
analysed byH NMR spectroscopy. The spectrum revealed a disimglet at 3.85
ppm attributable to the methoxy group present & d¢bupled produc213 together
with other peaks corresponding to traces of immsjt including possible
homocoupled product. The mixture was separatechyrm chromatography to give

the pure produ@13as a yellow oil.

The final test Suzuki coupling employing 1-bromoifobenzenel77 was

performed with sodium 3-methoxyphenylborate 2alt as the organoboron reagent:

NO, MeQ @ NO, OMe
OH Na
I
(I)H Toluene
177 201 214

Scheme 2.19 Test Suzuki coupling using 1-bromot®iménzenel 77 as halide with
borate salf01

After the reaction was performed, thé NMR spectroscopic analysis of the
crude material revealed peaks corresponding toddsred coupled produ@l4,
specifically a prominent singlet at 3.82 ppm dueh® methoxy group. The mixture
was purified by column chromatography to give tlselated produc214 as a

crystalline yellow solid.

When the results from all test coupling reactiamse collated (see table 2.1)
it could be seen that all reactions proceeded ssbuléy to give reasonable yields of
coupled product. When an electron-poor aryl bromides used177), the observed
yields of product were slightly lower than thoserefctions with an electron-rich
bromide 08).
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Aryl Trihydroxyarylborate Isolated yield
— bromide salt JIeehlle (%)
ha | % C OO
B—OH
1 Br o - 83
OH Na'
MeO—< :>—’E';—0H OMe
2 o 72
200
MeO
OH Na
s Orger H O |
201
NO, OH Na+
~B—OH
o | O | <0 Q 0 69
177 195
OH Na"
MeO B OH
200
MeQO +
OH Na
: Orfo H s
OH
201

Table 2.1 Table summarising simple test Suzuki togpeactions performed with

sodium trihnydroxyarylborate salt substrates

2.2.4 Test Suzuki coupling reactions using sodiunobate salts with a

sterically hindered naphthyl halide

Following the success of the use of sodium tribyglarylborate salts in
simple unhindered Suzuki coupling reactions, it wassidered a logical next step to
test some further Suzuki reactions using a mordlestging sterically hindered
naphthyl halide substrate. 1-Bromo-2-methylnapleth@l162 was chosen, with

sodium borate sal200, 204, 195and198selected as organoboron coupling partners.

The first Suzuki coupling reaction employing thergally crowded bromide

1-bromo-2-methylnaphthalene 162 was  performed with  sodium  4-

methoxyphenylborate s&#200as organoboron substrate (scheme 2.20).
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@
@(_I')H Na
+ MeO@B—OH ~Pd(lhdppt 60%
CI)H Toluene
Br 200
162
OMe
215

Scheme 2.20 Suzuki reaction using 1-bromo-2-me#pithalend 62 and borate salt
200.

The reaction was heated for 24 h, after which bkeck suspension was
allowed to cool and worked-up as before. Tt NMR spectrum of the crude
material revealed peaks attributable to the desicegbled produc15, together with
traces of unreacted bromid®&2 Purification of the crude material gave the isada
product215 as an off-white crystalline solid in a yield of%0 Although this was a
slightly lower than expected vyield it was neverdssl an encouraging result as it
demonstrated the tolerance of the borate salt tsvdwe bulkier bromide partng62
The presence of unreacted bromide in the cruderiabgrccounted for the lower
product yield, as it indicated that the reactiod hat proceeded to completion.

The second experiment employing the stericallydéred bromidel62 was

performed with an electron-riatrtho-substituted sodium borate sa@4:

OMe
O g
Pd(Il)dppf
_Pd(Il)dppf 58%
Toluene OMe
162 O

216
Scheme 2.21 Suzuki reaction using 1-bromo-2-me#pfithalend 62 and borate salt
204.

This reaction was expected to present a great@iecge as the borate salt
coupling partner204 featured anortho group. After 24 h the crude material was
analysed byH NMR spectroscopy. The spectrum displayed peaksesponding to
the coupled produ@16, as well as unreacted bromitié2 The mixture was purified

by column chromatography to give the isolated pod@16 as a viscous colourless
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oil. The outcome of this reaction was comparableéhet of the previous reaction,
although in this case there appeared to be a grgadmtity of unreacted bromidé?2
present in the crude mixture after work-up. As speviously, this implied that the
reaction had not reached completion, and hintec alecreased rate of reaction
possibly resulting from the increased steric hindea of the ortho-substituted

substrates.

The next Suzuki coupling was performed using sodismethylphenylborate
salt195

OH Na® OO
. @é_% _Pd(idppf _ 48%
(IDH Toluene
Br 195

217
Scheme 2.22 Suzuki reaction using 1-bromo-2-meépjithalenel62 and borate salt
195

Borate sall95was successfully coupled with bromitié2 to give the product

217 which was isolated as a colourless oil in a yieldd8%. This was lower than
expected, and examination of the crude materiakalexd the presence of small
amounts of unreacted bromid2 This was, as before, an indication that the
coupling reaction had not gone to completion. Wit use of this particular sodium
borate saltl95 it was impossible to determine whether a competlaboronation
side-reaction had consumed an amount of the orgmanbstarting material, as the
by-product from such a process would have beenem@u It is possible that
consumption of the organoboron species in this @mayd have occurred, although it
is possible that catalyst degradation could haw® grevented completion. The
difficulty in achieving efficient purification of e crude mixture was also a

contributing factor to the modest isolated yield.

This reaction was repeated, and on the seconthptitthe progress of the
reaction was monitored at regular intervals'HyNMR spectroscopy. Aliquots of the
reaction mixture were removed and analysed at dtdmvals after the start of the

reaction. After 6 h, the next aliquot was withdraatn24 h and a final one at 48 h.
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Analysis revealed that the reaction appeared te ladmost proceeded to completion
after just one hour, with only a small amount odrbrde 162 present. After 24 h the
bromide starting material had been virtually athgomed, but traces were still visible.
After 48 h no traces of bromide starting materiarevobserved. From calculations of
the NMR integrals it could be deduced that the treachad gone to completion with
an estimated yield of coupled product of 98%. Tfoee extending the reaction time

for an additional 24 h was found to be benefiaahte final yield of product.

A final Suzuki coupling using hindered naphthybimide 162 was performed
with sodium 2-methylphenylborate saR8

° @
OH Na
|
OO . C%B_OH _Pd(idppf _ 45%
' Toluene
Br 198
162
218

Scheme 2.23 Suzuki reaction using 1-bromo-2-meépjithalend.62 and borate salt
198

This reaction proceeded satisfactorily to give toeipled producl8 as a
viscous colourless oil in a 45% isolated yield. feheere no traces of bromidé2in
the *H NMR spectrum of the crude mixture. A calculatdeld from the spectral
integrals gave a figure of around 85%. Only smiadbants of minor impurities could
be observed, identifiable as 2-methylnaphthal&88, an impurity known to be
present in the 1-bromo-2-methylnaphthaleb@? starting material, and possible
homocoupled product. As experienced previously trede mixture proved
exceptionally difficult to separate. Column chroogbphy was performed eluting for
the whole duration with a non-polar solvent (heXaneorder to achieve maximum
separation. This was successful in isolating thgontg of coupled product; however
loss of the product nevertheless occurred withdisposal of mixed fractions. This

was a major factor contributing to the low isolayéeld.
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Trihydroxyaryl Isolated

Entry | Aryl bromide product

borate salt yield (%)
OH Na+ OO
MeO ~B—OH
1 I8 < > o ‘ 60
162 200

OMe
215

o | OO
OH Na
|

IT%—OH OMe 58
OH
204

Q.

216
OH Na' I I
-1
3 OELOH O 48
195
217
OH NaJr OO
-1
4 o g 45
198

218

Table 2.2 Table summarising test Suzuki couplirgtiens performed with sodium

trinydroxyarylborate salt substrates and a stdyi¢cahdered halide.

2.2.5 Test Suzuki coupling reaction using a steritig hindered

naphthylborate salt with a hindered naphthyl halide

Following on from the successful outcomes of edit reactions carried out so
far, it was considered worthwhile to perform a finast reaction employing a
sterically hindered arylborate salt together with equally bulky aryl halide. The
results from this would serve as a useful comparegainst the conditions employed
previously (see scheme 2.7) and would highlight athyantages or limitations of the

use of borate salts in hindered couplings.

Therefore the final test coupling reaction wasedntowards the synthesis of

2,2’-dimethyl-1,1’-binaphthalen#65, in order to determine whether the exceptionally
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challenging nature of this coupling could be ovemeoby the use of an activated
borate salt substrate. Having already examinedcihigling reaction and previously
deemed it unsuitable for further asymmetric ingggtons, the purpose of carrying
out this following reaction was solely to determitiee limits of borate salts as

coupling substrates.

The desired sodium borate s2lt9 was thus prepared from 2-methylnaphth-1-
ylboronic acid191in an analogous fashion to all previous boratemaparations.

sat. NaOH soln.
”\OO | ”OO 99%
[ Toluene o
HO” “OH

HO—~B~OH
@ OH

Na
191 219

Scheme 2.24 Preparation of sodium 2-methylnaphjipdrate sal219

The preparation of this new borate salt proceestedothly and gave the
product219 as an off-white solid in quantitative yield. Thigas dried under high

vacuum and stored in a desiccator prior to use.

The highly hindered Suzuki coupling reaction waentattempted using borate
salt219as the organoboron partner with 1-iodo-2-methythtiaglenel 71

+ o 7
o Toluene
I HO—B—OH OO
® I
171 Na~ OH

219 165
Scheme 2.25 Attempted Suzuki coupling towards racef2’-dimethyl-1,1'-
binaphthalend 65 using sodium borate salt coupling subst&it@

The catalyst 1,1’-bis(diphenylphosphino)ferrocehehloropalladium(ll) was
chosen as it had performed well in all previoug tesctions. This catalyst also
presented an added advantage in that additionseparate ligand was not required.
As toluene had been the solvent of choice in &Vimus test coupling reactions it was
also used for this experiment. However, as a ptewaary measure, freshly dried and

distilled toluene was used.
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The dried starting reagents together with catalyste heated to reflux in
toluene for 48 h, after which the standard workpoptocol was carried out. The crude
material obtained was analysed y NMR spectroscopy which revealed prominent
peaks belonging to the iodider1l and deboronated material, 2-methylnaphthalene
190. Only traces of the binaphthalene prodL@b could be observed. It was evident
that on this occasion the desired coupling readtih not proceeded satisfactorily. It
can be deduced that the sodium borate ZEtwas predominantly consumed by a
deboronation side-reaction.

On this occasion it appeared as though (unlikpre@vious test reactions) the
presence of coordinated water within the borate galld have been detrimental to
the coupling reaction. The exclusion of water i®Wn to have a beneficial effect in
hindered couplings due to the inhibition of debation?® and yet it could not be
predicted with certainty prior to performing thisaction whether the coordinated
water in the borate salt would lead to a deleterieffiect. It appears that it does, and
so despite an anticipated accelerated rate ofiomatsulting from the use of a ‘pre-
activated’ organoboron substrate, competing delatiom negated any advantages

gained from this increased reactivity.

2.2.6 Investigation into the use of a sodium trihyxyarylborate salt in a

rhodium-catalysed 1,4-addition reaction

In order to test the wider scope of arylboratéssas alternative organoboron
reagents, a rhodium-catalysed 1,4-addition reactiescribed by Miyaura and co-
workerg€® was examined. In the original protocol, a boraaméid with base was used
to effect the conjugate addition with agf-unsaturated carbonyl compound; with the

addition of a base found to significantly accelertdte process.

(0]
[RhCl(cod)],, KOH
1,4-dioxane/water
42 220

Scheme 2.26 Original conditions for the 1,4-addited a boronic acidi2 to ana,B-
unsaturated ketoriz20.

221
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In this reaction, the use of a boronic acid witbeparate base was considered

suitable for substitution with a borate salt.

N
OH a’ [RhCI(cod)];
B OH 0,
1,4-dioxane/water 8%

195 221

Scheme 2.27 Use of sodium trihydroxyarylborate 388§ in the 1,4-addition te.,S-
unsaturated ketoriz20.

When the borate sal®5was employed in this version, the reaction proeded
smoothly at room temperature to give the desiredtlyet in good yield. A slightly
modified procedure was found to give best resuttswhich the aqueous reaction

solvent was degassed thoroughly with argon pri@diition of the reagents.

2.2.7 Summary of the results from test Suzuki coupig reactions

performed using sodium trinydroxyarylborate salts

In summary, the test reactions performed have dstreted the successful
application of borate salts in reactions in platbaronic acids and base. These borate
salts displayed versatility in that they reactedcsssfully with an electron-rich
halide, an electron-deficient halide and a stegdahdered halide partner. The use of
these borate salts enabled a simplified protocoklich the separate addition of a
stoichiometric amount of base was not required. élex, use in a highly hindered
coupling (scheme 2.25) was not met with successadt believed that the presence of
coordinated water in the borate salt promoted cdimgpedeboronation, thus
consuming all the borate salt starting materiak $hccessful employment of a borate
salt in a rhodium-catalysed 1,4-addition also destrated their potential for use in

broader applications.

2.3 Attempted synthesis of alternative ‘activatedarylborate

salts

With the successful preparation and application tfe sodium
trinydroxyarylborate salts in hand, it was speadats to whether an equivalent
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activated borate salt species could be generatédsatated using a boronate ester
with a fluoride base. Selecting cesium fluoridebiegin with, a saturated aqueous
solution was prepared and added dropwise to a bbitien of the (ethylene

glycol)boronate esterl72 in a similar fashion to the preparation of sodium

trinydroxyarylborate salts.

”\ll sat. CsF soln.
_— @
o/B\o o—||3—F
@
\ / </O Cs
222

Toluene

172

Scheme 2.28 Attempted preparation and isolaticact¥ated boronate speci2®2

No precipitation was observed after this additisn,the mixture was left to
stir for a further 30 min. No solid product pretgted after this time and so the
mixture was allowed to cool to room temperaturee Holution of boronate ester
appeared to remain unchanged, with an immisciljlerlaomprising the aqueous salt
solution observed at the bottom of the flask. Mxs confirmed by extraction of the
organic layer, removal of solvent and analysis tef solid residue. ThéH NMR
spectrum confirmed the presence of unreacted @ibyfglycol)boronate estér72
Therefore it could be deduced that the preparatiotihe desired borate salt had not

been successful.

In a similar attempt, a solution of the parentdmic acid191 was treated with
a saturated aqueous solution of the same base.

”\OO sat. CsF soln. ”\OO
—_—

S
_B< Toluene HO—B—F
HO OH
191 OH 5
223

Scheme 2.29 Attempted preparation of alternativatiecsalt speciea23

No immediate precipitation occurred upon additdrihe base solution so the
mixture was left to stir for an additional periofitone and subsequently allowed to
cool to room temperature. This did not result i@ tbrmation of any solid precipitate,
with two separate immiscible layers visible in flesk. Therefore the preparation of

this borate salt species was also deemed unsugkessf
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In a final attempt, a saturated aqueous solutibrsamium fluoride was
prepared and used instead of cesium fluoride, teroene whether use of an

alternative base would result in precipitation.

sat. NaF soln.

Toluene Q
Ho™ * o NOTRTF e
OH Na
191
224

Scheme 2.30 Attempted preparation of alternativatecsalt speciez24.

Preparation of a concentrated saturated solutfosodium fluoride was not
possible on account of the reduced solubility gt thalt; nevertheless the dilute
solution obtained was added dropwise to a hot isoiudf the boronic acid91 in
toluene. No precipitate formed either upon additbbbase or after being left to stir at
room temperature. As observed before, two sepdagtrs remained in the flask
consisting of dissolved boronic acid in toluene agdeous sodium fluoride solution.

No further steps were carried out and the reastias deemed unsuccessful.

2.4 Investigations into symmetric and asymmetric Szuki

coupling reaction towards axially chiral biaryls

Attention was focussed back to the original ainthid project, which was the
investigation of symmetric Suzuki coupling reaciaand their asymmetric versions
towards axially chiral biaryl products. The intemtiwas to develop a suitable model
reaction in which both a symmetric and an asymmatersion could be achieved
successfully. Following this, the asymmetric vemsimwards an enantiomerically
enriched product would be probed further by ingzdtons into the effects of changes
in the steric and electronic properties of the diogppartners, with the aim of

uncovering finer details surrounding the exact maidehiral induction.

This would necessitate the undertaking of multigleymmetric Suzuki
couplings towards the same structurally identicaryh product, in which each
version would feature an altered coupling substratssessing a differing
functionality (e.g. a boronate ester or borate)sa#ltchange in the identity of the

halide in the opposing partner (e.g. bromide onidey would also be tested. Any
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effects on either the value of the enantiomerieesgr the preference for a particular

atropisomer arising from the use of a particuldrsstate would be examined.

An asymmetric reaction towards the same produdt using ‘reversed’
coupling partners (i.e. in which the identitiestioé organic groups on each coupling
substrate are, in effect, swapped over) was algsidered an important experiment to
perform. If successful, this reaction could alsmvmte an insight into possible
influences on the catalytic cycle - and associatexthanism of chiral induction -
arising from the nature of the organic groups ocheaartner. Investigations of this
type have been performed in previous work by Walémwl Novak® and Anderson et
al? on the determination of the aforementioned effedthin the simple symmetric
coupling (usually for the purposes of optimisaticamd yet, to date, no investigations
of this kind have been carried out towards the igaton of similar influences

affecting the asymmetric version of the reaction.

In order to for these investigations to achievecsss the biaryl product was
required to be sufficiently hindered in order tospess axial chirality, and to be
resistant to racemisation at the elevated tempestused during the coupling
reaction. Furthermore, as the determination of éhantiomeric excess was to be
achieved using chiral HPLC separation of the atwomiers, the biaryl product was

also required to display good separation via treshod.

Biaryl compounds considered to meet these criteeige thus chosen, with the
next targets for coupling reactions shown belowesEhcompounds comprised an
ortho-substituted naphthyl top portion with amtho-substituted phenyl ring on the
lower half. The presence afrtho groups on both halves of the molecule was an
intentional feature designed to create a suffityemigh barrier to rotation resulting in

the existence of atropisomers.

::NOZ = :CN : :OMe : :Ph
225 226 216 227

Figure 2.2 Targeted axially chiral biaryl compou2@%, 226, 216 and227.
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Another characteristic intentionally incorporatiedo the structures of these
target biaryl compounds was the presence of diffeortho substituents on the two
halves of the molecule. This characteristic wasunhed in order to act as a possible
aid to separation of the atropisomers during cHfaLC analysis. It was hoped that
the contrasting properties (e.g. polarity) of th¢ho substituents would enable the
chiral stationary phase to acquire a better remmiudf isomers thus leading to an
improved baseline separation of peaks. Another rdge of the unsymmetrical
nature of the two halves was that any homocouptedyzt formed would be able to

be easily distinguished from the cross-coupled pcad

Investigations therefore began with symmetric d¢iogg towards these
products. Following a successful outcome, the re@aatas considered for repetition
under asymmetric conditions (utilising a chirabligl).

2.5 Symmetric Suzuki coupling reactions towards 12(-

nitrophenyl)-2-methylnaphthalene

Efforts were firstly focussed on Suzuki couplirigezards 1-(2’-nitrophenyl)-
2-methylnaphthalen225 The conditions chosen for an initial coupling &ovds the
racemic product were as illustrated below. Boronaster 172 and 1-bromo-2-
nitrobenzenel 77 were employed with palladium chloride/ triphenylgpbine as the
catalyst and DME as the solvent. Cesium fluorids waed as base. (These reaction
conditions reflected those used in the originaldiions described by Crépy)®

Br |OO
©/N02 OO PdCl,, PPh;
+ _

B. CsF, DME NO,
o o
177 /
172 225

Scheme 2.31 Symmetric Suzuki coupling towards dIn{bphenyl)-2-
methylnaphthalen225 using (ethylene glycol)boronate esi&i2

The reaction was carried out, and the crude nateltained from work-up

analysed by'H NMR spectroscopy. There appeared to be a largeuamof
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deboronated material (2-methylnaphthald@®€) with no peaks corresponding to the

coupled produc2?25

As the first attempt using the conditions showowvebwas unsuccessful, the
coupling was attempted again but under differemddmns. Previously prepared
sodium borate sa19 and 1-bromo-2-nitrobenzerig7 were chosen as the coupling
partners, with 1,1' bis(diphenylphosphino)ferrocediehloropalladium(ll) as the

catalyst and toluene as solvent.

{ 0 L
NO, N Pd(Il)dppf
HO—I‘I:’QOH o Toluene O NO
177 OH  Na

219 205

38%
2

Scheme 2.32 Symmetric Suzuki coupling towards dIn{bphenyl)-2-
methylnaphthalen225 using sodium borate s&f.9.

After the reaction mixture was heated for 24 D@t°C, the crude material
obtained after work-up was found to display peafistie 'H NMR spectrum
attributable to the coupled produ2®5 Isolation of the coupled produ@l5 was

achieved to give an orange oil in 38% vyield.

As the coupling reaction towards 1-(2’-nitrophgr8dmethylnaphthalen225
employing the borate sal19 was successful, this was taken forward as a patent

model reaction for investigations into the asymiuetariant.

2.6 Asymmetric Suzuki coupling reactions towards 12'-

nitrophenyl)-2-methylnaphthalene

The chiral ferrocenyl liganB-(-)-N,N-dimethyl-1-[(S)-2-(diphenylphosphino)
ferrocenyl]ethylaminel80 (figure 2.3), originally developed by Ugi et &l.was
selected for use in the asymmetric Suzuki coupli@sice their original conception,
the application of this type of ferrocenyl ligamddatalysis has become widespre#d).
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MezN ‘\\Me

PPh,
Fe

=

180

Figure 2.3 Chiral ferrocenyl ligan®)-(S)-PPFA180.

This ligand was chosen on account of the high emraeric excesses achieved
with the use of its analogue of opposite chiralifg)-(R)-PPFA 170, in previous
studies into the asymmetric Suzuki reactidnUnfortunately, ligand170 was no
longer available from commercial sources andRe($-PPFA 180 was considered

the best alternative.

The coupling partners employed in the asymmetuzu®i coupling towards
225were the same as those towards the racemic préghictme 2.32), i.e. borate salt
219 and 1-bromo-2-nitrobenzerd&’7. The chiral ligand R)-(S)-PPFA 180 was used

with palladium chloride as the catalyst (schem&R.3

Br
©/N02 PdCl,/180 OO (45%)

+

HO—I?C:)OH ® Toluene NO,
177 OH Na ‘ 30% ee

219
225

Scheme 2.33 Asymmetric Suzuki coupling reactionatas 1-(2’-nitrophenyl)-2-
methylnaphthalen225 utilising chiral ligand180.

In this experiment, an alternative protocol wasedleped in order to reduce
the possibility for atmospheric moisture to enteg system. A thick-walled pressure
tube sealed with a TeflSrscrewcap was chosen as the reaction vessel araligidy
flame-dried and purged with argon before use. Attber addition of each reagent the
atmosphere was evacuated and refreshed with adgmm addition of all the reagents
and freshly distilled solvent, the mixture was leéatto 90 °C for 24 h. After work-up

the crude brown mixture was analysed and founditiain deboronated side-product
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190 together with the coupled produ2®5. After purification the produc225 was

isolated as a yellow crystalline solid in 45% yield

Samples of the product obtained from the coupliagction towards the
racemic product (scheme 2.32) and from this asymenetrsion (scheme 2.33) were
analysed by chiral HPLC. In the trace obtainedtf@ racemic product (figure 2.4),
the presence of two separate peaks confirmed thsteege of two discrete
atropisomeric forms. It was also apparent thatoaigfn resolution of the two
atropisomers had been achieved via this methodefgeerimental for conditions), the

peaks occurred close together.

WDT A, Wavelength=215 nm (20JANOGKARIMOU0015.0)
Norm. |

800

600 -

400 -

200

T y T T
2{5 é 7{5 1I0 12;,5 15 175 mit

Figure 2.4 Chiral HPLC separation of 1-(2’-nitroplyB-2-methylnaphthalen25
obtained from the symmetric coupling reaction.

From the calculated ratio of the areas under thak® the product was
confirmed as an approximately 50:50 mixture of isosn(i.e. a racemic mixture)

which was the outcome expected for this symmetigpbing.

In the chiral HPLC trace for the product of thgrametric coupling (figure
2.5), it was evident from the intensity of the tweaks that it did not comprise a
racemic mixture of isomers. From the calculatiorthef ratio of the areas under each
peak it was determined that one atropisomer has p@eluced in an excess of 30%.
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VWD1 A, Wavelength=215 nm (20JANOG\KARIMQ00017.D)
Norm.

3000 -

2500,

2000

1500

2!5 % 7!5 1I0 12‘.5 1|5 17|45 min

Figure 2.5 Chiral HPLC separation of 1-(2’-nitroplgg-2-methylnaphthalen@25
obtained from the asymmetric coupling reaction.

This result was able to be seen with greater tglasihen the traces were
overlaid (figure 2.6). The second isomer elutinghet later retention time is clearly
diminished in the product synthesised using theattigand. This, together with the
calculated ratio, confirmed that an asymmetric otdun had been achieved with

successful production of a reasonable enantionesigess.

VAT A TE
VDA A, Wiavel sngi=215 nm (0JAHOGHAR MOOD017 0

Figure 2.6 Overlay of chiral HPLC traces for prodB25 obtained from symmetric
and asymmetric reactions.

Although this reaction represented an additionangple of the ability of a
chiral ligand to effect an asymmetric inductionairBuzuki coupling, and was in this
respect an encouraging result, the two atropisanferims were unfortunately not

resolved to an adequate enough degree during flaeat®n. The atropisomers eluted
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too closely and it could be envisaged that had emtgr enantiomeric excess been
achieved then the second later peak would haveddran indistinct ‘shoulder’ on the
side of the first. This would have made calculatminthe area under this peak

difficult, resulting in an inaccurate value for tteantiomeric excess.

Therefore, coupling reactions towards the nexalixchiral biaryl compound

were undertaken, with the aim of achieving a betégraration of isomers.

2.7 Symmetric Suzuki couplings towards 1-(2’-cyandpenyl)-2-

methylnaphthalene

The rotationally restricted biaryl chosen as tb&triarget of Suzuki couplings
was 1-(2’-cyanophenyl)-2-methylnaphthaleB26, this time possessing aortho-

nitrile group on the lower phenyl portion of the lexule.

The first attempt at the coupling reaction towattts racemic product utilised
sodium borate saR19 as the organoboron substrate, 2-bromobenzonfi&as the
halide substrate and 1,1’-bis(diphenylphosphinodfegne dichloropalladium(ll) as
the catalyst.

{ D@
CN Pd(Il)dppf
+ o EEE——
HO—=B—OH Toluene O CN
' @
228 OH Na

219 226

Scheme 2.34 Symmetric Suzuki coupling towards icy2nophenyl)-2-
methylnaphthalen226 using sodium borate s&f.9.

The reaction was performed in a sealed pressbeewith the mixture heated
to 90 °C for 48 h. The brown oil obtained after Woip contained deboronated side-
product (2-methylnaphthaleri©0) and a small amount of coupled prod@26é. An
approximate yield of the product was calculated16%o, taken from the ratio of
integrals in the'H NMR spectrum. As this was a poor yield no furtperification

steps were carried out.
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The second attempt towards this coupled specied tise same coupling

partners and catalyst but with a different solvent.

CN Pd(I)dppf
+ o _—
HO—B—OH DME O CN
' @
228 OH Na

219 226

Scheme 2.35 Symmetric Suzuki coupling towards icy2nophenyl)-2-
methylnaphthalen226 using DME as solvent.

In this attempt, DME was chosen as the reactiduwesb on account of its
reported ability to encourage inorganic substarsteh as bases to become ‘drawn’
into solution™ It was hoped that this solvent would exert the esdraneficial effect
towards the otherwise insoluble borate salt. Tloeegfa pressure tube containing all
the solid reagents was charged with DME and heattdde appropriate temperature
for the required time. The crude material was tlasalysed, with the¢H NMR
spectrum displaying peaks attributable to deboexhatside-product (2-
methylnaphthalend90) and coupled produ@26. The yield of product calculated
from the'H NMR integrals was approximately 20%, which wasiaga lower than

expected yield and so no purification steps wergezhout.

As deboronation side-reaction appeared to be &dlyedeleterious in this
reaction, the coupling was attempted again but wutige original aprotic conditions
described by Crép¥® Therefore, the use of (ethylene glycol)boronatereis’2 and
2-bromobenzonitrile 228 with cesium fluoride and palladium chloride/

triphenylphosphine was tested.

L O 9@
CN PdCl,, PPhg
+ R 68%
B CsF, DME CN
(@] (]
228 \/

172 296

Scheme 2.36 Symmetric Suzuki coupling towards icy2nophenyl)-2-
methylnaphthalen226 using (ethylene glycol)boronate esi&i2
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A sealed pressure tube containing the reactioniurg@xvas heated to 80 °C for
24 h, after which the crude material remaining rafterk-up was analysed biH
NMR spectroscopy. Peaks were identified as the leduproduct226 together with
small amounts of unreacted boronate edfé2 and deboronated side-product (2-
methylnaphthalen&90). After purification the produc226 was obtained as an off-
white solid in a yield of 68%.

As the coupling reaction carried out under thesedtions led to a much
improved yield, a sample of the pure product waalyamed by chiral HPLC (figure
2.7). (On this occasion the degree of separatidghefwo atropisomers in the racemic
product was determined in advance of the undergakinany asymmetric Suzuki
couplings).

DAD1 A, Sig=216,4 Ref=360,100 (15AUGOS\NLH56000012.D)

—==20.270

.......

Figure 2.7 Chiral HPLC separation of 1-(2’-cyanompyig2-methylnaphthalen226

obtained from a symmetric coupling reaction.

Separation of the two atropisomeric forms was aadd and the product was
found to consist of a racemic mixture as expecléubre was not, however, a great
enough degree of baseline separation, and so aesuwt,rthe corresponding
asymmetric coupling reaction utilising a chiral digl was not performed.
Investigations utilising this biaryl product weretntaken further and so the next

alternative axially chiral biaryl produ2tl6 was targeted.
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2.8 Investigations into Suzuki coupled product 1-(2

methoxyphenyl)-2-methylnaphthalene

The next targeted sterically hindered biaryl commb was 1-(2'-
methoxyphenyl)-2-methylnaphthalen216. As a successful symmetric Suzuki
coupling towards this product had already beenoperéd in these studies (scheme

2.21) a sample of the product from this reactios aaalysed by chiral HPLC.

DAD1 A, 5ig=215,4 Ref=260,100 (22MAYQEANDY000013.D}
mAU 7 b g

w

700

4.311

T T T T T T
5 10 15 20 miny

Figure 2.8 Chiral HPLC separation of 1-(2’-metholgpyl)-2-methylnaphthalene
216 obtained from a symmetric coupling reaction.

The percentages of each atropisomer correlateaht@approximately 50:50
mixture as anticipated. Although separation wasieagh, the two atropisomeric
forms of this coupled product did not display thegiee of baseline separation
required for asymmetric investigations, and so odher reactions towards this

product were performed.

2.9 Symmetric Suzuki coupling reactions towards 12(-
biphenyl)-2-methylnaphthalene

Subsequent coupling reactions were aimed tow&lsdnstruction of axially
chiral biaryl 1-(2’-biphenyl)-2-methylnaphthale@27.
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An initial attempt towards227 as a racemic product utilised (ethylene
glycol)boronate estet72 with 2-bromobiphenyR29 cesium fluoride as the base and
palladium chloride/triphenylphosphine as the catalAnhydrous DME was used as
the solvent.

7 O ”\OO PdCl,, PPhg ‘ ‘
+ —_—
B CsF, DME Ph
o o
-/

229
172 227

Scheme 2.37 Symmetric Suzuki coupling towards 1b{ghenyl)-2-
methylnaphthalen227.

All the solid reagents were added to a pressufee ttollowed by 2-
bromobiphenyl229 via syringe. Freshly distilled solvent was used déme mixture
heated at 80 °C for 24 h. Thid NMR spectrum of the crude material revealed peaks
attributable to (ethylene glycol)boronate edté? and bromide29 starting materials,
with only small amounts of the coupled prod@ef’. An estimated yield calculated
from the integrals gave a figure of around 20%jydf@e no further steps towards

purification were performed.

The next attempt used sodium borate 8aR and bromide229 as coupling
partners with 1,1’-bis(diphenylphosphino)ferrocatiehloropalladium(ll) as catalyst

and toluene as solvent.

Br |OO
Pd(Il)dppf
+ _ 0
) 50%
O HO—IIB—OH Toluene Ph
229 @

OH Na

219 297

Scheme 2.38 Symmetric Suzuki coupling towards 31b{ghenyl)-2-
methylnaphthalen227 using borate saR19.

The sodium borate saR19 and catalyst were added to a pressure tube,
followed by the liquid bromide reageB9 via syringe. Upon addition of solvent the
mixture was heated to 90 °C for 48 h, after whivh ¢rude mixture was analysed by
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the standard methods. There appeared to be a goeatetity of coupled produ@27
present and so the mixture was purified to givepttoeluct as a viscous colourless oil
in 50% yield.

Despite achieving an improved yield using the détos shown above it was
speculated as to whether the use of an iodide owuphrtner would result in an even

greater improvement in yield. Therefore the reactias repeated using iodid80.

I O O
O Pd(Il)dppf
+ — 45%
S
O HOZ B—OH Toluene Ph
230 :

OH Na®
219 297

Scheme 2.39 Symmetric Suzuki coupling towards 31b{ghenyl)-2-
methylnaphthalen227 employing iodide230.

Following the same protocol, the crude materiak i@und to contain the
desired coupled product. After purification the gwot 227 was isolated as a viscous

colourless oil in a yield of 45%.

It was surprising to observe that the yield watsgreater in this reaction, as it
is generally known that iodides display a highexctiity than bromides in Suzuki
coupling reactioné® with this effect usually more noticeable in hinetbrcouplings:
310 This implied that oxidative addition was not theterdetermining step in this
instance, and that transmetallation of the bulkphtiaylborate substrate was most
likely to be the slow step and thus the probableseaf the low yields. As the use of
an iodide did not lead to an improvement in thisct®n, use of the bromid229 as
the halide coupling partner was resumed for subm®gqueactions towards this

product.

A sample of the produ@27 obtained from the symmetric coupling reaction
using the bromid@29 (scheme 2.38) was analysed by chiral HPLC (figu#s.

124



DADT A, Sig=215.4 Ref=360, 100 (22MAYO6\WAND Y000015.0)
o
1200 -

1000

5.381

600 -

|
I
ﬁ\s’_k

0 25

75 1 125 15 175 20 " rmin

Figure 2.9 Chiral HPLC separation of 1-(2'-biphgr3dmethylnaphthalene27
obtained from the symmetric coupling reaction.

The two atropisomers were found to be presentagemic proportions as
expected. The two peaks displayed a reasonabldifms®paration, greater than
those achieved for all previous biaryl products.eDo this improved degree of
separation, the corresponding asymmetric versiothefreaction was subsequently
performed.

2.10 Asymmetric Suzuki coupling reactions towards-{2’-

biphenyl)-2-methylnaphthalene

As the reaction conditions employing the boratk 849 and bromide229
were found to give the best yield of the racemiadpict227 (scheme 2.38) the same

conditions were used for the first attempt at thygr@metric coupling reaction.

' O OO PACI,/180
+

_ PACLAsO (32%)

HOQB—OH Toluene Ph
I @
229 OH Na 0% ee

219
227

Scheme 2.40 Asymmetric Suzuki coupling towards ’'ibi@Zhenyl)-2-
methylnaphthalen227.

The reaction was performed, with the crude mixtioend to contain the
desired coupled product227 together with deboronated side-product (2-
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methylnaphthalen&90). After purification the pure product was isolagsla viscous

colourless oil and a sample analysed by chiral HFflgtire 2.10).
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Figure 2.10 Chiral HPLC trace of produ227 obtained from asymmetric coupling

reaction.

It could be seen that once again a reasonableéegiaseline separation had
been achieved. However, calculation of the raticawmbpisomers revealed that an
approximately equal amount of each had resulted,a.racemic mixture, and so it

appeared as though asymmetric induction had not delgieved.

It was initially unclear as to whether this out@rhad resulted from an
unsuccessful chiral induction arising from the wéehese particular substrates, or
whether the coupled product simply racemised uritler elevated temperatures.
Therefore, for clarification purposes, it was caoesed worthwhile to attempt the
asymmetric reaction again using alternative cogp$inbstrates so as to rule out the

first possibility.

In the second attempt, alternative coupling sabssrwere prepared in order to

carry out the asymmetric coupling reaction.

2.10.1 Preparation of alternative coupling substras

In the next attempt at the asymmetric Suzuki dogpiowards biaryR27, the
lower biphenyl portion of the coupled product wastiginate from the organoboron

coupling substrate. As sodium 2-biphenylborate walé chosen as the organoboron
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coupling species, its preparation required thaahgynthesis of the parent boronic

acid231from the corresponding bromi@29.

Br
O (i) n-BulLi / -78 °C
O (i) B(OMe)3, ag. HCI

229 231

Scheme 2.41 Preparation of 2-biphenylboronic a8itifrom 2-bromobipheny229,

This was achieved via metal-halogen exchange usibgtyllithium and
subsequent treatment with trimethylborate. Follgnacidic work-up, the oily residue

obtained was triturated with hexane to give theoharacid as a white solid.

Sodium 2-biphenylborate sa32 was then prepared from boronic addl

via the usual procedure:

HO\B/OH
O sat. NaOH soln.
O Toluene

231

Scheme 2.42 Preparation of sodium 2-biphenylb&a24rom boronic acid231

The borate salt produ@B2 precipitated out readily from the treatment of the
boronic acid solution with saturated aqueous sodiyairoxide and was isolated in

near quantitative yield. The white solid was dnigaler vacuum.

2.10.2 Asymmetric Suzuki coupling towards 1-(2’-bipenyl)-2-

methylnaphthalene using alternative ‘reversed’ coufing substrates

With the borate salt partner in hand, the asymim&uwzuki coupling towards
1-(2’-biphenyl)-2-methylnaphthalene227 was attempted using 1-bromo-2-
methylnaphthalen&62 (scheme 2.43).
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Scheme 2.43 Alternative Asymmetric Suzuki coupliogvards 1-(2’-biphenyl)-2-
methylnaphthalen227 using borate saz32and bromidel62

The Suzuki coupling reaction was performed andctinele material analysed.
The'H NMR of the mixture revealed peaks attributablethte coupled produ@27
and unreacted bromide62 Purification isolated the product as a viscoul®wdess

oil in 44% yield and a sample was analysed by tKRLC (figure 2.11).
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Figure 2.11 Chiral HPLC trace of 1-(2’-biphenylxZethylnaphthalen227 obtained
from asymmetric Suzuki coupling performed with lersalt232 and bromidel62

The observed ratio of the two atropisomers wasagand to correspond to a
racemic mixture. This result and that of the prasioeaction (scheme 2.40) strongly
indicated that the coupled product racemised uniderreaction conditions. It is
possible that the chiral ligand could have exegrdasymmetric influence; however
the barrier to rotation around the newly formed @ehd was evidently overcome by

the elevated reaction temperature resulting inmaga&tion of the coupled product.

Further investigations into Suzuki coupling reas to produce this particular
biaryl compound were abandoned, with subsequertdrtefffocussed on Suzuki

coupling reactions towards other rotationally statiiral biaryl compounds.
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2.11 Investigations into alternative targets for ssnmetric and

asymmetric Suzuki coupling reactions

The next candidates deemed suitable for the nagessvestigations were
biaryl compound233and179.

g e

233 179

Figure 2.12 Alternative axially chiral compour2i33and179

Compound233 was first selected, as it bore a structural resance to
compound 227 synthesised in previous reactions. This previoampound had
displayed the best separation on chiral HPLC sopassibly due to the nature of the
substituent groups present. Although this prodact bndergone racemisation, it was
not possible to determine conclusively which spegibint of steric clash had been
overcome, i.e. that occurring between éniho-methyl and thertho-phenyl group, or
that between thertho-phenyl group and the hydrogen on position 8 ofrtaphthyl
portion. If solely the latter, then racemisatiorulcbtheoretically be prevented if a
different, bulkierortho-group than phenyl was present on the lower hdier&fore,
the next targe33 was chosen, bearing the same substituent groupsnbdifferent
halves of the molecule. The good separation of &snobserved in the previous
compound227 was the motivation behind the examination of #girsicturally similar
compound, as the resolution achieved was a posgiiéet of these particular
substituents.

Biaryl 179 was chosen on account of its favourable propesres attributes
described in previous studies conducted by Buchaattl Yin®? In these preliminary
studies on the asymmetric version of the Suzukctiea, this compound was
successfully synthesised in high enantiomeric exaasd was reported as being

resistant to racemisation. In addition, separatibrits two atropisomeric forms via
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chiral HPLC had been reported and was demonstrasedlisplaying reasonable

resolution.

2.11.1 Preparation of coupling substrates for Suzulcoupling reactions

Before Suzuki coupling reactions towards eithemmpound could be
performed, syntheses of starting reagents wereiregshas they were not available

from commercial sources.

In the first step towards preparation of the bmencoupling partner, the

conversion of 1-bromonaphth®84to its triflate analogu235was undertaken.

Tf,0 (o)
OO, 22 OO0, o
OH Pyridine O/S\CF3

Br Br
234 235

Scheme 2.44 Preparation of 1-bromo-2-naphthylta235.

Following the experimental procedure describedhin literature’? dropwise
addition of triflic anhydride to a cooled solutiof 1-bromo-2-naphthol in anhydrous
pyridine was performed, followed by an acidic wark and neutralisation with
agueous sodium hydrogen carbonate. Purification acseved to give the pure
product235as a pale yellow crystalline solid in 90% yield.

The palladium-catalysed coupling of 1-bromo-2-rihghriflate 235 with
phenylmagnesium bromid236 was then performed in order to replace the teflat

group with a phenyl group.

MIBr by, (dbays,
oS + — - 73%
O CFk; Diethyl ether
Br Br

235 236 237
Scheme 2.45 Preparation of 1-bromo-2-phenylnapénie2i37.

The inclusion of the lithium bromide salt additivethis literature procedute

was undoubtedly due to the reported benefits o$ehsalts in coupling reactions
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employing triflates, in which they were found to Igheprevent catalyst
decompositior’?>** The reaction proceeded accordingly to give theérelésproduct
in reasonable yield. The crude product was notiaafftly pure for direct use and so
column chromatography was performed. The pure miodas isolated as a pale

yellow crystalline solid.

Using the pure bromid@37, boronic acid178 was subsequently prepared

following the favoured protocdft

O o (I
O 79%
Br O (ii) B(OMe)3, ag. HCI B
HO OH

231 178

Scheme 2.46 Preparation of 2-phenylnaphth-1-ylbdoracid178

A solution of the bromid@37 in anhydrous THF was cooled to -78 °C and
treated withn-butyllithium. Trimethylborate was added in one tpor, and then the
mixture subjected to an acidic work up. The reagltoily substance was triturated
with hexane to give boronic acid8as an off-white powder in 79% vyield.

The sodium borate s@B88was then prepared from the boronic acr@ by

the standard method:

OO O Sat. NaOH soln. l I O 99%
g%
B Toluene HO—B{

O OH
HO OH N2 HO
178 238

Scheme 2.47 Preparation of sodium 2-phenylnaphtivdrate salf38

Sodium borate saR38 precipitated out as a white solid in near quativiéa

yield. This was dried under vacuum and storeddesiccator.

Boronic acid178 was also converted to its (ethylene glycol)borenaster
analogue239, via a slightly modified protocol employing a seht mixture of 1:4
toluene/THF (scheme 2.48).
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O Toluene/THF O 85%
B A /B\

7/ N\
HO OH o 0O
\/

178
239

Scheme 2.48 Preparation of 2-phenylnaphth-1-yl{etieyglycol)boronate est289.

An initial attempt following the original procedui(in which neat toluene is
used as the solvent) was not met with successr 2@eh of heating under reflux no
detectable amount of produ2B89 was present, with drops of unreacted ethylene
glycol visible on the walls of the flask. Sustairtezhting under reflux for an extended
period of time was not found to be beneficial. Hiere the reaction was repeated (as
shown above) using a more polar solvent mixtunghrch the ethylene glycol reagent
was soluble. After heating under reflux for 48He producl39was isolated initially
as a viscous pale yellow oil which solidified upstanding to give an off-white waxy

solid in good yield.

Preparation of the (pinacol)boronate estdd was also undertaken, with a
successful conversion of the boronic atBD achieved under the standard reaction

conditions.

Plnacol

76%

Toluene
HO OH

240
Scheme 2.49 Preparation of 2-phenylnaphth-1-yl@mhhoronate estet40.

After the reaction mixture was heated under refan4 h, the boronate ester

product240was isolated from extractions with DCM as an offi& waxy solid.
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2.12 Symmetric Suzuki coupling reactions towards {2’-

methylphenyl)-2-phenylnaphthalene

The first attempt towards hindered biaryl prod288 as a racemate utilised
the prepared borate s&88 as the organoboron partner with commercially add
1-bromo-2-methylbenzerizi 1

r o CC o
Pd(Il)dppf
+ _—
HO—B\@ Toluene
na® Ho OH O
241 2

233

O 33%

Scheme 2.50 Symmetric Suzuki coupling towards is{@thylphenyl)-2-
phenylnaphthalen233

The solid reagents (borate saR8 and catalyst) were added to a dried pressure
tube, followed by 1-bromo-2-methylbenze2#l via syringe. Anhydrous toluene was
added and the mixture heated at 90 °C for 24 herAfiis time the reaction mixture
yielded a dark red oil after work-up which was gsatl by the standard methods. The
desired coupled produ2B83was found to be present, together with deboronsithet
product, 2-phenylnaphthalene. Purification by catuainromatography afforded the
product233 as a white solid. A sample was then analysed lmalcRiPLC (figure
2.13).

DAD1 A, Sig=215,4 Ref=360,100 (22MAYO7\NICOLAQ0Q0C1.D}
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Figure 2.13 Chiral HPLC trace of 1-(2'-methylpheaftphenylnaphthalen33

obtained from symmetric coupling reaction.
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It can be seen that an exceptional separation trojpiaomers had been
achieved for this coupled product. The ratio oféineas under the peaks revealed it as

being a racemic mixture, as predicted for this swtmim coupling.

2.13 Asymmetric Suzuki coupling reaction towards 12’-

methylphenyl)-2-phenylnaphthalene

The reaction toward833 was thus repeated using the same coupling partners
this time using palladium(Il) chloride with chirgand 180.

OO PdCI,/180 O (42%)
+ _—
_nO® O Toluene
HO—B¢ O 0% ee

/
® Ho OH
241 N
& 238

233
Scheme 2.51 Asymmetric Suzuki coupling towards ’d¥(@thylphenyl)-2-
phenylnaphthalen233

As before, all the solid reagents were initialdded to a dried pressure tube
followed by the liquid bromid€41 and the solvent. After heating at the specified
temperature for the required time the crude mixtwas found to contain the coupled
product233together with deboronated side-product (2-phempfitizalene). A sample
of the purified product was subsequently analysedhral HPLC (figure 2.14).

DAD1 A, Sig=216,4 Ref=360,100 (22ZMAYC7\NICOLA000002.D)
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Figure 2.14 Chiral HPLC trace of 1-(2-methylpheaftphenylnaphthalen233

obtained from asymmetric coupling reaction.
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Once again a very good baseline separation ofspeadt resulted, however an
enantiomeric excess had not been achieved as tibeofahe areas under the peaks
reflected a racemic mixture. It can be concludednfthis result that coupled product
1-(2’-methylphenyl)-2-phenylnaphthalen233 also racemises under the reaction
conditions. The barrier to rotation is evidentlyeosome as a direct result of the
combination of these two particulartho-substituent groups; also seen in the previous
compound 1-(2’-biphenyl)-2-methylnaphthale2izy.

Attention was therefore directed towards the rertlered biaryl compound
179 (This compound was one of the coupled produdtgraily featured in the report

by Buchwald and Yin on the asymmetric Suzuki resmti

2.14 Symmetric Suzuki coupling reactions towards {2'-

nitrophenyl)-2-phenylnaphthalene

The first Suzuki coupling towards the racemic pdl79 was carried out

using (ethylene glycol)boronate es#&&9 and 1-bromo-2-nitrobenzed&7.

O/ \O | O 2

177
239 179

Scheme 2.52 Attempted symmetric Suzuki couplingatols 1-(2’-nitrophenyl)-2-
phenylnaphthalen&79 using (ethylene glycol) boronate es&9,

A slightly modified procedure was carried out thrs reaction, in which the
cesium fluoride base was added to a dried pregsbee prior to the addition of the
other reagents, and thoroughly flame-dried undecuwm. (This precautionary
measure of flame-drying the base prior to use le@s lveported as giving improved
results)? The dried base was allowed to cool to room tentperaunder an
atmosphere of argon, with the tube subsequentlygeldawith the rest of the solid
reagents. The required volume of freshly distilkdvent was then added, and the
mixture heated for 24 h at 80 °C. After this tinine tcrude material obtained after
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work-up was found to contain unreacted boronater 8819, deboronated side-product
(2-phenylnaphthalene) and 1-bromo-2-nitrobenzeastiisty materiall77. There were
no peaks observed in thied NMR spectrum that corresponded to the coupledyrb
179

The following symmetric Suzuki reaction towardaryl 179 was attempted

using the (pinacol)boronate ester coupling par@dé€x

i B
NO, O PdCl,, PPhs
+ B
o0 CsF, DME NOZ
177 M
179

240
Scheme 2.53 Attempted symmetric Suzuki couplingatols 1-(2’-nitrophenyl)-2-
phenylnaphthalen&79 using (pinacol)boronate est@40.

The same protocol as above was carried out intwifie cesium fluoride base
was thoroughly flame-dried in the pressure tuberpo use. After addition of the rest
of the reagents and solvent, the mixture was heaitede specified temperature for
the required time, after which the crude materiasvanalysed. This was found to
contain unreacted (pinacol)boronate e240 and 1-bromo-2-nitrobenzerie7 with

no traces of coupled produtt9

The presence of unreacted coupling reagents siréfaiction (and deboronated
material in the one described previously - scherb@)Xsuggested that the rate of the
coupling reaction was slow, possibly due to the afsthe less reactive boronate ester
organoboron partner. It appears that the (pinaoabymte ester is more resistant to
deboronation than the ethylene glycol analogue, yatdt fails to participate in the

coupling reaction as a probable result of its iasesl steric bulk.

Therefore the next Suzuki coupling towards the esaatemic product was
performed with the more reactive sodium borateZ28 The conditions used for this
reaction (employing 1,1'-bis(diphenylphosphino)éeene dichloropalladium(ll) as
catalyst with toluene as solvent) reflected thaseduin previous couplings employing
borate salts.
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Scheme 2.54 Attempted symmetric Suzuki couplingatol 1-(2’-nitrophenyl)-2-
phenylnaphthalen&79 using borate sa38

The reaction was carried out following the staddarocedure employing a
sealed pressure tube, with the crude mixture obdiafound to contain deboronated
material (2-phenylnaphthalene) and unreacted 1l-b¥®mitrobenzenel77. On this
occasion all of the organoboron coupling substratel been consumed by
deboronation side-reaction, and although peaks vetigerved in the'H NMR
spectrum that could be assigned to the desiredledygoductl 79, the low intensity
indicated that only traces had been produced. (peat of this reaction using
palladium chloride and triphenylphosphine as thialgat and ligand failed to give
any traces of coupled product).

A subsequent Suzuki coupling towards the racemaclyct was performed

using the same borate s&88 but with 1-iodo-2-nitrobenzen242 as the halide

Pd(II)dppf
2%
HO— B\ Toluene N02
/

partner.

@ HO OH
238

Scheme 2.55 Symmetric Suzuki couplingowards 1-(2’-nitrophenyl)-2-
phenylnaphthalen&79 using 1-iodo-2-nitrobenzer2

Using the same protocol, the mixture obtainedrafterk-up was found to
contain peaks in théH NMR spectrum corresponding to deboronated maté2ia
phenylnaphthalene) and unreacted 1-iodo-2-nitrofe®m242 There were however
also significant peaks present that matched thoseghf coupled produttand so
purification was performed towards the isolationcotipled produc79. An initial
yield calculated for the yellow crystalline soliitained was 29%.
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In this reaction it could be clearly seen that tle® of an iodide coupling
partner produced a much improved result. This waglem to suggest that, with the
use of a more reactive organoboron substrate, dteedetermining step was now
oxidative addition. The presence of deboronatedenatrevealed however that an
unfortunate consequence of the increased reactfitthe borate salt was also its
increased propensity towards deboronation. Desiteg an excess of this substrate,
consumption by this side-reaction prevented comeptenversion, evident from the
presence of unreacted iodidé2 It was also possible that catalyst degradatiarndco

have occurred over the period of time allowed far teaction.

The product obtained from this reaction was amalydy ‘H NMR
spectroscopy and revealed to contain an unknowrurityp Repeated attempts at
purification failed to remove this impurity, aseluted at the same time as the coupled
product. Close inspection of tfiel NMR spectrum of the commercially obtained 1-
iodo-2-nitrobenzene242 revealed that it was not pure, with additional ksea
attributable to an impurity that could be a regioner e.g. 1-iodo-3-nitrobenzene or
1-iodo-4-nitrobenzene. This impurity could have @amably participated in an
analogous concurrent coupling reaction to givelgarraative coupled product. As the
unknown impurity in the productl79 possessed very similar physical and

spectroscopic properties this could serve as dlgessxplanation.

A sample of the impure product was nonethelesky/se by chiral HPLC.
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Figure 2.15 Chiral HPLC trace of 1-(2'-nitrophenghphenylnaphthalenel79
obtained from the symmetric coupling reaction usifigdo-2-nitrobenzen242
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Using a different chiral HPLC system (see Experitakfor details) the two
atropisomeric forms of coupled product9 were separated and identified as the first
and last peaks. An approximate calculation revetilatithey were present in racemic
proportions which was expected for this symmetrupting. Unfortunately, the
unknown impurity eluted at a similar time, appegras a peak in between the two
atropisomers. Repeated column chromatography (asitioned above) was
unsuccessful in removing this impurity. Despitestiihe observed retention times for
the peaks of the two atropisomers provided a usefigience for comparison with

other samples of the same product synthesised wiiftknent conditions.

2.15 Asymmetric Suzuki coupling reactions towards-{2’-

nitrophenyl)-2-phenylnaphthalene

The first asymmetric Suzuki reaction towards Hidry9 was performed with
the substrates found to perform best in the synmmetersion, i.e. 1-iodo-2-

nitrobenzen®42 and sodium borate saB88

©/ ”\‘ PdCI2/18O Ph (34%)
HO— ,\ Toluene

Na® HO OH 78% ee
238

Scheme 2.56 Asymmetric Suzuki coupling towards ’ni{Pophenyl)-2-
phenylnaphthalen&79 using 1-iodo-2-nitrobenzer#2 and sodium borate s&B8.

The reaction was carried out employing the stathdaaled tube protocol, with
the desired coupled produt?9 identified in the crude worked-up material by
NMR spectroscopy together with unreacted 1-iodatybenzene 242 and
deboronated side-product (2-phenylnaphthalene)ceastul isolation was achieved
via column chromatography, to give the pure progsct yellow crystalline solid in
34% vyield. (Use of a different source of 1-iodoifabenzene42 resulted in a pure

product). A sample of the product was analysedhisatHPLC (figure 2.16).
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Figure 2.16 Chiral HPLC trace of 1-(2'-nitrophenghphenylnaphthalenel79

obtained from asymmetric coupling reaction usingde-2-nitrobenzen242

The retention times of the peaks correspondinth¢otwo atropisomers were
found to match those seen in the trace for themmacproduct (figure 2.15). From the
ratio of the areas under the peaks it was calallifi@ an enantiomeric excess of 78%
had been achieved. The intensity of the peaks lamdiifference in areas indicated a
clear preference for the formation of the atropisothat elutes at the later time. This
was an encouraging result in which a successfuinamtric induction had clearly
been achieved. This prompted the undertaking ofhéur asymmetric reactions

towards this product employing, to begin with, eitfint organoboron substrates.

The next asymmetric Suzuki reaction carried ouwvarals this product
employed 1-bromo-2-nitrobenzed&7 as the halide with (ethylene glycol)boronate
ester 239 as the organoboron substrate (scheme 2.57). ®astion had been
previously attempted as a symmetric version (sch&rB2) but was not met with
success. The first attempts towards this asymmesgision were also unsuccessful,

with no traces of product observed.

Br
NO2 OO _PdCh180 (3%)
+
_B. CSF DME Noz 90% ee
o o
177 /

239

Scheme 2.57 Asymmetric Suzuki coupling towards ’In{fPophenyl)-2-
phenylnaphthaleng&79using (ethylene glycol)boronate esk&9 and bromidel77.
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As it was considered important to gain the maximamount of information
possible from the comparison of analogous asymmegactions, continued efforts
were made towards a successful outcome for thistioma The data obtained was
intended to be directly compared to that from #®e reaction employing the pinacol
ester240 (and possibly a reaction employing ‘reversed’ sass). Therefore efforts
towards optimisation were restricted, as in oradegain meaningful data from the
comparison of this reaction with others, variabdéser than the change in coupling
substrate had to be kept constant or as closeristanat as reasonably possible. As a

result, optimisation was limited to minor adjustriseim the reaction procedure.

Best results in which isolable amounts of biakyb were produced involved
the inclusion of flame-dried molecular sieves i tieaction vessel (dried together
with the base) and degassing of the reaction sbbeth prior to use and following
addition of the boronat239 and bromidel77 substrates. After the addition of the
ligand 180 and palladium salt the mixture was heated for 24nkl worked-up
according to the standard protocol. The crude méxwias found to contain unreacted
boronate este?239 and a small amount of the coupled prodLi®. An approximate

yield was calculated as 3% (from the ratio of iné&gin the'H NMR spectrum).

In this reaction it appeared as though degassiagolvent with argon before
and after the addition of the coupling substrates wrucial to the success of the
reaction. Attempts in which the solvent was onlgatesed prior to addition did not
achieve even traces of the coupled product. THexried that the reactive catalyst
species was sensitive to the presence of oxygerchwdan be ‘trapped’ within the
solid reagent and thus introduced into the sysiEme. detrimental effects of oxygen
in the reaction system have also been reportedhier studies, with the degassing of
the reaction solvent found to be benefitidf or in some cases essentiah the
prevention of catalyst degradation (and/or homotingp leading to improved yields.
Overall, the rate of the coupling reaction was erity very slow from the poor
conversion observed, likely due to the less reactiature of the boronate ester

substrate.

A small amount of the product was successfulllatgal from the best attempt,

and was duly analysed by chiral HPLC (figure 2.17).
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Figure 2.17 Chiral HPLC trace of 1-(2'-nitrophenghphenylnaphthalenel79
obtained from asymmetric coupling reaction usinthy{ene glycol)boronate ester
239

It could be observed that a successful asymmetritiction had been
achieved, and, despite a change in the reactiodittmms and substrates, the preferred
atropisomeric form resulting from this version betasymmetric reaction was still
that eluting at the later time. Calculation of th#erence in the areas under the peaks
revealed an enantiomeric excess of 90%. This wayapleasing result, and efforts
were next focussed upon the equivalent reactionleanmg the (pinacol)boronate
ester240

In this reaction, as in the previous, multipleeatpts towards a successful
coupling initially failed under the standard proaszl Utilising a similarly modified
procedure was found to improve the success ofdhetion, in that a small isolable

amount of product was observed as opposed to none.

i O
+
o/B\o CSF DME Noz 98% ee
177 M

240
Scheme 2.58 Asymmetric Suzuki coupling towards ’In{fPophenyl)-2-
phenylnaphthalen&79 using (pinacol)boronate est@40and bromidel77.
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The procedure found to produce the best resultsiied the inclusion of
flame-dried molecular sieves in the reaction veg$eéd together with the base) and
degassing of the reaction solvent. On this occasiegassing of the mixture of
solvent and added coupling substrates was not feoroe necessary. However, a
noticeable improvement was observed when the (pljizmronate esteR40 was
added to the reaction vessel as a final step, alhtee other reagents and solvent had
already been added. Despite these additional messurery poor conversion was
observed, with a calculated yield from the ratigraégrals in théH NMR spectrum

in the best attempt found to be approximately 5%.

Purification by column chromatography successfufiglated the coupled
product, which was analysed by chiral HPLC.

woo l
— NLH175asym2 |
NLH 175 asym 2.dat |

Figure 2.18 Chiral HPLC trace of 1-(2'-nitrophenghphenylnaphthalenel79
obtained from asymmetric coupling reaction usinmdpol)boronate este240 and
bromidel77.

This reaction was found to have produced an ingpresnantiomeric excess
of 98%, the highest reported value for this patticicompound?® As before, the
atropisomer eluting at the later time was formeeéfgrentially, and so on this
occasion a change in the boronate ester moietyalidesult in the formation of the
opposite atropisomer (as seen in earlier repotigdies)’ The increased steric bulk
of the (pinacol)boronate ester group appeared pvane the selectivity, although at a

Very poor conversion rate.
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The last asymmetric reaction carried out in tleises was performed with a
change in the halide coupling partner, utilisingpde-2-nitrobenzen@42 instead of

bromidel77 with the hindered (pinacol)boronate es2460.

| OO
NO, PdC|2/180 (1%)
+
o/B\o CSF DME NOz 80% ee

240
Scheme 2.59 Asymmetric Suzuki coupling towards ’In{fPophenyl)-2-
phenylnaphthalen&79 using (pinacol)boronate es@40and iodide242

The same modifications to the procedure as inpite¥ious reaction were
applied, in that flame-dried molecular sieves wased, with the reaction solvent
degassed prior to use. Addition of the (pinacolpipate esteP40to the pressure tube
also formed the final step before the mixture waatéd for 24 h. After this time,
analysis of the crude mixture Byt NMR spectroscopy revealed peaks attributable to
unreacted boronate es&t0and iodide242 and an unidentified impurity.

As can be seen in this reaction, a change in #éidéhsubstrate to iodid242
did not result in an improved yield, which stronghdicated that the oxidative
addition step was not rate-determining. It was rcfeam the significant amounts of
unreacted boronate ester material that the tramdiaiein of this hindered compound
was very slow. The lack of deboronated material aidicated that this substrate was
particularly stable towards deboronation. This &xtability could possibly be an
associated factor contributing to its decreasectirety in the catalytic cycle.

A sample of producit79 was nevertheless obtained from this reaction, lwhic
unfortunately contained the same unknown impustyhat observed in the symmetric
reaction towards the racemic product (figure 2.IBjs strongly implicated the iodide
reageni242 as the source of this impurity, as the same bathused to perform this
reaction. (Unfortunately, due to time constrainéfpeat attempts towards this and the

symmetric reaction using a purer source of iodigeamot able to be carried out).
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11.8 5.531

12.5 50.4p3

Figure 2.19 Chiral HPLC trace of 1-(2’-nitrophenghphenylnaphthalent79
obtained from asymmetric coupling reaction usingdpol)boronate est&40and
iodide242

An approximate calculation of the enantiomeric escaachieved in this
reaction was 80%, although it had to be borne indnthat this was not an accurate
figure on account of the presence of the impurégkpoccurring at 11.7 minutes. The
retention times of the other two peaks matchedetiosthe atropisomers seen in the
trace of the racemic product and in subsequenedraComparison of this reaction
with the analogous reaction performed with the bde 77 (scheme 2.58) revealed
that a lower enantiomeric excess had resulted freuse of iodid@42 as the halide

coupling partner.

2.16 Asymmetric Suzuki coupling reactions towards-{2’-
nitrophenyl)-2-phenylnaphthalene using ‘reversed’ oupling

partners

The next investigations were aimed towards theertadling of equivalent
asymmetric reactions employing ‘reversed’ subss$rat@ order to analyse any
possible changes in the stereochemical outcomepaRigon of alternative
organoboron coupling partners bearing tmgho-nitrophenyl organic portion was
therefore necessary.
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2.16.1 Preparation of alternative organoboron couphg partners from 2-

nitrophenylboronic acid

The first synthesis attempted was that towardsstbdium borate sal244
using commercially available 2-nitrophenylboronicida243 This organoboron
substrate was intended to be employed in an asynenrefction mirroring that of
scheme 2.56 but with the substrates bearing ogposganic groups. The reaction
towards244 was performed in the same manner as all othetdesdt preparations.

Sat. NaOH soln.
NO, o NO,

Toluene
_B —B—
HO™ “OH HO I|3 OH
243 NaC OH

244

Scheme 2.60 Attempted preparation of sodium 2-piitenylborate saz44

Dissolution of the boronic aci@d43 in hot toluene occurred readily, with the
resulting pale yellow solution treated with satathsodium hydroxide solution. No
precipitation was observed and so the mixture wHdd stir for a continued period of
time. This did not result in the formation of argtid product, and so the organic layer
was extracted and found to contain unreacted boracid243 Repeated attempts at
this synthesis failed to produce the desired sodnarate sal244. In light of the
unsuccessful preparation of this borate salt satestthe preparation of the iodide
analogue of 1-bromo-2-phenylnaphthale28 - also intended for use in the same

asymmetric reaction as a coupling partner - wagpadbrmed.

The next synthesis was aimed towards the preparatof 2-
nitrophenyl(ethylene glycol)boronate es?disfrom the parent boronic ac43 This

was intended for use in an opposite asymmetric loggianalogous to that of scheme

2.57.
Ethylene glycol
NO, NO;
Toluene/THF

B

o™ 2 oH A 0" "o
243 \/
245

Scheme 2.61 Attempted preparation of boronate 24ter
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The standard protocol was initially employed inieththe boronic acid was
heated to reflux in toluene with ethylene glycoheTfirst attempt was unsuccessful,
with unreacted boronic aci¥43 present after heating for 24 h. A second attengs w
performed using Dean-Stark apparatus as a precanyioneasure, to aid the removal
of water from the mixture. After heating for 5 keth appeared to be no water left in
the reaction mixture and so work-up was perforrdesibefore, analysis of the yellow
solid obtained revealed it to be unreacted bor@uid 243 A final attempt was
performed using a solvent mixture of 1:4 toluendfTHs this had enabled the
successful preparation of (ethylene glycol)boronedeer239. Organic extractions
resulted in the isolation of a yellow solid whiclasvfound to be 2-nitrophenylboronic
acid starting materiaR43 As a result, no further efforts were made towatfus

preparation of this organoboron substrate.

The final preparation was towards the (pinacobate este246, for use in
an asymmetric coupling reaction resembling thasthated in scheme 2.58 but with

opposite coupling partners.

[ :[ Pinacol ©\
NO2 Toluene 93%

B
HO™ “OH A SO

243 %

Scheme 2.62 Preparation of 2-nitrophenyl(pinacebate este?46

Unlike the attempted synthesis of boronate e2# the preparation of 2-
nitrophenyl(pinacol)boronate este#46 proceeded smoothly under the standard
conditions in which the boronic ackt3was treated with pinacol and heated to reflux
in toluene. After 48 h the mixture was extractedhwhe successful isolation of the
product246 as a waxy yellow solid in good yield. As thid NMR spectrum of this

product appeared to be free of impurities, no frrpurification was performed.

It was unclear as to why this reaction should peacsmoothly and not the
reaction toward the (ethylene glycol)boronate egu5. It was postulated that the
ortho-nitro group could possibly coordinate weakly te thoron atom through one of
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the oxygen atoms, and so prevent any incoming opbiges from occupying the

vacant coordination site on the boron atom.

@)
\
@\N—O@

|_OH
as
OH
243

Figure 2.20 Possible intramolecular coordinatioraafitro group oxygen atom with
the boron centre.

This suggested interaction occurring in boronid 43 was also alluded to in
literature account® with examples of this type of intramolecular cdoedion having
already been confirmed in the structures of somerbo acid derivatives by X-ray

crystallography analysis.
o)
B--NH \
o)
247

Figure 2.21 Examples of boronic acid derivativeanih to possess intramolecular

coordination with the boron atom.

This may be used to rationalise the failure of #ieempted preparations
towards substrate?d44 and245 - in that the intended coordination site on theoho
atom is effectively ‘blocked’ - but does not explahe successful preparation of
pinacol boronate esteét46. It could be possible that the increased electtensity
provided by the tertiary carbon centres within pireacol reagent serves to enhance its
nucleophilic properties to a degree that enables ithitial barrier posed by any

intramolecular coordination to be overcome.

2.16.2 Asymmetric Suzuki coupling carried out withireversed’ coupling

partners

As a result of the unsuccessful preparation oéraditive organoboron

substrate®44 and 245 the only asymmetric Suzuki coupling able to beied out
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using reversed coupling substrates was that showiowb employing 2-
nitrophenyl(pinacol)boronate est&46 and bromide237. The outcome of this
asymmetric reaction was to be compared againstatiaeved for the asymmetric

reaction shown in scheme 2.58.

OO N ©\NOZ PdCl,/180 OO ph (53%)

o/B\o CsF, DME NO,
Br 86% ee
237 %
246 179

Scheme 2.63 Asymmetric Suzuki coupling towartdd employing ‘reversed’
coupling substrates 1-bromo-2-phenylnaphthal@3& and 2-nitrophenyl(pinacol)

boronate este?46

On this occasion, a successful outcome was adhienthout the need for
additional measures such as the inclusion of sievethe degassing of solvent. A
much improved yield was obtained for this coupliegction, which could be directly
attributed to the use of the alternative couplingssrates. The oxidative addition step
clearly tolerated the increased steric bulk of Hatide substrate, with an evident
improvement in transmetallation resulting from thkesence of the relatively less
bulky nitrophenyl group. Reductive elimination couhlso be deduced as having

proceeded smoothly.

This result (when compared to that of the reacsbown in scheme 2.58)
indicated that the transmetallation step was sgasiv the steric bulk of the organic
group on the organoboron coupling partner. Theiqdar reactivity displayed by the
organoboron substra@46 was especially surprising in light of the remagisteric
bulk from the (pinacol)boronate ester group and fhresence of the strongly
withdrawing ortho-nitro group. (Transmetallation is generally comesetl to be
favoured by an increase in nucleophilicity of thrgamic group attached to the boron
atom)>° Moreover, the use of an organoboron substrate as2#6 bearing a strongly
electron-withdrawingortho-substituent was highly anticipated to result irpida
competing deboronation, as the susceptibility esthtypes of organoboron substrates

towards deboronation has been well-documefftéd.
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The observation of the general sensitivity of titssmetallation step to steric
hindrance has been reported in many stutifé&*® In most cases the yield was
found to be significantly reduced if the organobopartner was the substrate bearing
the greater steric bulk. It was also observed ia study that a high degree of steric
bulk already present on the palladium species \iollg oxidative addition also
resulted in a slow transmetallation sfédn the reaction above however, the high
steric bulk of the naphthyl group ligated to thedative adduct did not appear to
cause any major adverse effects during transmtadaila

A sample of the product obtained from this reacttwas analysed by chiral
HPLC (figure 2.22).

uyv :
—NLH149b |

Retention Time
Area Percent

Figure 2.22 Chiral HPLC trace for the coupled pridiy9isolated from asymmetric
reaction using ‘reversed’ substrates 1-bromo-2-plmaphthalene237 and 2-

nitrophenyl(pinacol)boronate es@46.

The chiral HPLC separation of the two atropisomessealed that this
opposite asymmetric coupling had produced an evramtic excess of 86%. The

same preference towards the atropisomer elutitigedater time was observed.

It was apparent that despite a slightly decreaseshtiomeric excess achieved
in this reaction compared to its opposite analogeheme 2.58) on the whole a
change in the organic groups on each substratendidalter the stereochemical
outcome. Perhaps most significant was the greatfyroved yield of product arising
from the use of these coupling substrates.
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Entry | Aryl halide | Organoboron partner product yield(%) | ee (%)
o | CO)
Ph Ph
1 [ HO-B=OH NO, 34 78
242 Na O O
238
179
o | CC
Ph
2 Br _B. 3 90
O O
177 \/
239
NO, Ph
3 @Br O’B\o 5 98
177 M
240
NO, Ph
4 @—l oo 1 80
242 M
240
5 Ph O/B\o 53 86

Br
237

x

Table 2.3 Table of results summarising all asymimetactions towards biar{79.

2.17 Summary of results

Upon examination of the results obtained for thesymmetric Suzuki

coupling reactions, it can be deduced with a realsiendegree of certainty that the

rate-determining step for entries 2, 3 and 4 isgmaetallation. Comparison of entries

3 and 4 supports this, as a change to the mor¢ivieaodide substrat@42 did not

result in any improvement in yield. It is a litd&rprising however that the use of the

less bulky (ethylene glycol)boronate esg39 did not achieve a better conversion

than the use of the (pinacol)boronate e&#0, which implied that these substrates

were approximately equal in their general reagtitotvards transmetallation.
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The striking difference in yield obtained from tresymmetric reaction
performed with the substrates bearing opposite rmicggroups (entry 5) strongly
indicated that the transmetallation step was dgagibwards steric hindrance exerted
by the organic group appended on the organobordrstrste, as the reaction
proceeded more rapidly with a comparatively lestkkypwrganic group. This was
despite the relatively unfavourable electronic gmips of organoboron substr&46,
in which the presence of the electron-withdrawiogho-nitro group has been
commonly reported as having a deactivating effecing transmetallatiof” It would
appear that any negative electronic effects exdmethis substrate were effectively
overridden by the advantages gained from the remuat steric bulk. The high yield
of this reaction also implicated a relatively facibxidative addition for bromide
substrat€37, which was also an unexpected outcome considésrgndered nature.

The unexpected success of this reaction servad aslditional example of the
unpredictable nature of the Suzuki reaction, withimnherent sensitivity towards the
fine balance of electronic and steric influencesrtged by the reacting substrates. It
has often been shown that, despite applying weNgm theories and generally
observed trends to predict the outcome of Suzukiplogs, an alternative and
sometimes surprising outcome can often result. Waald suggest that, until more
precise theoretical models are developed for thrul8ucoupling reaction, reaction
screening retains its value as a practice for tbeerchination of optimal reaction
conditions for a given target compound.

With regards to the implications towards asymmneatrduction, there appears
to be a general trend in which, despite changdsetmature of the coupling substrates
and dramatic differences in conversions, the saméence for the later eluting
atropisomer results in all cases, with enantiomerkcesses consistently falling
between the region of 78 - 98%. Differences in épameric excesses between
reactions were relatively slight, and so accurateclusions regarding the possible
effect of a change in a certain substrate on thmaeetric induction process could not

be drawn.

By far the most significant result was that obéginfor the asymmetric

coupling reaction employing coupling partners begopposite organic groups (entry
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5). In this reaction, it was observed that the sdominant enantiomer was produced
in the same enantiomeric excess. This could inelitfaat, once a common reactive
intermediate species has been reached, i.e. thgadiopalladium(ll) species, then the
same atropisomeric form is produced in the samessxaegardless of the identities
(and hence properties) of the reacting moietiesl usedeploy the organic portions,

and irrespective of the order in which the orgapastions are installed onto the

diorganopalladium(ll) complex. If this were the eathen it could be speculated that
equilibration of the organic portions prior to retiue elimination was the key

moment in chiral induction, with the presence @ thiral ligands (or ligand) serving

to control this equilibration in favour of a partlar enantiomer. However, in order for
this to be confirmed, a much more extensive sariesxperiments would need to be
undertaken, perhaps with more robust substrates.

In conclusion, the chiral environment created bg ferrocenyl ligands (or
ligand) in the final intermediate controls the autee and enantiomeric excess in
these asymmetric Suzuki reactions. Although thesrand efficiency of each step
(oxidative addition, transmetallation etc.) affdot overall yield and usefulness of the
reactions, the enantiomeric excess cannot at thmenbbe controlled by substrate
choice. This work concludes that improvements emalymmetric Suzuki reaction are
likely to come mostly from inspired ligand desigmd indeed focus has been rightly
placed in this aspect to date’*"*These results indicate that chemists can chose
coupling partners to facilitate reaction rate aredywithout fear of compromising the

enantiomeric excesses of these challenging reaction
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CHAPTER 3

Experimental



EXPERIMENTAL

3.1 General Methods

3.1.1 Physical measurements

'H NMR spectra were recorded at 400 MHz on a Vad@8 spectrometer,
and**C NMR spectra were recorded at either 75 MHz or &z on a Varian 300 or
Varian 400 spectrometer respectively. Signals aaeyl in ppm as downfield from
tetramethylsilaned( 0.00) as the internal standard, unless othervisteds Coupling
constants] are quoted in hertz. Solvents used to dissolve NddRples were either
CDCl; with tetramethylsilane as the reference, gDvith acetonitrile as the internal

reference &, 2.06,5c 1.47)* All NMR spectra were run at ambient temperature.

Infrared spectra were recorded on a Perkin-Elnpec8um BX FTIR system
with SensIR DuraSamif® Il ATR attachment as either liquid films or asidsel

Low resolution mass spectra (El (electron impaatjd Cl (chemical
ionisation)) and high resolution mass spectra (HIRM&re obtained via the EPSRC

National Mass Spectrometry Service Centre at thedssity of Wales in Swansea.

Melting points were recorded using a Reichert ferar hot-stage melting

point apparatus.

Column chromatography was performed at ambienpésature using Fluka
silica gel 60 with solvent ratios stated as v/vCTanalyses were carried out on Merck
aluminium-backed silica gel 60,4z coated plates with compounds viewed under a
UV lamp at 254 nm.

Enantiomeric excesses were determined by chiralGHRisolution of isomers.
Chiral HPLC analyses were performed using eithgra(iHewlett-Packard 1100
Agilent HPLC system (GlaxoSmithKline, UK) or (ii)Hitachi Elite LaChrom system
with L2400 UV detector (University of East AnglidK) using the appropriate chiral
columns and HPLC-grade solvents. Compounds werectel by integrated UV
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detectors at 215 and 230 nm respectively. The fie (0.3, 0.5 or 1.0 mL/min) and
the ratio of solvents used as eluent (v/v) areg@ed. All chiral HPLC analyses were

performed at room temperature.

3.1.2 Reagents, solvents and reaction conditions

Unless otherwise mentioned, chemicals were purchdsem commercial
sources and were used without further purificatidfhere indicated, solvents were
freshly distilled, and glassware either oven- @mnfe-dried prior to use. DME and
THF were distilled over sodium metal with benzopbves as the indicator. Toluene
was distilled over calcium hydride. Other solveméged were SLR grade and were not
dried prior to use unless otherwise stated. Destilldeionised water was used
throughout. Brine refers to a saturated aqueousgisol of sodium chloride. Organic
extractions were dried over anhydrous sodium sulf8blvents were removed under
reduced pressure using a Buchi rotary evaporatiid $roducts were dried either on

a vacuum line or under vacuum in a desiccator siWien.
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3.2 Preparation of coupling partners for Suzuki reations

Preparation of 1-bromo-2-methylnaphthalene 162

Following the experimental procedure describedhb$py for the synthesis of
the title compoundN-bromosuccinimide (13.78 g, 77.4 mmol, 1.1 equivas added
to a solution of 2-methylnaphthale&80 (10.0 g, 70.3 mmol, 1 equiv.) in anhydrous
acetonitrile (160 mL) at room temperature underigti. The reaction mixture was
allowed to stir for 18 h at room temperature in taek. After this time, the solvent
was removed under vacuum leaving a yellow soliddtes Water (80 mL) was added
to the residue, and the mixture was extracted hétkane (80 mL). The aqueous layer
was further extracted with hexane (2 x 40 mL) amel arganic layers combined and
dried over sodium sulfate. This was filtered anchoged of solvent to give a yellow
oil (14.72 g, 95%). Spectroscopic data confirmeat ih comprised a mixture of the
product162 and starting materid90. No further purification steps were performed.
Oy (400 MHz, CDCY) (peaks belonging td62 only) 8.31 (1H, dJ 8.4), 7.81 (1H, d,
J8.4),7.71 (1H, dJ) 8.4), 7.59 (1H, tJ) 7.6), 7.49 (1H, tJ 7.6), 7.35 (1H, dJ} 8.4, H-
3), 2.65 (3H, s, Bt11); &¢c (100 MHz, CDCY) 136.22, 133.25, 132.76, 128.93, 128.26,
127.52, 127.50, 127.17, 125.88, 124.28, 24.42 (C-11

Preparation of 1-iodo-2-methylnaphthalene 171

Following the experimental procedure describedCogpy? a solution of 1-
bromo-2-methylnaphthaleri2 (4.0 g, 18.09 mmol, and 1 equiv.) in freshly dlisti
THF (200 mL) was prepared, and cooled to ©Z8under argonn-Butyllithium (2.5
M in hexane, 8 mL, 19.9 mmol, 1.1 equiv.) was addezpwise to the solution, and

the mixture stirred at —78C for 1 h, during which the solution turned from a
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colourless solution to an orange colour. A solutdniodine (6.0 g, 23.52 mmol, 1.2
equiv.) in dry THF (80 mL) was prepared and codied-78 °C, and then added
dropwise to the reaction mixture. The dark browrxtome was allowed to warm
gradually to room temperature under stirring, aftbich water (150 mL) was added.
The mixture was extracted with DCM (2 x 100 mL).eTbombined organic layers
were washed with aqueous sodium metabisulfite (19%,100 mL), dried, and the
solution filtered and solvent removed. The resgltimown oil was passed through a
short column of silica to give the producil as a clear yellow oil (4.3 g, 89%)
(400 MHz, CDC}) 8.30 (1H, dJ 8.4), 7.77 (1H, dJ 8.0), 7.72 (1H, dJ 8.4), 7.59
(1H, t,J 7.6), 7.49 (1H, tJ 6.8), 7.36 (1H, dJ 8.0), 2.73 (3H, s, KH11); &c (100
MHz, CDCk) 141.01, 135.43, 132.711, 132.56, 128.73, 1281%8.29, 128.02,
126.04, 106.15, 30.73 (C-11).

Preparation of 2-methylnaphth-1-ylboronic acid 191

(i) Via synthesis of the Grignard reagent;

The experimental procedure described by Crépgs followed, with initial
synthesis of the Grignard reaget3 A solution of 1-bromo-2-methylnaphthalene
162 (10 g, 45.2 mmol, 1 equiv.) in freshly distilledHF (20 mL) was prepared, and in
a separate vessel, dry magnesium turnings (1.5.8,mol, 1 equiv.) and a crystal
of iodine were heated under stirring whilst underiert atmosphere. The bromide
solution was added in small portions to the tursingtil the reaction had begun, after
which the solution was added at a rate so as totamiaia gentle reflux. The mixture
was heated under gentle reflux for 2 h and theswatl to cool to room temperature.
A solution of trimethyl borate (10.3 mL, 90.4 mmal,equiv.) in dry THF (20 mL)
was cooled to —=78C, and the prepared Grignard reag#68 transferred into it in
small portions. The resulting mixture was allowed gradually warm to room
temperature, and stirred overnight. Dilute hydrodblacid (2 M, 40 mL) was added
to the reaction mixture and stirred for 30 minut€kis was extracted with diethyl
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ether (3 x 50 mL) and the combined organic layeesewdried, filtered, and the
solvent removed. The off-white solid was recrystall from toluene to give 2-
methylnaphth-1-ylboronic aciti9l as an off-white powder (6.20 g, 71%). M.p. 91-93
°C; &y (400 MHz, CDC}) 7.83-7.73 (3H, m), 7.47- 7.38 (2H, m), 7.29 (1H, 8.8),
4.94 (2H, bs, 2 x OH), 2.55 (3H, szH1); 8c (100 MHz, CDC}) (C-1 is not
observed), 138.36, 135.28, 131.52, 129.14, 128.88,51, 127.63, 126.51, 125.22,
22.59 (C-11).

(i) Via alternative method usingtbutyllithium;

Adapting the procedure described by Gray et alsolution of 1-bromo-2-
methylnaphthalen&62 (4.42 g, 20 mmol, 1 equiv.) in freshly distilledHF (40 mL)
was prepared and cooled to =78 °C under angdutyllithium (2.5 M in hexane, 8.8
mL, 22 mmol, 1.1 equiv.) was added dropwise todbletion and the mixture stirred
for 1 h at =78 °C. This was then transferred drgewia canula to a separate flask
containing anhydrous trimethyl borate (4.16 g, 4doh 2 equiv.) at =78 °C, and
stirred for 1 h. After this time the mixture wadoated to gradually warm to room
temperature overnight. Dilute hydrochloric acid NB 20 mL) was added to the
mixture, and stirred for 30 minutes. This was te&tracted with diethyl ether (4 x 30
mL) and the combined organic layers dried, filteaed removed of solvent. The off-
white solid was recrystallised from toluene to gR«nethylnaphth-1lylboronic acid
191(3.04 g, 82%). (Data as above).

Preparation of 2-methylnaphth-1-yl(ethylene glycolporonate ester 172

12 13

Adapting the procedure described by Cammidge aégpyfor the synthesis
of the title compound, a solution of 2-methylnaphtiglboronic acid191 (2.0 g,
10.76 mmol, 1 equiv.) in dry toluene (25 mL) waspgared, and ethylene glycol (0.74
g, 11.84 mmol, 1.1 equiv.) added to it. The mixtaas heated under reflux for 2 h,

after which the mixture was allowed to cool to rodemperature and left to stir
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overnight. The solvent was removed under vacuumxoM (20 mL) added to the
residue. Water (20 mL) was then added and the dageparated. The aqueous layer
was extracted with DCM (2 x 20 mL), and the orgdayers combined and dried. The
solution was filtered and removed of solvent, legva yellow oil. After leaving at 5
°C overnight the oil solidified giving the boronatster producil72 as an off-white
solid (2.01 g, 91%). M.p. 51 °C;;R.4 (DCM); 34 (400 MHz, CDC}) 8.13 (1H, dJ
8.4), 7.77 (2H, d) 8.4), 7.46-7.36 (2H, m), 7.30 (1H, 318.4), 4.54 (4H, s, {12 and
H,-13), 2.63 (3H, s, K11); &c (100 MHz, CDC}) (C-1 is not observed) 142.34,
136.95, 131.64, 130.22, 128.87, 128.45, 128.09,3826.25.00, 66.13 (C-12 and C-
13), 23.28 (C-11).

3.3 Symmetric Suzuki coupling reactions towards 2, 2limethyl-

1,1’-binaphthalene

(i) Using conditions described by Crépy;

All of the solid reagents, 2-methylnaphth-1-yl§ddne glycol)boronate ester
172 (0.26 g, 1.24 mmol, 1.5 equiv.), palladium chleri@.5 mg, 0.02 mmol, 3
mol%), triphenylphosphine (10.5 mg, 0.04 mmol, 8%)oand cesium fluoride (0.35
g, 2.28 mmol, 1.5 equiv.) were placed in a flamiediflask, under an atmosphere of
argon. A solution of 1-iodo-2-methylnaphthalehi#l (0.22 g, 0.83 mmol, 1 equiv.) in
freshly distilled DME (10 mL) was prepared sepdsatand injected into the flask
containing the dry reagents. The mixture was theatdd to reflux under argon for 6
days (adding fresh Pd-catalyst every 24 h). Ates time the mixture was allowed to
cool to room temperature, and DCM (30 mL) addedis Wwas transferred to a
separating funnel and shaken with water (30 mLe Tyers were separated and the
aqueous layer extracted with further portions ofMD® x 30 mL). The combined
organic layers were washed with a final portionwafter (30 mL) and dried. The

solution was filtered, and the solvent removed. iflfation by column
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chromatography on silica eluting with 10:1 hexar@KD isolated racemic 2,2'-
dimethyl-1,1'-binaphthalen#65 as a viscous pale yellow 9i{0.05 g, 37%). R 0.4
(10:1 hexane/DCM)3y (400 MHz, CDC}) 7.91-7.86 (4H, m), 7.52 (2H, d,8.4),
7.40 (2H, tJ 7.4), 7.21 (2H, tJ 7.6), 7.06 (2H, dJ 8.4, H-3 and H-3'), 2.04 (6H, s,
Hs-11 and H-11'); &c (75 MHz, CDC}) 135.37, 134.52, 133.01, 132.46, 128.94,
128.15, 127.65, 126.30, 125.86, 125.10, 20.05 (@rdLC-11").

(i) Via alternative conditions using sodium 2-mgttaphth-1-ylborate sa®19 1,1'-

bis(diphenylphosphino)ferrocene dichloropalladiuinéind toluene as solvent;

Sodium 2-methylnaphth-1-ylborate s2it9(1.09 g, 4.8 mmol, 1.6 equiv.) and
1,1’-bis(diphenylphosphino)ferrocene dichloropailexd(ll) (95 mg, 0.116 mmol, 4
mol%) were placed in a flame-dried flask, and fhestiistilled toluene (40 mL)
added. 1-lodo-2-methylnaphthaleb&l (0.78 g, 2.9 mmol, 1 equiv.) was injected into
the mixture, which was then heated to reflux forrd8nder an atmosphere of argon.
After this time the black mixture was allowed tootdo room temperature, and
diluted with DCM (50 mL). This was transferred teeparating funnel and water (50
mL) added. The two layers were separated and theocarg layer extracted further
with DCM (2 x 50 mL). The organic layers were comdd, washed with a final
portion of water (50 mL), separated, and dried. 3bletion was filtered and removed
of solvent to give a brown oil. Analysis of the deu mixture by'H NMR
spectroscopy revealed peaks attributable to uredaotide starting materidl71 and
deboronated side-product (2-methylnaphthalé®86) with only traces of coupled
productl165.

3.4 Preparation of sodium trihydroxyarylborate salts

General procedure

The corresponding arylboronic acid was dissolved iminimum amount of
hot toluene (~100 mL) under stirring. Once compjetkssolved, saturated aqueous
sodium hydroxide solution (~12 mL) was added drgewb the hot solution until no
further precipitation was observed. The mixture \allswed to stir for 30 minutes

after which the white precipitate was filtered amashed with toluene. The solid was
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firstly placed under high vacuum for 48 h, thenstred to a fine powder and dried in
a desiccator over silica. The remaining white solds used without further

purification.

Preparation of sodium 4-methylphenylborate salt 195

+
3 2 OH Na

. s OH
Sodium  4-methylphenylborate saltl95 was prepared from 4-
methylphenylboronic acid2 (2.04 g, 15 mmol) following the general proced(#&1
g, 95%). (M.p. above 300 °CJy (400 MHz, BO ref. CHCN) 7.47 (2H, d,) 7.6, H-
2, H-6) 7.15 (2H, dJ 7.6, H-3, H-5), 2.29 (3H, s, 4#¥); dc (75 MHz, DO ref.
CH3CN) (C-1 is not observed) 135.91, 132.16, 128.618& (C-7).

Preparation of sodium 3-methylphenylborate salt 197

7

2 2 oH Na'
423 >—_ B—OH
1
s OH
Sodium  3-methylphenylborate saltl97 was prepared from 3-
methylphenylboronic acid96 (2.04 g, 15 mmol) following the general procedure
(2.56 g, 98%)dy (400 MHz, DO ref. CHCN) 7.39 (1H, s, H-2), 7.35 (1H, d,7.2,
H-6), 7.21 (1H, tJ 7.2, H-5), 7.05 (1H, dJ 7.2, H-4), 2.30 (3H, s, #7); dc (75
MHz, D,O ref. CHCN) (C-1 is not observed) 137.54, 132.75, 129.2@,24, 127.12,
21.57 (C-7).

Preparation of sodium 2-methylphenylborate salt 198

7

+
s, OH Na
— |
4 —B—OH

. s OH

Sodium  2-methylphenylborate saltl98 was prepared from 2-

methylphenylboronic acid31 (2.04 g, 15 mmol) following the general procedure
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(2.55 g, 97%)0y (400 MHz, BO ref. CHCN) 7.54 (1H, dJ 5.2, H-6), 7.13 (3H, m,
H-3, H-4 and H-5), 2.45 (3H, s,3H); &c (75 MHz, DO ref. CHCN) (C-1 is not
observed) 142.02, 132.54, 130.29, 126.73, 1242383 C-7).

Preparation of sodium 4-methoxyphenylborate salt 20

+
7 3 2 OH Na
AN 1
(e} ] §—OH
OH

5 6

Sodium 4-methoxyphenylborate saltO0 was prepared from 4-
methoxyphenylboronic acid99 (2.00 g, 13 mmol) following the general procedure
(2.41 g, 96%)d, (400 MHz, DO ref. CHCN) 7.50 (2H, d,) 8.4), 6.92 (2H, dJ 8.4),
3.82 (3H, s, B7); &c (75 MHz, DO ref. CHCN) (C-1 is not observed) 157.76,
133.24, 113.56, 55.86 (C-7).

Preparation of sodium 3-methoxyphenylborate salt 2

7

/
(e} +
3 2 OH Na
-1
4 —B—OH

5 ¢ OH

Sodium 3-methoxyphenylborate sal02 was prepared from 3-
methoxyphenylboronic acid01 (2.00 g, 13 mmol) following the general procedure
(2.43 g, 97%)dy (400 MHz, BO ref. CHCN) 7.27 (1H, tJ 7.6, H-5), 7.19 (1H, dJ
7.6, H-6) 7.16 (1H, s, H-2) 6.82 (1H, 87.6, H-4) 3.84 (3H, s, #7); dc (75 MHz,
D0 ref. CHCN) (C-1 is not observed) 158.72, 129.32, 125.17,31, 111.83, 55.83
(C-7).

Preparation of sodium 2-methoxyphenylborate salt 20

7

N
O

N
3,2 OH Na
4©—_E|;—OH
1
s s OH
Sodium 2-methoxyphenylborate salt04 was prepared from 2-

methoxyphenylboronic acid03 (2.00 g, 13 mmol) following the general procedure
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(2.42 g, 97%)dy (400 MHz, BO ref. CHCN) 7.46 (1H, d,) 6.8, H-6), 7.25 (1H, 1
7.6, H-4), 6.98-6.94 (2H, m, H-3 and H-5), 3.82 (31H:-7); dc (75 MHz, DO ref.
CHsCN) (C-1 is not observed) 162.75, 133.36, 128.28,33, 110.90, 55.73 (C-7).

Preparation of sodium 4tert-butylphenylborate salt 206

+
8 3 2 OH Na
— |
9WB—OH
1
10 5 ¢ OH

Sodium 4tert-butylphenylborate salt206 was prepared from tert-
butylphenylboronic aci@05 (2.31 g, 13 mmol) following the general proced(#&6
g, 98%).84 (400 MHz, QO ref. CHCN) 7.53 (2H, d,J 8.0, H-2 and H-6), 7.40 (2H,
d, J 8.0, H-3 and H-5), 1.30 (9H, s,318, H:-9 and H-10); ¢ (75 MHz, DO ref.
CH3CN) (C-1 is not observed) 149.58, 132.16, 124.8129 31.29 (C-8, C-9 and C-
10).

Preparation of sodium 2-ethylphenylborate salt 207

4
5 3

2
6 8

Ho_/Eﬁl\OH7
Nat OH
Sodium 2-ethylphenylborate s@®7 was prepared from 2-ethylphenylboronic

acid 175 (2.0 g, 13.3 mmol) following the general proced(@e&2 g, 99%)dy (400
MHz, D,O ref. CHCN) 7.44 (1H, dJ 7.2, H-6), 7.12-7.04 (2H, m), 6.99 (1H,J,
7.2), 2.76 (2H, qJ 7.6, H-7), 1.10 (3H, t,J 7.6, H-8); & (75 MHz, DO ref.
CH3CN) (C-1 is not observed) 147.51, 131.85, 127.3%.26, 123.89, 27.15 (C-7),
15.67 (C-8).

Preparation of sodium 2-methylnaphth-1-ylborate sal219
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Sodium 2-methylnaphth-1-ylborate salk19 was prepared from 2-
methylnaphth-1-ylboronic acidl91 (2.00 g, 10.7 mmol) following the general
procedure (2.39 g, 99%9, (400 MHz, BO ref. CHCN) 7.92 (1H, dJ 8.0, H-8),
7.87 (1H, dJ 8.0, H-5), 7.75 (1H, d) 8.4, H-4), 7.54-7.44 (2H, m), 7.39 (1H, &,
8.4, H-3), 2.53 (3H, s, H11); &c (75 MHz, DO ref. CHCN) (C-1 is not observed)
136.92, 135.66, 131.66, 129.61, 129.17, 128.61,9P26126.15, 125.26, 22.67 (C-
11).

Attempted preparation and isolation of cesium fluoo(ethylene glycol)-2-

methylnaphth-1-ylboronate salt 222

11

olﬁls—F

12</O Cs+
13
2-Methylnaphth-1-yl(ethylene glycol)boronate esi&? (0.5 g, 2.36 mmol)

was dissolved in hot toluene (30 mL) under stirri@nce completely dissolved,
saturated aqueous cesium fluoride solution (2.5 mé&3 added dropwise to the hot
solution. The mixture was allowed to stir for 1dwever after this time no precipitate

had formed.

Attempted preparation and isolation of cesium fluoodihydroxy-2-

methylnaphth-1-ylborate salt 223

HO:LI%—F
OH (5™
2-Methylnaphth-1-ylboronic aci@i91 (0.5 g, 2.69 mmol) was dissolved in hot
toluene (30 mL) under stirring. Once completelysdiged, saturated aqueous cesium
fluoride solution (2.5 mL) was added dropwise te tiot solution. The mixture was
allowed to stir for 1 h however after this time precipitate had formed.
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Attempted preparation and isolation of sodium fluorodihydroxy-2-

methylnaphth-1-ylborate salt 224

HO:IIB—F
OH nNa
2-Methylnaphth-1-ylboronic aci@i91 (0.5 g, 2.69 mmol) was dissolved in hot
toluene (30 mL) under stirring. Once completelysdised, saturated aqueous sodium
fluoride solution (3 mL) was added dropwise to tied solution. The mixture was

allowed to stir for 1 h however after this time precipitate had formed.

3.5 Suzuki coupling reactions using sodium

trihydroxyarylborate salts as the organoboron couphg partner

General procedure

The sodium trihydroxyarylborate salt (2 equiv.jylahalide (1 equiv.) and
palladium catalyst, 1,1’-bis(diphenylphosphino)éeene dichloropalladium(ll) (4
mol%) were added to a flask equipped with a stiparand Liebig condenser. Freshly
distilled toluene (30 mL) was added and the mixtueated to reflux under nitrogen
for 24 h (or for 48 h where indicated). After thisne the reaction mixture was
allowed to cool to room temperature and dilutedhwidCM (50 mL). This was
transferred to a separating funnel and water (50 added. The two layers were
separated and the aqueous layer extracted furttieDZM (2 x 50 mL). The organic
layers were combined, washed with a final portibrnvater (50 mL), separated, and
dried over NaSOu. The solution was then filtered, removed of sntwender reduced

pressure and purified by column chromatography eiliea.

Suzuki coupling to give 4,4’-dimethylbiphenyl 209
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Sodium 4-methylphenylborate sdl©5 (1.02 g, 5.8 mmol, 2 equiv.), 4-
bromotoluene 208 (05 g, 29 mmol, 1 equiv.) and 1,1-
bis(diphenylphosphino)ferrocene dichloropalladiuin(®5 mg, 0.116 mmol, 4 mol%)
were heated to reflux in toluene (30 mL) for 24de@ding to the general procedure.
After work-up the crude material was passed throagshort column of silica to
isolate 4,4’-dimethylbiphenyR09 as a white crystalline solid (0.44 g, 83%) with
spectral data consistent with literature valtied.p. 119 °C; R 0.76 (10:1 pet.
ether/ethyl acetatef (400 MHz, CDCY4) 7.48 (4H, dJ 8.0, H-2, H-2’, H-6 and H-
6", 7.24 (4H, d,J 8.0, H-3, H-3', H-5 and H-5’), 2.39 (6H, ssH and H-7"); &
(100 MHz, CDC}) 138.50, 136.93, 129.66, 127.04, 21.32 (C-7 ant)C-

Suzuki coupling to give 4-methoxy-4’-methylbiphenyR10

Sodium 4-methoxyphenylborate s&00 (1.11 g, 5.8 mmol, 2 equiv.), 4-
bromotoluene 208 (05 g, 29 mmol, 1 equiv.) and 1,1-
bis(diphenylphosphino)ferrocene dichloropalladiuin(®5 mg, 0.116 mmol, 4 mol%)
were heated to reflux in toluene (30 mL) for 24deading to the general procedure.
After work-up purification was achieved by passihg crude mixture through a short
column of silica to give 4-methoxy-4’-methylbiphér310 as an off-white crystalline
solid (0.41 g, 72%). Spectral data were consistétit literature value$.M.p. 104-
106 °C; R 0.56 (10:1 pet. ether/ethyl acetat8); (400 MHz, CDC}) 7.52 (2H, dJ
8.8, H-2 and H-6), 7.46 (2H, 4,8.0, H-2" and H-6’), 7.24 (2H, d 8.0, H-3’ and H-
57, 6.98 (2H, dJ 8.8, H-3 and H-5), 3.85 (3H, szH), 2.39 (3H, s, B7); oc (100
MHz, CDCk) 159.13, 138.17, 136.58, 133.96, 129.65, 128.28,81, 114.37, 55.57
(C-7), 21.28 (C-7).

Suzuki coupling to give 3-methoxy-4’-methylbiphenyP11
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Sodium 3-methoxyphenylborate s&fl (1.11 g, 5.8 mmol, 2 equiv.), 4-
bromotoluene 208 (05 g, 29 mmol, 1 equiv.), and 1,1-
bis(diphenylphosphino)ferrocene dichloropalladiuin(®5 mg, 0.116 mmol, 4 mol%)
were heated to reflux in toluene (30 mL) for 24de@ding to the general procedure.
After work-up purification by column chromatograploy silica eluting with 10:1
hexane/DCM gave 3-methoxy-4’-methylbipher811 as a colourless oil (0.45 g,
79%). Spectral data were in agreement with liteeatvalues. R 0.57 (10:1 pet.
ether/ethyl acetatefy (400 MHz, CDC4) 7.49 (2H, d,J 8.0, H-2" and H-6’), 7.34
(1H, t,J 7.6, H-5), 7.24 (2H, d] 7.6, H-3" and H-5"), 7.17 (1H, d] 8.0, H-6) 7.11
(1H, s, H-2), 6.87 (1H, d] 8.0, H-4), 3.85 (3H, s, #7), 2.39 (3H, s, B7’); dc (100
MHz, CDCkL) 160.13, 142.92, 138.43, 137.45, 129.93, 129.68/.2b, 119.74,
112.93, 112.60, 55.51 (C-7), 21.35 (C-7).

Suzuki coupling to give 4-methyl-2’-nitrobiphenyl 212

Sodium 4-methylphenylborate sal5 (1.02 g, 5.8 mmol, 2 equiv.), 1-bromo-
2-nitrobenzene 177 (059 g, 29 mmol, 1 equiv.) and 1,1-
bis(diphenylphosphino)ferrocene dichloropalladiuin@®5 mg, 0.116 mmol, 4 mol%)
were heated to reflux in toluene (30 mL) for 24de@ding to the general procedure.
After work-up purification by column chromatograploy silica eluting with 8:1
hexane/DCM isolated 4-methyl-2’-nitrobipher12 as a yellow oil (0.40 g, 69%).+R
0.13 (8:1 hexane/DCM)ymax (ATR)/cm* 1518 and 1351 (nitro)dy (400 MHz,
CDCl;) 7.83 (1H, dJ 8.0, H-3"), 7.61 (1H, t) 7.6, H-5"), 7.49-7.43 (2H, m, H-4’ and
H-6"), 7.27-7.21 (4H, m, H-2, H-3, H-5 and H-6)42.(3H, s, H-7); 8c (100 MHz,
CDCl3) (C-2' is not observed) 138.40, 136.49, 134.612.43, 132.16, 129.69,
128.14, 127.97, 124.25, 21.48 (C-W{z (Cl) 231 (M+NH;*, 100%); HRMS (CI):
Found: 231.1130. gH150.N, (M+NH4") Requires 231.1128.
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Suzuki coupling to give 4-methoxy-2’-nitrobiphenyl213

Sodium 4-methoxyphenylborate s&00 (1.11 g, 5.8 mmol, 2 equiv.), 1-
bromo-2-nitrobenzene 177 (059 g, 29 mmol, 1 -equiv.) and 1,1-
bis(diphenylphosphino)ferrocene dichloropalladiuin(®5 mg, 0.116 mmol, 4 mol%)
were heated to reflux in toluene (30 mL) for 24de@ding to the general procedure.
After work-up purification by column chromatograploy silica eluting with 2:1
hexane/DCM isolated the 4-methoxy-2’-nitrobiphe2yl3 as a yellow oil (0.41 g,
62%). R 0.34 (1:1 hexane/DCMmax (ATR)/cmi 1518 and 1354 (nitro), 1244 and
1034 (aryl ether)dy (400 MHz, CDC}) 7.81 (1H, dJ 8.0, H-3"), 7.59 (1H, tJ 7.6,
H-5"), 7.47-7.43 (2H, m, H-4" and H-6’) 7.28-7.22H, m), 6.96 (2H, dJ 7.6), 3.85
(3H, s, K-7); dc (100 MHz, CDC}§) 159.90, 149.62, 136.07, 132.37, 132.14, 129.70,
129.34, 127.95, 124.23, 114.44, 55.53 (C+djz (El) 229 (M, 58%), 139 (100);
HRMS (CI): Found: 247.1076.16H1503N, (M+NH;") Requires 247.1077.

Suzuki coupling to give 3-methoxy-2’-nitrobiphenyl214

Sodium 3-methoxyphenylborate s&bl1 (1.11 g, 5.8 mmol, 2 equiv.), 1-
bromo-2-nitrobenzene 177 (059 g, 29 mmol, 1 -equiv.) and 1,1-
bis(diphenylphosphino)ferrocene dichloropalladiuin@®5 mg, 0.116 mmol, 4 mol%)
were heated to reflux in toluene (30 mL) for 24de@ding to the general procedure.
After work-up purification by column chromatograploy silica eluting with 4:1
hexane/DCM isolated the produ2i4 as a crystalline yellow solid (0.35 g, 53%).
M.p. 65-68 °C; R0.30 (2:1 hexane/DCMWmax (ATR)/cmi* 1521 and 1351 (nitro),
1220 and 1021 (aryl ethed; (400 MHz, CDC}) 7.84 (1H, d,J 8.0, H-3'), 7.60 (1H,

t, J 7.6, H-5"), 7.50-7.43 (2H, m, H-4’ and H-6'), 7.88H, t,J 8.0, H-5), 6.94 (1H, d,
J 8.0, H-6), 6.89 (1H, d] 8.0, H-4), 6.86 (1H, s, H-2) 3.83 (3H, s3-A); ¢ (75 MHz,
CDCls) 160.39, 150.02, 139.32, 136.79, 132.80, 132.4%).3b, 128.83, 124.57,
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120.90, 114.36, 114.27, 55.78 (C-Wz (Cl) 247 (M+NH,", 100%); HRMS (CI):
Found: 247.1078. gH150sN, (M+NH4") Requires 247.1077.

Suzuki coupling to give 1-(4’-methoxyphenyl)-2-metiinaphthalene 215

Sodium 4-methoxyphenylborate s&00 (1.11 g, 5.8 mmol, 2 equiv.), 1-
bromo-2-methylnaphthalenel62 (0.64 g, 2.9 mmol, 1 equiv.) and 1,1'-
bis(diphenylphosphino)ferrocene dichloropalladiuin(®5 mg, 0.116 mmol, 4 mol%)
were heated to reflux in toluene (30 mL) for 24de@ding to the general procedure.
The brown solid remaining after work-up containée ttoupled produc2l5 and
traces of unreacted bromide starting materid@2 Purification by column
chromatography over silica eluting with 10:1 hex&@M isolated 1-(4-
methoxyphenyl)-2-methylnaphthaler?2d5 as a crystalline off-white solid (0.43 g,
60%). Spectral data were in agreement with litegat@lues. M.p. 96-98 °C; R0.44
(2:1 hexane/DCM):Umax (ATR)cm* 1239 and 1031 (aryl etheriy (400 MHz,
CDCl;) 7.83 (1H, dJ 8.0, H-8), 7.76 (1H, d) 8.0, H-5), 7.46-7.29 (4H, m, H-3, H-4,
H-6 and H-7), 7.19 (2H, d] 8.0, H-2'and H-6’), 7.04 (2H, d] 8.0, H-3’and H-5),
3.90 (3H, s, B7), 2.25 (3H, s, B11); &c (100 MHz, CDC§) 158.81, 138.06,
133.72, 133.51, 132.20, 132.14, 131.42, 128.85,9827127.29, 126.41, 125.96,
124.91, 114.02, 55.52 (C-7°), 21.12 (C-1m){z (El) 248 (M", 100%); HRMS (EI):
Found: 248.1195. gH160 (M") Requires 248.1196.

Suzuki coupling to give 1-(2’-methoxyphenyl)-2-metiinaphthalene 216
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Sodium 2-methoxyphenylborate s&04 (1.11 g, 5.8 mmol, 2 equiv.), 1-
bromo-2-methylnaphthalenel62 (0.64 g, 2.9 mmol, 1 equiv.) and 1,1'-
bis(diphenylphosphino)ferrocene dichloropalladiuin(®5 mg, 0.116 mmol, 4 mol%)
were heated to reflux in toluene (30 mL) for 24de@ding to the general procedure.
The brown oil that remained after work-up contairtbd title compound®16 and
unreacted bromide starting materd&?2 Purification by column chromatography over
silica eluting with 5:1 hexane/DCM gave 1-(2’-metlgphenyl)-2-methylnaphthalene
216 as a viscous colourless oil (0.42 g, 58%). Spkcata were consistent with
literature values’ R: 0.2 (3:1 hexane/DCMYmax (ATR)/cmi* 1245 and 1024 (aryl
ether);dy (400 MHz, CDC}) 7.82 (1H, dJ 8.0, H-8), 7.77 (1H, d) 8.4, H-5), 7.45-
7.27 (5H, m), 7.15-7.03 (3H, m), 3.67 (3H, s-H), 2.21 (3H, s, BH11); dc (100
MHz, CDCkL) 157.59, 134.89, 134.17, 133.17, 132.23, 132.08).Qr, 128.78,
128.48, 128.08, 127.48, 126.16, 125.93, 124.85,92211.35, 55.80 (C-7’), 20.78
(C-11); m/z (El) 248 (M, 100%); HRMS (CI): Found: 266.1538.188,0NO
(M+NH,") Requires 266.1539.

Chiral HPLC separation conditions and retentioresrof isomers:

Compd| Column

Eluent: Flowrate tg of 1% tg Of 2 Ratio of

Heptane/EtOH| (mL/min) | isomeP (min) | isomeP (min) | isomers

216 oF 70/30 0.5 4.8 5.6 44:56

3 Chiralcel OJ column by Daicel Chemical Ind., Ltdetected at 215 nm.

Suzuki coupling to give 1-(4’-methylphenyl)-2-methinaphthalene 217

Sodium 4-methylphenylborate s&l®5 (0.77 g, 4.37 mmol, 2 equiv.), 1-
bromo-2-methylnaphthalenel62 (0.48 g, 2.18 mmol, 1 equiv.)) and 1,1'-
bis(diphenylphosphino)ferrocene dichloropalladiuin(f1 mg, 0.087 mmol, 4 mol%)
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were heated to reflux in toluene (30 mL) for 24deading to the general procedure.
The brown oil that remained after work-up contaitiel titte produc17 and traces
of unreacted bromide starting materi@i2 Purification by column chromatography
over silica eluting with neat hexane gave the pco@17 as colourless oil (0.24 g,
48%). Spectral data were in agreement with litegatualues® R 0.46 (10:1
hexane/DCM)3y (400 MHz, CDCJ) 7.83 (1H, d,J 8.0, H-8), 7.77 (1H, dJ 8.0, H-
5), 7.45-7.37 (3H, m), 7.34-7.30 (3H, m), 7.16 (2H)J 8.0, H-3' and H-5’), 2.47
(3H, s, B-7"), 2.25 (3H, s, B#11); & (75 MHz, CDC}) 138.97, 137.51, 137.26,
133.93, 133.89, 132.77, 130.78 (C-3’, C-5), 129(852’, C-6’), 129.36, 128.48 (C-
8), 127.84 (C-5), 126.98, 126.46, 125.43, 21.867(C21.41 (C-11);m/z (El) 232
(M*, 100%).

Suzuki coupling to give 1-(2'-methylphenyl)-2-methinaphthalene 218

Sodium 2-methylphenylborate sa®8(1.02 g, 5.8 mmol, 2 equiv.), 1-bromo-
2-methylnaphthalene 162 (064 g, 2.9 mmol, 1 -equiv.) and 1,1-
bis(diphenylphosphino)ferrocene dichloropalladiuin@®5 mg, 0.116 mmol, 4 mol%)
were heated to reflux in toluene (30 mL) for 48de@ding to the general procedure.
Purification of the brown oil obtained after work-uvas achieved by column
chromatography over silica eluting with neat hexarde(2'-Methylphenyl)-2-
methylnaphthalen@18 was isolated as a colourless oil (0.30 g, 45%gc8pl data
were consistent with literature valu€sR; 0.3 (8:1 hexane/DCM)dy (400 MHz,
CDCl;) 7.83 (1H, dJ 8.0, H-8), 7.78 (1H, d] 8.4, H-5), 7.44-7.21 (7H, m), 7.12 (1H,
d,J 7.6, H-3"), 2.16 (3H, s, K11), 1.91 (3H, s, K7’); d&c (100 MHz, CDC}) 139.45,
137.74, 137.05, 133.31, 132.81, 132.25, 130.27,2130128.81, 128.04, 127.62,
127.32,126.16, 126.10, 125.95, 124.96, 20.33 (GCAA55 (C-77).
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3.6 Rhodium-catalysed 1,4-addition reaction

1,4-Addition to give 3-(4-methylphenyl)cyclohexanom 221

Adapting the experimental procedure described byalvta et al. for synthesis
of the title compound® the reaction solvent 1,4-dioxane/water (12:2 miasirstly
degassed with argon for ca. 30 minutes, then soditmethylphenylborate salt95
(0.74 g, 4.2 mmol, 1.5 equiv.) and chloro(1,5-cedimdiene)rhodium(l) dimer (40
mg, 0.08 mmol, 3 mol%) added. The mixture was adldwo stir for 20 minutes at
room temperature after which 2-cyclohexen@2® (0.27 g, 2.8 mmol, 1 equiv.) was
added dropwise to the flask. The mixture was lefstir at room temperature for a
further 16 h. After this time dilute hydrochloricid (1 M, 10 mL) was added to the
reaction mixture which was then extracted with ¢ole (2 x 20 mL). The combined
organic layers were combined, dried, filtered amthoved of solvent to give the
product 221 as an orange oil (0.412 g, 78%). No further pcatiion steps were
performed as the spectral data were consistentlitétiature values® &, (400 MHz,
CDCls) 7.16-7.10 (4H, m, H-2', H-3’, H-5" and H-6"), 891H, tt,J 11.2 and 4.4, H-
3), 2.62-2.35 (4H, m, H2 and H-6), 2.33 (3H, s, B7’) 2.19-2.02 (2H, m, K4),
1.89-1.70 (2H, m, h5); dc (100 MHz, CDC}) 211.14, 141.29, 136.11, 129.20,
126.31, 48.97, 44.26, 41.08, 32.77, 25.43, 20.86.

3.7 Preparation of additional organoboron reagents

Synthesis of 2-biphenylboronic acid 231

A solution of 2-bromobipheny229 (2.10 g, 9.0 mmol, 1 equiv.) in dry THF
(20 mL) was prepared and cooled to -78 °C undeorangButyllithium (2.5 M in
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hexane, 4.0 mL, 9.9 mmol, 1.1 equiv.) was addegwlige to the solution, and the
mixture stirred at —78 °C for 15 minutes. Afterghime, trimethylborate (1.88 g, 18.0
mmol, 2 equiv.) was added in one portion to thekflaand stirred for 1 h at -78 °C.
The mixture was then allowed to warm gradually éom temperature overnight.
Dilute hydrochloric acid (2 M, 20 mL) was added athe mixture stirred for 30
minutes. This was then extracted with diethyl etf8x 20 mL) and the combined
organic layers were dried, filtered, and removedalfent. Addition of hexane (10
mL) to the oily residue resulted in the formatiohaosolid precipitate which was
filtered and washed with ice-cold hexane. This d@ad to give the pure produz8l
as a white solid (0.85 g, 48%). Spectral data wareagreement with literature
values'* M.p. 123-125 °Cpy (400 MHz, CDC}) 7.93 (1H, dJ 7.2), 7.52-7.38 (7H,
m), 7.31 (1H, dJ 7.2), 4.34 (2H, s, 2 x OHX¢ (75 MHz, CDC}) (C-2 is not
observed) 147.56, 142.98, 135.37, 130.69, 1298335, 129.08, 128.22, 127.22.

Synthesis of sodium 2-biphenylborate salt 232

2-Biphenylboronic aci@31(0.62 g, 3.13 mmol) was dissolved in a minimum
amount of hot toluene (40 mL) under stirring. Ormoenpletely dissolved, saturated
aqueous sodium hydroxide solution (~6 mL) was adttegwise to the hot solution.
The mixture was allowed to stir for 30 minutes aftdich the white precipitate was
filtered off using a sintered glass funnel and veastvith cold toluene. The solid was
dried under vacuum and confirmed as the boratepsattuct232 (0.76 g, 98%)d4
(400 MHz, BO ref. CHCN) 7.73 (1H, dJ 6.4), 7.52-7.40 (5H, m), 7.36-7.12 (3H,
m); &¢c (75 MHz, DO ref. CHCN) (C-1, C-1’ and C-2 are not observed) 132.31,
128.59, 128.40, 127.91, 126.37, 125.91, 125.25.
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3.8 Symmetric and asymmetric Suzuki reactions towals axially

chiral biaryl compounds

Original procedure:

To an oven-dried round-bottom flask capped witllzber septum was added
the base, organoboron reagent, ligand and catdbltwwed by the organohalide.
(The flask was evacuated and purged with argom afteh addition). Freshly distilled
solvent was added, and the flask equipped withebigicondenser. The mixture was
heated to reflux for the specified amount of timmeler argon. After this the crude
reaction mixture was allowed to cool to room termapere, diluted with DCM (30
mL), and shaken with water (30 mL). The layers weeparated, and the aqueous
layer extracted with further portions of DCM (2 8 &L). The organic layers were
combined, dried over sodium sulfate, filtered, amthoved of solvent. The crude

material was purified by column chromatography aikca.

Alternative protocol using a sealed pressure tube:

A thick-walled Ac€ pressure tube was equipped with a stirrer barpedp
with a rubber septum, flame-dried and allowed ttaxeunder argon. The solid
reagents i.e. boronate ester or sodium borate galladium chloride, ligand (and
base, if required) were added, with the tube evacduand backfilled with argon after
each addition. Any liquid reagents such as orgdiohavere added via syringe,
followed by freshly distilled solvent. The tube when sealed tightly with a Tefl6n
screw-cap and heated in a pre-heated oil batheaintthicated temperature for the
required time (24-48 h) under stirring. After thisie the crude reaction mixture was
allowed to cool to room temperature, and workedageording to the standard
protocol described above.
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Symmetric Suzuki couplings towards 1-(2’-nitropheny)-2-methylnaphthalene
225

(i) Using boronate estel72 as the organoboron coupling partner;

Cesium fluoride (0.37 g, 2.49 mmol, 3 equiv.) veakled to an oven-dried
round-bottom flask, followed by 2-methylnaphth-Ieghylene glycol)boronate ester
172 (0.26 g, 1.24 mmol, 1.5 equiv.) triphenylphosphii®.5 mg, 0.04 mmol, 6
mol%) and palladium chloride (3.5 mg, 0.02 mmol, "30l%). 1-Bromo-2-
nitrobenzenel77 (0.17 g, 0.83 mmol, 1 equiv.) was added, followsd freshly
distilled DME (10 mL). The flask was equipped withLiebig condenser and the
mixture heated to reflux for 48 h under argon. Aftes time the mixture was allowed
to cool to room temperature, and worked-up accgrdim the standard protocol.
Analysis of the crude mixture By NMR spectroscopy revealed peaks attributable to
deboronated side-product (2-methylnaphthaleb@0). There were no peaks
corresponding to the coupled prodagt.

(il) Using sodium 2-methylnaphth-1-ylborate sl as the organoboron coupling

partner;

Sodium 2-methylnaphth-1-ylborate s2i9(1.31 g, 5.8 mmol, 2 equiv.), 1,1'-
bis(diphenylphosphino)ferrocene dichloropalladiuin(®5 mg, 0.116 mmol, 4 mol%)
and 1-bromo-2-nitrobenzeri&g7 (0.59 g, 2.9 mmol, 1 equiv.) were added to a dried
round-bottom flask under argon. Freshly distilletliéne (30 mL) was added and the
mixture heated to reflux for 24 h under stirrindgtek this time the black mixture was
allowed to cool to room temperature, and workedageording to the standard
protocol. The brown oil that remained was puriftedcolumn chromatography over
silica eluting with 10:1 hexane/DCM to give the ¢wot225as an orange oil (0.29 g,
38%). Spectral data were consistent with literaturalues® R 0.3 (2:1
hexane/DCM);Umax (ATR)/cm* 1520 and 1345 (nitro)y (400 MHz, CDC}) 8.14
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(1H, d,J 8.0), 7.86-7.79 (2H, m), 7.73 (1H,3,7.6), 7.63 (1H, t] 8.0), 7.42-7.30
(4H, m), 7.14 (1H, d)J 8.0), 2.19 (3H, s, k11); & (100 MHz, CDC}) (C-2' not
observed) 150.08, 134.98, 133.59, 133.25, 133.39,48, 132.13, 128.89, 128.66,
128.33, 128.29, 126.58, 125.23, 125.09, 124.6152(C-11); m/z (EI) 263 (M,
95%), 215 (100); HRMS (CI): Found: 281.1285,:-0,N, (M+NH.") Requires
281.1285.

Chiral HPLC separation conditions and retentioresrof isomers:

Eluent: Flowrate tr of 1% tr of 2 Ratio of
Compd| Column . ' _ . . '
Heptane/EtOH| (mL/min) | isomeP (min) | isomeP (min) | isomers

225 AS* 98/2 0.5 12.2 12.8 44:56

Chiralpak AS column by Daicel Chemical Ind., LidDetected at 215 nm.

Asymmetric Suzuki coupling towards 1-(2'-nitropheny)-2-methylnaphthalene
225

Following the alternative protocol, sodium 2-mettaphth-1-ylborate sai219
(0.68 g, 3.0 mmol, 2 equiv.), 1-bromo-2-nitroberezery7 (0.30 g, 1.5 mmol, 1
equiv.), palladium chloride (8.0 mg, 0.045 mmom8I%) andR-(-)-N,N-dimethyl-1-
[(9-2-(diphenylphosphino)ferrocenyllethylamiri80 (40 mg, 0.09 mmol, 6 mol%)
were added to a flame-dried pressure tube. Fredishjled toluene (15 mL) was
added and the tube sealed and heated to 90 °Glfloy @nder stirring. After this time
the mixture was allowed to cool to room temperaamnd worked-up according to the
standard protocol. Analysis bf4 NMR spectroscopy revealed significant peaks
attributable to the coupled prod®25'° Purification of the crude mixture by column
chromatography over silica eluting with 5:1 hex@&@M gave the produc25as a
yellow crystalline solid (0.34 g, 45%). M.p. 84-89; R: 0.3 (2:1 hexane/DCM)Dmax
(ATR)/cm™ 1520 and 1345 (nitroYy (400 MHz, CDC}) 8.14 (1H, d,J 8.0, H-3"),

180



7.86-7.79 (2H, m, H-8, H-5), 7.73 (1H,3t7.6, H-5"), 7.63 (1H, tJ 8.0, H-4"), 7.42-
7.30 (4H, m, H-4, H-6, H-7, H-6"), 7.14 (1H, d8.0, H-3), 2.19 (3H, s, CHL1); &c
(75 MHz, CDC}) (C-2’ is not observed) 150.08, 135.00, 133.593.28, 133.20,
132.43, 132.12, 128.88, 128.66, 128.34, 128.30,5826125.24, 125.09, 124.61,
20.53 (C-11); ee 34% (determined from chiral HPlaGajl

Chiral HPLC separation conditions and retentioresrof isomers:

Eluent: Flowrate tg of 1° tg Of 2" Ratio of
Compd| Column . . _ . . )
Heptane/EtOH| (mL/min) | isomeP (min) | isomeP (min) | isomers

225 AS* 98/2 0.5 12.2 12.8 67:33

&Chiralpak AS column by Daicel Chemical Ind., L¥Detected at 215 nm.

Symmetric Suzuki couplings towards 1-(2’-cyanophery-2-methylnaphthalene
226

(i) Using sodium 2-methylnaphth-1-ylborate s&t9 as the organoboron coupling

partner and toluene as solvent;

Following the alternative protocol, sodium 2-métiaphth-1-ylborate saiz19
(0.68 g, 3.00 mmol, 2 equiv.), 2-bromobenzonitA’8 (0.27 g, 1.50 mmol, 1 equiv.)
and 1,1’-bis(diphenylphosphino)ferrocene dichloftgzaum(ll) (50 mg, 0.06 mmol,
4 mol%) were added to a flame-dried pressure thheshly distilled toluene (15 mL)
was added and the tube sealed and heated to 98 48 h, under stirring. After this
time the mixture was allowed to cool to room tenapere and worked-up according
to the standard protocol. Analysis of the crude tomix by *H NMR spectroscopy
revealed peaks attributable to deboronated sideédgto(2-methylnaphthalen£90)
and only a very small amount of coupled prod226. No further purification steps

were carried out.
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(if) Using sodium 2-methylnaphth-1-ylborate s2l9 and DME as solvent;

Following the alternative protocol, sodium 2-mettaphth-1-ylborate sai219
(0.68 g, 3.00 mmol, 2 equiv.), 2-bromobenzonitA’8 (0.27 g, 1.50 mmol, 1 equiv.)
and 1,1'-bis(diphenylphosphino)ferrocene dichlotgshum(ll) (50 mg, 0.06 mmol,
4 mol%) were added to a flame-dried pressure tBbeshly distiled DME (15 mL)
was added and the tube sealed and heated to 8% 224 h, under stirring. After this
time the mixture was allowed to cool to room tenapere and worked-up according
to the standard protocol. Analysis of the crude torix by 'H NMR spectroscopy
revealed peaks attributable to deboronated sideédgto(2-methylnaphthalen£90)
and only a small amount of coupled prod226. No further purification steps were

carried out.

(i) Using 2-methylnaphth-1-yl(ethylene glycol)boate ester 172 as the

organoboron coupling partner;

Following the alternative  protocol, 2-methylnapfitlyl(ethylene
glycol)boronate estek72(0.42 g, 2 mmol, 1.5 equiv.), 2-bromobenzonit@Rk8 (0.24
g, 1.3 mmol, 1 equiv.), palladium chloride (9 mg,0® mmol, 4 mol%),
triphenylphosphine (26 mg, 0.1 mmol, 8 mol%) ansiwa fluoride (0.61 g, 4 mmol,
3 equiv.) were added to a flame-dried pressure. thleshly distilled DME (15 mL)
was added and the tube sealed and heated to 8% 224 h, under stirring. After this
time the mixture was allowed to cool to room tenapere and worked-up according
to the standard protocol. Analysis of the crude tomix by *H NMR spectroscopy
revealed significant peaks attributable to the reestoupled produc@26 and traces
of deboronated side-product (2-methylnaphthald®€). Purification by column
chromatography over silica eluting with 16+1 3:1 hexane/DCM gave the title
product 226 as a white solif (0.21 g, 68%). M.p. 88-92 °C;;R0.4 (5:1 pet.
ether/ethyl acetate)imax (ATR)/cmit 2224 (nitrile); 3y (400 MHz, CDC}) 7.88-7.84
(3H, m), 7.73 (1H, dt) 7.6 and 1.2), 7.56 (1H, di,7.6 and 1.2), 7.46-7.33 (4H, m)
7.15 (1H, d,) 8.8), 2.24 (3H, s, £H11); dc (100 MHz, CDC}) 144.26, 134.09, 134.04,
133.33, 132.99, 132.57, 132.21, 131.63, 128.96,7HK28128.33, 128.12, 126.67,
125.34, 125.20, 117.95, 114.32, 20.56 (C-ilg (El) 243 (M", 100%); HRMS (CI):
Found: 261.1387. gH17/N> (M+NH,4") Requires 261.1386
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Chiral HPLC separation conditions and retentioresrof isomers:

Eluent: Flowrate tr of 1% tr of 2 Ratio of
Compd| Column . ' _ . . '
Heptane/EtOH| (mL/min) | isomeP (min) | isomeP (min) | isomers

226 AD? 98/2 0.3 19.2 20.2 48:52

Chiralpak AD column by Daicel Chemical Ind., LEDetected at 215 nm.

Symmetric Suzuki couplings towards 1-(2’-biphenyl)2-methylnaphthalene 227

(i) Using 2-methylnaphth-1-yl(ethylene glycol)boaten ester 172 and 2-
bromobiphenyR29

2-Methylnaphth-1-yl(ethylene glycol)boronate est&R (0.42 g, 2 mmol, 1.5
equiv.), triphenylphosphine (26 mg, 0.1 mmol, 8 ¥yl palladium chloride (9 mg,
0.05 mmol, 4 mol%) and cesium fluoride (0.61 g, shoh 3 equiv.) were added to a
flame-dried pressure tube followed by 2-bromobiphez?9 (0.31 g, 1.3 mmol, 1
equiv.) via syringe. Freshly distilled DME (15 mivas added and the tube sealed and
heated to 80 °C for 24 h, under stirring. Aftersthime the mixture was allowed to
cool to room temperature and worked-up accordintpéostandard protocol. Analysis
of the crude mixture b¥H NMR spectroscopy revealed peaks attributableotormate
ester starting materid72, 2-bromobiphenyl starting materiaR9 and only a small

amount of coupled produ2®?.

(if) Using sodium 2-methylnaphth-1-ylborate sl and 2-bromobiphenyd29,

Sodium 2-methylnaphth-1-ylborate s2aft9 (0.68 g, 3.00 mmol, 2 equiv.) and
1,1’-bis(diphenylphosphino)ferrocene dichloropailexd(ll) (50 mg, 0.06 mmol, 4
mol%) were added to a flame-dried pressure tubdevield by 2-bromobipheny229
(0.35 g, 1.50 mmol, 1 equiv.) via syringe. Fredtiilstilled toluene (15 mL) was added
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and the tube sealed and heated to 90 °C for 4&derustirring. After this time the
mixture was allowed to cool to room temperature amaked-up according to the
standard protocol. Analysis of the crude mixture'HyNMR spectroscopy revealed
peaks attributable to the coupled prod2@7. Purification by column chromatography
over silica eluting with hexarel5:1 hexane/DCM gave 1-(2'-biphenyl)-2-
methylnaphthalen227 as a viscous colourless oil (0.22 g, 50%). Spkdata were
consistent with literature valué§R; 0.14 (hexane)dy (400 MHz, CDC}) 7.76 (1H,
d, J 7.6), 7.65 (1H, dJ 8.4), 7.54-7.41 (4H, m), 7.38-7.30 (2H, m), 7.25(d,J
7.6), 7.17 (1H, dJ 8.4), 7.02-6.93 (5H, m), 1.97 (3H, sg-H1); &c (100 MHz,
CDCls) 142.43, 141.53, 138.09, 137.45, 133.69, 133.682.0r, 131.69, 130.49,
128.92, 128.69, 128.13, 128.05, 127.81, 127.49,4127126.78, 126.53, 126.15,
124.85, 20.88 (C-11)m/z (El) 294 (M, 100%); HRMS (CI): Found: 312.1750.
Ca3H2oN (M+NH,") Requires 312.1747.

Chiral HPLC separation conditions and retentioresrof isomers:

Compd| Column

Eluent: Flowrate tg of 1% tg Of 2 Ratio of

Heptane/EtOH| (mL/min) | isomeP (min) | isomeP (min) | isomers

227 oF 70/30 1.0 3.9 5.3 51:49

aChiralcel OJ column by Daicel Chemical Ind., Ltdetected at 215 nm.

(i) Using sodium 2-methylnaphth-1-ylborate s21t9 and 2-iodobipheny230,

Sodium 2-methylnaphth-1-ylborate saft9 (0.68 g, 3.00 mmol, 2 equiv.) and
1,1’-bis(diphenylphosphino)ferrocene dichloropailexd(ll) (50 mg, 0.06 mmol, 4
mol%) were added to a flame-dried pressure tublevield by 2-iodobiphenyR30
(0.42 g, 1.50 mmol, 1 equiv.) via syringe. Fredtiilstilled toluene (15 mL) was added
and the tube sealed and heated to 90 °C for 4&derustirring. After this time the
mixture was allowed to cool to room temperature amaked-up according to the
general protocol. Analysis of the crude mixture By NMR spectroscopy revealed
peaks attributable to the coupled prod2@7. Purification by column chromatography
over silica eluting with hexarel5:1 hexane/DCM gave 1-(2'-biphenyl)-2-
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methylnaphthalen227 as a viscous colourless oil (0.20 g, 45%). Spkdaita were

consistent with literature valué§(See above for data).

Asymmetric Suzuki couplings towards 1-(2’-biphenyh2-methylnaphthalene 227

(i) Using sodium 2-methylnaphth-1-ylborate s#Hl© and 2-bromobipheny29,

Sodium 2-methylnaphth-1-ylborate sait9 (0.51 g, 2.25 mmol, 1.5 equiv.),
palladium chloride (11 mg, 0.06 mmol, 4 mol%) ard-)-N,N-dimethyl-1-[©)-2-
(diphenylphosphino)ferrocenyllethylamirfe80 (53 mg, 0.12 mmol, 8 mol%) were
added to a flame-dried pressure tube followed lydtnobiphenyl229 (0.35 g, 1.5
mmol, 1 equiv.) via syringe. Freshly distilled tehe (15 mL) was added and the tube
sealed and heated to 90 °C for 48 h, under stirddger this time the mixture was
allowed to cool to room temperature and worked-egoeding to the general protocol.
Purification by column chromatography over siliclut@g with hexane»15:1
hexane/DCM isolated the produ227 as a viscous colourless oil (0.14 g, 32%). (See
above for spectral data). An enantiomeric excess ma@ achieved as the ratio of

isomers corresponded to an approximately racenmitung:

Chiral HPLC separation conditions and retentioresrof isomers:

Eluent: Flowrate tr of 1% tr of 2 Ratio of
Compd | Column _ _ _ _ _ _
Heptane/EtOH| (mL/min) | isomeP (min) | isomeP (min) | isomers

227 oF 70/30 1.0 3.9 5.5 46:54

aChiralcel OJ column by Daicel Chemical Ind., Ltdetected at 215 nm.
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(i) Using ‘reversed’ coupling partners 1-bromo-Zthylnaphthalenel62 and

sodium 2-biphenylborate sélB2

Sodium 2-biphenylborate sak32 (0.74 g, 3 mmol, 1.5 equiv.), palladium
chloride (14 mg, 0.08 mmol, 4 mol%) andR-(-)-N,N-dimethyl-1-[©)-2-
(diphenylphosphino)ferrocenyllethylamirfe80 (70 mg, 0.16 mmol, 8 mol%) were
added to a flame-dried pressure tube followed tydlno-2-methylnaphthalenks2
(0.50 g, 2 mmol, 1 equiv.) via syringe. Freshlytided toluene (15 mL) was added
and the tube sealed and heated to 90 °C for 4&derustirring. After this time the
mixture was allowed to cool to room temperature amaked-up according to the
general procedure. Purification by column chromedphy over silica eluting with
hexane gave the produ2®7 as a colourless dil (0.26 g, 44%). (Data as above). An
enantiomeric excess was not achieved as the rdtisomers corresponded to a

roughly racemic mixture mixture:

Chiral HPLC separation conditions and retentioresrof isomers:

Eluent: Flowrate tr of 1° tg of 2" Ratio of
Compd| Column . ) ) . . )
Heptane/EtOH| (mL/min) | isomeP (min) | isomeP (min) | isomers

227 oF 70/30 1.0 4.2 5.8 48:52

aChiralcel OJ column by Daicel Chemical Ind., Ltdetected at 215 nm.

3.9 Preparation of organoboron and organohalide cquling

partners for further Suzuki reactions

Synthesis of 1-bromonaphth-2-yl triflate 235
R 4
CIOE 3k
\\
. S O/S\\ 11 F
8

Br

Following the procedure described by Buchwald ¥im'® a solution of 1-
bromo-2-naphthoR34 8.30 g, 37.2 mmol, 1 equiv.) in dry pyridine (31)was
prepared and cooled to -5 °C under argon. Triflowthanesulfonic anhydride (7.15
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mL, 40.85 mmol, 1.1 equiv.) was added dropwisehi® g$olution via syringe. The
mixture was stirred at -5 °C for 30 minutes andntlaowed to warm to room
temperature and stirred for a further 18 h. Theiltieg) mixture was taken up in
diethyl ether (100 mL) and dilute hydrochloric adi®l M, 100 mL) added. The
aqueous layer was extracted with diethyl ether 80 and the combined organic
layers washed with hydrochloric acid (3 M, 2 x 5Q)msaturated NaHC©solution
(50 mL), brine (50 mL) and then dried and removedatvent. The remaining oil was
purified by column chromatography on silica elutingth hexane to give 1-
bromonaphth-2-yl triflat35as a pale yellow crystalline solid (11.94 g, 90%4)p.
24-26 °C; R 0.5 (5:1 pet. ether/ethyl acetaté); (300 MHz, CDC}) 8.30 (1H, d,J
8.1, H-8), 7.88 (2H, dJ 9.0), 7.72-7.58 (2H, m), 7.43 (1H, 4,9.0, H-3);5¢ (75
MHz, CDCk) 145.33, 133.28, 132.95, 129.96, 129.03, 128.5%3.Q1, 127.96,
120.14, 118.98 (1C, 4,319, C-11), 116.38.

Synthesis of 1-bromo-2-phenylnaphthalene 237

Following the procedure described by Buchwald ¥irg*® 1-bromonaphth-2-
yl triflate 235 (3.56 g, 10.0 mmol, 1 equiv.), tris(dibenzylideoet@ne)dipalladium(0)
(0.138 g, 0.15 mmol, 3 mol% Pd), 1,3-bis(diphehgigphino)propane (0.124 mg,
0.30 mmol, 3 mol%), lithium bromide (0.87 g, 10.0mwol, 1.0 equiv.) and diethyl
ether (15 mL) were added to a dried flask equippéti a Liebig condenser and
stirrer bar. The mixture was stirred at room terapge for 5 minutes, and then
phenylmagnesium bromid236 (3 M, 4.0 mL, 12.0 mmol, 1.2 equiv) added in one
portion (a water bath at room temperature was ts@ol the exothermic reaction).
The mixture was stirred at room temperature for ,6ahd then quenched with
methanol (2 mL). Water (20 mL) was added and theture extracted with diethyl
ether (3 x 30 mL). The organic layers were combjmatd, and removed of solvent.
The product237 was isolated by column chromatography over sigbaing with
hexane, and then further purified by recrystalisatwith DCM/ethanol to give a
white crystalline solid (2.07 g, 73%). M.p. 63-65;°R; 0.3 (hexane)dy (400 MHz,
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CDCl) 8.41 (1H, d,J 8.4, H-8), 7.86 (2H, m), 7.64 (1H,1,8.4, H-7) 7.55 (1H, tJ
8.4, H-6), 7.49-7.42 (6H, mfic (75 MHz, CDC}) 142.60, 141.06, 133.88, 132.78,
129.90, 128.75, 128.34, 128.23, 128.20, 127.94,782127.73, 126.80, 122.77.

Synthesis of 2-phenylnaphth-1-ylboronic acid 178

Following the procedure described by Buchwald Aim'® a solution of 1-
bromo-2-phenylnaphthaler#37 (1.5 g, 5.29 mmol, 1 equiv.) in freshly distill@eHF
(20 mL) was prepared, and cooled to =78 °C undgoram-Butyllithium (2.5 M in
hexane, 2.34 mL, 5.8 mmol, 1.1 equiv.) was addexpwiise to the solution and
stirred for 15 minutes. Trimethyl borate (1.10 §,6.mmol, 2 equiv.) was added to
the mixture in one portion, and stirred for 30 mesu After this time the mixture was
allowed to warm to room temperature and left to ®ternight. The resulting mixture
was quenched with dilute hydrochloric acid (2 M, 20Q) allowed to stir for 30
minutes and then extracted with diethyl ether (30xmL). The organic layers were
dried and removed of solvent to give an oily resid@&ddition of hexane resulted in
precipitation of a white solid which was filteredashed with ice-cold hexane and
dried to give the pure boronic aci/8 Spectral data were in agreement with
literature values® (1.03 g, 79%). M.p. 280 °C (decompd) (400 MHz, CDC}) 8.14
(1H, d,J 8.0, H-8), 7.94-7.87 (2H, m), 7.58-7.40 (8H, mB3t(2H, s, 2 x OH)dc
(75 MHz, CDC}) (C-1 is not observed) 143.82, 143.51, 135.43,.2%82129.64,
128.97, 128.96, 128.59, 128.44, 127.84, 127.44,.8024.26.08.

Synthesis of sodium 2-phenylnaphth-1-ylborate saz38

HO— B\ 18
Nat HO O

Following the general procedure for the synthestd sodium

trihydroxyarylborate salt32-phenylnaphth-1-ylboronic aciti78 (4.0 g, 16.1 mmol)
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was dissolved in a minimum amount of hot toluen@0(inL) under stirring. Once
completely dissolved, saturated aqueous sodiumokjdi solution (15 mL) was
added dropwise to the hot solution. The mixture aimwved to stir for a further 30
min until cooled to room temperature, after whible solid precipitate was filtered,
washed with cold toluene and dried under vacuune ddiid was confirmed b{H
NMR and**C NMR spectroscopy as the borate salt pro@3& (4.70 g, 99%) 3+
(400 MHz, DO ref. CHCN) 8.00 (1H, dJ 8.0), 7.82-7.73 (2H, m), 7.58 (2H, 4,
7.6), 7.46-7.34 (5H, m), 7.29 (1H,x,7.6);dc (75 MHz, D,O ref. CHCN) (C-1 is not
observed) 181.51, 144.40, 140.49, 135.08, 131.20,5%, 128.78, 128.58, 127.97,
127.27,126.93, 125.86, 125.57.

Synthesis of 2-phenylnaphth-1-yl(ethylene glycol)lsonate ester 239

(i) Using toluene as solvent:

2-Phenylnaphth-1-ylboronic acid78 (4.0 g, 16.1 mmol, 1 equiv.) was
dissolved in toluene (100 mL) under stirring andtireg, then ethylene glycol (1.10 g,
17.71 mmol, 1.1 equiv.) added via syringe and tlvdure heated to reflux for 20 h.
After this time no product formation was observgdlh.C so an additional portion of
ethylene glycol (0.5 mL) was added and the mixtuzated for a further 24 h. After
this time the solvent was removed, with only steytmaterials boronic acitl78 and

ethylene glycol found to be present (as determimetH NMR spectroscopy).

(il) Using a solvent mixture of THF and toluene:

2-Phenylnaphth-1-ylboronic acid78 (4.0 g, 16.1 mmol, 1 equiv.) was
dissolved in a mixture of THF and toluene (4:1, 1OD) under stirring and heating.
Ethylene glycol (1.10 g, 17.71 mmol, 1.1 equiv.)swadded to the solution via
syringe. The mixture was heated to reflux for 48afier which the mixture was

allowed to cool to room temperature. The solvens wemoved under vacuum and
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DCM (50 mL) added to the residue. This was shakéh water (50 mL) and the
layers separated. The aqueous layer was extracted®@M (50 mL) and the organic
layers combined, dried, filtered, and removed diesat to leave a yellow oil. On
standing the oil solidified to an off-white solidhiegh was confirmed as the pure
product239 (3.75 g, 85%). M.p. 109 °C;:®.3 (3:1 hexane/ethyl acetaté); (400
MHz, CDCk) 8.05 (1H, dJ 8.0), 7.92 (1H, dJ 8.4), 7.85 (1H, dJ 8.4), 7.60-7.40
(7H, m), 7.36 (1H, t) 7.2) 4.28 (4H, s, {17 and H-18); 5 (100 MHz, CDC}) (C-1

is not observed) 145.43, 143.94, 136.12, 131.93,.62 128.65, 128.35, 128.29,
128.22,127.20, 127.07, 126.40, 125.64, 66.07 (@i¥ C-18);m/z(Cl) 275 (M+1,
100%); HRMS (CI): Found: 275.1240;48,6BO, (M+H") Requires 275.1238.

Synthesis of 2-phenylnaphth-1-yl(pinacol)boronatester 240

2-Phenylnaphth-1-ylboronic acid78 (1.84 g, 7.41 mmol, 1 equiv.) and
pinacol (0.96 g, 8.15 mmol, 1.1 equiv.) were heatetbluene (50 mL) under reflux
for 24 h, after which the reaction mixture was waka to cool to room temperature.
The mixture was diluted with DCM (50 mL) and watatded (50 mL). The layers
were separated and the aqueous layer extractedwiltier portions of DCM (2 x 50
mL). The organic layers were combined, dried, aleréd. The solvent was removed
leaving a viscous oil. After allowing to dry undeacuum for two days solidification
occurred resulting in an off-white waxy solid. Thvss confirmed as the produ2:40
(1.86 g, 76%). No further purification was perfodnas spectral data were in
accordance with literature valub¥sM.p. 47 °C; R0.3 (5:1 hexane/ethyl acetaté);
(400 MHz, CDC}) 8.10 (1H, d,J 8.0), 7.85 (2H, tJ 8.4), 7.56-7.32 (8H, m), 1.24
(12H, s, H-19, H-20, H-21 and H-22); dc (75 MHz, CDC}) (C-1 is not observed)
145.42, 143.93, 136.16, 131.97, 129.42, 129.26,3P28128.13, 127.90, 127.28,
127.13, 126.37, 125.49, 84.06 (C-17 and C-18),24319, C-20, C-21 and C-22);
m/z (Cl) 331 (M+1, 100%); HRMS (CI): Found: 331.186@,,H.,B0, (M+H")
Requires 331.1870.
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Attempted synthesis of sodium 2-nitrophenylborate at 244

4
5 3

2
6

1 NO;
HO—B—OH
Na* OH

2-Nitrophenylboronic aci@43 (0.5 g, 3.0 mmol) was dissolved in hot toluene
(40 mL). Once fully dissolved, saturated sodium royede solution (6 mL) was
added dropwise to the hot solution. The mixture wadewed to cool to room
temperature and left to stir for 30 minutes, howewe precipitation of any solid

product occurred.

Attempted synthesis of 2-nitrophenyl(ethylene glydyboronate ester 245

(i) Using toluene as solvent:

2-Nitrophenylboronic acid®43 (1.0 g, 6 mmol, 1 equiv.) was dissolved in
freshly distilled toluene (30 mL) and anhydrousyéthe glycol (0.41 g, 6.6 mmaol,
1.1 equiv.) added via syringe. The mixture was éubao reflux for 5 h with
azeotropic removal of water using Dean-Stark agparaifter this time the mixture
was allowed to cool to room temperature, removedadvent, and DCM (20 mL)
added to the residue. Water (20 mL) was addedlanthyers separated. The aqueous
layer was extracted with DCM (2 x 20 mL), and thrgamic layers combined and
dried. The solution was filtered and removed ofvent, leaving only a very small
amount of yellow residue. Re-extraction of the amselayer with diethyl ether
recovered a substantial amount of yellow solid Whicas confirmed byH NMR

spectroscopy to be 2-nitrophenylboronic acid sigrthateria43
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(il) Using a solvent mixture of THF and toluene:

2-Nitrophenylboronic aci@43 (4.0 g, 23.96 mmol, 1 equiv.) was dissolved in
a mixture of THF and toluene (4:1, 100 mL) underrisg and heating, with
anhydrous ethylene glycol (1.64 g, 26.36 mmol, dqgiiv.) added via syringe. The
mixture was heated to reflux for 64 h, and theovedid to cool to room temperature
and removed of solvent. DCM (60 mL) was added ® résidue, and then shaken
with water (60 mL). The layers were separated, thedagueous layer extracted with
DCM (2 x 60 mL). The organic layers were combingded, filtered and removed of
solvent to leave a yellow solid which was foundhb® 2-nitrophenylboronic acid

starting materia43 (analysis byH NMR spectroscopy).

Synthesis of 2-nitrophenyl(pinacol)boronate ester46

2-Nitrophenylboronic aci@43(2.0 g, 11.98 mmol, 1 equiv.) and pinacol (1.5
g, 13.18 mmol, 1.1 equiv.) were heated in tolues®@ fiL) under reflux for 48 h.
After this time the reaction mixture was allowedctmol then diluted with DCM (50
mL). Water (50 mL) was added and the layers sepdralhe aqueous layer was
extracted with DCM (2 x 50 mL), and the organicdesy combined and dried. The
solution was filtered and removed of solvent toegilve boronate ester prod2e6 as
a waxy yellow solid (2.77 g, 93%). No further pigdétion was performed as spectral
data were consistent with literature val@®$4.p. 40 °C; R 0.5 (5:1 hexane/ethyl
acetate)dy (400 MHz, CDCJ) 8.13 (1H, dJ 8.0, H-3), 7.64 (1H, t) 7.6), 7.55-7.47
(2H, m), 1.40 (12H, s, #9, Hs-10, H-11 and H-12); & (75 MHz, CDCH}) (C-1 is
not observed) 133.80, 132.87, 130.10, 123.02, 846D and C-8), 24.59 (C-9, C-10,
C-11 and C-12).
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3.10 Symmetric and asymmetric Suzuki coupling rea@ns

towards alternative axially chiral biaryl compounds

In the following set of Suzuki coupling reactiotise procedure employing a
sealed pressure tube (as described previously) madified slightly for those
reactions in which the use of a base was necesshiy.modification was to enable
the rigorous drying of the base prior to its usethe reaction. In addition, solid
organoboron and organohalide reagents were grooiral fine powder and placed

under high vacuum for a minimum of 4 h prior to.use

General procedure

A thick-walled Acé€ pressure tube was equipped with a stirrer barpedp
with a rubber septum, flame-dried and allowed taxeinder argon. If the use of a
base (such as cesium fluoride) was necessarygthered amount was added to the
tube, rigorously flame-dried under vacuum and afldwo cool to room temperature
under argon. Once completely cooled the remainaligl seagents i.e. organoboron
reagent, organohalide reagent, catalyst and ligasreé subsequently added. The tube
was evacuated and backfilled with argon after emdition. Freshly distilled solvent
was added via syringe. The tube was then sealetiytigith a Teflorf screw-cap and
heated in a pre-heated oil bath at the indicatexp&zature for the required time (24-
48 h) under stirring. After this time the crudeatan mixture was allowed to cool to
room temperature, diluted with DCM (30 mL), and lgdrawith water (30 mL). The
layers were separated, and the aqueous layer ®dradth further portions of DCM
(2 x 30 mL). The organic layers were combined, dlioger sodium sulfate, filtered,
and removed of solvent. The crude material wasfipdrby column chromatography

over silica.
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Symmetric Suzuki coupling towards 1-(2’-methylpheni)-2-phenylnaphthalene
233

Sodium 2-phenylnaphth-1-ylborate sa88 (0.57 g, 2.0 mmol, 2 equiv.) and
1,1’-bis(diphenylphosphino)ferrocene dichloropailad(ll) (11.4 mg, 0.014 mmol, 2
mol%) were added to a flame-dried pressure tubeewmratgon. 1-Bromo-2-
methylbenzen®41 (0.17 g, 1.0 mmol, 1 equiv.) was added to the tubesyringe,
followed by anhydrous toluene (15 mL). The tube wealed and the mixture heated
to 90 °C under stirring for 24 h. After this timeetmixture was allowed to cool and
worked-up according to the general procedure. Tdrebined organic layers were
dried, filtered and removed of solvent to leaveaskded oil. Analysis of this crude
mixture (by*H NMR spectroscopy) revealed peaks attributabtéaeéccoupled product
233 together with deboronated material (2-phenylnagletie). Purification by
column chromatography over silica eluting with ndagptane isolated 1-(2'-
methylphenyl)-2-phenylnaphthaler#33 as a white crystalline solid (0.10 g, 33%).
Spectral data were in agreement with literatureest’ M.p. 115 °C:34 (400 MHz,
CDCls) 7.94 (2H, tJ 7.8), 7.58 (1H, dJ 8.4), 7.47 (1H, tJ 7.2), 7.43-7.35 (2H, m),
7.27-7.10 (9H, m), 1.86 (3H, sgH’); &c (100 MHz, CDC}) 141.89, 138.46, 138.18,
137.15, 136.92, 132.73, 132.53, 131.64, 129.74,6829128.27, 127.91, 127.60,
127.56, 127.29, 126.64, 126.34, 126.28, 125.68,2P25.9.97 (C-7");m/z (Cl) 295
(M+1, 100%); HRMS (CI): Found: 295.1483,4;5 (M+H") Requires 295.1481.

Chiral HPLC separation conditions and retentioresrof isomers:

Compd| Column

Eluent: Flowrate tg of 1% tg of 2" Ratio of

Heptane/EtOH| (mL/min) | isomeP (min) | isomeP (min) | isomers

233 oF 70/30 1.0 4.9 12.9 50:50

3 Chiralcel OJ column by Daicel Chemical Ind., Ltdetected at 215 nm.
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Asymmetric Suzuki coupling towards 1-(2’-methylphelyl)-2-phenylnaphthalene
233

Sodium 2-phenylnaphth-1-ylborate s&88 (0.57 g, 2.0 mmol, 2 equiv.),
palladium chloride (4.6 mg, 0.026 mmol, 2 mol%) d&i¢-)-N,N-dimethyl-1-[§)-2-
(diphenylphosphino)ferrocenyllethylamii&€0 (22.9 mg, 0.052 mmol, 4 mol%) were
added to a flame-dried pressure tube under arggupged with a stirrer bar. 1-
Bromo-2-methylbenzen241 (0.17 g, 1.0 mmol, 1 equiv.) was added to the wibe
syringe, followed by anhydrous toluene (15 mL). Thiee was sealed and the mixture
heated to 90 °C under stirring for 24 h. After thirme the mixture was allowed to
cool and then worked-up according to the genexaquure. The pale red oil obtained
after work-up was analysed b¥H NMR spectroscopy which revealed peaks
belonging to those of the coupled produ283 Purification by column
chromatography over silica eluting with neat heptaolated 1-(2’-methylphenyl)-2-
phenylnaphthalen@33 as a white crystalline sofitl (0.12 g, 42%). M.p. 115 °C.
(Spectral data as above). An enantiomeric excessneh achieved as the ratio of

isomers corresponded to an approximately racemnitung:

Chiral HPLC separation conditions and retentioresrof isomers:

Eluent: Flowrate tr of 1% tr of 2 Ratio of
Compd | Column _ _ _ _ _ _
Heptane/EtOH| (mL/min) | isomeP (min) | isomeP (min) | isomers

233 oF 70/30 1.0 4.9 12.9 47:53

& Chiralcel OJ column by Daicel Chemical Ind., LidDetected at 215 nm.
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Symmetric Suzuki couplings towards 1-(2’-nitropheny)-2-phenylnaphthalene
179

(i) Using 2-phenylnaphth-1-yl(ethylene glycol)baaten ester 239, 1-bromo-2-
nitrobenzend 77, palladium chloride and triphenylphosphine;

To a dried pressure tube was added cesium flugfids5 g, 3.6 mmol, 3
equiv.), which was thoroughly flame-dried under wam and allowed to cool under
an atmosphere of argon. 2-Phenylnaphth-1-yl(etkeylghycol)boronate este239
(0.49 g, 1.8 mmol, 1.5 equiv.), 1-bromo-2-nitrobemz177 (0.24 g, 1.2 mmol, 1
equiv.), triphenylphosphine (6.3 mg, 0.024 mmolnal%) and palladium chloride
(2.1 mg, 0.012 mmol, 1 mol%) were added, followgdfieshly distilled DME (15
mL) via syringe. The tube was sealed and heate®Dt6C for 24 h under stirring.
After this time the mixture was allowed to cool ahén worked-up according to the
general procedure. Analysis of the crude mixturéHNMR spectroscopy revealed
peaks attributable to boronate ester starting na@39, deboronated side-product (2-

phenylnaphthalene) and 1-bromo-2-nitrobenzenersgamateriall77 only.

(i) Using 2-phenylnaphth-1-yl(pinacol)boronate &s240, 1-bromo-2-nitrobenzene
177, palladium chloride and triphenylphosphine;

To a dried pressure tube was added cesium flugbide¥4 g, 4.44 mmol, 3
equiv.), which was thoroughly flame-dried underwam and allowed to cool under
an atmosphere of argon. 2-Phenylnaphth-1-yl(piboobnate este240(0.73 g, 2.22
mmol, 1.5 equiv.), 1-bromo-2-nitrobenzendg7 (0.30 g, 1.48 mmol, 1 equiv.),
triphenylphosphine (31.0 mg, 0.1184 mmol, 8 mol’)l galladium chloride (10.5
mg, 0.0592 mmol, 4 mol%) were subsequently addaethvied by freshly distilled
DME (18 mL) via syringe. The tube was sealed aratdweto 80 °C for 24 h under
stirring. After this time the mixture was alloweal ¢cool and worked-up according to

the general procedure. Analysis of the crude méxtby ‘H NMR spectroscopy
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revealed peaks attributable to unreacted boronster estarting materiaP40 and

unreacted bromide starting mated&l7. No other peaks were observed.

(i) Using sodium 2-phenylnaphth-1-ylborate saB8 1-bromo-2-nitrobenzeng&77
and 1,1’-bis(diphenylphosphino)ferrocene dichlortgaium(ll);

Sodium 2-phenylnaphth-1-ylborate saB8 (0.57 g, 2.0 mmol, 2 equiv.), 1-
bromo-2-nitrobenzene 177 (0.20 g, 1.0 mmol, 1 equiv.) and 1,1-
bis(diphenylphosphino)ferrocene dichloropalladiuin((16.3 mg, 0.02 mmol, 2
mol%) were added to a flame-dried pressure tubemadjon. Anhydrous toluene (18
mL) was added via syringe and the tube sealed aattth to 90 °C for 24 h. After this
time the mixture was allowed to cool and worked-agrording to the general
procedure. Analysis of the crude mixture ¥y NMR spectroscopy revealed peaks
attributable to deboronated side-product (2-pheapithalene) and 1-bromo-2-
nitrobenzene starting materidl77. Only traces of the coupled produt?9 were

observed.

(iv) Using sodium 2-phenylnaphth-1-ylborate <288 1-bromo-2-nitrobenzen&77,
palladium chloride and triphenylphosphine;

Sodium 2-phenylnaphth-1-ylborate sa88 (0.52 g, 1.8 mmol, 1.5 equiv.), 1-
bromo-2-nitrobenzen&77 (0.24g, 1.2 mmol, 1 equiv.), triphenylphosphine3 (g,
0.024 mmol, 2 mol%) and palladium chloride (2.1 )12 mmol, 1 mol%) were
added to a flame-dried pressure tube under argahydyous toluene (15 mL) was
added via syringe and the tube sealed and hea®®@l %G for 24 h. After this time the
mixture was allowed to cool and worked-up accordingthe general procedure.
Analysis of the crude mixture By NMR spectroscopy revealed peaks attributable to
deboronated side-product (2-phenylnaphthalene)lamemo-2-nitrobenzene starting

materiall77. No other peaks were observed.
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(v) Using sodium 2-phenylnaphth-1-ylborate 288 1-iodo-2-nitrobenzen242 and
1,1’-bis(diphenylphosphino)ferrocene dichloropallam(ll);

Sodium 2-phenylnaphth-1-ylborate saB8 (0.57 g, 2.0 mmol, 2 equiv.), 1-
iodo-2-nitrobenzene 242 (025 g, 1.0 mmol, 1 -equiv.) and 1,1'-
bis(diphenylphosphino)ferrocene dichloropalladiuin({16.3 mg, 0.02 mmol, 2
mol%) were added to a flame-dried pressure tubemadjon. Anhydrous toluene (18
mL) was added via syringe and the tube sealed eatkti to 90 °C for 24 h. After this
time the mixture was allowed to cool and worked-agrording to the general
procedure. Analysis of the crude mixture ¥y NMR spectroscopy revealed peaks
attributable to deboronated side product (2-pheapfiuthalene), unreacted iodide
starting material242, a small amount of an unknown impurity, and theirges
coupled productL79. Purification of the crude mixture by column chawgraphy
over silica eluting with neat hexane 9:1 hexane/DCM successfully removed
unreacted iodide242 and deboronated material. A crystalline yellowidsolas
isolated (0.094 g, 29%), however spectral dataaledethat the solid consisted of a
mixture of the coupled produ&#9and the unidentified impurity, which could not be
removed by further attempts at purification (repdatolumn chromatography). Peaks
observed for the product79 in the 'H NMR spectrum were in agreement with
literature valued® R; 0.07 (5:1 hexane/DCMYy (400 MHz, CDCJ) 8.01-7.92 (3H,
m), 7.58-7.34 (6H, m), 7.29 (1H, dd7.6 and 1.6), 7.20-7.13 (5H, nd; (100 MHz,
CDCl3) 149.10, 140.20, 137.05, 133.62, 133.20, 132.71,.6D, 131.53, 130.67,
128.47, 127.35, 127.33, 127.27, 127.03, 126.83,8425125.75, 124.91, 124.20,
123.31.

Chiral HPLC separation conditions and retentioresrof isomers:

Compd| Column

Eluent: Flowrate tg of 1% tg of 2" Ratio of

HexaneéPrOH | (mL/min) | isomeP (min) | isomeP (min) | isomers

179 01° 90/10 0.5 11.3 12.6 55:45

& 5um particle size Eurocel column by Knauer, GmBPBetected at 230 nm.

198



Asymmetric Suzuki couplings towards 1-(2’-nitropheryl)-2-phenylnaphthalene
179

(i) Using sodium 2-phenylnaphth-1-ylborate 288 and 1-iodo-2-nitrobenzerz42,

Sodium 2-phenylnaphth-1-ylborate saB8 (0.57 g, 2.0 mmol, 2 equiv.), 1-
iodo-2-nitrobenzen42 (0.25 g, 1.0 mmol, 1 equiv.), palladium chloride6( mg,
0.026 mmol, 2 mol%) and R-(-)-N,N-dimethyl-1-[©)-2-
(diphenylphosphino)ferrocenyllethylamii&€0 (22.9 mg, 0.052 mmol, 4 mol%) were
added to a flame-dried pressure tube under argahydsous toluene (15 mL) was
added via syringe, the tube sealed tightly andntibdure heated to 90 °C for 24 h.
After this time the mixture was allowed to cool amdrked-up according to the
general procedure. Analysis of the crude mixturéHyNMR spectroscopy revealed
peaks attributable to the desired coupled produ&together with unreacted iodide
starting material 242 and deboronated side-product (2-phenylnaphthalene)
Purification by column chromatography over silidatieg with neat hexane» 8:1
hexane/DCM isolated the pure coupled prodif as a yellow crystalline solid (0.11
g, 34%). M.p. 149 °C. Spectral data were as abowk v@ere in agreement with

literature values® ee 78% (determined from chiral HPLC data).

Chiral HPLC separation conditions and retentioresrof isomers:

Eluent: Flowrate tr of 1% tr of 2 Ratio of
Compd | Column : . ' _ . . '
HexanePrOH | (mL/min) | isomeP (min) | isomeP (min) | isomers

179 01° 90/10 0.5 11.3 12.6 11:89

3 5um particle size Eurocel column by Knauer, GmBBetected at 230 nm.
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(i) Using 2-phenylnaphth-1-yl(ethylene glycol)boate ester239 and 1-bromo-2-

nitrobenzend. 77

Using a slightly modified procedure, the reactsmivent (DME) was distilled
then collected and degassed (with argon) in a agpdtask for 1 h before use.
Molecular sieves (3 A) were added to the pressube tand flame-dried under
vacuum. Cesium fluoride (0.46 g, 3.0 mmol, 3 equwas added to the tube and
thoroughly flame-dried under vacuum. After coolibhg room temperature under
argon, 1-bromo-2-nitrobenzed&7(0.20 g, 1.0 mmol, 1 equiv.) and 2-phenylnaphth-
1-yl(ethylene glycol)boronate est2B9 (0.41 g, 1.5 mmol, 1.5 equiv.) were added,
followed by distilled and degassed DME (15 mL) w#gringe. The mixture was
degassed further in situ for 1 h after whidR(-)-N,N-dimethyl-1-[©)-2-
(diphenylphosphino)ferrocenyllethylamirs80 (35 mg, 0.08 mmol, 8 mol%) and
palladium chloride (7.1 mg, 0.04 mmol, 4 mol%) wedded. The tube was sealed
and heated to 80 °C for 24 h. After this time thixtore was allowed to cool and
worked-up according to the general procedure. Asiglgf the crude mixture biH
NMR spectroscopy revealed peaks attributable toeacted boronate est&39
starting material and a small amount of the cougdembuct179. An approximate
yield was calculated as 3% (from the ratio of inéds)in the'H NMR spectrum). A
small sample of the pure coupled prod@igd was successfully isolated by column
chromatography over silica eluting with neat hexamed:1 hexane/DCM. Spectral
data were as above and were in agreement withatiter value$® ee 90%
(determined from chiral HPLC data).

Chiral HPLC separation conditions and retentioresrof isomers:

Eluent: Flowrate tr of 1% tr of 2 Ratio of
Compd | Column : . ' _ . . '
HexanePrOH | (mL/min) | isomeP (min) | isomeP (min) | isomers

179 01° 90/10 0.5 11.3 12.6 5:95

3 5um particle size Eurocel column by Knauer, GmBBetected at 230 nm.
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(i) Using 2-phenylnaphth-1-yl(pinacol)boronatet@s240and 1-bromo-2-

nitrobenzend. 77

Using a slightly modified procedure, the reactsmivent (DME) was firstly
distilled, then collected and degassed for 1 hh(\aitgon) in a separate flask before
use. Molecular sieves (3 A) were added to the prestibe and flame-dried under
vacuum. Cesium fluoride (0.46 g, 3.0 mmol, 3 equivas next added to the tube and
thoroughly flame-dried under vacuum. After coolibhg room temperature under
argon, 1-bromo-2-nitrobenzed&7(0.20 g, 1.0 mmol, 1 equivR-(—)-N,N-dimethyl-
1-[(9-2-(diphenylphosphino)ferrocenyl]ethylamia80 (35 mg, 0.08 mmol, 8 mol%)
and palladium chloride (7.1 mg, 0.04 mmol, 4 mol@re added, followed by the
distiled and degassed DME (15 mL) via syringe. h&®ylnaphth-1-
yl(pinacol)boronate este240 (0.5 g, 1.5 mmol, 1.5 equiv.) was added, and tie t
sealed and heated to 80 °C for 24 h under stirditer this time the mixture was
allowed to cool and worked-up according to the gainprocedure. Analysis of the
crude mixture by'H NMR spectroscopy revealed peaks attributable riceacted
boronate ester starting materi2d0, unreacted bromide starting materiad7 and
small amounts of the coupled product9. (The yield calculated from the ratio of
integrals in the'H NMR spectrum was approximately 5%). The crudetumnix was
purified by column chromatography over silica eigtiwith neat hexane»> 9:1
hexane/DCM to give the isolated product9 as a crystalline yellow solid (6 mg,
1%). Spectral data were as above and were in agreewith literature value¥. ee
98% (determined from chiral HPLC data).

Chiral HPLC separation conditions and retentioresrof isomers:

Eluent: Flowrate tr of 1% tr of 2 Ratio of
Compd | Column : . ' _ . . '
HexanePrOH | (mL/min) | isomeP (min) | isomeP (min) | isomers

179 01° 90/10 0.5 11.3 12.6 1:99

3 5um particle size Eurocel column by Knauer, GmBBetected at 230 nm.
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(iv) Using 2-phenylnaphth-1-yl(pinacol)boronateezs240 and 1-iodo-2-nitrobenzene
242,

Cesium fluoride (0.55 g, 3.6 mmol, 3 equiv.) wakled to a dried pressure
tube, thoroughly flame-dried and allowed to cootdom temperature under argon. 1-
lodo-2-nitrobenzen®42 (0.3 g, 1.2 mmol, 1 equiv.R-(-)-N,N-dimethyl-1-[©)-2-
(diphenylphosphino)ferrocenyllethylamirfe80 (42 mg, 0.096 mmol, 8 mol%) and
palladium chloride (17 mg, 0.048 mmol, 4 mol%) wexked, followed by freshly
distilled DME (15 mL). 2-Phenylnaphth-1-yl(pinadodfonate este?40 (0.6 g, 1.8
mmol, 1.5 equiv.) was added and the tube sealechaatéd at 80 °C for 24 h. After
this time the mixture was allowed to cool and wakkg according to the general
procedure. Analysis of the crude mixture ¥y NMR spectroscopy revealed peaks
attributable to boronate ester starting mateét4), iodide starting materiél42 and an
unidentified impurity. A very small amount of coedl productl79 was present,
which was successfully isolated by column chromiaplyy over silica eluting with
neat hexane— 9:1 hexane/DCM. Analysis of the yellow solid By NMR
spectroscopy revealed a mixture of the coupled ypbd79 and an unidentified
impurity. The estimated yield was calculated as <id®m the ratio of integrals in the
'H NMR spectrum. Spectral data were as above and imeagreement with literature
values'® (The retention times of the isomers matched thafsgrevious samples of
productl79). ee ~ 80% (determined from chiral HPLC data).

Chiral HPLC separation conditions and retentioresrof isomers:

Compd| Column

Eluent: Flowrate tg of 1% tg of 2" Ratio of

HexanePrOH | (mL/min) | isomeP (min) | isomeP (min) | isomers

179 01° 90/10 0.5 11.3 12.6 10:90

& 5um particle size Eurocel column by Knauer, GmBPBetected at 230 nm.
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(v) Using ‘reversed’ coupling partners 2-nitrophgmnacol)boronate este246 and

1-bromo-2-phenylnaphthalera37,

Cesium fluoride (0.91 g, 6.0 mmol, 3 equiv.) wakled to a dried pressure
tube, thoroughly flame-dried and allowed to cootdom temperature under argon. 1-
Bromo-2-phenylnaphthalene 237 (0.57 g, 2.0 mmol, 1 equiv.), 2-
nitrophenyl(pinacol)boronate est&46 (1.0 g, 4.01 mmol, 2 equiv.), palladium
chloride (14 mg, 0.08 mmol, 4 mol%) andR-(-)-N,N-dimethyl-1-[©)-2-
(diphenylphosphino)ferrocenyl]ethylamirfe80 (70 mg, 0.16 mmol, 8 mol%yere
added to the tube. Freshly distilled DME (18 mL)swhen added and the tube sealed
and heated to 90 °C for 24 h under stirring. Attas time the tube was allowed to
cool to room temperature and the crude mixture ewkp according to the general
procedure. Analysis of the crude mixture ¥y NMR spectroscopy revealed peaks
attributable to the desired coupled prodli¢9 as well as unreacted bromide starting
material 237 and deboronated side-product (nitrobenzene). iPatidn by column
chromatography over silica eluting with neat hexan@&:1 hexane/DCM isolated the
pure coupled produc79 as a yellow crystalline solid (0.35 g, 53%). M149 °C.
Spectral data were as above and were in agreemitntiterature values® ee 86%
(determined from chiral HPLC data).

Chiral HPLC separation conditions and retentioresrof isomers:

Eluent: Flowrate tr of 1% tr of 2 Ratio of
Compd | Column : . ' _ . . '
HexanePrOH | (mL/min) | isomeP (min) | isomeP (min) | isomers

179 01° 90/10 0.5 11.3 12.6 7:93

3 5um particle size Eurocel column by Knauer, GmBBetected at 230 nm.
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