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Abstract

Boronic acids and derivatives are one of the most useful classes of compounds in
organic synthesis. Methodologies involving diboron systems have emerged recently
as a rapid and powerful approach to synthesize complex molecules. Sigeuti
these systems is a key aspect and is typically achieved through protecting group
strategies. In this approach one boron species is rendered inert under reaction
conditions, while the unprotected boron residue can be selectively manipulated.
Nonethdess those methods have the drawback of requiring additional actions to
allow subsequent functionalisation (such as removal of the protecting group), which
limits overall efficiency. Howeveunprotected diboron systems can undergo a
series of equilibria Wile in solution which can led to side reactions and therefore
by-products or mixture of products For instance, inorganic base in reaction
mixtures can trigger speciation between thboron compounds leading to a

complexscrambleof starting material@and therefore products

The work described in this manuscript investigated the possilafityonducing a
chemoselective chlorinatignimplementing norprotected diboron systems. This
would allow thediscriminatoryfunctionalisationof boronic acids in t presence of
BPin esters, selectively generating an electropbjpeciesin situ By successfully
performing the selective halogenation, the development of the first selective di
nucleophile SuzukVliyaura crossouplingreaction employingtwo distinct boron

species was endeavoured and accomplished.

The chemoselectivity in this case could be achieved by a selective activation of
boronic acid species ovdioronic ester in the reaction mixture. The activation of
boronic acids approach was then appliedsynthesse SPECT imaging agents. The
developed technique would provide a mefate alternative towards the usual

metal-catalysed iododeboronatioprocesses
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Introduction

1 Introduction
1.1 Boronic acids and derivatives
1.1.1 Generalaspects

Although the first isolation of a boronic acid was reportedl860 by Franklandlit

was not until the late 1980s that the field of boron chemistry ascended, pioneered
by the groundbreaking work from Brown? Matteson? and Suzuki and Miyauré.

The applicability obrganoboron compounds in organic synthesis is vast, acting not
only as a versatile tool for derivatisation but also as a Lewis acid for several types of
reactions? or even as sensors for biomolecular recognition in chemical bidlogy.
Through the past few years, remarkable advances have been conquered in the area
which has led to more reliable methodologies and milder reaction conditions, as

well as letter understandingdof mechanismsnd reactivity!

Boron has two naturally occurring and stable isotogéB, and'°B, the first one
being the most abundantVith six valence electrons, neutral boron species appears
predominantly in its sphybridised form, with a trigonal planar molecular geometry

that holds a perpendicular vacanigybital (Figure 1).

s A EHEEE
R rPon gPon gPorR HoPom
borane borinic boronic boric

acid acid and ester acid

Figurel - Boron centre hybridisation and oxygeoontaining boron species

The resulting product of onefold oxidation of boranes is borinid,aai species
significantly more unstable than borané®roducts of second oxidation of boranes,
boronic acids are structurally a trivalent boreontaining compound with one
carbonbased substitant and two hydroxy groups (or alkoxy groups in the case of

boronic ester). Different froncarboxylic acids, boronic acids are not found in nature
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and require to be synthesized from a primary source of boron, such as boric acid
and borates (bororcontainingoxyanion$. The third oxidatioproductof boranes is
boric acid, which is a very stable and environmental friendly compound. The most
common boron species employed in catadyare shown above in Figure 1, however

only the highlighted boronic acids and esters will be covered in this work.
1.1.2 Synthesis of boronic acids and derivatives

As mentioned previously, the first isolation of an organoboron compound occurred
in the 19th centwy when diethylzinc was treated with B(OEtp form the air
sensitive triethylborane, which was slowly oxidised under ambient conditions,
affording ethylboronic acid (Scheme ®.As an alternative to zinc reactants,
organolithium and magnesium reagents could also be employed in the synthesis of

boronic acid:2:10

EtO.__OEt Et,zn Et<_.Et  [O] Et__OH
_Eban B

o L e

OEt Et OH
Schemel-CNJ Y1 f I yYRQE LINRPOSRdAZNB F2N) 6KS adeyikSara 2

Whilst the electrophilic borate trapping (EBT) approach, first described by
Frankland, remains one of the most common methods towards the synthesis of
boronic acids and derivativésthe development of more efficient conditions and
stable starting materials to install the carb&oron bond have been investigated
2P0SNJ GKS LI ad FS¢ RSOFRSad® Ly (K@onSI NI &
for the low yielding protocols to prepare phenylboronic acids by the addition of
methylborate (or boron trifluoride) into a solution of phenylmagnesium bronfide.
The Grignardeactant was gradually added to a solution of trialkylboratelow
temperatures in order to prevenintermediate A from forming the undesired
analogous borane or borinic acid through an additional Grignard reagent
displacement (Scheme 2a). The intermediate could then be hydrolysed to the free

boronic acid by aqueous workuplbeit in reduced yields due to the solutyiliof
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products in aqueous medium, an issue particularly prominent with more polar

substrates!®
RO, ArMX H,0
(a) B-OR —————> MIArB(OR)3] ArB(OR), + MOR
RO -78°C
A
%ArMX
M[Ar,B(OR),] === Ar,B(OR) + MOR
%ArMX
Ar,
M[Ar;B(OR)] =—= B—Ar + MOR
Ar
RO, ArLi HCI
(b) B-OR —— Li[ArB(OR)s] ———= ArB(OR), + LiCl + ROH
RO -78 °C, Et,0 0°C

Scheme2 - Series of equilibria involved in the EBT methodology

In order to overcome isolation issues, Brown andaaokers reported the reaction

of triisopropylborate with organolithium reagents a¥8 °C (Scheme 2b). The
reaction would deliver a similar intermediate as shown previously which, upon
treating with hydrahloric acid at 0°C afforded the desired boronic ester. The
method afforded the product with a higher purity and easier purification than the
previously describedorocedure due to the formation of lithium chloride and
isopropanol during workup Themethodology involving théin situgeneration of an
organolithium reagent warst descrbed in the late 190s and could be achieved
by treating an arylhalide with n-butyllithium which would rapidly react with
isopropylborate, delivering the desired boronic aoidgood yieldsyia subsequent
acidic quench!12 The analogous pinacol boronic ester could alsospethesized
through a crystallisation to provide the boroxine, followed by a treatment with
pinacol in toluené! The process ismenable to a wide range of temperatures
being optimum at-40 °G providing comparable yields even afQ The success of
this protocol rests in the lithiurmalogen exchange poess which has been proven
to be faster than the reaction betweem-BuLi and isopropyl borate while

minimising the sidaeactions? Li and Nelson conducted studies towards this
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method in 2002 and demonstrated its broad scope, delivering products such as
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Another possible approach using the electrophilic borate trapping methodology is
the direct ortho-metalation assisted by organolithium reagents (Schem& 3)In

this case, the presence of a coordinating group such as amines, esters and
carbamates can direct aortho-lithiation, giving the metallated intermediate, which

can be trapped by boric esters and provide the desired product. The process allows
access to a vaety of interesting motifs such as heteroaryl and alkenylboron species

and hence is a reliable approach to synthesise valuable intermediates.

Me Me
N(CH3)2 N N(CH3).

X (i) B(OMe)3
H  n-BuLi Li | __THF -20°C_ B(OH),
THF, rt (ii) HCI aq.

Schemes - Ortho-directed borylation

Although the metahalogen exchange process is still applied on l=gme
synthesis, the search for more airand moisturestable procedures remains a
promising field of research. Perhaps the most common process to access
organoboron building blocks in both industry and academiaaddransition metal
catalysis, which enables the convers of a GH or a & (where X = Cl, Br, | or OTs)
bond to a €B bond (Scheme 4}52°

Pd catalyst
X HBPIn or B,Pin,
O/ base, heat O/

X=Cl,Br, |, 0Ts

BPin

Schemet - General reaction scheme for transition metahtalysed boryhtions

Miyaura published a groundbreaking work in the 1990s which introduced
bis(pinacolato)diboron (irp) as a nucleophilic borylating agent for-eatalysed

reaction with organohalides or pseudohalidésNotwithstanding its importance as
a prime example of B bond formation, a more atoraconomical approach was

developed by Masuda and aworkers who used HBPin for borylation of &lides
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and triflates?! Subsequent efforts towards the design of new borane and diboron
compounds have been foregathered to improve aspects including functional group

tolerance, stility through purification and sensitivity towards hydroly&g#

Following a seminal report by Smith and MalecZda;catalysed €4 borylation was

efficiently developed by Hartwig and -wmrkers (Scheme 35271 | NI g A 3Q& 3 NI
described both spand sg GH borylation methods in the late 90s, employing

rhenium as well as rhodium, and succeeded in meliorating the efficiency and
stability of the process. The group not only accomplished the synthesis of various
boronic esters, but also demonstrated that a subsequent derivatisation to the

corresponding boronic acids and trifluoroborates could be achig®€d.

[Ir(OMe)(cod)], .
@H dtbpy, ByPin, @BPln
R R
hexane, rt
Scheme&s-DSY SNI £ NBIFOlGA2Y O2yRAGAZ2Y A& F2NJ I F NI gA I

Despite initial difficulties encountered mainly regarding regioselectivity of
borylation (Scheme 6), issues related to reaction efficiency and catidgistivation
were overcome, which translatéirectly into functional group tolerance. After
extensive studies arounché subject, the regioselective borylation of arenes was
conducted basing its reliance on steric effettdn contrast to the rationale to
access regioselective products from arenes, the-sgtectivity for the borylation of

heteroarenes is largely controlled by electronic effetts.

1/2 [IrCl(cod)],/bpy
OMe B,Pin, _ OMe | ield: 1:74:25
PinB om:
80°C, 16 h -m:p

Schemes-9 EF YLI S 2F NBIA2aStSO0ADOAGE AaadzsS 20aSNUSF

More recently, Ingleson and esorkers examined the use of inexpensive boron
sources,Lewis acid specieand mild conditions for borylationg.he entire process
relies on a series of equilibria to form the key intermediaescrived inScheme
73,3t which are driven by halide transfer and affinity between the boron centre and

the activating amineTo achieve the formation of the desired borenium cation, the
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presence of an amine was requiredds an activating agentfor B
chlorocatecholborane (€BCat) or B&to promote the halide abstractio??<** Since
the halide transfer from boron to aluminiuns a series of equilibria, the formed
complex [¥B(amine)i[AICk] candisproportionateback to a mixture of Lewis acid

species and2B(amine)Cl, and the latter on the free amine anBG!.

cl ® S
® [AICI]
B. - AlCl cl Cl NEt; +AICly NEt; ¢
(a) Y Y = NEt: + ! —_— 4 _—
3 .B. -B. _B.
+ Y'Y Y Y Y Y
Cl,AI—NEt;
o ®

Borenium Complex
Y, = Cl, or o-catecholato

Y
- By - BPin
R'T R4 R
(b) = Borenium complex Pz pinacol _
_—
or DCM, 20 °C or Et;N, 1 h or
Cl Y
RZ——H S é Cl
R? Y RzJ\/BPln
R? sMmcc
(i) Borenium complex R reac.t/on —
X | | DCM, 20 °C X ~BPin blolog.lcally
(c) R . R R —— active
— v (ii) pinacol, Et3N, 1 h _ S molecules
oxidation
Y =CR, NH O (whenY = NH)
= CRy, NH,

Schemer - (a) Equilibriafor the formation of borenium complex; (b) Formation of desired boronic pinacol
esters; (c) Application of methodologip prepare active molecules

An appealing feature of employing borenium cations is illustrated in Scheme 7b. In
this example, the bench stable boronic ester could be accessad direct
borylation of an arene followed by speciation with pinacol, delivering important
compounds for faher derivatisation. By enabling access to both aryl and
polysubstituted vinyl boronic esters, this methodology could be employed in
conjunction with other subsequent transformations, suchtlas cascade borylative
cyclisation depicted in Scheme, Zehichcould then be followed by Suzudkiyaura

crosscoupling and oxidation to afford biologically relevant molecdfes.
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1.1.3 Protodeboronation

Boron speciesare known to withstand different reaction conditions, but
protodeboronation can be a drawback while scoping a methodofdg¢uivila tried

to solve this in the 1960s through detailed kinetic work that investigated not only
the stability of arylboronic acids in water, but also identified protodeboronation
mechanisms under acidic and basic pH buffeend metal salt$/ addressing
potential issues for a range of relevant reactions, including oxidation and
homocoupling byproducts.Protodeboronatian studies employing metal salts (such
as Cu and Zrgre important since the presence of thetan significantly affectfor
instance, the CharEvansLam reaction g crosscoupling reaction between an
arylboronic acidand analcoholor anamineto form the corresponding secondary
aryl amines or aryl ethe)sin addition to the oxidised byroducts which the
coupling is notorious for generating. The studies under a basic pH buffer would be
pertinent to the SaukiMiyaura crossoupling (SMCC) conditions, since super
stoichiometric amounts of inorganic bases are employed in the transformation.
The results of Hammett analysis conducted by tHeydJonesgroup suggest a
slightly positivecharged aryl ring. It corroborates with the direct protonolysis
mechanism instead of cleavagéa a Wheland intermediate (Scheme 8), where
there is a positive charge in resonance through the aromatic ring, forming a
benzenium ion. The electronic nature of the substituents on the aromatic ring also
plays an important role, since both boronate equiiband the rate of carbon
boron bond cleavage (which leads to protodeboronation) conflict in electronic

demands.
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o H
B(OH), -on B(OH); HzO* o H
@ @ @ “H;0 (& ) BOs | -B(oH);s

Wheland
intermediate

© 5
BOH): o BOH):  H,0 Hon H
(b) ©/ ©/ ©\B(OH)3 - B(OH), ©/

- OH

SchemeB - Cleavage of B bondvia (a) a Wheland intermediate and (b) a basatalysed direct protonolysis

LloydJones and cavorkersdescribedthrough elaborate DFT and NMR studigmt

the tendency to protodeboronate surpasses the nature of the boron substituents,
showing the eleronic effects of the aromatic ring play an extremely important role
in the correlation between the aqueous pHtes and its propensity to
protodeboronation®®3° Protodeboronation under classic SuziMiyaura coupling
conditions can become mongrominentthan anticipated when base concentration

and solvation are coupled with the multivariable crasaipling sequence.

Equally problematic is the protodeboronation mechanism iniciated by rieted3’
Metalssuch as silver, cadmium adhcare examplesin the list ofmetals hat can
undergo electrophilic displacement with areneboronic aci@®pper catalysts are
notorious for producing significant amounts of thosefrpducts, as it is seen the
ChanEvansLam coupling radion, althought its mechanism remains uncledio
overcome the features described, protecting groups and activation strategies were
developed together with catalysts to accelerate the crosapling and therefore

supress the side reactiof.
1.1.4 Protected boron species

Once the carbotboron bond is formed, the resulting boronic acid can be converted
to various distinct boratesyhich can be conveniently accessad simple and mild
conditions procedures (Scheme 9)%° To modulate the reactivity of the boron
centre during the subsequential synthetic stemhfferent protecting groups were

developed in order to prevent side reactions and undesiregtmgucts.
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L
KHF, N g &
air, rt L~

RN OH
z Me .
q g‘OH 0O Me O N
— AN N i =8
HO OH N B;'g
air, rt R
sp?-hybridised sp>-hybridised
boron species boron species

Schemed - General procedure for the introduction of protecting groups

The synthesis of organotrifluoroborates {BEK) emerged as a method to access
highly stable boron compounds through a rapid procedure that essentialtg not
require any chromatographic purification, making thewery attractive specie$s*?
Although the first isolation of a Bksalt species was reported in 1960, it was not
until the mid1990s that its implementation as a protected boron species was

reported.

The pioneering work of Molander and -wmrkers promoted investigation of the
physical properties and broadened the applicapiliof these sphybridised
organoboron species. These borates have the advantage to tolerate a wide range of
common transformations in organic synthesis as illustrated in Scherfi&*a*The

BRK species can be used in a wide range of transformations typicaltiucted in
organic synthesidrom alkylation and various oxidative processes to click chemistry
and DielsAlder reactiong?*3The high stability of BR species can be derived from

their tetrahedral coordinated geometry as well as the strength of tHe ind

(i) NaN3, d-DMSO

BF3K N-N BFaK
0 : .,
cl 3 80 °C, 30 min N /\©/
(a) (ii) 30 mol% Cul >/’
ethynylbenzene, 80 °C Ph 97% yield

BF3K (i) EtOH, 100 °C CO,Et
(b) EtO | + .
— (i) Phl, 0.5 mol% Pd(OAc),
Ph Ph CO,Et
2.5 1.0

3 equiv. K,CO3, heat
EtOH
60% yield

Schemel0 - Examples (a) click chemistry; (b) Digldder reaction followed by SuzukVliyaura crosscoupling
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Methyliminodiacetieacid (MIDAWwasoriginally reported in the 1980s by Contreras
and Mancella as a borgprotecting group** then N-coordinated boronates derived
from MIDAwere extensiveexplored by Burkes a tool in the synthesis of natural
products?>46 Their re-hybridisation from a spto a sp boron centre has shown to
increase the stability of the speciesand inertness towards different
transformations. For instance, BMIDAs are inert to the transmetallation step of
SMCC and, thereforan situ hydrolysis to the boronic acid is required for the
reaction to occur.ln addition to the practical gects derived from its inherent
stability, such as storage and handliMjDA boronate emerged as an alternative as
robust and efficient as potassium trifluoroboratebeing amenable to reaction
conditions employed in various pharmaceutically and indally relevant

processes

Paterson aldol, HorneéWwadsworthEmmons olefination and reductive amination,

for instance, are only a few of the examples among the many that were successfully
performed and delivered the desired boronic MIDA ester (Scheme®’%1)
Moreover, the potected boron species can survive a series of transition metal
catalysed transformations, such as olefin metathesis, Heck and SMCC reactions,

leaving the carbo#boron bond intact for further functionalisatioft.

Bn .
/\( Me (i) nBu,BOTT, EtzN

o} -78 to 0 °C, DCM Bn
N , BMIDA
r TH (i) H,0, MeOH /(' Me
60 o0 pH 6.0 buffer, 79% \/fN o
O O OH

o o
I BMIDA
’;‘/,\=o (EtO)ZP\)kOEt
B:'O @) N . o, EtO
G NaH, DMF, 23 °C, 30 min, 71% A
O

morpholine, NaBH(OAc)3

o
BMIDA
DCE, 23°C, 8 h, 76% O\/@

Schemell - Examples of reactions demonstrating the stability of boronic MIDA esters

In addition to their outstanding applicability invariety of tansformations, these
species have the additional advantages of simple installation and removal. The

hydrolysis of potassium trifluoroborates and boronic MIDA esters lbareasily

10
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accomplished under aqueous basic conditiéh&*° generating the free boronic

acidsin situ which can be employed in subsequent manipulation.

Togetherwith the role of classic protecting groups in organic chemistry, these
boronates were developetb ensure selectivity when more than one presumably
equivalent functional group igresent in thereaction mixture.* In the past few
years, researchers have exswely explored the potential utility of those species in

one-pot chemoselective processes.
1.2 Reactions using boronic acids and derivatives

Boronic acids and esters are useful building blocks to access a diversity of
functionalised compounds and can be apglin a substantial range of reactions as
shown in Figure 2. The applicatoaf organoboron reagents in organic synthesis
are numerous and offeextensive advantages including ease of handlstgbility

and readily reactivitgompared to othemnucleophilicspecies

O

Suzuki-Miyaura
Q-or
Oxidation O_ Y
Chan-Evans-Lam
Y=NR; O, S, etc

R'

O—I/Br/CI OB(OH)z O_<

Halogenation OH
1,2-Addition

/ \ 0
Q. o
R

Nitration
O,F: ,CF3 1,4-Addition

Fluorination
Trifluoromethylation

Figure2 - Examples of reactions using boronic acids

11
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Despiteheir importancefor organic synthesis, not all reactioshown above will
be covered in this thesis. The relevant transformations highlighted in Figure 2 will

be discussed in the following sections.
1.2.1 SuzukiMiyaura crosscoupling reaction (SMCC)

As a powerful technigque towards a wide range e€ @ond formationpalladiun:
catalysed reactions have been wklown for the past decade$>! Suziki first
published in 1979 a palladivgatalysed crossoupling between an organoboronic
acid and an organohalic®.It emerged as the mogiopularmethod to form sp-sp?

GC bonds, being widely applied both in industry and academia due to its efficiency
and functional group toleranc&®>°® Moreover, the mild conditions used and

substantial functional group tolerance are attractive aspects of this reaction.

Similarly to other palldium-catalysed crossoupling reaction8?¢ the Suzuki
Miyaura reaction was firstly thought to proceed through a thwep catalytic cycle
(Scheme 12), which begins with tbgidativeaddition of theorganohalideinto the
P& complex forming a Plispecies. In the case of the fdtalysed SMCC, this step
Is generallythe rate-determining step of the cycle. The oxidative addition relative

rates that occur commonly follow the trend whereI>NJ ¥ h¢ T BB [/ @

R—X L,Pd° R-R'
Oxidative addition Reductive elimination

I R I R
L,Pd'\ L,Pd'\
X R'
Transmetallation
MX
R'—M

Schemel?2 - General Pecatalysed reaction catalytic cycle

The reactivity of an organo or pseudogano halide is inversely proportional to its

bond dissociation energ¢BDE) shown in Figure’8Thus, due to a lower BDE, aryl

12
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bromides would react faster when compared to aryl chlorides, which can translate

directlyinto milder conditions andhorterreaction time.

BDE (KJ/mol) when:

X
X =1, 280
X=Br, 346

X=Cl, 407

Figure3 - BDE of various phenyl halides

The substituerd on the aryl ring can significantly influence the oxidative addition
step. The presence of electrowithdrawing (EW) groups in the ring generally
weakens the carboialogen bond, enabling the cressupling of even less reactive
species such as aryl chlorides. Contrarilgubstrates bearingeWgroups, electron
donating (ED) grouptend to inhibit the step, limiting the variety of electrophiles
and requiringharsherconditions for the reaction to successfully proceed. Studies
carried out since the first report of the SMCC indicate the possibility of more than

one catalytt pathway for the reaction, which differ in one aspect along the ccle.

After undergoing the oxidative addition, equal for both pathways, the following
step is the transmetallation of the organoboron speciet® the complex, where
the debate resides. Under th8oronate pathwayproposed by Suzuki in 1979
(Scheme 13pathway (a)), the transmetallation occurs from the boronate species,

generated due to the presence of base and water in the mixture.

R—X L,Pd° L,Pd°®
Oxidative Oxidative
Oxidati / Veduct/ve elimination \( addition
Boronate Pathway R Oxopalladium Pathway
LnPd”’ (@ Ln Pd”/ LnPd”/ (b) Ln Pd"’
R’ R’
B(OH)3
Transmetallation Transmetallation
_ ,,/
OH ~ OH LaPd
’OH — R —B\
OH OH

Schemel3- SMCC accepted (a) boronate and (b) oxopalladium pathway

13
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Finally,from the complexwith cisconfiguration the reductive elimination (Scheme
13, pathway (a), stepiii) takes place, delivering the desired product and reducing
the canplex back to Pd(0), completing the cycle and enabling it to begin once
again®® The Oxopalladium pathwayScheme 13pathway (b)) proposes a slight
change to the previous cycté5%62 After the oxidative addition (steg) has
occurred, forming the JRPdX species, a displacement of the halide for a hydroxyl
group occurs and delivers the oxopalladium complex (Schemgatl3way (b), step

ii). The LLRPUOH species would then undergo transmetallation (Scheme 13,
pathway (b), stepiii) with the boronic acid species instead of the boronate. The
reductive elimination (Scheme 1Bathway (b), stepiv) similarly to whathas been
shownin pathway (a) completing the cycle and affording theGCcoupled product.
With the work of Hartwig, Schmidt, Amatore and Jutand, coercive evidences
indicated the catalytic transit may follow thexopalladium pathwa§?%® Even
though few studies afforded compelling results corroborating the boronate

pathway,it canrot be discarded.

It is not novel thapalladium chenstry can provide easy access to aryl motifs
through a GC bond formation. Examples in the literature, however, have recently
demonstrated that the same catalyst employed for a Miyaura borylation can
successfully perform a further SMCC, indicating that the isolation of the boron
species imot necessary® Buchwaldet al. applied tle methodology to arylchlorides

in 2007, using simple and commercially available Pd catalysts and phosphine
ligands® The reaction produced both symmetrical and unsymmetrical biaryl
compounds in excellent yields, with particularly interesting functionalities along the
ddzoaGNF S a02LIS 6{ OKSYS mm01a8the ohdpgfI Qa I
borylation/SMCCreaction using cyclopalladated ferrocenylimine eatalyst to
afford unsymmetrical biaryls, with no need of a second catalyst additidiine

same year, Molander and emorkers reported the transformation in milder

conditions while forming a different boron species (Scheme .24%5)%’

14
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Pd(dba),, XPhos

BPin
B,Pin,, K3sPO
(@) O/CI 2FINg, KaFUy4 [ O/ ] - .

1,4-dioxane, 110 °C

QQ
%

10 examples
70%-95% yield

RO OR
\ X
Qo
X RO OR O/B(OR)Z
_ =
(b) O/ XPhos-Pd-G2/XPhos aq. K,CO3
KOAc, EtOH, 80 °C 55 examples
X =Cl, Br 52%-94% yield

Schemel4-6+ 0 . dzOKgl f RQ&A I yp& botylation/SMEC profRIBaNH & 2y S

Although requiringa preformed catalyst for this methodology, tlaylboronicacid

can be generatedh situand subsequently functionalized in fairly high yields, with
no need of anothePd catalyst.Y(f® and coworkers later introduced additional
examples of phosphine ligands, synsimed within the groupthat can conducta
one-pot borylation/SMCC procedure, obtaining excellent results for both symmetric

and asymmetric biaryl motifs.
1.2.2 Conjugate addition of boron species

Since the seminal work reported by Um&aising palladium and by Miyaufa
using rhodium, the transition metadatalysed conjugate addition of boronic acids to
enones has emerged as one of the most reliable and functional group tolerant
methods to fom carboncarbon bonds, which could further be applied to large

scale synthesis and used for new ligand developm&ht.

y KAa TFANRG NBLRZ2NISZ aAeé ksdbstituted?2enen&Nid S R
comparison taunsubstituted ones (Scheme 18)The improvement of performance

dza A ySubstituted enones is highly desirable, since it would enable the creation of
a stereogenic carbon centre. Nevertheless, the reaction offered several advantages
over other 1,4addition reactions, such as functionabgp tolerance and potential

to be performed in an enantioselective manner.
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0O

0 R? 3 0
[Rh(acac)(CO),]/dppb '
RAV\Rz + R3—B(OH), R1UR3 1 Me)J\/\Ph

DMF/H,0 (6:1) : Ph
50°C, 16 h 90% yield  52% yield

Schemel5 - Rhodiumcatalysed conjugate addition of boronic acids to enones

Hayashi and Miyaura reported in 1998 the first asymmetric conjugate addition using
boronic acids as nucleophiles (Scheme “t&hanging the chiral catalyst precursor
to [Rh(acac)(£Ek)2] was key to improvéhe enantioselectivity, as shown in the NMR
studies conducted by the grougjnce itcan form[Rh(acac)(binap)more rapidly
than [Rh(acac)(Cg]) The weaker coordination of ethylene compared to carbon
monoxide accounts for the higher enantioselectivity. The conditions developed not
only tolerate cyclic enones in various rgges, but also work for alkenyl boronic

acids, maintainingxcellent enantioselectivity in all cases.

0o [Rh(acac)(CzH4),l P
(S)-binap
+ _
Ph—B(OH), dioxane/H,0 (10:1) Ph

(2.5 eq.) 100°C, 5 h

93% yield, 97% ee

Schemel6 - Asymmetric conjugate addition of boronic acids

48R 2y aAd&l dNF} FyR || &l ZeEehrthars expaddgds S NR v
the application of the asymmetric methodology to unsaturated estemmides’®
phosphonates’ and nitroalkenes? as well as to different boron species such as
BCat® and BEKE species. Furthermore, the boronic ester coulddemeratedin situ

from the aryl bromide in an onkJ2 & Yl YYSNIJ gA(K2dzi F FFSOI

performance?!

The work reported by Chong in 2005 demonstrated the usefulness of ehixdirQ
2-naphthol (BINOL) tygcatalyststo assist the conjugate addition of alkynylboronic
S a (i S NEunsat@rated Eetones (Scheme 1?)
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L1:

CeH1s |
20 mol% L1 OO

O CeHis—=—B(OPr), [, o
Ph/\)LPh CH,Cly, reflux, 24 h

H
adilees
|

95% yield
87% ee

Schemel? - Chong's conjugate addition of alkynylboronic esters to enones

Thiswork not only proposed a catalytic cycle for the methodologies developed but
also identified, through control expenents, the formation of a more reactive

boronate intermediate in the catalytic cycle (Scheme 18).

_OiPr
CgHis—=—=—B7
6ri1s OiPr
OH
L1: *COH iPrOH CeH1s
J I
O, _
o *(O/BTCGHH Ph Ph
Ph/\)J\ Ph Disproportionation
CeH1s
Addition ] (PrOi),B—==—CgHs
o9
O—/*
Ph N7 pp

Schemel8-/ F i+ feiA0 OCelftsS 2F / Kz2y3aua O2y e dzbdatirdtedkdoRgsii A2y 27T

Results from the study demonstrated that the rate of reaction betwedg-
octynyldiisopropylboronateand the enone is significantly slower that the rate of
reaction of the highlightedchiral BINOlspecieswith the enone suggesting it is a
ligandaccelerated processNMR studies have shown equilibrium between achiral
boronic ester and chiral active intermediate, which is established rapidly at room
temperature, indicating that either the addition or disproportionation step must be
the rate-determining step of this proce$8.Two yeas later, Chong extended the

methodology to alkenylboronates (Scheme §9).
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|
(Meo)1g mol% L2 CeHis OO
(0] 2 \/\CGHB /N\f OH

o}
Ph)J\/\Ph CH,Cl,, 40 °C, 36 h

OH
Sl oe
|

93% yield
97% ee

Schemel9- Chong's conjugate addition of alkenylboronic esters to enones

Relying on work discussed previously, @igonggroup proposed possible transition
states rationalising the stereochemical outcome of the product (Figure 4). The
chairlike transition state(B) is disfavoured due to the clash between the bulky
iodine substituents in the BINOL ligand and the functional groups present in the
alkenylboronate. Té active intermediate is forced to sit imansition state (A)
conformation, with a more accessible face for the carbonyl to approach, since the

interaction between the substituents highlighted are minimised.

Favoured TS (A) Disfavoured TS (B)
Figure4 - Comparison between transition states (disfavoured clash of substituents shown in red)

Through a similar boronattype transition state described by Chong and- co
workers, Schaus and -aworkers reported in 2005 the first asymmetrittyéboration

of ketones catalysed by chiral diols as an alternative from the known Cu(l) and Ag(l)
catalysed processes previously reported in the literature (Schemé&* abe study
conducted effectively facilitates the access a wide range of chiral allylic alcohols, in

high yields an@es
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15 mol% L3 OO Br
PrO),B
o ( )2 ~ X Me/{ OH oH

ph)LMe PhMe/PhCF3 (1:3) Ph N

OH
-35°C, Ar, 15 h OO
83% yield Br

94% ee

Scheme20 - Schaus' work on asymatric allylboration of ketones

Although the scope only included a variation of functional groups in the ketone
component, Schaus demonstrated that optimal conditions can successfully perform
an stereoselective crotylboration of acetophenone, affordihg anti-isomer from
the (B)-crotyl boronate in high dr and er, and trsyn product from the B)-crotyl

boronate, also in good yields with high selectivity

Mechanistic investigations suggested a rapid catalyst and boronate association and
NMR studies also inchated a fast exchange of one of the isopropoxy ligands. Based
on empirical observations from the study, the group modelled and proposed a
chairlike transition state (Figure 5), demonstrating the origin of selectivity in which
the catalystboronate compl& transfers selectivity by the activation of the alkoxy
ligandvia hydrogen bonding, which leads to a Si facial attack on the ketone. More
recently, Goodman and ewaorkers expanded the work on allylboration of carbonyl

compounds catalysed by chiral BINGlogphoric acid§>8’

Me Me me

Y
H/Ob
'O,f

AN

Figure5 - Model of transition state proposed by Schaus

The main difference from the two works described, although they share the same
boronatetype transition state, relies in the interaction between the catalyst and
the boronic ester. While the chiral BINOL catalyst buofidsctlyto the boron speies
F2NXYAYI | Y2NB | OGAGS AYUSNNYSRAFGSET Ay

alkoxy group and activates the remaining isopropoxy ligand. Those examples were

19

{



Introduction
the first reports demonstrating a chiral BIN@ttivation of boron species teards

asymmetric synthesis.
1.2.3 Homologation of organoboronic acid pinacol esters

The analogous esters are known to be a less reactive and more stable alternative to
boronic acidsn a range of transformationdHowever, harsh conditions are often
required to obtain similar result®. The work by Matteson in the early 1980s on the
homologation of boronic esters opened a door to a new area of research in the field

of organoboron chemistry8&0°

The methodology showed that high diastereoselectivity could be achieved in
reactions of (dichloromethyl)lithium with boronic esters and Grignard reaction with

0 KS 7T 2-Na6&ky)bardnic esters (Scheme 21).

R R

3 ) , cl R C|~Z{1CI2 R o R
o. 0 LICHCI, H\')\%‘_ooj/"R ZnCl, H")\%~‘ooj/R %B/OI
E THF, -78 °C c g, t Cl-1 R, 0 g
]

Scheme2l-Mattesond & K2 Y2t 2 3| Ghal@alyl bbrénic eskefs s h

aliiSazyQa LA2YSSNI g2N)] Ffft26SR LINBLI NI
sequential installation of a series of stereocenters, with tolerance to a widetyari

of suitably potected functional substituentsThe developednethod enabled the

synthesis of 0 famidoalkyJboronic acids including the proteasome inhibitor
Bortezomib, used for treatment of multiple myeloma and mantle cell lymphoma

and other interesting natural product such as the trial pheromone of the ant

Leptogenys diminuteéboth shown in Scheme 22%°2
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Ph Me._M
: e o) He e
' v N N
RO |
R-B~0" e — 7 O B(OH),
N(SiMe3)2

Proteasome inhibitor
Bortezomib

Pry  JPr Me , (i) LICHCI, Ve
e LICHCI, \—>7 /o:l/’Pr (ii) MeMgBr JQ,OH
o0 ——~ B ——

B~ M . then H,O,, OH"
,\rlal’l PrMgBr Mé 0™ iy 2Y2 Me Me
e

Leptogenys diminuta's
pheromone

Scheme22 ¢ Matteson'skey intermediate to the synthesisf Bortezomiband thesyntheticroute to ant

Leptogenys diminutgpheromone

HowevetA Yy al (G S & 2 yhidadity i$ ihdoddaBateddrKthe diol moiety of the

boronic ester and the subsequent reactions are controlled btiéseochemistry

1 33 NBIf Qa8 3INRdAzLI SEGSyargsSte &a0G§dRASR | ae
enantioenrichedboronic acid pinacol esters assisted by organolithium speéfed.

Ly GKA&a OFasSs Ay Omitigl GeNdrtatie chardlity fas mot G (G Sa 2
embedded in the diol.

The transformation can proceéethrough a radicabased mechanism, which would
lead to a racemic product, or aneX reaction, where the inversion of
stereochemistry would be achieved. Howeypiie stereocontrol of the process was
not observed from the beginning of the investigatidfig.he reaction of the boronic
ester and DIAD afforded the hydrazine product in good yields however with
basically no stereocontrol (Scheme 23a), whereas the enantiderdiproduct was

observed whenzlwas used (Scheme 23b).
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Li |
/©/ o) % CO,iPr
@ 050 ~o Q\% % DIAD iProaC., -NH 82%5;geﬁ
—_— < L B
/\/L THF, -78 °C /\/V\ rt AN o
Ph Me , Ph Me e.s.. 13%
Li \
I G aL a
o 05 ~o ﬁ\%ﬁ"o L | 80%yield
S —— : e.r.. 96:4
Ph/\/LMe THF, -78°C Ph/\/'\Me occ Ph" >""Me e.s.97%

Scheme23-! 33 NBFf Q& K2Y2f23FGA2y 2F 02NBYAO LAY

A 2 s oA

hoaSNIBIFGA2ya O2ff SOGSR FTNRBY ! 33FNBIfQa &
and its electronic properties are crucial aspects to be considered in order to
enhance the & reaction and therefore the inversion of stereochemysin the

product (Table 1).

Tablel - Effect ofEWand EDgroupsin enantioselectivity

BPin THF',AEI;iS °C iprozc‘hzl’n‘cozipr
Ph Me DIAD, rt Ph” >""Me
Ar Yield e.r.
4-MeOGH4 82% 56:44
Ph 90% 63:37
3,5(CR)2GsHs 74% 80:20

1.2.4 ChanEvansLam (CEL) reaction

Reported in the late 1990s, the discovery of the CEL reaction turned into a great
advance in the field of transition metahtalysed carbometeroatom bond
formation.®>® Even though e CEL methodology uséso nucleophiic species
whereas the alternative BuchwaldHartwig couplingemployes an electrophile
component to couple with a nucleophileit offered the advantage of being

conducted under mild conditions and ambient atmosphere.
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a4 NBLER2NISR Ay readidnydendonst@madNwith stdidhiBmetric
amounts of copper catalyst, to tolerate a wide range of substrates including imides,
carbamates, sulphonamides, and uré&ghe scope could be further extended to
heterocyclic anilines, even though chelating nitrogen atashghe anilinescould
LRGSYGAFtte AyuSNFSNBE Ay Nanfad HefBdcydlésh 2 y Q &
had remained undeBELJ 2 NBRZ [ YQ& 3ANRdzLJ KIFIR (2
methodology to access the desired motifs shown in Schem& Zhe lack of
analogous natural products containing the mentioned motif during that time could
perhaps be a reason to why there were not many methods to achlemylated

heterocyclic compounds.

E motif of interest ‘
1 equiv. Cu(OAc), H ! ,5-NH;

O/B(OH)z O/NHz 2-3 equiv. pyridine O/N\O ' Me \\N H 0o

CH2C|2, rt E N~

30 examples !
4%-96% yield : SN429
, HoN

NH FXa Inhibitor

Scheme24 - Report on GN bond formation and Lam's template of interest for FXa inhibitor SAR

Even though extensive reports demonstrated the CEL reaction is applicable to a vast
range of amines and boronic acids, boronicestwere still not toleratd as starting
materials and the problem remained, until recently, a challenge to be overcome.
The use of other boron species such as boronic pinacol esters was highly desired,
since that would increase both stability and range of the substrates available for the

reaction.

The insightful work reported by the Watson group identified a simple ancrgén
procedure that could efficiently promote therosscoupling between aryl BPins and

both alkyl and aryl amines (Schents) 2100

_ H
O/BP'” ONHZ 20 mol% Cu(OAC),, 2 equiv. B(OH)s ON\O
4A MS, MeCN, 80 °C, O, 24 h
over 50 examples

4%-96% yield

Scheme25-2 | a2y Qa O 2Blikdctioi BiggaryBPRNI /
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1.2.5 Halogenation of boron species

Methodologies to access carbdralogen bondsare extremely valued'®! as ayl
halides are ubiquitous and have been extensively employedeasatile synthetic
precursors. Haloareneds® emerged in the last decade @ssential components of
many pharmaceutical compound%©2 The introduction of aryhalogen bonds
into complex polyfunctional molecules is highly desiraté® The bororhalogen
exchange came then as an altative to the direct electrophilic substitution and

the Sandmeyer reactioff® as well as the use of hazard reagents, saglromine.

Olah reported in 1998 a general halodeboronation procedure to access aryl
bromides and iodide&’ In the presence of I$, aryl iodides could be accessed in
high yields, while demonstrating its generality, robustnessd functional groups

tolerance (Schemeg).

I NIS B(OH)2 NBS Br
Q v @ “veon - @
46-90% yield 19-82% yield

Scheme26 - Olah's mild preparation of aryl bromides and iodides

Later, an efficient ipsohalogenation of arylboronic acids was disclo&&dThe
halogenating reagents of choice in the case weredibBomo and 1,&dichloro5,5
dimethylhydantoin (DBDMH and DCDMH, respectively), converting arylboronic

acids to its analogous bromides and chlorides in excellent yields.

The work reported byKabalka and Meredd$P*1° extended the scope of boron
species to potassium aryl trifluoroboronates, where a halogenating agent was
generatedin situfrom a mixture of chloramind and Nal or NaBr (Schem@).2n

this case, chloramin& reacts with the halide salt tmrm BrCl or ICI, which reacts

with the aryl boronic acid to deliver the corresponding aryl halide.

1.2 equiv. Chloramine-T .
BF4K When:

1.2 equiv. NaX X | X=1,84-94% yield
Q THF/H,0 (1:1), rt Q X = Br, 72-87% yield

Scheme27 - Kabalka and Mereddy halodeboronation procedure
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Fu and ceworkers''! developed a general copperdatalysed iodination of
arylboronic aws in 2011. The attractive methodology can be conducted effectively
in water at room temperature, using oxygen present in the airoaslant and
ammonia to activate the copper catalyst. Under these particularly mild conditions,
electronrich and eleaton-deficient aryl iodides were prepared in high yields
(Scheme ).

QH 10 mol% Cu,0

B |
“OH KI, NH3+H,0
R O 3°M2 R
H,0, air, rt, 24 h 70-93% yield

Scheme28 - Fu's coppeicatalysed iododeboronation

In the past few years, researchers sought new methodologies especially towards C
bond formation to provide an alternative to access radiolabelled aryl iodides for
SPECT imaging. To be applicable for radiolabelling techniques, though, a few aspects
have b be considered such as short reaction times (due to thellialbf 123) and

suppression of formation of possible radioactiveprpducts!?113

¢FfSQa 3ANRdAzL) NBLER2NISR @ NRAFGARiPdo2 T (KA
morpholinium iodide (NIMI) as iodinating agents on a coppedtalysed procedure

(Scheme 9).114The use of NIMI enabled the reaction to be conducted under milder
conditions and lower catalyst loading, with excellent functional groupréoiee.

Apart from the classicapsoiodination pathway, a NIMassisted coppecatalysed

iodination pathway was proposed for this transformation.

OH
B.
0 l,, MeOH 0 R_:(j/ OH
[ j rt, 30 min [ j Z ~ !
E—— + - = R;
H /N\ |~ 5 mol% Cul ! =
I H rt, 24 h

28-96% yield
Scheme29 - lodination of aryl boronic acids using NIMI

Hartwig reported a sterically controlled iodination of arenes through-@atalysed
GH borylation!!® The technique is an extension from previous reports from the

group, where the aryl chlorides and bromides could be accessad similar
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procedure, although super stoichiometric amounts of copper catalysts were

10 mol% Cul R1 I
20 mol% phen, 1.5 equiv. KIl
‘ MeOH/H,0, 80 °C
air, 1 h Ry
R4 H  [Ir(OMe)(cod)], R, BPin
dtbpy, B5Pin,
THF, 80°C, 24 h

Rz Ry

R4 Br/Cl
3 equiv. CuCl, or CuBr,
MeOH:H,0 1:1

R2

employed (8heme30).116

Scheme30- Buchwald's Ircat borylation followed by Cecat halogenation of arylBPins

A mild, efficient, Cu@gatalysed method to accessya halides from arylboronic
acids was reported by Wu and HyrlésThe describedmethod works optimally
whenthe copper(l) catalyst and electrophilic halogen soupearthe same halogen

(for example, using NCS with CuCl) are employed, as shown in Scheme 3

X
)

N
?H 1 equiv.\]\;)zo ‘

O,N B. . O,N X X =Br, 98% yield

OH 1 equiv. CuX Cl, 96% yield

MeCN, 80 °C, 1-2.5 h I, 87% yield

Scheme31- Wu and Hynes methodology

It performs equally well under both sukand stoichiometric amounts of Cu(l)
catalyst, only requiring a longer reaction time when catalytic quantities are
employed. The group suggested that the reaction undergoes the same mechanism
proposedby Liebeskind in therosscoupling of arylboronic acidsnd N-thioimides,
which will be described and discussddter in this sectiod'® Perhaps the mds
intriguing observation reported by Wu and Hynes was the ability of.GaGlIso
catalyse the chlorodeboronation as well as the best Cu(l) source. However, no

further investigations around the subject were conducted by the group.
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Molander extended the modology to potassium trifluoroborate species,
delivering the desired produstin excellent yields under mild and mefate
conditions (Scheme 23.11° A range of different electrophilic chlorinating agents
including NCSDCDMH (1;8ichloro-5,5-dimethylhydantoin),N-chloro tosylamide,
sodium hypochlorg, and TCICA (trichloroisocyanuric acid) were assessed, and
TCICA found to be the most appropriate for the transformation. Interestingly, the
reaction using 0.16 eqv. of TCICA and 1.5 @g. of NaCl showed comparable
performance against the conditions where only TCICA was employed. Under these
conditionsthe in situ formation of chlorine gaswas hypothesizedwhich would
explain how sukstoichiometric amount of the electrophile could successfully be
employed. The second reacti@onditionsdemonstrated to be as efficient as the
previous one. The scope involved aryl, alkyl, alkesayti alkynyl trifluooborates,

affording the corresponding chlorinated prodsah good yields.

i TCICA:
BF3K : Q
: | o X
0.33 equiv. TCICA @/ : Cls O
Ph EtOAc:H,0, rt '
Ph : AN
81% yield ! &

Scheme32 - Molander's chlorodeboronation of potassium trifluoroboronate

When it comes to carbchalogen bond formation, the mechanism more
challengingto be determined As some literature examples discussed earlier
revealed, the procedure does not entirely depend on alyet to occur, although it

can be coppeassisted.

Wu and Hynes proposed the following catalytic cycle (ScheB)é'%'?! The
formation of the Clf complex A starts with the oxidative addition of theN-
chlorosuccinimideon the Cu(l) halideThs step is followed by the transmetallation
with the boron species to generate the coppayl speciesB, which undergoes
reductive elimination to give the desired aryl halide. Although the mechanism
seemsplausible, the group does not discaalternative pathways due to the

complex nature of copper chemistry.
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(/MW

. Ar- Cu Cu Su

Su— B(OH) Ar—B(OH),

Scheme33-t NBLI2&aSR YSOKIYyA&Y F2N) 2dz FyR 1 &aysSqQa O2LILISNJ

az2fl yYRSNR& ¢ 2 Nlnechayisiid indre\ dethilag@dRhe passiility of
goingvia a radical mechanism was considerdtie group conducted experiments
with potassium [Z(allyloxy)phenyl]trifluoroborate, as shown in Schem& 8nder
both reaction conditions developedf the procedure would go through a radical
pathway, te mentioned substrate would be expected to undergo a radical
cyclisation forming the 5membered cyclic ester byroduct!'® However, the
correspondingchlorinated product was the only product observed in the mixture

under bothset ofconditions.

(A) 0.33 equiv. TCICA, rt Me
BF3K or cl
©i (B) 0.16 equiv. TCICA, 1.5 equiv. NaCl, 60 °C ©:
o NF EtOAc/H,0, 1 h o NF o
only product observed NOT observed

Scheme34 - Mechanistic investigations from Molander's work

The transformation was predicted not to involve radical species, mainly due to the
observation of delivering the desired product even under -stdichiometric
amounts of electrophilic chlorine. Based emtry shown in Scheme 34t was
advocated the electrophilic substitution through dpso attack is more likely

happen, similar to whattad beerlNB L2 NII SR Ay ht B)RBE g2 NJ] 0 { (

BFSK  wopryer cl cl
> o

Scheme35 - Electrophilic aromatidpso-substitution suggested by Molander
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Although some mechanistic evaluations were conducted to identify and validate the
correct pathway for the transformation, it seems to require moredepth studies

for the transformation to be fully understood. Researchers in the field are likely to
be confronting more than one possible mechanism, which makesceptionally

challenging to determine how the reactigmoceeds

1.3 Chemoselectivity in organoboron reactions
1.3.1 SuzukiMiyaura crosscoupling SMCCreaction

As the mospopularGC bond formation method in industry, it is not surprising that
approaches enabling selectivéuzukiMiyaura crosscoupling reactions have
emerged to efficiently construct complex scaffolds. Chemoselectivity in SMCC
reaction can be achieved mainly through eitlentrolling theoxidative addition or

the transmetallationsteps

By exploiting the relative rates of oxidative addition (see section 1.2.1), Fu and co
workers were able to demonstrate in 2000 a selective monocoupling of boronic
acids and aryldihalides (Schen@.%*

ci
©/B(OH)2 /@/C' [Pd,(dba)s], P(t-Bu)s O
- KF, THF, rt O

Scheme36 - Selective monocoupling of phenylboronic acid anebfomo-4-chlorobenzene

Based on judicious catalyst and ligand combination the group was able to adjust the
chemoselectivity of certaindlides and pseudohalides (Schem®.3Vhen Pd(dba)k

and P(-Buk were used, aryl triflates could be coupled over aryl chlorides. However,
by changing the ligand of choice to BCthe coupling of the aryl chloride was

favoured, demonstrating the firshversion of an usual reactivity profile.
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of of Ph
[Pd(dba)s], P(t-Bu)s [Pda(dba)s], PCys
KF, THF, rt KF, THF, rt
Ph oTf oTf

Scheme37 - Selective coupling based on catalyst/ligand system

Schoenebecket al. reported an indepth study of the origin of this shift in
reactivity!?> When PCyis used as a ligand, it can form both the meramd
bisligated Pd complexes. The Pd®{gomplex is more nucleophilic and can
undergo oxidative insertion into the-OTf bond more readily. ThetFjukon the
other hand, due to itdarge substituens, prevents the formation of Pd[RBuw)]2
complex. Thus, the monoligated Pd species makes the addition into-@lebGnd

more favoured in this case.

Another approach to perform chemoselective SB@actions is controlling the
transmetallation step. The most common strategies are by either neighbouring
effect or use of protecting groups® The protecting groups BMIDA and BDADNAN

= 1,8diaminonaphthalenehave extensively been reported by Butké® 27128 and
Suginomé**132 respectivey as powerful tools to enable selective SMCC reactions
(Scheme 8).

~_BMIDA
Br Pd(OAC),, SPhos Xy BMIDA natural
(a)
* KF, PhMe, rt | products
©/\/B(OH)2

BDAN: ‘
B(OH !
. (OH), BDAN  pq[P(t-Bu)s], ) O
—_— :
" * o CsF, THF, 60 °C ‘ BDAN XOn

Me

Scheme38 - Use of protecting groups in selective SMCC

As described in section 1.1.2, BMIDAs aréhspridized species whichare easily
hydrolysed to the corresponding boronic acid under basic conditions. BDANs
behave similarly to the MIDA boronate, with stabilization by the adjacent nitrogen

lone pairs, precluding the transmetallation step. However, BDANSs still h&ve sp

30



Introduction
hybridization and offer the advantage of logj acid labile, which make themert to
basic SMCC conditions and at the same time easy to be removed for further

functionalisation.

In the second main strategy, chemoselectivity can be obtained through activation of
one species over its vicinal or geminal neighbour. The pioneer contribution of
Shibata in the synthesis and application of-@rfjanodiboonates was fundamental

for the field3*13> Those species dve been used in the formation of
alkenylboronatesas well as ltemoselective and regiospecific Suzikyaura cross
coupling reactios, to enable high functionalised moeitsater,Hall and ceworkers
described in 2011 the use of geminal diboron BPin/BR@AMpounds in selective
crosscoupling reactions. The diboron systems could be accessed through an
asymmetric hydroboration of the alkenyl BDAN species leading to geminal
BPin/BDAN derivative (Scher38).1%¢ The species could be cressupled with a

complete inversion of stereochemistry ensuing from ligand/protecting group

manipulation.
CuCl, B,Pin, _ :
j\/\ (R,R)-CF3-Walphos _ j\/E'*\PIn (i) KHF 5, MeCN j)\/g\m
9 BDAN NaOt-Bu, MeOH 3 (0) BDAN ! (i) Pd(OAc),, XPhos (0] BDAN
THF, rt } | K,COs, o-TolBr

PhMe/H,0, 80 °C
Reacts

Does not react !

,,,,,,,,,,,,,,,,,,,,,

Scheme39-1 I £ £t Q& a8 YYSGONRKRO Keé RNRoapinypracddarg” | yR aSt SO0 A

Through this process the BPin moiety is the most reactive site, due to the nature of

the 1,8diaminonaphthalene substituent. As mentioned previously, unlike BMIDAS,
BDANSs are $ghybridized species and stable to basic SMCC conditions. Moreover,

| FffQa 3ANRdzL) LINRPLI2&aSa GKFEG GKS O22NRAYI G
transition-state as shown in Figure 6, which would deliver the coupled product with

the opposite stereochemisf, corroborating the transition state with empiric

observationg:36

31



Introduction

Figure6-1 I £ £ Q&4 LINPLIZ&ASR &aiGloAfAT SR ¢{ G2 3IABS AyodS|

Morken reportedin 2013 acascade asymmetric diboration/selective crasaipling
protocol 37138 The method would enable the formation of chiral vicirhBpin
species which would allow rapid access to enantioenricbheganic compounds
(Schemet0).

(i) MeONH,
BPin Pd(OAC),, RuPhos, PhBr BPin t-BuLi, THF NHBoc
R BPIN " KOH, THF, H,0,70°C g ~Ph (i) Boc,O RPN

Me
Mo \B\k Me
Reacts 15! (more Lewis acidic)
M
O, 9 p fre
B=——0O

[ /34'}('4% Reacts 2" (more Lewis basic)
B0

R

Schemet0 - Synthesis ofN-Boc(S-amphetamine via Morken methodology, and description of Lewis

acid/base interaction between boron species
Chemoselectivity in this case can be explained by the neighbouring
activation/protection described above which arises from a Lewis acid/Lewis base
interaction3’ The lone pairdr the pinacol oxygen donates into the boron empty
orbital, making the terminal BPin more Lewis acidic and consequerdfg prone

to transmetallation The proximal BPin isimultaneously rendered, more Lewis

basic and therefore less reactive.

A drawbackfrom most methodologies outlined is the requirement of protecting
group manipulation, which increases the number of steps in the synthesis. Ideally,
chemoselective methods to access stable and reactive boron species in@obne

manner are highly desiredyainly to avoid wasting material and time.
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1.4 Previous work within the group in chemoselectivity in diboron systems
1.4.1 Chemoselectivity in SMCC reaction

Our group recently demonstrated that controlled conditions are key to perform
successfully chemoselective crassupling using BMIDAs ester$3® The
methodology enabled a formal homologation procedure with BPin species and
BMIDAarylhalides, affording a unique and more functionalised boronic pinacol
ester (Scheme ¥). Under thesimilarconditions, the methodology has also proven
to react with either the aryl BPin orB(OH), tuning kinetic and thermodynamic
aspects.Later, the methodology was efficiently extended to boronic acids (Scheme
41b) 140

BPin 4 mol% PdCl,(dppf) BPin
BMIDA 3 equiv. K4POy, 5 equiv. H,0
(a) MeO,C +
’ Br THF, 90°C, 24 h MeO,C

/\ 83% yield

4 mol% PdCly(dppf)

Ph B(OH), - - Ph

3 . K3POy, 5 . H,0 X B(CH)

(b) \‘N\ S r/\/BMIDA equiv. K3POy, 5 equiv. Hy \“N/j/\/ 2
N= THF, 90 °C, 4 h N=

75% yield
Schemedl - Formal homologation of (a) boronic pinacol esters and (b) boronic acids

The group then later reported a tandem cressupling between dihaloarenes,

boronic pinacol and MIDA estezoviding remarkably selective and quick access to
triaryl moieties!*? By establishing electrophile and nucleophile selectivity
simultaneously, successive crassuplings could be performed in a single

operation

Taking advantage of the nucleophile speciation, the work explored different
combinations of boron species and organohalides (Scheme 42). As for the other
procedures mentioned previously, the balance between water and base in the
mixture was crucial to accessleetivity, which relies on the completion of the first
crosscoupling between the boronic pinacol esters and the bromide prior to the
MIDA hydrolysis.
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Pd(OAc),, DavePhos
BMIDA K3zPOy4, H,O

cl
(@) 0 * O/ * /0 1,4-dioxane, 70 °C, 18 h

Pd(OAc),, DavePhos
K3PO4, Hzo

Cl
/O/ 1,4-dioxane, 70 °C, 18 h

BPin BMIDA

o Q7" O

+
Br
Scheme42 - Tandem SMCC cascade protocol

After investigating selectivityia controlled speciation, it was investigated whether
chemoselectiity could be achieved also by exploring the natural reactivity of the
electrophile This has been demonstrated with more evidence in cases of
dihaloheteroarenes, where the electrophiles can be differentiated mainly due to
electronics effects. In the casd dichloropyrimidine, the most electron deficient
halide will react first#%143The liability of alkenyl againatyl electrophiles (explored

by the use of Ibromo-2-(4-bromophenyl)ethylene) woulélso allow selectivity to

be achieved (Figure 7).

Figure? - Sites that would react first for SMCC reaction

In a similar manner, distinctions betweer?ss.sp’ electrophiles were investigated
employing 4bromobenzyl bromideyealizingthe selective triaryl in 84% yield as

shown in Schemé3.

BPin Pd(OAc),, DavePhos
Me—N" > Br BMIDA (©A9, O O
- K3POy4, H,0 S
N * B + Me—N CF3
r -
FsC N

1,4-dioxane, 70 °C, 18 h
84% yield

Scheme43- Tandem SMCC cascade reaction

The Watson groupgmproved their developed methodologydemonstrating the

dispensability of the protecting grouphile maintaining excellent selectivity, which
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could be achievedvia kinetic transmetallation ($®me 44a)l** The method
overcame potential issues, such as the bpsemoted pinacol exchange and the
boronate equilibria, negatively enhanced under uncontrolled amounts of water in
the reaction mixture. In this report, eveith both boronic acids and BPins sjpes
exhibit similar reactivity when reacted independently, temperature was a key
aspect to be evaluated in order to obtain selectivity for the competitive eross
coupling. Speciation is another potential issue, which could lead to undesired by
products. lmrganic bases are known to minimize the diol exchange between the
species and, therefore, supress the side reactions. Additionally, exc€ssviis
detrimental to the selectivity. Gathering pertinent information from the
investigations, optimal conditions eve obtained which allowed to selectively
access one crosoupled product. It was also possible to perform a-@aé tandem

chemoselective SMCC cascade reactioaciess triaryl motifs (Scheme 44b
Pd(OAc),, DavePhos (oo

(@) B(OH), BPin K3POy, H,0 ; 5
a ' |
O/ O/ O/ 1,4-dioxane, 70 °C, 1 h . '

Pd(OAc),, DavePhos
B(OH), BPin K3POy4, H,O

O/ /O/ 1,4-dioxane, 70 °C, 18 h

(b) 0

Schemed44 - Chemoselective SMQ@a kinetic transmetallation

The examples abovdemonstratedthat chemoselectivitycan be achievedhrough
both manipulation of the reaction conditioA®¥4 or via kinetic

transmetallation'#*
1.4.2 Chemoselective oxidation of boron species

Theexamples found iditerature around oxidation of boronic acids and derivatives
are known robustmethodologiesand can be conducted using a variety of different
oxidants, mainlyperoxides and inorganic bas&$'4’ Methodologies available
cover a wide range of conditions, enabling the access of the oxidised product under

water-based media in extremelghort reaction times and mild temperatures.
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Furthermore, the scope includes a variety of organoboron compounds such as
BPirt45147.148nd BBK4? species.

Molloy et al1° recently explored diboron systems and described a chemoselective
Browntype oxidation (Scheme54). The bhemoselectivity between the species
could be predicted bal on clog P calculations, which indicated greater aqueous
solubility for boronic acids (also found for the corresponding boronate adducts)
compared to BPins. Observed in this work, an inversion of conventional selectivity
could be achieved, enabling a cheselective oxidation of BMIDA species over
BPins, which are typically more reactive substrates (Schéipe Zhe work extends

its application to a chemoselective ChBmansLam etherification, forming the

coupled product in high yields and a epet manne.

B(OH 2.5 equiv. Oxone®
@ o/ (OH), BPin 3 equiv. KsPO, OH BPin
+ o/ CPME/H,0 d ¥ 0

70°C,1h

BMIDA app, O 29U KsPOs, 5 equiv. Ho0

(b) o/ CPME, 80 °C OH BPin
+
o/ then 2.5 equiv. Oxone® o/ * O/

70°C,1h

Schemed5 - Oxidation of (a) arylboronic acids and (b) BMIDASs over BPins

The work not only found general conditions which tolersaewide range of
arylboron species but also demonstrated, By and ‘B NMR andHPLC

investigations, the origin of the chemoselectivity (Figure 8).

Organic Phase Aqueous Phase

OH
S OH
B(OH). ,'OH
Q -— Qoo — @
observed observed
OH
BPin o8, OH
- O, -
Q Q Q
not observed not observed

Figure8 - Basepromoted phaseselective discrimination of arylboronic acidsver BPins
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The discrimination of the species occurs through a fasenoted phasetransfer,

where boronic acids can access the aqueous phase dulecio ability as they easily

form a boronate. The oxidant employed in the methodology is stable imadueous
phase, so the site of reaction can only be approached by the spehbiek isable to
access the aqueous phase of the reaction med@iee boronic acid species could be
identified both by NMR and HPLC analysis and the oxidation can occur,
demonstratng the origin of chemoselectivity since both boronic acid and oxidant
are present in the same phase. In the case of aryl BPins, as it is less prone to form
the analogous boronate, it cannot access the aqueous phase and therefore not be

oxidized
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2 Projectaims
2.1 Di-nucleophile SMCC

A variety of chemoselective procedur@s the presence of more than one boron
species were enable#!12° taking advantage of both kinetic window between
species®® as well as using controlled conditioffst?® Within the group, the
approach was explored using different methodologieslemonstraing to be
efficient and applicable to a range of transformations, includin®® and G

Cl41.144.151hond formation.

rTTTTTTTT SMCC

O/B(OH)z BPin Cl Source : Cl: BPin conditions
T e L g s

* C-C bond from "two boron nucleophiles"”
+ Selective halogenation

* Formation of electrophile in situ
* One-pot procedure

Schemet6 - General scheme of the onpot di-nucleophile SMCC procedure developed via a chemoselective
chlorination

In this work, we aimed to develop the first opet di-nucleophileSMCC reaction
using two boron speciesia chemoselective chlorinationTo do so, conditions
reported in literature for chlorodeboronation procedures will be investigat€d*®
Control experiments will be conducted to verify how suitable the chemoselective
chlorination conditions ar@rior to applying those in the onpot processShould it

be successfulthe dinucleophile SMC@iill be optimized andanalygd against a

range of functionalised boron species

2.2 Basecatalysed iododeboronation for SPECT imaging

Aryl iodides are versatile intermediates employed in organic total synthesis and
medicinal chemistry>?153 Their importance can be demonstrated by the

employment of radioactive iodoarenes in rgjle photon emission computed
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tomography (SPECT) imagiagechnique which is used in the clinical diagnosis of
diseass and also indrug development!315 The synthesis of those compounds
currently relies on the use of metal catalyst$;!'21411hence the @évelopment of

new methodologies is highly desired.

B(OH). NaB,a,fleC S | * Metal free procedure
— > . : s
o/ DMC O/ Mild conditions

* Via boronate formation

Schemed7 - General scheme of the iododeboronation for SPECT imaging
Herein, using the methodologgeveloped anddescribed in the first chapter, we
aimed to report a metafree iododeboronation method to apply in SPECT imaging
I A3SyGaQ R Sathd optindivafion iadelection of bases will be explored and
their performance evaluatedwith relatively mild condibins, the processvould
enable an inexpensive and more environmertandly alternative for the methods

available in the literature.
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3 Results andliscussion
3.1 Di-nucleophile SMC@ia coppercatalysed chemoselective chlorination
3.1.1 Introduction to numbering method

In order to make it easier to follow the work in this chapter, a small introduction to
the numberingsystem employed in this manuscript will be endeavour&dch
compound, apart from biaryl moeits synthesized and displayed in Seidn®

3.3, will be represented by a number followed by a letter as shown in Figurae.
number varies accordingo the compound’s structure (e.g.-Blphenyl will be
number 1, naphthaler1-yl will be number2, and so on). The lettextomponentof

the numbering syem refers to the correpondent species (e.g. boronic acids are
represented by the letten, chlorides by the lettec, BMIDASs by the letted, and so

on).

B(OH), BPin BMIDA : BF3K
E3

HQ

boron species

OR OR

o Ot p:

O/CI O/Br O/I B(OH), O/BPm
x| o]
halide species boronate species

Figure9 - Numbering method used throughouthe thesis
Pairing those twocomponents the compound’s representation is completan
example of how theaforementionedsystem workscan be found belowScheme
48). There we exhibit [1,1-biphenyl}4-ylboronic acid 1a, in which the number
represents the4-biphenyl structure and the letter represents the boronic acid
species. It yields the producteéhlorobiphenyllc, which bears the same number
due to its structure (biphenyl) but a different letter since it is th@rresponding
chloride. In the case of compourth, the structurel-naphthyl is represented by

the number 2 and the species, sincd is a boronic acid pinacol esters, is
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represented by the letteb. Its correspondingoroduct is2c, as the chloride species

are represented by the letter paired, with its structurel-naphthyl

B(OH), cl
BPin , cl
reaction
O . OO conditions O . OO
2b 1c 2c

1a

Scheme48 ¢ An example of thenumbering system

3.1.2 Chemoselective Chlorination

Transiion-metal-cataly®d reactions to formGC bondsare among the most widely
used tran$ormations in industry? proving to be versatile and reliable tools in
organic synthesi&® A range of such reactiomsbeen developedncluding Suzuki
Miyaura Stille, Kumada, Negishi, and Hiyama camgpling reactionsAside from
the traditional approach, between a organometallic nucleophile and an
electrophile(halides or pseuddalides) the reductive coupling of twelectrophiles
and the oxidative coupling of two nucleophilespresent alternative reaction
manifolds through which crossoupling can be achieved. The vast majority of
research in the field has focused on traditional crosapling processes, whereas
the latter two reaction types remain comparatively underexploreddain
developments in both areas emerged in 2015, when Weix andarers enabled a
reductive cross coupling of aryl bromide and triflates aglinanntype reaction
catalysed by nickel and palladidth and, contrastingly, the first oxidative cress

couplingusingnucleophilespecies was reported & %K y3Qa 2NF dzLJ 6 { OF

B(OH), Si(OEY) 10 mol% Pd(OAc), O
' ©/ : 3 mol% BINAP, 2.5 equiv BQ OMe
4.0 equiv TBAF
OMe

air, NMP, 50 °C, 12 h 72%

Schemet9 - Zhang's conditions for the oxidative crogoupling of arylboronic acids and arylsilanes

Inspired by the work conducted by Zhang andwarkers, we envisaged a cress

coupling reaction performed between two boron speciegsa a selective
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manipulation of me of thefunctional groupgo form the electrophilein situ (page

38, Schemet6). To do so it was postulated that the differenceredctivity between

a boronic acid and BPin would be appropriate for the proposed approach. A
validation of the project was sought, in order to demonstrate that the gap of
reactivity between boronic acids and its analogous estessild be explored
Inspired bya 2 f | Y R $ R A woykSthedirst trails were designedor both
boronic acids and Bns species separatelgnd to out delightthe chlorination of

boronic a@ds gaveexcellent isolatedyields (Figurd.0).

B(OH)2 7z mol% Cu(0Tf), cl
X equiv TCICA
O 0.25 M MeCN O
1a rt, 16 h 1c

100
90
80
70
60
50
40
30
20
10

0
0.3 0.35 0.4 0.45 0.5 0.55 0.6 0.65 0.7

X equiv of TCICA

Conversion %

—8—5 mol% Cu(OTf)2 —e—10 mol% Cu(OTf)2

Figure10- Chlorination of boronic acids

Known to beinert againsta range of transformations, the same reactianith
boronic esters barely afforded the desired chlorinated product (Fiddje Overall,
poor yields only were obtained when the reaction was submitted to heat and excess

of chlorinating agents.
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BPin 7 mol% Cu(OTf), Cl
X equiv TCICA
0.25 M MeCN
1b rt, 16 h 1c

100
90
80
70
60
50
40
30
20
10

Conversion %

——o ——0

0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
X equiv of TCICA

—8—5 mol% Cu(OTf)2—e— 10 mol% Cu(OTf)2 10 mol% Cu(OTf)2 at 40°C

Figurell - Chlorination of boronic pinacol esters

With this information in hand, the aim was to perform a chemoselective
chlorination of a boronic acid in the presence @BPin Taking inspiration from
previous publications in the literatut& 119 and the initial invesgations, the
optimization of this process was conducted ugihd -biphenyl}4-ylboronicacid1a
and naphthalenl-ylboronicacid pinacol esteRa due to their electronic similarity.
As proof of concept, different chlorinating agents (both nucleophilic and
electrophilic) weretested to identify the best agent for the reaction (Table 2).
Moreover, control reactions only in the presence of CuCl and.GiGived the
chlorine does not comerdm the catalyst. When NQ8as employed only poor
conversions were achieved to desired produtiowever, to our delight, the

reaction using TCICA afforded prodabtin good conversion.
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Table2 - Screen of chlorinating agents f@rove of concept

B(OH)2 BRI X mol% Cu(OTf), cl ol
Y equiv Cl Source
O * 0.25 M MeCN O + OO
30°C, 16 h
2b 10 2C

1a

(1 equiv.) (1 equiv.)
Source of Copper EquivCl  Conversion Selectivity
Entry Chlorine Catalyst Agent to 1c (%) 1c:2¢
5 mol%
1 KCI Cu(oTH 15 - -
5 mol%
2 NacCl Cu(OTH 15 - -
. 5 mol%
3 LiCl Cu(oTH 15 - -
4 Cud - 15 - -
5 CuCl - 15 - -
10 mol%
6 NCS Cu(OTH 2.0 20 -
7 TCICA - 0.4 42 4.7:1

aDetermined by HPLC analysis.

With the results abovea differentiation of reactivity between the two boron
speciescould be observed, which could be further explored in order to access the
desired chemoselectivity in the reactioNext step was evaluating the most suitable
solvent to be used in the process (Table 3). A range of solvents with distinct
polarities were ®aluated and, corroborating with previous literature examples,
MeCN was th only solvent to deliver the chlorated product in moderate

conversion. Poor conversion was observed when using EtOAc’&t &3d THE80 °C
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in the presence of Cu(OZfOnly tracs of 4chlorobiphenyl product were observed

in the other cases stated.

Table3 - Solvent screening

B(OH), 8P X mol% Cu(OTf), cl .
O M 0.4 equiv TCICA
O + 0.25 M solvent O +
temperature, 16 h
2b

1a 1c 2c
(1 equiv.) (1 equiv.)
Entry Copper Temp. Solvent Conversion  Selectivity
Catalyst . to 1c (%} 1c:2¢é
O

1 - 30 MeCN 42 4.7:1

2 - 50 EtOAC 27 3:1

3 - 50 THF 4 -
10 mol%

4 Cu(OTH 90 THF 15 -

5 - 50 PhMe <1 -

6 - 50 DCM <1 -

aDetermined by HPLC analysis.

The concentration study did not show improvement neither regarding conversion
nor selectivity as displayed in Tableldcreasing the conc#ration was detrimental
to conversion and selectivityeducingboth by almost fifty percent whereas,at

lower concentrations, the decrease is less significant.
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Table4 - Concentration study

B(OH), . cl
O BPin 0.4 equiv TCICA O Cl
O + MeCN, 30 °C, 16 h O +
1c 2c

1a 2b
(1 equiv.) (1 equiv.)
Entry Conc.(M) Conversion to 1c (%) Selectivity 1c:2¢
1 0.1 37 31
2 0.25 42 4.7:1
3 0.5 26 2:1
4 1.0 24 1.91

aDetermined by HPLC analysis.

Copper catalysts are known to catalyse the chlorination of arylboronic &cids.
When the best conditions found so far (Table 4, entry 2) were employed with 10
mol% Cu(OT{) an increase in of both selectivity ratio and convaemscould be
observed. With thisnformation, and #er assembling a few parameters in the
preliminary study, an investigation of the amount of chlorinating reagemd
loading of Cu(OTfwas necessary (Taldl® and6). This appraisal was conducted at
room temperature and 30 °C to observe possible trends and help the reaction to go

to completion.

Overall the conversion td-chlorobiphenyllcincreasedwith the addition of more
chlorinating agenteither with 10 or 5 mol%catalyst loading, whereasntry 3 in
Table5 did not followed the stated trend.Selectivity on the other handdeviated
significantlyusing 10 mol% of Cu(OFfivhile the experiments using 5 mol% of

catalyst loadinglemonstratedto increase with the loading of TCICA
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Table5 - Screening loading of chlorinating agent and catalgstrt

B(OH), BPIn X mol% catalyst cl cl
Y equiv TCICA
O + 0.25 M MeCN O *
rt, 16 h
2b 1c 2c

1a
(1 equiv.) (1 equiv.)

X mol%Copper Y equiv. Conversion to Selectivity

Entry Catalyst TCICA 1c (%} 1c:2¢
1 10 mol% Cu(Of) 0.34 31 5.4:1
2 10 mol% Cu(OTf) 0.4 51 8:1
3 10 mol% Cu(OEf) 0.5 52 31
4 10 mol% Cu(OTf) 0.67 80 4.4:1
5 10 mol% Cu(OEf) 1.0 82 5:1
6 5 mol%Cu(OTH 0.34 36 3.31
7 5 mol% Cu(OT) 0.4 38 4:1
8 5 mol% Cu(OT) 0.5 72 4:1
9 5 mol% Cu(OT) 0.67 80 5:1
10 5 mol% Cu(OT) 1.0 70 10:1

aDetermined by HPLC analysis.

Remarkably a slight increasen temperature had a dramatic effect in both
cornversion and selectivity (Tablg.&enerally conversios to 1c are higher for the
reaction conducted at 30C. However, selectivity ratios of the reactioms$ 30 °C
(Table 6, entries 4, 5, 9 and)lére betterthe room temperature reactions (Table 5,
entries 4, 5, 9 and 1@yhen 0.67 or 1.0 equiv of TCICA are useegardlessf the
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catalyst loading, the reactioachieves full conversion tesired productlcwith 1.0
equiv of TCICAhoweverexcellent sedctivity is obtainedat 10 mol% of Cu(Okf)
(Table 6, entry 5)

Table6 - Screening loading of chlorinating agent and catalgst30°C

B(OH), Cl
O BPin X mol% catalyst O cl
Y equiv TCICA
. +
® ozsumeon [
2b

30°C, 16 h

1a
(1 equiv.) (1 equiv.)

1c 2c

X mol%Catalyst Y equiv. Conversion to  Selectivity

Entry TCICA 1c (%3 1c:2¢
1 10 mol% Cu(OEf) 0.34 30 2:1
2 10 mol% Cu(OHf) 0.4 36 6:1
3 10 mol% Cu(Of) 0.5 57 8:1
4 10 mol% Cu(OHf) 0.67 78 11:1
5 10 mol% Cu(Of) 1.0 92 30:1
6 5 mol% Cu(OT) 0.34 33 5.6:1
7 5 mol% Cu(OT) 0.4 43 6.5:1
8 5 mol%Cu(OTH 0.5 49 71
9 5 mol% Cu(OT) 0.67 70 7:1
10 5 mol% Cu(OT) 1.0 94 16:1

aDetermined by HPLC analysis.
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Regarding time of reaction, excellent conversion were observed aftervéith no
significant differenceafterwards (Table 7). Excellergelectivity was observed

throughout,achievingatio 1c.2cof 30:1 after 6h (Table 7, entry 3)

Table7 - Reaction tme study

B(OH)2 gpin 10 Moi% Cu(OTh, cl .
1.0 equiv TCICA
O * 0.25 M MeCN O *
30 °C, time
1c 2c

A e1c:nv.) (1 equ;iv.)
Entry Time (h) Conversion to 1c (%) Selectivity 1c:2¢
1 2 61 8:1
2 4 12 12:1
3 6 89 30:1
4 16 92 34:1

aDetermined by HPLC analysis.

Having found the optimum conditions in termsdflorinating agentconcentration
and temperaturecomponents the nature of thecopperspeciesvas examineahext
(Table 8) Coppefl) bromide afforded the productlc in excellent conversion
although with decreased selectivity. Moreover, afpduct could be observed in
the HLPC spectrum in a retention tincseto 4-chlorobiphenylwhich waslater
identified by GCMS a&-bromobiphenyl The origin of this byroduct formation
was investigated and reported in the Section 3.2 of this manusdnpghe case of
copper(ll) bromide, reduced selectivity was also observed together withsdmee
by-product. Surprinsingly, both copper chloride catalysts delivered the chlorinated
product in poor conversion. Copper iodide formed the majaridbrobiphenyllcin

good conversion, however considerably low selectivity.
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Table8 - Copper catalyst study

B(OH), 8pin 10 MoI% copper catalyst cl cl
1.0 equiv TCICA
O + 0.25 M MeCN O *
30°C,6h
2b 1c 2c

1a
(1 equiv.) (1 equiv.)

Entry Copper Catalyst Conversionto  Selectivity Conversion to

1c (%} 1c:2¢é by-product (%}
1 10 mol% Cu(OTf) 92 30:1 -
2 10 mol% CuBr 91 5:1 8
3 10 mol% CuBr 75 4:1 15
4 10 mol% Cugl 20 - -
5 10 mol% CuCl 13 - -
6 10 mol% Cul 70 2.1:1 -
7 10 mol% Cu(OAc) 96 28:1 -
8 10 mol% CuOAc 98 30:1 -

aDetermined by HPLC analysis.

Notably, both CuOAc and Cu(OQAlead the best performance in both conversion
and selectivityaspectsand therefore a final optimization wadesigned(Table 9).
Both catalysts required a reaction time of 4 h tammsome the boronic acid starting
material with excellent selectivity towardthe formation of 1c. A comparable
results were observed under 3 (Table 8, entry 8) and at room temperature
(Table 9, entry 1)The shortening in reaction timéo 4 h was detrimentalto its
performance(Table 9, entry 3)Iit was observed that,although had similadc2c
ratios, the conversions were lower under Cu(QAmnditions when comparetb

CuOAc. The reaction not only tolerated a TCICA loading reduction from 1.0 equiv to
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0.67 equiv keeping the same conversion, but also alndostbled the selectivity

ratio (Table9, entry 7). Any further reduction of the equiv of chlorinating reactant

gl & FROSNES F2N (KSincdtRelindidl prépesal was tdSdti@ NY | y O
the chemoselective chlorination and the SMCC in aéam onepot procedure low
temperatures were required to avoid homocoupling -fmpducts, hence the

decision to use room temperature as the most suitable.

Tabk 9 - Final timization using copper(lacetateand copper(ll) acetate

BOH: . 10mol% Cu(OAc), c
n . cl
X equiv TCICA
O + 0.25 M MeCN O ¥
rt, time
2b

1a

(1 equiv.) (1 equiv.) te 2c
oy cuon Yol T Comerdono Sty
1 CuOAc 1.00 6 95 26:1
2 CuOAc 1.00 4 93 25:1
3 CuOAc 1.00 2 80 11:1
4 Cu(OAQ) 100 6 92 22:1
5 Cu(OAQ) 1.00 4 92 18:1
6 Cu(OA®) 1.00 2 79 13:1
7 CuOAc 0.67 4 96 50:1

aDetermined by HPLC analysis.

With optimal conditions in handthe substrate scop#asinvestigated As described
in Figurel2, 4-chlorobiphenyllc was invariably the major product accessed, with
good to excellent ratio of selectivity agat a range of BPins specidsDand EN

groupsin the BPin partneat the para-position (3b and 5b) showed slight decrease
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in yield whereas more EW substituentdb(and 8b) showed full conversion td.c
with complete selectivity.The 4chlorobiphenyllc was accessed with excellent
conversion against the fluorinated BPiG® and 7b, although in slightly lower

selectivity ratio compared to previous substrates.

B(OH), BPin 10 mol% CuOAc 5 cl E cl
. O/ 0.67 equiv TCICA ; . O/
Ph i Ph !

0.25 M MeCN, rt, 4 h
1a Xb 1c Xc
(1 equiv.) (1 equiv.)

4-biphenyl boronic acid (1a) vs.:

BPin
/©/BPin /©/BPin /©/5Pin
MeO F3C Br
2b, 96%, 50:1 3b, 69%, 2:1 4b, 99%, >99:1 5b, 97%, >99:1
o}
BPin  NC BPin  MeO BPin  PinB
cro0 Qg e
F F F cl
6b, 94%, 7:1 7b, quant., >99:1 8b, 98%, >99:1 9b, 93%, 47:1
BPin
| |
X N
MeO NO, N~ "OMe =
10b, 92%, >99:1 11b, 88%, 44:1 12b, 97%, >99:1 13b, 86%, >99:1

Figurel2 - Substratescopevarying the arylBPin content

Notably, when againstarylBpins bearingketones 9b) and methyl esters 10b)
groups the 4-chlorobiphenyllcproduct wasaffordedwith excellent conversioand
selectivity ratio in both case&ven largeeWrsubtituents at theortho-position such
as nitro group 11b) were tolerated, displaying excellent selectivity ratio.
Heterocycles such as2-methoxy3-(4,4,5,5tetramethyl1,3,2dioxaborolan2-
yl)pyridine12b and 4-(4,4,5,5tetramethyl-1,3,2dioxaborolan2-yl)isoquinolinel3b
showed to be tolerated in this methodology, fafding exclusevily the -4

chlorobiphenyllcproduct.

While varying the boronic acid, a similar trend could be observed. Arylboronic acids
bearing ED groups3§) showed better conversions and selectivity, whereas EW

functionalities such as trifluoromethygroup, (4a) had a decrease irconversion
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and selectivityratio. The 4fluoro-3-cyanophenylboronic acida displayed asimilar
decrease in conversignalthough with remarkable selectivityTthe presence of
ketone functionality at themeta-position @a) had a noteworthy impact in the
NEII OGA2Yy Qa LISNF 2 NI Wwrtmotesfe togvensidnyam withkK S

virtually no selectivity.

BPin pmeemees . cl
B(OH), 10 mol% CuOAc ! Cl:
O . 0.67 equiv TCICA | O/ b,
0.25 M MeCN, rt, 4 h . :
Xa 2b Xc 2c
(1 equiv.) (1 equiv.)

1-naphthalene BPin (2b) vs.:

/©/B(OH)2 /©/B(OH)2 /©/B(OH)2 NC:©/B(OH)2
MeO FaC Br F

3a, 99%, >99:1 4a, 76%, 7:1 5a, 40%, 4:1 7a, 75%, 3:1

0 B(OH), B(OH), B(OH)2
Me)‘\©/B(OH)2 ©:NO ©i MeO\’(©/
2 OH
(0]

9a, 41%, 2:1 11a, 42%, 8:1 14a, 76%, 15:1 15a, 63%, 2.3:1

Br\©iB(OH)2 /©/B(OH)2 o) B(OH),
OMe  MeO,S EOD/

e
16a, 43%, 2:1 17a, 23%, 3:1 18a, 0%
Figure13- Substratescopevarying the arylboronic acigontent
The 2-hydroxyphetylboronic acid 14a was converted to the correspondent
chlorinated product both witlgoodconversion anaxcellentselectivity ratio Esters
(15a) were tolerated significantly better than methylsulfonyl &) groupsunder the
set of conditions developedaffording selectivily thecorrespondent chlorinated
product 15¢c and 17c in goodand poorconversiors, respectivelyThe reactionhas
reduced performance when bearigDG at thertho-position, yielding the product
4-bromo-2-chloro-1-methoxybenzend6c with moderateconversion and pooratio
of selectivity In the case of (2;8ihydrobenzo[b][1,4]dioxis6-yl)boronic acidl8a
no 6-chloro-2,3-dihydrobenzo[b][1,4]dioxine product was isolated from the reaction

mixture.
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In the entry highlighted in Scheme 50, only thecdiorinated product 6,lichloro-
2,3-dihydrobenzo[b][1,4]dioxin€l8c could be observed, with complete selectivity
over the competing £hloronaphthalenec product. In this case the products were

isolateddue to productl8cbeing untraceable by the HPLC method developed.

BPin Cl

(o] B(OH), 10 mol% CuOAc o cl
[ 0.67 equiv TCICA 82% yield
* * 18c:2¢ >99:1
(] 0.25 M MeCN, rt, 4h o) Cl
18a 2b 18c 2c

Schemes0 - Entry 2bvs. 18ain Figurel3

The donating effect of the dioxane substituents helps activating, together with the
chloring the C7 position in the ring through paradirection from the ether
substituent andortho-direction by the haloge. The entry wage-attempted using
0.34 equiv of TCICA as effiort to access the monahlorinated product however,

any attempt to synthetize 6-chloro-2,3-dihydrobenzo[b][1,4]dioxine was
unsuccessful. Instead, thenly di-chlorinated product was obtained in reduced
yield. The observation suggests that, once formed, the mohtorinated product is
more reactive to an aromatic substitution than the boronic acid starting material

18aitself.

Along the substrate scop, ncompatibility with a range of functionalitites was
encountered as described in Figure 14. Although still keeping a significant selectivity
towards the boronic acid partner, the-tBiophene boronic acidl9a showed a
pronounced decrease in reactivityhen comparedto the previously evaluated

substrates.
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10 mol% CuOAc ! al !

B(OH i \
0 (OH), OBP'” 0.67 equiv TCICA : 0 : OCI
+ ' v+
0.25 M MeCN, rt, 4 h e
Xa Yb Xc Yc
4-biphenylboronic acid (1a) vs.: . 1-naphthalene BPin (2b) vs.:
©/BPin ; ©/B(OH)2 mB(OH)z /©/B(OH)2
| = Me.
S : S N e~y
19b, 11% E 19a, 1% 20a, 0% Y = NMe, 21a, 0%
1¢:19¢ >99:1 H 19c¢:2c¢ >99:1 Y =S, 22a, 0%

Figurel4 - Unsuitablesubstrates for the chemoselective chlorination

As demonstrated possible for the BPpartner, the possibility of incorporatiny-
containing functionalities in the boronic acid partner was soudlgither amine
substituted boronic acids 23@ nor N-containing heteroarylboronic acid2Za)
afforded the desired chlorinated produgcteven ttough full consumption of the
boronic acid species wa®bserved Notorious for their predisposition to
protodeboronate®® especiallyin the case ofheteroarylboronic acids such as the
thiophen-2-ylboronic acid21a and pyrid-3-ylboronic acid22a, substrates such as

the above mentioned can be challenging obstacles to overcome while scoping a

methodology

In order toinvestigatethe scope,other boron partnersfor this methodologywere
investigated(Figure15). Even hough 4-chlorobiphenyllc was the major product
encountered, both conversion and selectivity had a drastic dechvigen
naphthalenl-ylboronic acid MIDA este2d was used On the other hand2e was
preferably chlorinated over the[1,1-biphenyl}4-ylboronic acid 1la. Notably, a
significantselectivityratio 1c.2c of 1:9was observed wheid-naphthylboronic acid
2awas used aganigiL,1-biphenyl}4-ylboronicacid 1a. According to the last result
displayed, tiwas postulatedhat 2ais a more reactive substrate thdra due tothe
steric interaction present ir2a between the boron substituent and the proton of

the adjacent ringwhich accelerates the aromatic substitution.
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BY, Cl
B(OH), Cl
10 mol% CuOAc
. OO 0.4 equiv TCICA . OO
Ph Ph
0.25 M MeCN, rt, 4 h
1a 2x 1c 2c

4-biphenyl boronic acid (1a) vs.:

BPin BMIDA BF 3K B(OH),
2b, 97% 2d, 36% 2e, quant. 2a, 90%
1c:2¢ 50:1 1c:2c 2:1 1c:2c 1:11 1c:2c 1:9

Figurel5- Scope of boron partnerss. 1a

In order to understand if the selectivity obtainqureviouslyrelies on substrate
specificity rather than a trend of reactivityhe 1-naphthyl boronic acid 2a was

tested against different -biphenyl boron species (Figuié).

Corroborating with thelast results in the previous tablevhere the 1-naphthyl
boronicacid2ashowed to be rore reactive 1-chloronaphthalene€cwas the major
product againsfl,1-biphenyl}4-ylboronicacid pinacol estetb and[1,1-biphenyl}
4-ylboronicacid MIDA esterld. Notably oppositetrend was observed for the pair
2aandpotassium 4biphenytrifluoroboratesle, wherel-chloronaphthalene2cwas

the major product obtained.

B(OH), cl
BY, cl
10 mol% CuOAc
. OO 0.4 equiv TCICA . OO
Ph Ph
0.25 M MeCN, rt, 4 h
1x 2a 1c 2c
1-naphthalene boronic acid (2a) vs.:

: BPin BMIDA BF3K
Ph Ph” i Ph” i

1b, quant. 1d, quant. 1e, quant.
1c:2¢c 1:25 1c:2c 1:>99 1c:2c 1:11

Figurel6 - Scope of boron partnerss. 2a

56



Results and discussion

3.1.3 Onepot di-nucleophile SMCC

After investigating the chbrination step, the initial idea of the ghucleophile SMCC
was endeavoured. The overalprocess would consist in performing a
chemoselective chlorination followed by a SuzMkyaura reaction to couple the
generated halide and the remaining boron specldswever, lefore attempting the
one-pot procedure a few controls experiments were necessaoy identify any
potential issues that could be encountered during the tandamcess To do so, we
selectedentry 10bin Figurel2 as a suitable pair of boron species to investigate the
one-pot SMCCNot only for providing easy track by HPLC analysis but also clearly
identifiable peaks throughH NMR spectrum. Since the investigation would only be

relevant for theSMCGtep,the entry 10bwasused for the control conditions.

To explore if byproductsfrom the first step would be detrimental to theross
coupling step, standard conditions developed within the gfétipvere subjected to

all possible byroducts and their combinations, in order to mimic the reaction
mixture. After the chlorination is finished, under the optimized conditions, there
would still be excessof TCICAremaining in the mixtue for the Suzuki step
Moreover, ICA23) is the direct byproduct of complete dehalogenation of TCA.
The incomplete consumption of the chlorinating agent could be either or both
DCICAZ25) and CICA24) as shown in Figurg7. To simplify the experiments, it was
hypothesized that botl24 and 25 would provide the same reaction outcome as the

chlorinating agent TCICA itself.

OH 0

N )Q N tautomerisation HN J\ NH
|
HO)\N/)\OH ICA 23 O)\HAO
....................... Oo

'j\JL/'L/CI mj\JLim

o) N o] o H o

CICA 24 DCICA 25

Figurel? - By-products from consumption of TCICA
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Firstly, the conditions employed performed as expected, delivering the coupled
triaryl in high conversionTable 10, entry 1). Unfortunately, TCICA completely
inhibited the SMCCyielding only the starting material3able 10, entry 2). It was
hypothesized that the agent irreversibly poisons the palladium catalyst and
therefore prevent the reaction from proceeding. Notwithstanding@ did not
entirely interrupted thecrosscoupling step yielding the coupled product only in
moderate conversionTable 10, entry 3). Also, no protodeboronation of the boronic
ester was observed. The triaryl was only observed in good conversion when CuOAc
was added to the mixtureTable 10, entry 4). Not surprisingly, the combined
addition of TCICAnd CuOAc to the reaction mixture also inhibited t8&ICC
reaction(Table 10, entry 5). The simultaneous presence of ICA and CuOAc provided

the SuzukiMiyuaracoupling product in moderate conversiomaple 10, entry 6).

Table10- Control experiments

0.67 equiv additive COM
Cl 4 mol% Pd(OAc),, 8 mol% SPhos ‘ 2Me
+ BPIn 3.0 equiv K3PO,, 5.0 equiv Hy0
O MeO,C MeCN, 90 °C, 16 h ‘

1c 10b 26

Entry Additive Conversion%)?
1 None 92
2 TCICA 0
3 23 56
4 CuOAc 68
5 TCICA CuOAc 0
6 23+ CuOAc 49

aDetermined by HPLC analysis.
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As aresult, from the information gathered in this control study, few drawbacks
from the process could be identified and addressed. Firstalbf and most
importantly, no excess of TCICA can remain in the mixture, otherwise the Suzuki
Miyaura coupling will not proceedand, since both TCICA and Pd(QAen not
coexist in the reaction mixture, lateddition of the catalyst is required in this case.
Although this valuable information prevented us from encountering several issues
during optimization, the initial aim of vang all reactants present from the start has

proved unfortunately to be impracticable.

Thus an evaluation of the procedure and all possible side products that could
emerge was overseen before describing the optimization (Fidi8e The CEL
coupling isnotorious for presenting oxidation and protodeboronation (therefore
homocoupling too) of boron species as its main side reacti$hés it was
identified by ChiP® and Vantouroutet. al,®¥1%the presence of GDAc (derived
from the reductive elimination step of the CEL catalytic cycle) in the mixture triggers
the production of oxidation and protodeboronation {pyoducts, regardless the
boron species imise. Although stoichiometric amounts of CUOAc are not employed,
likewise several examples for the CEL coupling, the oxidation/protodeboronation

can still impact the ongot process in different aspects:

1) Consuming starting material: obviously, the formatiof byproducts is

detrimental for its performance and affects directly the overall yield.

2) Not complete use of the chlorinating agent: as the control experiments
demonstrated, the issue of not full consumption of TCICA would result in
partially or entirdy poison of the palladium catalyst, supressing the Suzuki

Miyauracoupling step.

3) Loss of selectivity: boronic acids are more prone to protodeboronation and
oxidation than BPins and, once all boronic acid in the reaction mixture is
consumed, only the bomac ester will be available to be chlorinated,

decreasing the selectivity ratio as well as the overall yield.
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...............

| Chu, 2010 O/

| Vantourout, 2017
i

O/B(OH)2 BPin (i) CuOAc, TCICA, MeCN, rt, 4 h
* O/ (i) Pd(OAc),, SPhos, K3POy, Hy0, 90 °C

Cox, 2017
Mo%y, 2017 O/ + O/
Figurel8- Evaluation of side reactions and possible-pyoducts

Eventhough rising significantly less damaging issues to the reaction, the presence of
base and water in the reaction mixture can still be problematic. Boraeigtpinacol
esters can béwydrolyseddelivering the respective free boronic acid in the mixture,
which can undergo a base catalysed protodeboronation mechanism described by
LloydJones®>38:3|f the reaction is not selective and a significant amount of boronic
acid remains unreacted in the mixture, pinacol exchange demonstrated by Molloy
et. al'® could yield a complex mixture of boron species that could culminate in
homocoupled products as sthum in Figurel8. With several potential issues to be
overcome, the ongot procedure has proven to be an ambitious however feasible

project once a very careful and detailed study of its variables were accomplished.

As previously outlined the use of the pdia vs 10b of boron species ifrigurel2,

the initial optimization study was conducted. From previous projects within the
group,13%141.144 the amount of base and water in the reaction mixture has
demonstrated to play a crucial role in the reaction outcome, hence we focused on
these aspectsnitialy. The inorganic basesRQ was found to be the most suitable
base forSMCC. #Qis known to be hygroscopic and able to form stable tetra
hydrate specie$>! It was thought that the base could sequestesCH limiting
hydroxide  formation and consequently pinacol deprotection and

protodeboronation. The concept of a basic biphase in the context &GMs been
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previously discussed by Lleydnes>® where the basic aqueous phase would act as
a reservoir of hydroxide ions. In this case, a slow release 6éfiti®@the organic
phase wold enable the SM@Ccatalytic cycle to progress and minimize any of the

by-products highlighted above.

Interestingly the combination of water anafO, has proven to be crucial for the
overall yield of the process (Figure 19). Moderate to excellent yigéis observed

in the range of 5 to 7 equiv okB. The use of 3 equiv 03D or less demonstrated

to have reduction in performance. For this methodology 4 equivsBfKwere the
most competent load of base to catalyse the SMCC. A significant decretdse in
overall conversion waglentified when using 10 equiv of 20, regardlesf the
amount of base in the reaction media. This effect was observed in other projects
related to the topic within the group3®141.151The ultimate combination of 4 equiv

of KPQ and 7 equiv of ED in the mixture helped affording the desired coupled

product in 91% caversion and 90% isolated yields.

CO,Me
B(OH), (i) 5 mol% CuOAc, 0.34 equiv TCICA ‘ 2
+ \/©/BPin MeCN, rt, 4 h
(i) 5 mol% Pd, 10 mol% SPhos
O MeO,C X equiv base, Y equiv H,0 O

1a 10b 90°C, 16 h 26

100
— 80
S
E 60
L
2 40
@)
O
20
0
0 3 4 5 6 7 8 9 10 |
Equiv of Water Equivof K;PQ,
m2mE3m405

Figurel9 - Graphicscreening KPQ vs. BO equivalents
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Table 11showsthat no other inorganic base coutiltperform KsPQ, even though

both KCQ and CsCQ are commonly used bases f8uzukiMiyauracrosscouling
reactions. Likewise, was the case of ligands catalgsreened for the ongot
process. Notably, DavePhos and CyJohnPhos did not equate the performance of
SPhos, poorly yielding the desired prod@8 The replacement of Pd(OAd)y

PdCl was detrimental to the overall yield. As predicted to be ing#fit to catalyse

the reaction due to the electrodefficiency of its ligand, PdQippf) DCM and

[Pd(PPH)4] did not form significant ammounts of the coupled product.

Tablel1 - Catalyst and base final optimization

B(OH CO,Me
(OH), ~ (i) 5 mol% CuOAc, 0.34 equiv TCICA ‘
+ BPin  MeCN, rt, 4 h
O MeO,C (i) 5 mol% Pd, 10 mol% Ligand O

4 equiv base, 7 equiv H,O

1a 10b 90°C, 16 h 26
Entry Pd Catalyst Ligand Base Conversion (%)

1 Pd(OAQ®) SPhos KPQ 91

2 Pd(OAQ) SPhos CsCQ 28

3 Pd(OAQ) SPhos K:CQ 24

4 Pd(OAQ) DavePhos KsPQ 19

5 Pd(OAQ) CyJohnPhos  KsPQ, 19

6 PdC SPhos KsPQy 11

7 PdCJ(dppf) DCM - KsPOy 16

8 Pd(PPH) - KsPQy 13

aDetermined by HPLC analysis.
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With optimal conditions in hands, the substrate scope wamposed(Figure 19).
The work shown irHigure 20 had been done in collaboration with Joseph E. Dixon,

who synthesized the compoun@9-32, 35and 36.
B(OH), BPin (i) 5 mol% CuOAc, 0.34 equiv TCICA

) d 0.25 M MeCN, rt, 4 h
(ii) 5 mol% Pd(OAC),, 10 mol% SPhos

4 equiv K3POy, 7 equiv H,0, 90 °C, 16 h

O CO,Me O CO,Me o

2
l O /‘/‘\OCN
O FsC MeO

Q

26, 90% 27, 81% 28, 94%
H
NTMG F
o Me g
() ® o
MeO F,C © MeO,S
29, 72% 30, 65% 31, 79%
O
CFs
0 ey e
O MeO O o
MeO,S
(e}
32, 75% 33,62% 34, 85%
/N = ‘
x | N
oM
MeO O ’ MeO €
O
35, 74% 36, 60%

Figure20 - Substrate scope for the onpot di-nucleophile SMCC procedure

The optimized pair26) was isolated in excellent yield. Although with a small
decrease when the boronic acid partner bears a more EW subtit@gentpound27
could be isolated in gml yield. The method tolerates boronic pinacol esters bearing
nitriles 28) and amides 49) groups delivering the coupled productusing 4
methoxyphenylboronic acids its partneyin excellentand goodyields, respectively.
Ketones 80) and sulfones31 and 32) are alsatolerated substituents 1-(2"-Nitro-
[1,1-biphenyl}4-yl)ethan1-one 33 demonstrates the reaction péorms well when

using EWG at thertho-position of the aryl boronic acid, affording the desired final
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product in moderateyield. Under the optimized conditions arylboronic acids with
esters functionalities 34 and 35) were found to be suitable partnersAlso
heteroaryl BPins such as isoquiniml4-ylboronic acid pinacol ester and -(2
methoxypyridin3-yl)boronic acid pinacol esterwere tolerated and delivered

compounds35and36in moderate yields.

3.2 Mechanistic Investigations

Although examples reported in the literature proposed mechanisms for the
transformation,thesestudies were often minimabr superficial. Moreover, none of
them properly addressedor rationalised the reasoasto why the reaction can be
catalysed by both Cu(l) andu(ll) species, as previouslgenby Hynes and also

verified duringthe optimisation for the process described in the last sectidnh

At first our initial studies investigatthe possibility of the chlorination tproceed
through radical pathway which was considered by Molandét® and discussed
previously in this manuscript under Section 1.21B. the possession of this
information, Molanderthen proposed that the transformation processia anipso
substitution, as also suggested by Q& 3 $Wigydein] nitration of boronic

aCidSlZ3,l6O

Pertaps the most interesting aspeit2 KA 3 Kf A 3 \oikis hél@e¢haristicc K Q &
investigation conductedScheme51).123 Since the group reported only mono
nitration of the boron species, without regioselectivity issues, it could be postulated
that the electrophilic aromatic substitution would occat the ipso-postion. It is
well-known that TM&I(MesStO-Cl)reacts with nitrate salts to generate the active
TMSO-NO species'?® After formation of the active pecies, e boronate
intermediateis generatedhrough attackof the oxygen present in the siloxyl group

to the boron due to the high oxophilicity of the boron centre. The formation of the

GN bond is suggested to gbrough a concerted mechanisndivergingfrom a

classic electrophilic aromatic substitution which normally goes through a Wheland
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intermediate (see pag&, Scheme 8)Inthe Wheland intermediate paway, the
attack into the nitro group would occur from a double boafithe aromatic ring
with concomitant cleavage dhe GB bond Additionally, the excess of TMS presen
in the mixture can react with the active species to generatdl@l which can also
act as an active species in this transformatiéhThe main drawback is thahe
latter can deliver eitherhie nitrated or the chlorinated produgf316teven though

the chlorinated byproduct has not beenobse®/R Ay hf | KQa & dzoad NI

MNO, TMSCI, MNO,
i—0- MesSi—O-NO, —— > CI=NO; + TMS-O-TMS
Me3Si—O—ClI _Mcl e3Si 5 e )
M = Ag or NH, active species M = Ag or NH,
T™MS
o
95‘/\ HO OH 51

(HO),B. 'NO,

S
QB ®TMS NO;
H ——— “s Nz
S -
NO, R

Scheme51 - Formation of active species and mechanigresentedfor the ipso-nitration of boronic acids

Since the mentioned activation of nitrate salts by TMS@kisknown61162h £ | K Q &
group ceased investigatirtg eliminate other possiblepathways and proposed the
mechanism describedbove The oxygen lone pair of the active speaeserated

in situattacks the boronempty p orbital, forming a boronateype intermediateas
shown which is claimed tassistthe nitration at the ipso-position Olah et. al.
proposed a concerted mechanism that forms amkembered transition state
highlighted in Schem&2, whichis supportedby the first order dependence of

TMSCI available solution to form the active specigg>123

Even thouglprevious work reported in literature suggeshe reaction is unlikely to
undergo a radical mechanismxperiments were designed to help understanding
aspectsof the reaction As it is widely employed, the radical scavenger TEMPO was
used to investigate whether the reactiomould be affected Asthe process is not
strictly mediated by this metathe investigation was conducted under those three

different set ofconditionsshownin Tablel2.
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Tablel2 - Experiments with radical scavenger

B(OH), Cl
O X equiv TEMPO ‘
0.67 equiv TCICA
MeCN, rt, 4 h O 4

1a c

Conversionwith Conversionwith  Conversionwithout
Entry TEMPO

CuOAd%} Cu(OAQ) (%} catalyst (%}
1 - 98% 96% 92%
2 1.0equiv 92% 90% 94%
3 2.0 equiv 53% 64% 60%
4 3.0 equiv 25% 48% 56%
5 5.0 equiv 20% 40% 38%
6 10.0 equiv 4% 12% 13%

aDetermined by HPLC analysis.

Notably, the reaction yieldsliminishedsignificantly with the addition of 2 or more
equivalents of TEMPO, almosbmpletelyinhibiting the reaction when employing
10 equivalents of the scavenger (TabB®. Although the datatronglyindicates the
reaction could involve radical species, it @ucial to ackowledge that, the latter
entry for instancerequired 0.5 g of TEMPO to be added in a 1 mL MeCN salution
Thisimpliesthat the scavengers more prone to interfere inother aspects of the
reaction, such as stirring and material dispersidnge to the large amount of

material in the vessel

A study conducted by Giacomelli employs TCICA and catalytic amounts of TEMPO to
oxidize alcohols to the corresponding carboxylic acid (SchEE3DA I O2 YSf f A Q

group developed experiments to clarify some mechanistic aspects.
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= !

! o ) :

N O)/ 6 Ci \ o
TCICA

>(j< N
N l‘o
(SH 8 (}(R
\_HH
o) »—/
CI\NXNH N o
%\ /g + HOCI 0~ R )k
N © HO” R

Schemeb2 - Mechanism proposed for the TCICA/TEMPO oxidation of alcohols

The reactionslowed significantly when NC®asused instead of TCICA. A catalytic
amount of NaBwasused in the reaction (which also tolerates other salts such as
Nal and LiFhowever,its role in the mechanistic pattay was not mentionedThe
hydrolysis of TICA seers to be catalysed by the presence of halide ioirsthe
absenceof it, no oxidation to carboxylic acidecured The studyalsopointed out
that TEMPQwasnot required to access the final produtbm its intermediate. In
fact, the aldehydewas rapidly oxidized to the corresponding carboxylic acid by
treatment with one equivalent of TCICA in a mixture of Acetongd without
addng TEMPOTheD A 2 O 2 Y S f Helpe@elucidatidg\thhe dramaticdecrease in
yield observed in the table aboveas TEMPGhowed to consume TCICA and

therefore preventing the chlorination to occur

Our observations and the work reported by Giacome#innotcompletelydisprove
that the reactiongoesvia a radical mechanismwhile further experiments to analyse
the formation of the radicaspecies were conductedne of the principal initiators
for radicatbased reaction is the use of UV ligh* Therefore, to obtain more
information to validate the possibility of radicalbased reaction the optimum
conditions described in General Proced@evere applied in the complete absence
of light Scheme 53). Interestingly, thereaction performed effectively and
consistently under these conditions In conclusion, noconcrete evidence was

obtained to assume that the reaction proceeda a radical pathway
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B(OH), Cl
‘ 10 mol% CuOAc O
0.67 equiv TCICA
O 0.25 M MeCN, rt, 4 h O Isolated yields:

1a no light 1c | 929%, 90%, 94%

Schemes3 - Experiments in the absence of light

Smultaneousto the studiesshown previously the possibility ofgenerating of

chlorine gasn situwas consideredToverify the formation of G| it wasconsidered

that a redox reactionwhere the gas could be readily reduced ,bipr instance

iodine anion would bea rapid and simple indicator for the purpos€he standard

reduction potential$®®are reported in Schemg4withits2 GSNI t f LR aAGA DS
means that the oxidation of iode to iodne by chlorine gas is spontang® and

readily detectablesince the solution would go frorolourless (aqueous solution of

Nal) to dark brown or purple(due to the formation of molecular iodinein the
mixture). The solvation of iodine by water in the solution described above did not
produce acoloured solution, which helps a more accure and rapid identification of

I> formation.

Cly+ 26— 2CF E=+1358V

|2+29' — 21 E =+0.535V
Co+2" ——— > [, +2CI AE = +0.823 V

Schemeb4 - Standard reduction potentials in aqueous solutions at 258@1 the potential of the proposed

experiment

The designedexperiment described in Figur@l would reproduce the reaction
mediumand, by saturating the solution withoNthe C} generated would bdorced
into the second vessel, containing a saturated solution of sodium iodtiie.simple

technique would allow a qualitative analysis@Hf formation.

All the different reaction environmentsvere assembled (with and without the
presence of copper catalyst), as well ascentrol experiment, where only the
solventwould bepresent to reassure no false positivgll be detected, leading to

misinterpretation.An iodinepaper indicator waslao used in the study.
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Reaction media Sat. Nal solution
(transparent)

When reaction media is:

MeCN = clear Nal solution

MeCN + TCICA or MeCN + TCICA
+ CuX,, = brown Nal solution

Figure21 - Equipment used in thetsidy
As expectedin the blank sample, where the reaction media isnly MeCN no
change in colour was observedher in the Nal solutioror the paper indicatoand,
therefore, no formation of Cb gas happenedWhen TCICA was present in the
mixture, invariably, the solution went from transparent to dark brown indicating the

presence ofifrom the redox reaction.

The observationsuggest the formation of £in sity which indicatesa homolytic
cleavage of the MNCI bond, corroborating with the proped formation of radicals in

the reaction mixturg Schemeb5).

0 0 o)
a. AL m ca a1 al /CT/\@
N7 NS \_JNON ‘

N N2 Cl
T U [
Cl Cl 1 Cl
homolytic cleavage heterolytic cleavage

Schemes5 - Possible pathways according to reaction conditions
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When only TCICA is present in the reaction mixture, @heyas must be produced
from two N-ClI homolytic cleavages (either intermolecular or intramolecular). The
other approachreported by Molander (Scheme51, reaction conditions(B)),'*°
where substoichiometric quantities of the electrophilic chlorinating agent were
used in combination with NaCl thout affecting the overall yield of the process
goes through a heterolytic bond cleavada this casethe chlorine anion attacks
the electrophilic chlorine to form €1Since the studies conducted only used TCICA,

the developed chlorinatiopathwaymus gothroughahomolytic cleavage.

Previous investigationglucidated few aspects of the transformation ahelped
understanding reactivity however they did not elucidate how chemoselectivity
could be achieved Experiments to observehe potential interactiors between
reaction components werehen sought. From observations collected durinmur
optimisation, it is known that the reaction proceeds in the absenceitiifer Cy{l) or
Cu(Il) catalystsalthough withreducedyield andconsequentlypoor selectivity(page
43, Table 2). Through thisdata, it was anticipatedthat an interaction between
copper andTCICAvhich couldenhanceits reactivity. We envisioned thatnfrared
(IR) experimentgould bean interesting techniqueo verify whether a significant

interaction between chlorinating agent and copper catalyst.

O (0] O (0]
EW effect of Resonance
alkoxy group OR H R NR; reduces C=0
affects vibration vibration frequency

1735 cm™ 1690 cm™

Figure22 - Infrared scale for carbonyl vibration frequency for different functional groups

The carbonyl vibratiolies withinthe range of 175600 cm' in the IR spectrm,6®
which is extensiveenough to enable recognitiof different functional groups
(Figure 22)If aninteraction between catalyst anthe carbonyl moieties oT CICA
exists, a possible shift in th€=0 stretching frequencgould be observed.The
procedure used in this anaig is described in General ProcediEeTo avoid
misinterpretation, both Cu(OAcand CuGlwere investigatedMoreover, the TCICA

Vcois 1731cnt?, as evidenced in Figugs.
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Figure23- IR spectum of TCICA

When the mixture of TCICA and @Ac was analysed, no difference from the
previous IR spectrum was observeudth the sameoccurringfor the mixture using
CLCl Interestingly for both Cu(OAglnd CuGlexperimentsan extra peak could be
observed in the spectrum in the region @697 cntl, eliminating any possible
interference that could emerge from thacetateligand (Figure24). This newband

was observed in aypical region for amides The observation prhapscan result

from interaction betwea the copper catalyst and TCICPhe results obtained,
showing a different reactivity between copper(l) and copper(ll) catalysisld
perhaps suggest that the reaction may undergo a different mechanism depending

on thecatalyst of choice
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Figure24- IR spectrum of the TCIGACU(OAg) mixture

Another aspect worth investigatintpat may provide evidences of multiple possible
mechanismss the by-product obtained in one reaction during the copper catalyst
screening shown in TabE WhenCuBr andCuBg were used significant amounts
of a byproduct were observed by HPLC, whitter was found to be 4
bromobiphenyl (Schemeb6a). Interestngly, the analogous 4odobiphenyl by

productwasnot observed when using Cul (Schebgb).

O B(OA BPin 10 mol% CuBr, ‘ Br
(a) 1.0 equw TCICA
|O |OO MeCN, rt, 16 h O 15

n=1,~8%
n=2~14%

‘ B(OH) BPin 10 mol% Cul O '
1.0 equw TCICA

(b)

MeCN rt, 16 h

1g

not observed

Schemes6 - By-products observed in entries from Tabg
The first aspect of the bgroduct is that it comes only from boronic acid species
and not thearylBPincomponent It is important to notice that, either using CuBr or
CuBs, nearly all thebromine available in the mixture is incorporated in the- by

product. Based on those initial observations, the question afcompeting
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bromination processarose, as well ag there is arequirement of TCICAor by-

product formation.

No byproduct was obseared when only 1.0 equivalent of CuBr or Guigas present

in the reaction media (Schemé&&). Notably, TCICA in the presence of 1.0 equiv of
CuBr only afforded -Hromobiphenyl as the product, with no traces of the
chlorinated biaryl (Scheme7b). The usef 1.0 equiv of CuBrand TCICA delivered
exclusively the dbrominated product39 (Scheme %c). The information collected

from the above experiments suggests that TCICA, perhaps acting as an oxidant, is
crucial for the formation of brominatethy-products. It also indicates that copper

might not be essential for the bromination to occur.

B(OH), Br
1.0 equiv CuBr, ‘
—_——
a 0.25 M MeCN 1
rt, 4 h
B(OH)2 1.0 equiv CuBr Br
0.67 equiv TCICA ‘
a 0.25 M MeCN
i 4 h 1f, quant.
B(OH)2 1.0 equiv CuBr, Br
0.67 equiv TCICA ‘
. 0.25 M MeCN O
t,4h Br 39, quant.

Schemes7 - Investigations of byproduct formation

(a)

(b)

(c)

LR

It wasalsohypothessed that the copper catalystvould not be able to reinsert into
the GBr bond and therefore bromobiphenyl waild be observed as a fyroduct.
However,when using Cul, oncgarting materiawas consumed giving a mixture of
chlorinated and iodinated products, the copper catalyst could reinsert into the C
bond and deliverthe chlorinated productAlthough unlikelythis possibility had to
be discarded We then submitted both 4odobiphenyl and 4romobiphenyl,
separately,to the optimum conditionsto verify if there is formation of the

chlorinated produc{Schemés8).
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O Br 1.0 equiv Cu(OAc), O cl
0.67 equiv TCICA
(a) d
0.25 M MeCN, rt, 4 h
1f 1c
‘ | 1.0 equiv CuX, Cl
0.67 equiv TCICA O
(b)
0.25 M MeCN, rt, 4 h O
19 1c
X =Br, OAc

Schemes8 - Investigations ofthe formation of 1¢ fromby-product

Both sets ofconditions used in the tests failed to delivercBlorobiphenyl This
information suggeststhe formation of byproduct is irreversible The by-product
could however come from the-dhlorobiphenyl instead of the boronic acid starting
material. In order to verify tts hypothesis 4-chlorobiphenyllc was subjected to
the reaction conditionsin which the byproduct 1f was observed(Scheme59).
Notably, the reaction did not afford-Bromobiphenyllf but unexpectedly produced
the 4-bromo-4'-chloro-1,1-biphenyl productO.

Cl 1.0 equiv CuBr, Cl
‘ 0.67 equiv TCICA ‘
O 0.25 M MeCN O
1c rt,4h Br 40, 99%

Scheme59 - Investigationsof the formation of by-product

The bromination occurredopposte to the chlorine position which, through
inductive effect of the chloring®” is the mostelectronnegative position in the

molecule.

Hitherto what could be concludtfrom the observation gathered that 1) the by

product 1f observeddoes not come from the chlorinated product but from the
arylboronic acid starting materia®) the reactionlikelyNB Ij dzA NS & | % & 2 §zNDO S
the mixture and 3)the chlorinatedproduct 1c can also suffer halogenation (as

shown in Schem&0). However, in all previousexamples, a substituent was leeady

in place and therefore coul@lectronically affect itgeactivity. An aspect worth

exploringis if the samekind of reactivitywould be noticedfor the unfunctionalised
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biphenyl 41. Therdore, 41 was submitted to similar conditions dnthe results

obtained aredisplayed in Tabl&3.

Tablel3- Formation of halogenated products from biphenyl

H CI/Br Br
O 1.0 equiv CuX, ‘ ‘
O 0.67 equiv TCICA O or O
a1 MeCN, 1, 4 h 1c/1f Br 39

Entry Cux Conversion(%}
1 CuBr >99% ofLf
2 CuBg >99% of39
3 CuCl 28% oflc
4 Cud 80% oflc
5 CuOAc or Cu(OAc) traces oflc

aDetermined by HPLC analysis.

Using copper(l) bromide, the reaction delivered quantitatively the mono
brominated productlf whereas, when employing copper(ll) bromide, only the di
brominated product was afforded. In the case of CuCl andClo@h producedthe
4-chlorobiphenyl 1c as its only productin poor and good yields, respectively
Remarkablythe optimal condions only afforded traces of-dhlorobiphenyllc, and

no desired product was observethen Cu(OAg)was used insteadThese results
show that, for the copper catalysts bearing halide counter ions, dtpivalent
halogenated biaryl product have been formed. Under the optimal conditions
developed the reaction failed to deliver the produgt. The following results

suggest that the byroduct 1f initially observed could derive from either the
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boronic acid or the protodeboronated kyroduct. Althoughthese stidies clarifies

the origin of the side reaction, it still does not solve the question regartteg
necessity or role of copper in the reacti@am by-product formation It was then
contemplated whether an oxidant other than TCICA could promotddheation of
brominated byproducts. For this studythe oxidants chosen were MnQditert-

butyl peroxide (DTBP) and a balloon of The studies were conducted employing
individually each of the oxidants listed above under the set of conditions described
in Tablel4.

Table14 - Screening of oxidants for halodeboronation

B(OH), Cl/Br
O [Conditions] O
O 1.2 equiv of O
1a MnO, or DTBP or O, 1c/1f

MeCN, rt, 4 h

Entry Conditions Conversion%}

10 mol% CuOAc an No reaction
1 2.0 equiv TBAC

2 1.0 equiv CuCl 30% oflc(MnQ,), 64% oflc(DTBP), 52% c

1c (O atm)
3 1.0 equiv NaBr No reacton
0, 0, 0
) 1.0 equiv CUBr 45% of1f (MnQy), 72% ofLf (DTBP), 17% c

1f (Oz atm)

aDetermined by HPLC analysis.

The use o BAC aa nucleophilic source of chlorine in the presence of CuOAc failed
to form the desired producicregardless of the oxidant employed. In contrakie
chlorinated product was observed in all cases when CuCl was the chlorine source.
Neither of the chosen adants wascompetentto promote the bromination using
solelysodium bromideLikewiseg it was noticed when Cu@hd CuBr were useds

the halogenatingagent, accompanied bgny of the oxidants attempted, yielded
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significant amounts othe product 1f. According to results displayed, the most

competent oxidant was DTBP despite of being invariably ewbian TCICA.

It is known thatproduct 1f is exclusiely formed in the presence of CuBr and TCICA.
In order to understandwvhat is necessg for the formation of the electrophilic
bromine, the competing brominatiorwas studied, under the optimal conditions,

using NaBr as the source of bromine inste&the previously used CuB{Table 16)

Tablel5- Observation oncompeting brominationin the presence and absence of copper catalysts

B(OH), 10 mol% [Cu] Cl/Br
O 0.67 equiv TCICA ‘
O 1.0 equiv NaBr O
1a 0.25 M MeCN 1c11f

rt,4 h

Entry Copper Source Conversion%)?
1 10 mol% CuOAc 72%1c, 27%L1f
5 10 mol% Cu(OAg) 70%1c, 28%i1f
3 - 90%1c, 10%1f

aDetermined byHPLC analysis.

Comparable results could be observed when CuOAc or Cu(@wcg used,
affording 4chlorobiphenyl 1c as its major product, with a ratiolclf of
approximately 2.5:1Curiously, in the absence of any copper catalyst the gatibf

was greate than what was previously observethisindicatesthat the chlorination

of the boronic acid occurs more rapidly, in the absence of copper, than the by
product formation.The evidences gathered so far cannot exclude the possibility of
other processes, which do not require oxidation of ®rBr", to participate. For
instance, a concerted transmetallation involving thd&fH) and the CuX system

implicating a Smembered transition state to deliver the product cannot be
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discarded(Scheme60). Moreover, the above proposal is also consistent with the
observation of the Cu(OAcjailing to afford the acetylated product, as it would

require alessfavoured7-membered TS.

_____________ N ' unfavoured
' X =ClorBr! | 7-membered TS

_____________

Schemes0- 5-membered TS for CuX and unfavouredriembered TS when employing CuOAc
Although insightful the collectedobservationsdid not helpclarifyingthe original

question: if it is not entirely necessary, halees the catalyst assittis process and

enhancechemoselectivity?

Based on whatvas observedpreviously, the best catalysts for this methodology
were CuOAc and Cu(OAdn order to identify potential interactions between the
boron species and the copper cataly$tB NMR studies were conductedhe
studies wereperformed using both boronic acid and corresponding pinacol ester
separately, to avoid overlapping of peaks and therefore misinterpretation of
spectrum When 4biphenyl boronic acidawas stirred with CuOAc, two additional
peaks appearedt the 4.1 and 1.9 ppm region in the spectrum showSdamemes1,
which corresponded to a boronate species and the boratgtoygluct, respectively,

according to similar examples previously reported in the literafG?é>°
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B(OH)3
. 42
CD3CN O OAc
"B NMR: ~1.9 ppm

1 -
"B NMR: 29.9 ppm B NMR: ~ 4.1 ppm

observed
BPin @ B, 20) s ;
O “ope 3 3 BOHXOR):
O b CDACN | O :
"B NMR: 30.9 ppm : "B NMR: ~ 6.0 ppm L E NMR: ~2.5 ppm |
NOT observed

Schemebl - Boronate formation investigated by 11B NMR for (a) boronic acid and (b) boronic acid pinacol
ester

For the study conducted usind.,1-biphenyl-4-ylboronic acid pinacol estethe
boronate adduct was not observed in either of the casBssed on thos
observationst was hypothesizedhat the copper catalyst would most likebehave
as a soure of anion forthe boronate formation, the latter being a significantly

more reactive species hence chemoselectieityld beobtained in the process.

In order to probe other potential interactits that could also enhance selectivity in
this process, the samEB NMR experiment was conducted in the presence only of

TCICA and IC28, separately $chemes2).

B(OH), Cl
TCICA ‘
(a) + | B(OH); 44
CD4CN O
1a observed

|

‘ R
B(OH), ! OB, ioH |
O ICA23 | O OH
(b) —— | ‘
O CD,.CN | O !
1a ! ;
NOT observed

Schemes2 - Potential interactions examined by 11B NMR using (a) TCICA and (b) ICA

The chlorinating agenas well as its bproduct, are N-containing molecules, which
can donateelectron density tahe boron emptyp-orbital, forming a boronate and

thus catalysing the reactioin both cases, no interactions were observed that could
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lead to the formation of a boronate species, which proves that the chemoselectivity
is accessed through the copper specrasre specificallyiaits acetate counter ion.

So f the hypothesis postulateth Schemes3 is correct then any source of acetat

or other additive able to enhancehe proposed boronate formationcould

satisfactorilycatalysethe chlorination with comparable selectivity

BPin
BPin Q BPin
S)
O/ OAc TCICA O/
—_— @?AC —_—
B(OH), B,!OH Cl
Q Q o Q

more reactive species

Schemes3 - Hypothesis of cheroselectivity origin

As aproof of concept, thereaction conditionswere submitted tothe previously
described NMR study procedurenly usingKOACc as thactivatorin this occasion
(Scheme64). The same behaviour previously observed for CuOAc was also noticed
in this case by'B NMR, demonstrating the formation of boronate intermediate

and its byproducts B(OH)44 and [(OR)B(Ok]) 42. Experiments to screen acetate
salts and bases were desgghunder the previously optimal conditions developed

to investigate if it supports the hypothesis proposed.

KOA TCICA
1a —2C. [qn| =225 1 4| 42|+ 44
CDsCN observed observed

Schemeb4 - The observations froni'B NMR of reaction mixture using KOAc

3.3 Di-nucleophile SMC@ia basepromoted chemoselective chlorination
3.3.1 Basepromoted chemoselective chlorination

Based on the evidences gatherbdsecatalysed chemoselective chlorinatiomthe
NMR study, we postulated the chemoselective halogenatmuld be base
promotedsince the same behaviour was observed when compared both CuOAc and

Cu(OApe) spectra against the KOAc spesotr. To validate the hypothesis, our
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developed system was subjected to the optimal conditions, substituting the copper

catalysts for acetate salts available in lab (Tdlée

Table16- Base screen

B(OH). - X mol% base Cl
BPin A Cl
0.67 equiv TCICA
O * MeCN, t, 4 h O *
1c 2c

1a 2b
(1 equiv.) (1 equiv.)

Conversiorto 1c

Entry Base X Selectivity 1c:2&
(%)
1 NaOAc 10 90 10:1
2 KOAcC 10 94 14:1
3 CsOAc 10 92 111
4 KOAcC 20 96 15:1
5 KOAc 50 95 14:1
6 KOAc 100 96 10:1

aDetermined by HPLC analysis.

Encouragingly the selectedacetate saltsexhibited comparable resultso the
copperpromoted optimal conditions, demonstratingexcellent conversion and
selectivity. Interestingly, KOAc had the begerformance. It could be noticed no
improvement in neither conversion nor selectivity with the addition of more than
20 mol% of KOAc. To prevent potential future issues with speciation and

protodeboronation sideproducts, the loading was kept to its minimuof 10 mol%.

Relying onthe boronate formation hypothesjsnot only acetate salts would be
suitable to catalyse this process but any inorganic base able to generate hydroxide

in situ Gther bases were examined, showing ideal performawben usingCsCQ

81



Results and discussion
(Table 17). The implenent of C3CQ has shortened the reaction time to 3 h,
keeping excellent conversion and complete selectivity towards thkldrobiphenyl

product

Tablel7 - Final optimization

B(OH), BPin 10 mol% base cl Cl
0.67 eq. TCICA
o e T 700

1a 2b 1c 2c
(1 equiv.) (1 equiv.)
' Conversion to o
Entry Base Time(h) Selectivity 1c:2¢
1c (%)
1 KOAC 4 94 13:1
2 CsCQ 4 96 >99:1
3 KCQ 4 75 12:1
4 KPO 4 83 4:1
5 CsCQ 2 90 >99:1
6 CsCQ 3 97 >90:1

aDetermined by HPLC analysis.

With a new set of conditionslected the sibstrate scope was investigated firstly by
evaluating the performance of -diphenylboronic acidla against a range of
differente BPingFigure25).

The conditions developedemonstrated excellent conversion and selectivity against
a range of arylBPins#As noticedpreviously 4-biphenylboronic acidla performs
slightlybetter against BPins bearing EW groupkb(6b, 7b, 9b and 11b) than BPins
with ED and EN group3lg, 5b and 10b). The scope demonstrated good selectivity
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across different substituents present in the arylboronic ester, regardless

position of the ring

B(OH), Bpin 10 mol% Cs,CO4 i cl: o
/@/ 0.67 equiv TCICA E /©/ E . O/
| Ph :

MeCN, rt, 4 h

Xb 1c Xc

4-biphenyl boronic acid (1a) v
BPin

/©/BP|n /©/BP|n /@EBP”‘
2b, quant., >99:1 3b, 79%, 1.6:1 4b, 98%, >99:1 6b, 97%, >99:1
NC BPin o BPin BPin
F o MeO N02
7b, 98%, >99:1 9b, 99%, >99:1 10b, 98%, 5:1 11b, quant., >99:1

BPin
BPin

» oo O g
N” OMe N \ ¢

12b, 99%, >99:1 13b, 96%, >99:1 45b, quant., >99:1 19b, 46%, 4:1

Figure25 - Substratescopevarying boronic acid pinacol ester content

The processvas found to tolerateN-containing heteroarylBpinsl@b and 13b),

affording exclusively -¢hlorobiphenyllc, and almost quantitativelyThe reaction

the

also performed effectively when using thecganophenylboronic acid pinacol ester

45b. Unfortunately, thiopher2-ylboronic acid pinacol ester9b displayed the same
issues previouslgncountered which suggests an incompatibility of TCICAheat

than the copper species, withcontaining heteroarylBpins

When the conditions were used agairdifferent arylboronic acids, a similar trend

could be observed. Electrenich boronic acids3g@) performed better in terms of
both conversion and selecity than electrondefficient ones 4a). Both arylboronic
acids bearingENG likebromine at the para-position (5a) were converted to their
corresponding chlorinated product witmoderate selectivity and conversiorThe

arylboronic acid7a displayed moderate reactivity and selectivityotably, he new
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set of conditionsdemonstrated tonot tolerate substituentsat the para-position

such asalargenitro group (1a), bearly affording thel1cproduct

- T — . cl
10 mol% Cs,CO, | cl

B(OH), ' '
0 OO 0.67 equiv TCICA ; 0 : OO
+ ; [
MeCN, rt, 4 h [ s
Xa

2b Xc 2c

1-naphthalene BPin (2b) v

(OH), /©/ (OH), (OH), :©/B(OH)2
AT os

3a, quant., 33:1 4a, 29%, 4:1 5a, 69%, 14:1 7a,50%, 7:1
B(OH), B(OH), Br B(OH),
(j : :NOZ MeO,C” i i ;OMe
9a, 34%, 1.3:1 11a, 3% 15a, 14%, >99:1 16a, 91%, 30:1
F B(OH B(OH
/©/B(OH)2 ®/B(OH)Z (OH), (OH),
\ Br
MeO,S S MeO
17a, 66%, 9:1 19a, 2% 46a, 96%, 32:1 47a, 95%, 24:1

Figure26 - Substrate sopevarying boronic acid content

Esters {5a) and ketones 9a) displayed poor reactivity under the optimal
conditions. Methylsulfonyl groupin the boronic acid partnefl7a) showed to be
tolerated, delivering the correspondent chlorinated product in good conversion and
selectivity 4-Bromo-2-chloro-1-methoxybenzene 16¢c was formed in good
conversion and excellent selectivity against the benchmark arylBBinThe
presence ofa fluorine adjacent to the methoxy grouthe electrondefficient 3
fluoro-4-methoxyphenylboronic acid6adid not supress its reactivity, delivering its
product 14cin excellent conversion and selectividtBromobenzylboroniacid47a
also afforded the correspondent chlorinated produtfcin high conversion and
selectivity. Similar to what was previously notdethiophen2-ylboronic acidl9a
performed poorly under the optimum conditions, corroborating wille hypothesis

of an incompatibility with the chlorinating agent.

Envisioning thexpansiorof the scope the possibilityof using other boron partners

for this methodology was investigated (Fig@®. Even though 4hlorobiphenyl1c
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was the major prodat obtained,with moderate conversiopagainstnaphthalenl-
ylboronic acid MIDA estetd, the selectivityhas diminished to a ratio of 1.5:The
unexpected result foda vs 2d could be imputed to the basic reaction conditions,
which catalyse the hydrolysis of BMIDA species. An evidence to support the
suggestion is the observation of the BMIDA hydrolysed prodza)t On the other
hand, the potassium naphthaled-yltrifluoroborate 2e was chlorinated
quantitatively over the [1,1-biphenyl}4-ylboronic acid 1a, with good selectivity.
Notably, an incredibleselectivity ratiolc.2c of 1:27 was observedor the pair 1-
naphthylboronic acid?a and [1,1-biphenyl}4-ylboronic acid 1a, being the ratio

perceived three times more selective than the same entry using CuOAc.

B(OH) BY cl ¢l
2 10 mol% Cs,CO5
. OO 0.34 equiv TCICA . OO
Ph Ph
0.25 M MeCN, rt, 4 h
1a 2x 1c 2c

4-biphenyl boronic acid (1a) vs.:

BPin BMIDA BF3K B(OH),
2b, 96% 2d, 60% 2e, quant. 2a, 81%
1c:2¢ >99:1 1c:2¢c 1.5:1 1c:2c 1:11 1c:2¢c 1:27

Figure27 - Scope of larsdifferent boron partners

As done previouslythe naphthalenl-ylboronic acid2a was examined against
different 4-biphenyl boron species (Figus). Corroborating with the resultseen
previouslyand supportinghe tendency in performancebservedin Section3.1, 1-
chloronaphthalene 2c was the major product againsboth [1,1-biphenyl}4-
ylboronicacid pinacol estefib and [1,1-biphenyl}4-ylboronicacid MIDA estefid,
with good selectivity in both casellotably, the opposite behaviour was observed
for the pair naphthalenl-ylboronic acid 2a and potassium[1,1-biphenyl]-4-
yltrifluoroborates 1e, where 1-chloronaphthalene2c was found to bethe major

product
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B(OH), cl

BY 10 mol% Cs,CO4 c
. OO 0.34 equiv TCICA . OO
Ph Ph
0.25 M MeCN, rt, 4 h
1x 2a 1c 2c

1-naphthalene boronic acid (2a) vs.:

: BPin BMIDA BF ;K
Ph Ph” : Ph” :

1b, 99% 1d, 93% 1e, 92%
1c:2c 1:99 1c:2¢c 1:12 1c:2c 1:14

Figure28 - Scope oRavsdifferent boron partners

3.3.2 Onepot basepromoted dinucleophile SMCC

As highlighted inTable 10 andFHgure 16 of Section 3.l1the onepot protocol
endeavouredhave potential byproducts, such as boron speciation, oxidation and
protodeboronation, and specific requirementsgardingreaction set up, such as
later addition of palladium catalyst and ligand due to catalysisoningby the
chlorinating agent. These specifrequirements haverovento make the process
extremely challengingrhe replacement o€uOAc for GEQ helped minimizinghe
oxidation sidereaction, however, the protodeboronation pathway can also by
catalysed by basic conditions as described by Eloysks and coworkerS. The
potential disadvantage of using a basepmwmote the first step is that the base
present in reaction mediumcan initiate boron speciation andyield a complex
mixture of garting materials,and therefore,products. So, to minimize siggoduct

formation the loading of GEQ was kept to its necessary minimum.

The previously optimized conditions were employeding the benchmark pair-4
biphenylboronic acid 1la and 4(phenylacetate)boonic acid pinacol esterlOb
nonetheless the compound6 was obtained in only 76% isolated yield, significantly
lower when contrasted againgb the antecedent protocobleveloped for the Gu

assistedchlorination(Schemes5).
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B(OH), _ ) OMe
/©/ (i) 10 mol% Cs,COg3, 0.34 equiv TCICA O
+
Ph Bpin — 025 MMeCN, t, 4 h o
L@ (ii) 5 mol% Pd(OAc),, 10 mol% SPhos
MeO 4 equiv K3gPOy, 7 equiv H;0,90°C, 16 h  pp 26, 76%

Schemes5 - Benchmark pairla and 10Kor the di-nucleophile SMCC

Changes in the set of conditignsuch as type of base, equiv of water and equiv of
base,to improve the overall yield did not succeedowever the substrate scope
was attempted in order to investigateand compare theperformance of the new

optimum conditiongFigure29).
(i) 10 mol% Cs,CO3, 0.34 equiv TCICA

O/B(OH)2 BPin MeCN, rt, 4 h
* 0 (i) 5 mol% Pd(OAc),, 10 mol% SPhos

4 equiv K3POy, 7 equiv H,0, 90 °C, 16 h

(0]
COzMe SOzMe
Ne O " O I (p
26, R = Ph, 76% F O
33, 74%

27 R = CFy, 52% 31,21% OMe 36, 89%

OMe
Cco,Me MeO
A F
»
MeO N OMe
49, 81% 50, 87% 51, 78%
F
‘/\‘\ O CN
OMe Ve MeO
52, 75% 53, 67% 54, 63% 55,49%
MeO
56, 45% 57, 39%

Figure29 - Substrate scope for the baseatalysed dinucleophile SMCC procedure
Firstly we used thd-(phenylacetate)boronic acid pinacol estEdb and varied the
substitution of theboronic acidcontent When 4methoxyphenylboronic aci@a

was usedmethyl 2[(4-(methoxy)-(1,1-bipheny)-4-yl]acetate49 could be isolated
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in good yields, performing slightly better than the benchmark pair used in the
optimization which yieldedcompound26. A more EWG in the arylboronic acid
partner such asn 4-trifluoromethylphenylboronic acidnly delivered the desired
product 27 in moderate yield.The presence of fluorine adjacent to the methoxy
group did not significantlgffectthe overallselectivity, forming the coupled product
methyl 3:fluoro-4'-methoxy[1,1-biphenyl}4-carboxylate 50 in excellent overall
isolated yield. Substitution at the ortho-position of the arylBpin partner
demonstrated to perform wellunder those conditionsand afford the coupled
product52 in good vyiell. Notably, the reactiorperformswell using heteroaryl Pins
such as (2nethoxypyridin3-yl)boronic acid pinacol ester, delivering the coupled
products 36, 51 and 54 in 89%, 78% and 63% isolatgdelds, respectively
Distindively from what was observed using the previous conditionglylboronic
acid endured under thesedevelopedcopperfree conditions, yieldingnethyl 4+
methyH1,1-biphenyl}4-carboxylate53. The reaction also tolerated {hethyt1H

pyrazot3-yl)boronic acid pinacol ester, affording prodd in moderate yields.

Even though the reactiomexhibits a slight decrease in performanaden using
electrondeficient aryboronic acids and estsr the products 55 and 57 could be
isolated both in moderateyields. The methodology demonstrated low tolerance
against methylsulphonyl substituents in the boronic acid component, isolating
fluoro-4'-(methylsulfonyB[1,1-biphenyl}3-carbonitrile 31 in poor yields compared

to the coppercatalysed set of reaction conditions.

The utility of the protocol developed to provide access to valuable biaryl moieties

was demonstrated in the synthesis of industrial relevant scaffolds and
intermediates (Figure300 ® hyS 2F (KS &aStBe®d@#SR (I N
biphenylcarbonitrile58, since it is a key intermediate in the preparation of sartans

(angiotensin Il receptor antagonist$f
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(i) 10 mol% Cs,COj3, 0.34 equiv TCICA

OB(OH)Z BPin MeCN, rt, 4 h
O (ii) 5 mol% Pd(OAc),, 10 mol% SPhos

4 equiv K3POy, 7 equiv H,0, 90 °C, 16 h

O OMe OMe
I O
L @ @
Me F NC

58, 89% 59, 84% 60, 98%

Figure30- Substrate scope ahdustrial relevant biaryldfor the basecatalysed dinucleophile SMCC
procedure

GCompound 58 was successfully isolated in excellent overall yield using the
methodology developed. Another interesting scaffold prepared @iddifluoro-4'-
methoxy1,1-biphenyl 59, an important intermediatein the route patented by
Giordianoet. al.to synthesie Diflunisal®%® Diflunisal® is aalicylic acidierivative
developed byerck Sharp & Dohmia 1971, presenting both analgesic and anti
inflammatory activity Intermediate 2,4difluoro-4'-methoxy1,1-biphenyl 59 was
prepared, usingour developed methodology, in 84% overall isolated yiéld/°
Additionally, 4methoxy-4'-cyanobiphenyl60, a component encountered in liquid
crystals blend,/! was isolated in 98% isolated yield using our optimized-poieset

of conditions. Tk mentioned compound was key in a study conducted to
understand structure and orientational distribution ordering in the nematic

mesophasé’?

3.4 Baseassisted iododeboronation for SPE@iaging

Singlephoton  emission  computed  tomograpl@PEQT is  anuclear
tomographicimagingscantechniquethat integrates two technologies to viethe
target in the body computed tomography (CT) and a radioactive material (tracer).
The tracer or imagingagent,whose properties bind it to certain types of tissyes
what allows gamma cameras to collect information afplace of interest in the

body. The technique requires delivery of a gamwaraitting radioisotopeinto the
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patient, which can be eitherthrough injection into the bloodstreanor, on

occasios, usinga simple stuble dissolved ion

The radioisotopes typically used in SPECT to label tracersicali@e123,
technetium99m, xenor133, thallium201, and fluorinel8. These radioactive forms

of natural elements will pass safely through your body and be detected by the
scanner. Various drugs and other chemicals carlabelled with these isotopes.
Otherradioactive isotopes of iodine commonly usednedicine as imaging agents
are 124, 123 and 134 however, due to their haffives @ d, 59 d and d respectively,

the radioactiveisotope'?3 (halflife of 13 h) is the mostsuitablefor SPECT imaging
as it neither accumulats in the bodyfor long period of timenor cause tissue
damage Moreover, the energy of photoproduced by the'?d decay is ideal for

detectors of gammaray camera used in the diagnostic stydf thyroid diseases.

As mentioned previously in Section 1.2.5, the synthesis of radioactive aryl iodides
currently relies on the use of metal catalystsnce the developmendf new radio
lodination methodologies of andontaining agents for SPECT imaging is highly
desired®* Based on the evidences gathered in thenducted NMR studes to
identify the boronate formation in the chemoselective chlorinating proceduve
postulated the boronateanediated halogenation could also be a cheap viable metal
free alternative to enhance reactivity in the iododeboronation reactidrhe
relatively mild conditiongan directlytranslateinto functional group tolerance and
suppresion of byproducts formation.This work was conducted in collaboration

with the Sutherland groupt the University of Glasgow.

The optimization of this process started using the benchmabkphenyl boronic
acid as the boron species ahdiodosuccinintdle as the iodinating agent of choice.
Auspiciouslythe reaction went to completioaccording toHPLC analysis within 4 h,

at room temperaturg(Schemes6).
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BOH)Y2 40 mol% KOAC :
1.2 equiv NIS
O 0.25 M MeCN, rt, 4 h O
19, quant.

Schemeb6 - Initial trials for the basecatalysed iododeboronation

Even though the time frame in this caseajgpropriately applicabldor radioactive
labelling systems (consideriig® half-life decay of 13 h)problems may arise if
other substrates require longer reaction time Another aspect amenable to
improvementis the amounts of iodinating agent usefs 23 is extremely harmful
and expensivethe surfeit of the reactant should be avoided if possibleTo
overcomethose potential issues, a fast and efficient set of condsi weresought

duringthe aforementionedoptimization

Sincepreliminary trials were successfulnitial investigations were conducted to
identify when the reactiorwas completeand if any other type of base would have

a superior performance

Tablel8 - Optimizationreactions ontype of base

B(OH), 10 mol% base I
1.2 equiv NIS
O 0.25 M MeCN, rt, time O
19

Entry Base Time(h) Conversion%}
1 NaOAc 4 90
2 CsOAc 4 95
3 CsCQ 4 91
4 KOACc 4 99
5 KOAc 2 98
6 KOACc 1 94

aDetermined byHPLC analysis.
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Results and discussion

As shown in Tabl&8, KOAc was the most suitable and efficient base to catalyse the
reaction, completing the reaction faster than the other acetate shl&Ac and
CsOAcCuriously it did also perform better th&esCQ, which isthe base employed

in the chemoselective chlorination optimized conditioAs. it is known that neither
acetates nor carbonatesan readily forma boronate speciedrom the starting
material 1a, the difference in reactivity in this case could perhaps beilaited to

its basicity, which could trigger an accelerated decomposition of the iodinating

agent.

Although considerably low, the next stage would be trying to reduce the
equivakents of NIS used in the mixture. Thiglise to costand safetyissues when
applying the methodology to the radioactive synthegls demonstrated ifmmable
20, the conversion to desired produetas excellent until 1.05 equivalents of NIS,

then dropping significantly wittower loadings of the reactant

Table19 - Optimization reactionsequivalents of NIS

BOH):2 40 mol% KOAc !
X equiv NIS
O 0.25 M MeCN, rt, 2 h O
19

Entry X equivNIS Conversion (%)
1 1.2 98
2 11 89
3 1.05 90
4 1.02 79

aDetermined by HPLC analysis.

In order to overcome the slight decrease in yield observed previai&yoading of
KOAc for the reactionwas investigated to verify if any improvement to its

performance could be achieved\s the graphicin Figure31 demonstrates, lhe
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reaction seemdo have alinear progression until it reaches saturation point at

approximately 10 mol%showing ndurtherancein conversion with higher loadings.

X mol% KOAc
1.02 equiv NIS

0.25 M MeCN, rt, 2 h

‘ B(OH),

90

19

80

70
60
50
40
30
20
10

0

Conversion %

40 60
X mol% of KOAc

80

Figure31 - Graphic of conversions. KOAc loadingn MeCN

100

The change of solvent from MeCN to DMQnoreenvironmental friendlysolvent

used in recentlpublished radioactive work from the Sutherland grotipshowed a

slight improvement in conversiarto desired product Are-evaluationscreening in

the conditions showed an optimum reaction time of 2dhich helped increasthe

conversion to desired producand no difference between when adding more than

1.05 equivalents of NI this casgTable20).
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Table20- Final gtimization

BOOH)2 10 mol% KOAC '
X equiv NIS
O DMC, rt, time O
19

Entry X equivNIS Time(h) Conversion (%)
1 1.05 0.5 73
2 1.05 1 83
3 1.05 15 85
4 1.05 2 93
5 1.1 0.5 80
6 11 1 83
7 11 15 84
8 1.1 2 90

aDetermined by HPLC analysis.

Through control experiments, it could be seen that the presence of base in the
reaction enhanced its performanc@aple 21), more than doubling the yielaf
desired product To synthesize radioactive iodoarenes, tiseial methodologies are
done by mixing NCS to a commercially available solution of'Ngbrior to the
addition of other reactant3'>"3hence the optimal system was tested under that

guidance

The developed conditions behaved similarly when NIS was employethe
iodination agent was prepareuh sity, affording the desired produajuantitatively.
Notably, the control experiments in the absence of base showed significantly

increase in conversion under the situpreparation conditions.
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Table21 - Control experiments using different preparation procedures

B(OH), |
O [conditions] O
O DMC,rt,2h O
19

Preparation of iodination

Base Conversion (%)

agent
10 Mol%KOAC NIS 03
10 Mol%sKOAC (NiC”SSii”Nal) 98
- NIS 40
' (NigsS iJtrur\|a|) 67

aDetermined by HPLC analysis.

This empirical observation demonstrate the formation of a more reactive spéaties
situ, when mixing Nal and NCS, that cah be formed as readily only by using NIS
itself Fgure 32).119.123

N

o. ot Nal 5 & E ﬁo
N - = 1—ClI ' N
(0] , o \I

more reactive less reactive

Figure32 - Reactive iodinating species in the reaction mixture

The strong nucleophilicity of iodine is enough to attdwk chlorine and generate ICI

in the reaction mixture which is an active species towards electrophilic aromatic
substitution%®> Nevertheless, when only using NIS, the formation of a similar
species, that in this case would be dccurs considerably slower than the first case

due to the absence of a strong nucleophile to displace the electrophilic halogen.
CKAA 20aSNIIGAZ2Y O2 NNRas el as $ha expefiniehts’ R S NI :

previously described for thia situgeneration of Gl(see Section 3.2).
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Raising the temperature of reaction to 5C allowed shorteningthe time to 1 h
without compromising its efficiency and isolated yiefh withoptimized conditions
in hands the substrate scopeof the methodology developed was studied,
employing a range of electronically and sterically distinct boronicsaaidthe

procesqFigure33).

N (i) 1.07 equiv Nal, 0.25 M DMC, 15 min, rt |
0 (ii) 10 mol% KOAc, 1.0 equiv. O_B(OH)Z O/

temperature, 1 h

(1.05 equiv.)
Temp 50 °C
‘/‘/ “ MeO” i /©/ \/©/
96% 29, 82% 39, 93% 59, 71% 469 83% 479, 87%
\©/ : Me MeO : OMe MeS : Ji \©/ACHN/©/
61g, 94% 629, 91% 639, 84% 649, 78% 659, 77% 669, 52%
Temp.: 80 °C | 0 |
|
|
F/©/ Me)J\©/ /©/ Me\N/©/
MeO,C .
CN Me
79, 68% 9g, 72% 159, 74% 679, 55%
Temp.: 90 °C | | | |
O, O L
O
cl cl FsCO
689, 65% 699, 64% 709, 52% 719, 42%

Figure33- Substrate scope nomadioactive iododeboronation
The process demonstrated the same behaviour as observed in the chemoselective
chlorination. Under the optimized conditiogere observed that aryl boronic acids
bearing ED and EN groups (compoudds2g, 3g, 59, 47g and61gto 65¢g) were
converted toits corresponding iodoarene product in good to excellent yields. One
the other hand, more EW substituents (compounbsy 68gto 71g) required a
slight increase in temperature to afford the desired product in moderate to good

yields. Regardless of the nature of the substituent, the conditions developed
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Results and discussion
tolerate functionalities in allortho-, meta- and parapositions of the ring, not

showing reduced reactivity due to steric hindrance of the substrates.

A few entries are interesting to highlight in this protodasblated in excellent yield,
2-fluoro-4-iodo-1-methoxybenzene 46g did not require increase eitherin
temperature or reaction tne, evenif its starting materialis a more electron
deficient boronic acidvhen compared taon-fluorinated 4methoxyphenylboronic
acid3a. The reasorto why, dthough having a methoxy group at thgara-position,
is due tothe presence of a fluorinaext to the¢OMe substituent whichsupresses

the donating resonanceontribution and eviden@sits withdrawing effect

In the case of theN-containing substrates, thel-iodo-N,N-dimethylaniline 679
demanded more forcing conditions to be isolated in modde yields. N-(4-
iodophenyl)acetamidé&6gwasalso synthesized in moderate yiekithout needing
to increase the reaction temperaturelfhe methodology enabled the synthesis of
compounds66g and 67g showing complementarity betweenfunctional groups

since other methods available failed to synthesis those prodtiéts.

Even though(3-cyance4-fluorophenyl)boronic acid isignificantly acidic whicthus

is readily prone to protodeboronaté? the product 2fluoro-5-iodobenzonitrile7g
was afforded in moderate yields. Methyl 4iodobenzoate 15g performed
significantly better when comparing td-iodobenzddehyde 70g delivering the
product in good and moderate yieldsespectively. Perhaps anothénteresting
entry to be considered is methytiddobenzoate69gcould be isolated in moderate
yields, whose its corresponding starting material is also prone to accelerate
protodeboronation due to the proximity of the EW ester functionality!’

Extending the reaction time in those cases did not improve the yield.

The methodology has a few drawbacks regarding functional group tolerance (Figure
34). Theelectronwithdrawing 3,5-di(trifluoromethyl)phenyl boronic acid2aand 4
(methylsulfonyl)phenylboronic aciti7a only afforded the desired product in poor
yields. Similarly to what was reported Bection 3.1.2these conditions were

incompatible withN- and Scontaining heteroarenes (thiophene boronic acid9a
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and 3pyridyl boronic acid20a) as well as aryl boronic acids bearing alkenes (4
vinylphenylboronic acid). Fluorinated compounds such asl#Zldorophenylboronic
acid6a, which are readily prone to protodeboronation as shown by Lldydes and

co-workers recently?? did not afford ary iodinated product either.

o °

N (i) 1.07 equiv Nal, 0.25 M DMC, 15 min, rt |
0 (ii) 10 mol% KOAc, 1.0 equiv. O'B(OH)z O/

. 50°C, 1h

(1.05 equiv.)
B(OH), B(OH), - B(OH), Z B(OH), F3C B(OH),
L ™
F F MeO,S N
CF3

6a 17a 19a 20a 72a

Figure34 - Unsuitablesubstrates for the iodination of boronic acids

The reaction developedepresentsa clean method to access iodoarenes, yielding
no iodinatedby-products which becomes particularly relevant when applying the
methodology to SPECT imaging agent development. Since the radioactive agents are
used straight away without flash chromatography purification, radioactive by

products can potentially be harful to patierts 154173

After investigating the nomadioactive iodoarene scope, enough evidensas
gathered toexpecta similarperformance for theradioactivepart of thisapproach
Initial trials using the developed conditioshowed compeable conversions to the
desired radioactive productslg, 2g and 3g. Those results were cormered
promising and further work in ongoingt the University of Glasgow under the

supervision of Dr. Andrew Sutherlah@.
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4  Conclusion
4.1 Di-nucleophile 31CCvia chemoselective chlorination

This project aimed to develop a omp®t di-nucleophile coupling, with two boron
speciesvia chemoselective chlorination. Initial studies demonstrated that CuOAc
and Cu(OAg)were the most suitable catalysts for the reaction, however, after
mechanistic studies, the reaction showed comparable results when copper was
replaced by GEQ. The use of catalytic amounts of.C& helped promoting the
chlorination of boronic acid overBPin, as well as enhancing selectivity.
Chemoselectivity was crucial to the chlorination step, as it diminished the formation

of by-products, which would later affect the of@ot process

(i) 10 mol% Cs,CO3, 0.34 equiv TCICA

OB(OH)ZOBF”” 0.25 M MeCN, rt, 4 h
(ii) 5 mol% Pd(OAc),, 10 mol% SPhos

4 equiv K3POy, 7 equiv H,0, 90 °C, 16 h

Scheme57 - One-pot di-nucleophile SMCC conditions
Despite issues and limitations that arose from the procedure, such as a later
addition of reactants and functional group tolerance, we successfully applied the
technique to the synthesis of a vast range of instheg and industrial relevant

biarylmoieties

4.2 Mechanistic aspects

Motivated by the reactivity of the chlorination step, we designed a series of
experiments to understand the formation of {products and, perhaps, identify the
origin of the chemoselectivity of the process. The use of analysis techniques allowed
us to identify important keyntermediates in the reaction. The copper anion
present inthe mixture promotes the formation of a boronate intermediate from the
boronic acid, which, since it is more reactive under the reaction conditions,

undergoes chlorination faster than the BPin species (Scheme 68).
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BPin

BPin O
©
O/ OAc TCICA O/

BPin

—_— OAc

B(OH), @é.‘.OH cl
o o

more reactive species

Schemes8 - Proposed basgromoted boronate formation

Based on the observations resulting from the mechanistic experiments, the
proposed boronate formation did not required copper and therefore could
ultimately be accessed by a simple @miin the reaction mixture. The same
intermediate was observed when the boron species were exposed to a series of

different inorganic bases, such as KOAPand CsCQ.

4.3 lododeboronation protocol

Using the basenediated halogenation methodology developed, an
iododeboronation protocol for radioactive labelling in SPECT imaging has been
successfully performed. Experiments conducted had proved that the boronate
intermediate, firstly identified duringnechanistic studies of the chemoselective
chlorination, indeed enhances the reactivity of the species, facilitating the reaction

to occur.

o Cl

N (i) 1.07 equiv Nal, 0.25 M DMC, 15 min, rt |
o] (ii) 10 mol% KOAc, 1.0 equiv. O_B(OH)z O/

. temperature, 1 h
(1.05 equiv.)

Schemes9 - Basepromoted iodination of boronic acids for the synthesis SPECT imaging agents
Under these conditions, the substrate scope demonstrated tolerance to an
excellent variety of functional groups in different positions around the ring,
delivering the desired iodinated product in goodexcellent yield. Promising results
were obtained in the first trials when a radioactive solution offavas used in the

procedure. Further work to investigate the performance and formation of
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radioactive iodoarenes is currently ongoing incallaborative project with the

Sutherland group at the University of Glasgow.
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5 Futurework

In this work a chemoselective chlorination reaction was explored under the-base
promoted boronate formation proposa] with indicatives that the methodology can

also enhance, for instance, the iododeboronation reaction.

As a proof of concept, investigatis towards the use of other halogen electrophiles
to react the formed boronate were conducted and demonstrated that the process is
not limited to chlorinating agents as electrophiles. The basenoted
chemoselective functionalisation has proven to be able approach toward
selective manipulate boronic acids under mild conditions with excellent conversion

and selectivity (Scheme 70).

B(OH), BPin E E
10 mol% Cs,CO3
OO 1.5 equiv NES OO
O MeCN, rt, 4 h O
1x 2x

2b \ E=Brorl |

..............

1a

When:
E = Br, quant., ratio 1f:2f >99:1

E =1, quant., ratio 1g:2g >99:1

Schemer0- General scheme for chemoselective functionalisation of boron species

For future work, we aim to extend the methodology to a rargjeelectrophiles,
including disulfides and diselenides compounds, exploring their applicability in total
synthesis and formation important intermediates in route of pharmaceutical
scaffoldst®%193Furthermore, the methodology would benefit from an extensive and
more indepth study using different boron species, so the scope could be extended

to species that are unstable in the form of boronic acids.
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6 Experimental

6.1 General techniques

All reagents and solvents were obtained from commercial suppliers and were used

without further purification unless otherwise stated. Purification was carried out

according to standard laboratory method%.

6.1.1 Purfication of solvents

ii)

Solvents used for dry reactions (THF, PhMeQOEDCM were obtained
from a PureSolv SPIB0-5 solvent purification system. These solvents
were transferred to and stored in a septusealed overdried flask over
previously activated A molecular sievesand purged with and stored

under nitrogen.

Acetonitrile, which could not be obtained from a PureSolv-8RE
solvent purification system, was distilled under gadtiored in a septum
sealed overdried flask over previously activated A+ molecular sieves

and purged with and stored under nitrogen.

Dichloromethane, diethyl ether, ethyl acetate, methanol, and petroleum
ether (40-60° boiling point) for purification purposes were used as

obtained from suppliers without further purification.

6.1.2 Experimental details

ii)

Reactions were carried out using conventional glassware or in capped 5
mL microwave vials. Glassware was cdeied (150 °C), cooled to room
temperature under vaccum and purged before use.-s&insitive

reactions were carried dwsing conventional glassware.
Purging refers to a vacuum/nitrogeefilling procedure.

Reactions were carried out at’Cusing ice/water baths.
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iv)

v)

Vi)

Room temperature average was °C

Reactions were carried out at elevated temperatures using a

temperatureregulated hotplate/stirrer.

Inorganic bases were dried in a Heraeus Vacutherm oven at 60 °C under

vacuum for a minimum of 24 hours before use.

6.1.3 Purification of products

)

Thin layer chromatography was carried out using Merck silica plates
coated with fuorescent indicator UV254. These were analysed under

254 nm UV light or developed using potassium permanganate solution.

Flash chromatography was carried out using ZEOprep 60 H8B 4d

silica gel or IST Isolute Flash silica cartridges.

6.1.4 Analysis @ products

)

ii)

Fourier Transformed InfrRed (FTIR) spectra were obtained on a
Shimadzu IRAffinitg machine.

%F NMR spectra were obtained on a Bruker AV 400 spectrometer
(Oxford magnet) at 376 MHZ!B NMR spectra were obtained on a
Bruker AV 400 spectromeatgOxford magnet) at 128 MHzH and**C
NMR spectra were obtained on either a Bruker AV 400 (Oxford magnet)
at 400 MHzand 125 MHz, respectively, or a Bruker Ascend AV(IIl) HD 500
at 500 MK and 126 MHz, respective#B NMR spectra for the NMR
studies vere obtained in Nore®natural quartz 5mm NMR tube (500
MHz limit). Chemical shifts are reported in ppm and coupling constants
are reported in Hz with CDGEferenced at 7.26 ppm‘l) and 77.4 ppm
(*3C), DMS@alsreferenced at 2.54 ppntkl) and 40.5 ppni-3C)177

Highresolution mass spectra were obtained through analyat the

EPSRC UK National Mass Spectrometry Facility at Swansea University.
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iv) Reverse phase HPLC data was obtained on an Agilent 1200 series HPLC

using a MachersNagel Nucleodur C18 column. Analysis was performed
using a gradient method, eluting with & 80% MeCN/HO over 16
minutes at a flow rate of 2 mL/min. Samples for HPLC analysis were
prepared through the addition of 2 mL of caffeine standard to the
completed reaction mixture, the resulting solution was then stirred
0ST2NB (KS NBY2 6t The afigliot Was diluted tod JnL I £ A lj
gAGK aS/ b= | Hnn >[ FftAldzzd 2F GKS R
FTAdZNIKSNJ RAf dziSR A (K @ fonHPE( anaty$Ss/ b |y
against established conversion factor€onversion factors were
established as 4:1 ratio caffeine/analyte. Reaction HPLC samples were

run with a 1:4 ratio caffeine/analyte unless stated otherwise.

6.2 Generalexperimental procedures

General Procedure 4 Independent chloriration of boronic acid andoronic acid

pinacol ester

For example, results fdrigureslOand11

e

To an overdried 5 mL microwave vial was addetther [1,1-biphenyl}4-ylboronic

acid(1 equiv 0.25 mmol50 mg laor [1,1-biphenyl}4-ylboronicacid pinacol ester

1b (1 equiv 0.25 mmol,70 mg, trichloroisocyanuric acigl equiy 0.25 mmol,56

mg), Cu(OTH (10 mol%, 0.025 mmol, 9 mghdMeCN(0.25 M 1 mL). The reaction

mixture was thenallowed to reactfor 16 h at room temperature The resulting

mixture was then cooledtem e/ YR 1ljdzSYOKSR 6AUGK &a2RAC
mg, 1 mmol, 4 equiv) before beirextractedin EtOAc (20 mL) and washed with

saturated NHCI solution (20 mL) and brine (20 mL). The organic layer was then
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passed through a hydrophobic frit and concentrated under vacuum to afford the
crude product, which was then purified by flash chromatography, with a gradient
from 1% EtOAc in petroleum ether, to give the desired productldrobiphenyllc

as an amorphouwhite solid.

General Procedur® ¢ Copperchemoselectivechlorination of boron species

For example, [1,iphenyl}4-ylboronic acidlavs. naphthalerl-ylboronic acid,

pinacol esteRb

1c 2c

An ovendried vial fitted with a 8rrer bar, was added copper(l) acetate (10 fiol
0.025mmol, 3 mg)[1,1-biphenyl}4-ylboronic acidla (1 equiv, 0.25 mmol, 45 mg),
naphthalenl-ylboronic acid pinacol eter 2b (1 equiv, 0.25 mmol, 4 mg),
trichloroisocyanuric acid (0.67 equiv, 0.16@Bnol, 39 mg and MeCN@.25 M, 1
mL) were added and the reaction was allowed to proceed for 4 h at room
temperature After 4 h, an internal standard solution was added to reaction
mixture, agitated for 10nin, the mixture was then aliquoted and analysead HPLC

method describedabove.

General Procedure CQ; General procedure forone-pot procedure for di

nucleophile SuzukMiyaura crosscoupling optimisation

For example, for the synthesis of methy{[2,1":4',1"-terphenyl}4-yl)acetate26'4*

OMe
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An ovendried microwave vial fitted with a stirrer bar, was added copper(l) acetate
(5 mol%, 0.0125 mmol, 2 md},,1-biphenyl}4-ylboronic acidla (1.1 equiv, 0.275
mmol, 54 mg)methyl 4-(phenylacetate)boronic acid, pinacol est&db (1 equiv,
0.25 mmol, 69 mg) and trichloroisocyanuric acid (0.34 equiv, 0.084 mmol, 20 mg).
The vial was then caped and nitrogeras purgedthree times. After that, MeCN
(0.25 M, 1 mLwas added and the reion was allowed to proceed for 4 hours. In
an ovendried vial, palladiur(l) acetate (5 mol%, 0.0125 mmol, 3 mg), SPhos (10
mol%, 0.025 mmol, 10 mg) and dryPKy (4.0 equiv, 1.00 mmol, 213 mg) were pre
weighted before being added to the mixture. Thelwas sealed and nitrogen was
purged twice. To the reaction mixture the pweeighted solids were rapidly added
and the microwave vial was rapidly capped, purging nitrogen into the mixture five
times. The resulting mixture was heated to 90 and left to ract overnight.The
reaction mixture was allowed to cool to room temperature before analyisisiPLC

against a caffeine standard of known concentration.

General ProcedureD ¢ Optimised conditions for the ae-pot procedure for di
nucleophile SuzukMiyaura cross couplingrzia coppercatalysed chemoselective

chlorination

For examplefor the synthesis ofnethyl 2([1,1":4',1"-terphenyl}4-yl)acetate264*

OMe

An ovendried microwavevial fitted with a stirrer bar, was added copper(l) acetate
(5 Mol%,0.0125 mmol, 2 mg)1,1-biphenyl}4-ylboronic acidla (1.1 equiv, 0.275
mmol, 54 mg)methyl 4(phenylacetate)boronic acid, pinacol est&db (1 equiv,
0.25 mmol, 69 mg) and trichloraisyanuric acid (0.34 equiv, 0.084 mmol, 20 mg).
The vial was then caped amdtrogen was purgel three times. After that, MeCN

(0.25 M, 1 mhwas added and the reaction was allowed to proceed for 4 hours. In
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an ovendried vial, palladiur(il) acetate (5 méb, 0.0125 mmol, 3 mg), SPhos (10
mol%, 0.025 mmol, 10 mg) and dryPKy (4.0 equiv, 1.00 mmol, 213 mg) were pre
weighted before being added to the mixture. The vial was seafethitrogen was
purgedtwice. To the reaction mixture the preeighted solidsvere rapidly added
and the microwave vial was rapidly capp@dirgng nitrogeninto the mixture five
times. The resulting mixture was heated to 9D and left to react overnight. The
reaction mixture was allowed to cool to room temperature, then decappefbie
being submitted to an oxidative workup in order to simplify purification. The
reaction mixture was cooled to I, and 30% wt. aq..& (10 equiv, 2.5 mmol, 195
puL) was added dropwise. The reaction mixture was then stirred at room
temperature for 1l ¢ KS NBIF OQGA2Yy YAEGdZNB 461 & (GKSy
with sodium metabisulphite (190 mg, 1 mmol, 4 equiv) before be&xigactedin
EtOAc (20 mL) and washed withwgated NH,CI solution (20 mL) and brine (20 mL).
The organic layer was thepassed through a hydrophobic frit and concentrated
under vacuum to afford the crude product, which was then purified by flash
chromatography, with a gradient from 5 to 15% EtOAc in petroleum ether, to give

the desired product as an amorphous white solifl (6g, 91% yield).
Amax(neat): 3030, 2953, 2845, 1734 &m

IH NMR (400 MHz, CREIY 1 ¢ 7.59Km, @H), 7.48 7.43 (m, 2H), 7.4 7.34 (m,
3H), 3.73 (s, 3H), 3.69 (s, 2H).

C NMR (126 Hz, CRCY 14 MTH®HZ Mnnadys wMnmayerr ™Mo pad
127.6,127.5,127.4, 127.2,52.3, 41.0, 31.1.

HRMS (£HisOy): exact calculated mass for [M+AHrequires 320.1645 (100%),
321.1679 (10%); found [M+N#320.1646 (100%), 321.1676 (10%).
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General Procedur&c lodine experiment
For exampleCb gas generation

A dry twonecked round bottom flask fitted with a stirrer bar, MeCN (0.25 M, 5 mL)
was addedand degassed prior to the addition of TCICA by purginghhdugh the
solution for 5 min. In one of the necks, a tube was connected with the opgenin
bubbling through a saturated solution of sodium iodide for further 5 min to rule out
any potential false positive. Then, trichloroigaauric acid (1 equiv, 0.25 mmol, 39
mg) was added, the flask sealed and, with the solution undeith¢ solution was
gtirred for 10 min and the colour of the solution of Nal observed visually and

confirmed using iodine paper indicator.

General Proceduré&¢ IR studies
For examplecatalystreactant interaction

In adry round bottom flask fitted with a stirrer bar, copf®racetate (1 equiv, 0.25
mmol, 31 mg), trichloroisocyanuric acid (1 equiv, 0.25 mmol, 39 mg) and MeCN
(0.25 M, 1 mL) were addedhe mixture was stirredor 10 min,until homogeneous

then to be oncentrated under vaccum. The resulting solid was analysed using a

Shimadzu IRAffinity machine.

General Procedur& ¢ 1B NMR studies

For exampleboronic acid boronate formation

OR

B(OH), OB(OH),
O CuOAc O
—_—
sadi s
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In an overdried vial,[1,1-bipheny]-4-ylboronic acid1 equiv, 0.125 mmol, 25 mg)
and CuOAc (20 mol%, 0.025 mmol, 3)megre dissolved in GON (0.25 M, 0.5 mL),
stirred for 15 min and transferred to a quartz NMR tube and analyizB NMR.
This reaction serves as a qualitative analgsithe boronate formation, since it was
performed in the absence of an internal standard. Boronic acid borohlateould

be observedmmediately together with its byproduct [(RO)B(OH]) 42.

a - 34000
) g 33
OAc I 32000
CD3;CN 30000
observed 28000
26000
24000
22000
1a

20000
18000
16000
14000
12000
10000

-8000

6000

1hyp
4000
2000
ro
--2000

T T T T T T T T T T T T T T T T T T T T T T T T
140 130 120 110 100 90 80 70 60 50 40 mfl ( 20 ) 10 0 -0 -20 -30 -40 -50 -60 -70 -80 -90
ppm

General Procedurél ¢ Basecatalysed chemoselective chlorination
For example, [1,iphenyl}4-ylboronic acidlavs. naphthalerl-ylboronic acid,

pinacol este2b

1c 2c

An ovendried vial fitted with a stirrer bar, was adde@esium carbonatél0 mol%,
0.025mmol, 8 mg),[1,1-biphenyl}4-ylboronic acid(1 equiv, 0.25 mmol, 45 mg); 2

naphthanyl boronic acid pinacol steer (1 equiv, 0.25 mmol, 6 mg),
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trichloroisocyanuric acid (0.67 equiv, @.thmol, 39 mg) and MeCN.5 M, 1 mL
were added andhe reacton was allowed to proceed fort8 at room temperature.
An internal standard solution was added reaction mixtureafter, agitated for 10
min, the mixture was then aliquoted and analyse@d HPLC method described

above.

General Proceduréc One-pot procedure for dinucleophile SuzukMiyaura cross

couplingvia basecatalysed chemoselective chlorination

For examplefor the synthesis ofmethyl 2([1,1":4',1"-terphenyl}4-yl)acetate26'4

OMe

An ovendried microwave vial fitted with a stirrer bar, was addedesium
carbonate (10 mol%, 0.025 mmol, 8 md).1-biphenyl}4-ylboronic acid1.1 equiv,
0.275 mmol, 54 mg)nethyl 4(phenylacetate)boronic acid, pinacol esidr equiv,
0.25 mmol, 69 mg) andithloroisocyanuric acid (0.34 equiv, 0.084 mmol, 19 mg).
The vial was then caped, purged nitrogen three times and M&Q$ (M, 1 mLwas
added and the reaction was allowed to proceed for 4 hours at room temperature. In
an ovendried vial, palladiur(ll) acetate (5 mol%, 0.0125 mmol, 3 mg), SPhos (10
mol%, 0.025 mmol, 10 mg) and ovédried KPQ (4.0 equiv, 1.00 mmol, 213 mg)
were preweighted in a vial. The vial was sealed and nitrogen was purglecte
times. To the reaction mixture the preveighted solig were rapidly added and the
microwave vial was rapidly cappeahd nitrogenwas purgednto the mixture five
times. The resulting mixture was heated to 90 and left to react overnight. The
reaction mixture wagooledto 0 °C, and 30% wt. ag2®k (10 equiv, 2.5 mmol, 195
puL) was added dropwise. The reaction mixture was then stirred camr
temperature for 1 h. The reaction mixture was then cooled t&0and quenched

with sodium metabisulphite (4 equiv, 1 mmol, 190 mg) before be&xigactedin
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EtOAc (10 mL) and washed with saturatéekCl solution (10 mL) and brine (10 mL).
The organic layer was then passed througphmase separatoand concentrated
under vacuum to afford the crude product, which was then purified by flash silica
chromatography (5%45% ethyl acetate in giroleum ether), to give the desired

product as an amorphous white solid (57 mg, 76% yield).
Amax(neat): 3030, 2953, 2845, 1734 ém

IH NMR (400 MHz, CREIY 1 ¢ 7:59Km,BH), 7.487.43 (m, 2H), 7.4Q 7.34 (m,
3H), 3.73 (s, 3H), 3.69 (s, 2H).

BC NMR (126 Hz, CBRCY 4+ MTH®HIX MnnaodyI mMnndoI Mo dd
127.6, 127.5,127.4, 127.2,52.3, 41.0, 31.1.

HRMS (&HisOp): exact calculated mass for [M+NHrequires 320.1645 (100%),
321.1679 (10%); found [M+NH320.1646 (100%), 321676 (10%).

General Procedurd ¢ General procedurdor the baseassisted iododeboronation

optimization

For example, for the synthesis of@dobiphenyllg’®

s

An ovendried microwave vial fitted with a stirrer bar, NCS (1.05 equiv, 0.2625
mmol, 35 mg), sodium iodide (1.07 equiv, 0.2675 mmol, 40 mg) and DMC (0.25 M, 1
mL) were added and allowed to stir for 15 min. Thgn1-biphenyl}4-ylboronic

acid (1.0 equiy 0.25 mmol, 50 mg) and potassium acetate (10 mol%, 0.025 mmol, 3
mg) were added, the mixture was heated to 50fGC1 h.The reaction mixture was
allowed to cool to room temperature before analysi; HPLOmethod described

previouslyagainst a caffeine standard of known concentration.
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General Procedure K ¢ Optimized conditions for the basassisted

iododeboronation

For example, for the synthesis oigboanisole3g

: N
MeO

An ovendried microwave vial fitted witha stirrer bar, NCS (1.05 equi¥,2625
mmol, 35 mg), sodium iodide (1.07 equiv, 0.2675 mmol, 40 mg) and DMC (0.25 M, 1
mL) were added and allowed to stir for 15 min. Themethoxyphenyl boronic acid

(1.0 equiv, 0.25 mmoB8 mg) and potassium acetate (10 mol%, 0.025 mmol, 3 mg)
were added, the mixture was heated to 50 °C and allowed to proceed for 1 h. The
reaction was quenched with a solution of sodium metabisulphite before being
extractedin EtOAc (10 mL) and washed withwsated NHCl solution (10 mL) and
brine (10 mL). The organic layer was then passed throughaae separatoand
concentrated under vacuum to afford the crude product, which was thenfipdri

by flash silica chromatography (2%@&tin petroleum ether), to give the desired

product adight yellow liquid (55 mg, 93% yield).

Umax (film): 2837, 1865, 1485, 1240, 1028, 808cm

'H NMR (500 MHz, CREIY  1-7.5# @p2H), 6.76.66 (m, 2H)3.78 (s, 3H).

3C NMR (126 MHz, CRCY + Mp pdPc I Moy dnZ MMC PpZI Yy HODY

Spectroscopic data were in mgment with literature value$’®
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General Proceduré ¢ Synthesis of boronic acid pinacol esters substrates

For example, for the synthesis of naphthalkeylboronic acid, pinacol est@&b

BPin

In a dried vial fitted with a stirrer bar, naphthaldrylboronic acid (1.0 equiv, 29.1
mmol, 5.0 g) and pinacol (1.5 equiv, 43.6 mmol55g) and diethyl etherO(1 M,

200 ml) were adled. Once homogeneous, trifluoroacetic acid (10 mol%, 2.91 mol,
0.22 mL) was added to the mixture and it was allowed to proceed for 2h at room
temperature. The reaction mixture was washed extensively with water to remove
excess of pinacol. The organic layeas concentrated under vaccum to afford the
desired product as a creamy solid, with no further purification being required (7.40

g, quant. yield).
Umax (film): 2971, 1508, 1335, 1134, 782¢tm

H NMR (500 MHz, CRC! vy ® 1Jr 8.4 RRHZ, 1H), 8.09 (d; 6.8, 1.4 Hz,
1H), 7.94 (dt)= 8.2, 1.4 Hz, 1H), 7.84 (dd; 8.2, 1.4 Hz, 1H), 7.54 (ddd; 8.4, 6.8,
1.4 Hz, 1H), 7.48 (ddds 8.2, 6.8, 1.3 Hz, 2H), 1.43 (s, 12H).

13C NMR (101 MHz, CRCY 1+ Mo T ®m E31.8) 028.6 12B.5, 1126.6, 265,
125.1, 83.9, 25.1.

1B NMR (128 MHz, CREIY L o mMdc

Spectroscopic data were in agreement with literature valti€s.
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General Procedurd ¢ Esterification procedure

For example, for the synthesis obdomo phenylacetat&S1

B
OO
MeO

An ovendried roundbottom flask, fitted with a stirrer bar, -fromo phenylacetic
acid (1 equiv., 17.46 mmol, 4.0 g) and methanol (5 equiv, 87.31 mmol, 4 mL) were
added. The mixture was put under a cold water bath and concentrated sulfuric acid
(1 equiv, 17.46 mmol, 1.01 mL) was added dropwise while stirring. The reaction was
then taken fromthe cold bath, heated to 80C and allowed to proceed fortd The
organic layer was extracted with EtOAc and washed twice with distilled water and
twice with brine. The solvent was evaporated, with no further purification being

required, to deliver the dsired product as a light yellow oil (4.56 g, 96% yield).
Umax (film): 2847, 1731, 1488, 1158, 803tm

IH NMR (500 MHz, CREIY + JI=@®BHy, 28)R7216 (d= 8.3 Hz, 2H), 3.69 (s,
3H), 3.58 (s, 2H).

13C NMR (126 MHz, CRECY 1 M T ©30.8,I31.0,d21.® /523, 40.7.

Spectroscopic data were in agreement with literature valtfés.

General Procedur®& ¢ Miyaura-borylation procedure

For example, for the synthesis wiethyl 4(phenylacetate)boronic acid, pinacol
ester10bt4!

BPi
MeO

An ovendried roundbottom flask, fitted with a stirrer bar,-fromo phenylacetate

(1 equiv., 17.5 mmol, 4.00 g), bispinacol diboron (1.01 equiv, 17.6 mmol, 2.08 g),
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potassium acetate (3 equiv, 525 mmol, 516 g¢g) and,1 Q -
bis(diphenylphosphino)ferrocene]dichloraffadium(ll) complex witibCM(3 mol%,

0.53 mmol, 429 mg) were added. The flask was then sealed with a septum and
parafilm tape. After that, Blwas purged three times and tdloxane (150 mL) was
added. The reaction was allowed to proceedl@0 °C for24 h and monitored by
TLC. After completion of reaction, the reaction mixture was evaporated under
vacuumand the crude was purified by flash column chromatography eluted with
gradient of 5% to 20% EtOAc in petroleum etheforaling the desired product as

an offwhite solid (3.68 g, 76% yield).

umax (film): 2975, 1739, 1616, 1361, 1140, 859%cm

IH NMR (500 MHz, CREIY 1  F=d¥© Hz, 2HR X.29 (d@z 7.9 Hz, 2H), 3.68 (s,
3H), 3.64 (s, 2H), 1.34 (2H).

3C NMR (126 MHz,CRCY 1+ MTMDPPZ MOT PHZEZ MOPPHI MHY D

B NMR (160 Hz,CBELY 1. om®

General ProcedureD ¢ Boronic MIDA ester formation to access naphthaldn

ylboronic MIDA ester

For example, for the synthesis of methy{[2,1":4',1"-terphenyl}4-yl)acetate2d'>!

Me

[;]%o
BLO 0
O °

In an overdried roundbottom flask, fitted with a stirrer bar, naphthalek
ylboronic acid (1.0 equiv, 11.63 mmol, 2.0 Bymethyliminodiacetic acid (1.05
equiv, 12.21 mmol, 1.78 g) and DMF (110 mL, 0.1 M) weredaddereaction was
heated to 90 °@nd allowed to proceed for 1B. The mixture was allowed to cool

down, concentrated under vaccum and, to the resulting slurry, EtOAc was added
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and the formed precipitate was collected by filtration. The precipitate was washed
with O and EIO, dried under vaccum to give the desired product as an

amorphous offwhite solid (2.37 g, 72% yield).
Umax (film): 3004, 1738, 1309, 959, 779 ¢m

IH NMR (400 MHz, DMS@0 Y 4 ¢ 8y158Xm,HLH), 7.98 7.89 (m, 2H), 7.59 (dd,
= 7.0, 1.4 Hz, 1H), 7.547.46 (m, 3H), 4.41 (= 17.3 Hz, 2H), 4.21 @ 17.3 Hz,
2H), 2.49 (s, 3H).

13C NMR (101 MHz, DMSIy ¥ 4 MC (P30 A28.9 M27.2, MP5D P
1252, 62.0, 47.2.

B NMR (128 MHz, DM Y 3. MH ®

General PPocedureP ¢ Potassium trifluoroborate formation to access potassium

naphthalen-1-yl-trifluoroborate

For example, for the synthesis of potassium naphthdlgm-trifluoroborate 22

Ol 4
OF
BV

®
O OF

An ovendried roundbottom flask, fitted with a stirrer bar, naphthalehylboronic

acid (1 equiv., 5.81 mmol, 1.0 g), KkB-equiv., 17.44 mmol, 1.36 g) and MeOH (0.1
M, 60 mL) were added. The mixture was allowed to proceed at room temperature
for 2h. The resulting reaction mixture was concentrated under vaccum, dissolved in
acetone and left still for 5 min, to decant themaining excess of KEHH he solution

was filtered and concentrated under vaccum. The same process was repeated

twice, to deliver the desired product as amorphous white solid (1.39 g, 98% yield).

umax (film): 3040, 1608, 1232, 1082, 931, 803tm
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1H NMR(400 MHz, DMS@s0 Y + =T ® 8z, THR Z.71 (@ 7.4 Hz, 1H), 7.56
(dd,J=13.5, 7.4 Hz, 2H), 7.84.22 (m, 3H).

13C NMR (101 MHz, DMSIy ¥ 4 M3®,c180c32128bp 124, 1252, 124.9,
1239, 1234.

19F NMR (376 MHz, DMS{g) Y-1362.

1B NMR (128 MHz, DMS{20 Y 4 o0 ®H

6.3 Synthesis ofntermediatesand starting materials

Naphthalenl-ylboronic acid pinacol esté&b

BPin

The reaction was carried out according to General Procedlwlescribed in the
previous section, using naphthaldrylboronic acid (1.0 equiv, 29.1 mmol, 5.0 g)
and pinacol (1.5 equiv, 43.6 mmol, 5.15 g) and diethyl etBé0 (mL, 0.1 M). The
reaction mixture was subjected to the workup procedure outlined previously to give
the desired product naphthalef-ylboronic acid pinacol ester as an amorphous off
white solid (7.40 g, quant. yield). No flash chromatography purifinateas

conducted.
Umax (film): 2971, 1508, 1335, 1134, 782&m

1H NMR (500 MHz, CREC! vy ®1JF 8.4 RRHz, 1H), 8.09 (dg; 6.8, 1.4 Hz,
1H), 7.94 (dt)= 8.2, 14 Hz, 1H), 7.84 (dd= 8.2, 1.4 Hz, 1H), 7.54 (ddd; 8.4, 68,
1.4 Hz, 1H), 7.48 (ddd= 82, 6.8, 1.3 Hz, 2H), 1.43 (s, 12H).

3C NMR (101 MHz, CRENY + MOT ®MI MOp Py > Moo dnz
125.1, 83.9, 25.1.

1B NMR (128 MHz, CBEIY . o m®c
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Spectroscopic data were in agment with literatue valuesteo

4-Methoxyphenylboronic acid, pinacol estél

/©/8Pin
MeO

The reaction was carried out according to General Procedludescribed in the
previous section, usin@@-methoxy)pherylboronic acid (1.0 equiv, 1.0 mmol, 152
mg) and pinacol (1.8quiv, 1.5 mmol, 177 mg) inJ&x (200 mL, 0.1 M). The reaction
mixture was subjected to the workup procedure outlined previously to give the
desired product &yano4-iodobiphenyl as an amorphous yellow solid (210 mg,

91% yield). No flash chromatographyrification was conducted.
Umax (film): 2973, 1603, 1357, 1246, 1142, 831'cm

1H NMR (400 MHz, CREIY 1 ¢ 7.71m,®H), 6.92 6.87 (m, 2H), 3.83 (s, 3H),
1.33 (s, 12H).

3C NMR (101 MHz,CRCY {4 MCH®0ZX MOCDPTZI MMODPPZI yodT
B NMR (128/Hz,CD@ Y 9. on o

Spectroscopic data were in agreement with literature valti€s.

4-Trifluoromethylphenylboronic acid, pinacoseer 4b

J©/BPin
FsC

3

The reaction was carried out according to General Procedludescribed in the
previous section, usin@-trifluoromethyl)pherylboronic acid (1.0 equiv, 2.5 mmol,
0.5 g) and pinacol (1.5 equiv, 3.75 mmol, 0.48 g)40 E25 mL, 0.1 M). The reaction

mixture was subjected to the workup procedure outlined previouslygive the
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desired product (4-trifluoromethyl)phenylboronic acid pinacol estetb as an
amorphous yellow solid (730 mg, quant). No flash chromatography purification was

conducted.
Umax (film): 2978, 1403, 1322, 1098, 844tm

IH NMR (400 MHz, CREIY { I=@.dHMz, HRE61 (@ 7.7 Hz, 2H), 1.36 (s,
12H).

13C NMR (101 MHEDGD Y 18, 1803, 128,5d, 3L =4.5Hz), 17.5 (d, \br=
202.4 Hz)15.4 @, 2kr=51.4Hz), 8.9, 25.1.

19F NMR (376 MHz, CRCI -63.1.
1B NMR(128 MHz,CDgl Y 7. on @

Spectroscopic data were in agreement with literature valtfés.

3-Acetylphenylboronic acid, pinacol est@b

0}
)UBPin
Me

The reaction was carried out according to General Procedludescribed in the
previous section, usin(B-acetyl)pherylboronic acid (1.0 equiv, 1.24 mmol, 204 mg)
and pinacol (1.5 equiv, 1.86 mmol, 220 mg) isCE(15 mL, 0.1 M). The reaction
mixture was 8bjected to the workup procedure outlined previously to give the
desired product(3-acetyl)phenylboronic acid pinacol est®b as an amorphous
yellow solid (249 mg, 80% yield). No flash chromatography purification was

conducted.
Umax (film): 2975, 1681, 129, 1248, 844 crh

IH NMR (500 MHz, CREIY + y @0 c¢ 8D, 1)) 70 (J75 743wz, 1H),
7.50¢ 7.44 (m, 1H), 2.64 (s, 3H), 1.36 (s, 12H).
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13C NMR (101 MHz, CBCl  ~Bo 1D, 130.9, 128.2, 84,26.9 25.0.
1B NMR (128 MHz, CREIY 1.0. o

Spectroscopic data were in agreement with literature valtfés.

2-Nitrophenylboronic acid, pinacol estédb

BPin
NO,

The reaction was carried out according to General Procedludescribed in the
previous section, usin@-nitro)phenylboronic acid (1.0 equiv, 1.1 mmol, 184gm
and pinacol (1.5 equiv, 1.2 mmol, 142 mg) inCE{4 mL, 0.1 M). The reaction
mixture was subjected to the workup procedure outlined previously to give the
desired product(2-nitro)phenylboronic acid pinacol esterlb as an amorphous

yellow solid (274ng, quant). No flash chromatography purification was conducted.
Umax (film): 2975, 1519, 1339, 1143, 853tm

IH NMR (500 MHz, CREIY { J=®B. Bz, IHR E66 (= 7.3 Hz, 1H), 7.58
7.50 (m, 2H), 1.43 (s, 12H).

13C NMR (101 MHz, CBRECY 319, 1886, 130.2, 122, 848, 249.
1B NMR (128 MHz, CRElY 8. on @

Spectroscopic data were in @gment with literature value$?

4-Bromo phenylacetat&1

B
O
MeO
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The reaction was carried out according to General Procedure M described in the
previous section, using-dromo phenylacetic acid (1 equiv., 17.46 mmol, 4.0 g) and
MeOH (10 equiv, 174.6 mmol, 7 mL). The reaction mixture was subjected to the
workup pracedure outlined previously to give the desired productrémo
phenylacetateas light yellow oil (4.56 g, 96% vyield). No flash chromatography

purification was conducted.
Umax (film): 2847, 1731, 1488, 1158, 803tm

IH NMR (500 MHz, CREIY +  §=B#4 piz, ZHR Z.16 (d= 8.3 Hz, 2H), 3.69 (s,
3H), 3.58 (s, 2H).

B3C NMR (126 MHz,CRCY + MTM®Pc X Moo®dnXI MomMPysI MoMmMD

Spectroscopic data were in agreement with literature valtiés.

Methyl 4-(phenylacetate)boronic acid, pinacol estib

BPi
MeO

The reaction was carried out according to General Procedudeddribed in the
previous section, using-dromo phenylacetate (1 equiv., 17.5 mmol, 4.00 g),
bispinacol diboron (1.01 equiv, 17.6 mmol, 2.08 g), potassium acetate (3 equiv, 52.5
mmol, 5.16 g) and 1;dioxane (0.2 M, 150 mL). The reaction mixture was siége

to the workup procedure outlined previously. The crude was purified by flash
column chromatography eluted with gradient of 5% to 20% EtOAc in petroleum
ether, affording the desired product as an amorphouswifite solid (3.68 g, 76%
yield).

Umax (film): 2975, 1739, 1616, 1361, 1140, 859%cm

IH NMR (500 MHz, CREIY +  §=d810 Hz, 2HR Z.29 @@= 7.7 Hz, 2H), 3.68 (s,
3H), 3.64 (s, 2H), 1.34 (s, 12H).
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BC NMR (126 MHzZ,CRCY + MTMOPPE MOTDPHI MOPPHZI MHY D
UBNMR (0 Hz, CDel Y 1. omM®

Spectroscopic data were in agreement with literature valtfés.

[1,1-biphenyl}4-ylboronic aciocMIDA esterld

The reaction was carried owtccording to General Procedure d@scribed in the
previous section, using-diphenyl boronic acid (1 equiv., 2.53 mmol, 0.5 @), N
methyliminodiacetic acid (1.05 equiv., 2.65 mmol, 0.39 g) and DMF (25 mL, 0.1 M).
The reaction mixture was subjected to the workup procedure outlined preiydos

give the desired product-Biphenyl boronic MIDA esteas an amorphous beige

solid (660 mg, 85% yield). No flash chromatography purification was conducted.
Umax (film): 3006, 1742, 1210, 985, 764 €m

!H NMR (400 MHz, DMS1{0 Y 1 ¢ 7.63%m,H#H), 7.56 7.51 (m, 2H), 7.48 7.45
(m, 2H), 7.4@ 7.35 (m, 1H), 4.35 (d= 17.2 Hz, 2H), 4.14 (@ 17.2 Hz, 2H), 2.55
(s, 3H).

13C NMR (126 MHz, DM Y {+ wMc pPdPnZ MnandpXE MOnAdMI ™
125.9, 61.8, 47.6.

1B NMR (128 MHz, DM Y 8 MM ®

Spectroscopic data were in agreement with literature valtiés.
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Naphthalen1-yl boronic MIDA este2d

Me

w%o
O 10—=0
B“O
O (0]

The reaction was carried out according to General Proce@udescribed in the
previous section, using naphthaldnrylboronic acid (1.0 equiv, 11.63 mmol, 2.0 g),
N-methyliminodiacetic acid (1.05 equiv, 12.21 mmol, 1.78 g) and DMF (110 mL, 0.1
M). The reaction mixture was subjected to the workup procedure outlined
previously to give the desired productnhphthalenyl boronic MIDA estaas an
amorphous yellow solid (2.37 g, 72% yield). No flash chromatography purification

was conducted.
Umax (film): 3004, 1738, 1309, 959, 779 ¢m

IH NMR (400 MHz, DMS@0 Y 1 ¢ 8y18Xm,HLH), 7.98 7.89 (m, 2H), 7.59 (dd,
= 7.0, 1.4 Hz, 1H), 7.547.46 (m, 3H), 4.41 (= 17.3 Hz, 2H), 4.21 @ 17.3 Hz,
2H), 2.49 (s, 3H).

13C NMR (101 MHz, DMS) Y { mc p®dp Z30.0 428.8 1M37.2,MB5DD N1 =
1252, 62.0, 47.2.

B NMR (128 MHz, DM Y 3. MH @

Spectroscopic data were in agreement with literature valtiés.

Potassium biphed-yl-trifluoroborate 1e

/
\F
O BV

The reaction was carried owtccording to General Proceduredescribed in the

previous section, using-biphenyboronic acid (1 equiv., 5.03 mmol, 1.0 g), K@AF
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equiv., 15.08 mmol, 1.18 g) and MeOH (0.1 M, 50 mL). The reaction mixasre
subjected to the workup procedure outlined previously to give the desired product
potassium biphert-yl-trifluoroborate 1e as an amorphous white solid (1.20 g, 92%

yield). No flash chromatography purification was conducted.
Umax (film): 3030, 1606, 138 1223, 918 crh

'H NMR (400 MHz, DMSfg0 Y 1 ¢ 7.68%m,12H), 7.44 7.36 (m, 6H), 7.3% 7.26
(m, 1H).

3C NMR (101 MHz,DMSR)'Y 1+ MnM®PpZI MocCcPYyI MOHDNZ
9F NMR (376 MHz, DMS{g) Y-1391.
1B NMR (128 MHz, DMSI0 Y 4 odn

Spectroscopic data were in agreement with literature valtfés.

Potassium naphthaled-yl-trifluoroborate 2e

()4
F
BV
O OF @

The reaction was carried out according to General Proce®udescribed in the

previous section, using naphthaldrylboronic acid (1 equiv., 5.81 mmol, 1.0 g),

KHE (3 equiv., 17.44 mmol, 1.36 g) and MeOH (0.1 M, 60 mL). The reaction mixture

was subjectedto the workup procedure outlined previously to give the desired
product potassium naphthalef-yl-trifluoroborate as an amorphous white solid

(1.33 g, 98% vyield). No flash chromatography purification was conducted.
umax (film): 3040, 1608, 1232, 1082, 9303 cn.

IH NMR (400 MHz, DMS0 Y 1 J=@® #z, THR Z.71 @z 7.4 Hz, 1H), 7.56
(dd,J= 13.5, 7.4 Hz, 2H), 7.847.22 (m, 3H).
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13C NMR (101 MHz, DMSI) ¥ 1
1239, 1234.

19F NMR (376/Hz, DMS@ls0 Y-1362.

1B NMR (128 MHz, DMS{v Y 4

M3®,c180c32128bp 124, 1252, 124.9,

0 ®H

Spectroscopic data were in agreement with literature valtfés.

6.4 Retention time, response factorand characterisation of compounds for

HPLC assay

6.4.1 Table of HPLC Assay

Compound Structure

Retention Time (min) Resmnse Factor

B(OH),
la

BPin

Cl
1c

BMIDA
1d O O

6.6 5.35
10.9 5.68
10.1 6.07
7.1 5.66
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5.52

6.7

BF3;K
le O O

Br

5.93

10.3

1f

6.21

10.4

19

B(OH)

0.43

5.2

2a

BPin

0.35

10.6

2b

Cl

0.44

9.6

2C

BMIDA

0.43

6.0

2d

0.38

5.2

2e
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3a

3b

3c

4a

4b

4c

5a

5c

6b

MeO
/©/BPin
MeO
cr
MeO
/©/ B(OH),
FsC
/©/BPin
FsC
o
FsC

/©/B(OH)2
Br
jou
Br

BPin

F F

3.3

9.8

7.9

6.1

10.5

9.1

5.4

8.6

3.8

1.08

1.04

0.07

0.06

0.04

0.05

0.1

0.07

0.06
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6c

7a

7b

7cC

8b

9a

9b

9c

Cr
F F
B(OH),
AT
CN
BPin
AT
CN
Cl
A
CN
BPin
clI ;
OMe
0
Me)K©/ B(OH),
0
)J\©/Bpin
Me
0

8.1

4.3

44

7.0

4.9

3.2

8.5

6.7

0.10

0.04

0.04

0.05

0.55

3.14

1.60

3.10
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BPin
MeO
Cl
MeO
1la

zZ =
o
I
N

BPin

11b @
NO,
cl

1lc @
NO,

B(OH),
. X
OH
Cl
. X
OH
B(OH),
« (Y
MeOzC
Cl
S o
M602C

8.7

7.4

1.8

8.5

7.0

3.2

5.2

3.9

7.7

0.07

0.04

1.15

1.10

1.06

0.03

0.10

6.30

2.78
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1.01

5.9

OMe
B(OH),

Br/@
o
MeOQS

S

16a

0.86

9.0

OMe
Cl

16¢c

0.29

6.1

17c

1.99

2.5

®/B(OH)2
\ S

19a

2.14

8.7

BPi
o

19

1.22

7.5

19c

1.19

0.4

20a

3.69

11.1

39

Br

3.84

10.8

Br

Cl

40
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41 O O 9.3 5.15

NC BPin
45 C( 7.5 0.09

46¢ 7.9 0.09

MeO
Cl
47¢ v@ 8.8 0.95
Br

6.4.2 Characterisation data for assay compounds

4-Chlorobiphenyl,1c

P

Appearance: white solid

Umax (neat): 3062, 3032, 1593, 1476, 1097, 833'cm

IH NMR (500 MHz, DMS0 Y7.39 (m, 1H), 7.48 (m, 4H), 7.68 (m, 4H).

BC NMR (101 MHz,CREY {+ MnnAnd®mMZ MogpdPy I Moo®PpI MHCGDGD

Spectroscopic data were in agreement with literature valtiés.
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1-Chloronaphthalene2c

Cl

Appearance: slightly yellow liquid
Umax (neat): 3051, 1379, 1251, 968, 790-tm

1H NMR (400 MHz, DMS@R0 Y 1  yJo 8.4, 0.0 HkR1H), 8.02 (db; 8.4, 0.9
Hz, 1H), 7.94 (d= 8.3 Hz, 1H), 7.727.60 (m, 3H), 7.50 (dd= 8.1, 7.6 Hz, 1H).

13C NMR (101 MHz, DMSIQ) Y 1 M &,n1@H2 128y 427.9, 1276, 127.0,
1264, 126.2, 123.5.

Spectroscopic data were in agreement with literature valtiés.

4-Methoxy-chlorobenzene3c

o
MeO

Appearance: colourless liquid
Umax (neat): 3004, 2939, 1582, 1491, 1169, 1033, 821.cm

IH NMR (500 MHDMSGds0 Y 1 ¢ 729 @ p2H), 6.98 6.92 (m, 2H), 3.75 (s,
3H).

13C NMR (126 MHz, DM&Ig) Y 11, 1RO@, 2.2, 115.6, 53.

Spectroscopic data were in agreement with literature valtiés.
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4-Chlorobenzotrifluoride 4c

joN
F.C

3

Appearance: colourless ligf
Umax(neat): 3106, 1517, 1413, 1223, 1052, 844'cm
IH NMR (500 MHz, DMSf0 Y 1 3=®.5 Kz2H, R.X7 (d,)= 8.6 Hz2H.

13C NMR (126 MHBMSOde): ¢ 137.5, 129.5, 120 (q, 2br=31.4 H2), 127.2 (93L
F= 7.3 Hz)124.8 (d}kr= 272.0 Hz).

19F NMR (376 MHz, DMS{g) Y-612.

Spectroscopic data were in agreement with literature valtiés.

4-Bromochlorobenzenesc

o
Br

Appearance: white solid

Umax (Neat): 3082, 1472, 1390, 1085, 1007, 810'cm

IH NMR (400 MHz, DMS0 Y 1 ¢ 7.650m, AH), 7.467.38 (m, 1H).
13C NMR (101 MHz, DMS10 Y 11, 182d,d30.5, 120.0.

Spectroscopic da were in agreement with literature valués’
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4-Huoro-3-cyanachlorobenzeneyc

(¢]]
CN
Appearance: white solid
Umax(Neat): 2974, 2234, 1489, 1314, 1145, 827'cm

IH NMR (500 MHz, DMS®0 Y {  J=d ¢iz 1H)(i7288 (ddd)= 8.9, 4.7, 2.7
Hz 1H, 7.52 (dd,J)= 5.6, 2.7 HZH.

13C NMR (126 MHz, CBEN {  m'dGmap§0.7 HR) 3135.3 (dkr = 8.3 Hz),
133.0, 130.3 (Bkr= 3.5 Hz), 118.1 (dkrF= 21.0 Hz), 112.8, 103.2 fdr= 17.1
Hz).

19F NMR (471 MHz, CRIY-1088.

Spectroscopic data were in agreement with literature valtfés.

3-Chloroacetophenone9c

(@]
Me)b/CI
Appearance: colourless liquid
Umax(neat): 3064, 1686, 1422, 1247, 1074, 786'cm

IH NMR (500 MHz, CBEl {  TJ® G7 Hzp1HY 7.82 (@= 7.8 Hz, 1H), 7.55
7.50 (m, 1H), 7.40 (8= 7.9 Hz, 1H), 2.59 (s, 3H).

13C NMR (126 MHz, CRCY {+ M@pc dy X Moy dy X MopPdPMI Mood

Spectroscopic data were in agreement with literature valtiés.
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2-Nitrochlorobenzenellc
©:CI

NO,
Appearance: dark yellow solid

Umax (neat): 3092, 1530, 1472, 1349, 1089, 855'cm

IH NMR (500 MHz, CREIY 1 T1J98§.Y, 1.DHR,RH), 7.54 (ditk 9.5, 8.1, 1.4
Hz, 2H), 7.44 7.39 (m, 1H).

3C NMR (126 MHz,CRCLY + MO0 ®P0X MOH®DPMI MHTPTI MHTOD

Spectroscopic data were in agreement with literature valtiés.

2-Chlorophenol,14c
Cl
L,
Appearance: light red liquid

Umax (neat): 3508, 3073, 1584, 1290, 1028, 833, 748.cm

IH NMR (500 MHDMSGds0 Y + d®7.9, 1.HHrI)I6.96 (ddJ= 8.1, 1.4
Hz 1H, 7.13 (tdJ= 8.1, 1.5 HZH, 7.30 (ddJ= 7.9, 1.5 HZLH), 10.08 (s, 1H).

13C NMR (126 MHzZ,DMSR)'Y 1 MMC PTZI MMPPCI MHANDAI MH)

Spectroscopic data were agreement with literature value¥?
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Methyl-4-chlorobenzoate 15¢

Cl
Meo\ﬂ/©/

o

Appearance: white solid
Umax (neat): 3082, 2950, 1723, 1472, 1275, 1089, 814.cm

1H NMR (500 MHz, DMSf20 Y + o0 ®dy c d=485 Hp2HO705 W86 ORX
Hz 2H).

3C NMR (126 MHz, DM Y 1 PpHDPOZ MHYy dPnZI MHY DPI MO M

Spectroscopic data were in agreentavith literature values-?

5-Bromo-2-methoxy-chlorobenzenel 6c

Br
Me0/©/
Cl
Appearance: white solid

Umax (neat): 3023, 2937, 1749, 1481, 1294, 1055, 87%.cm

IH NMR (500 MHz, DMS@0 Y { o ®yp AT HzlH) E50tddMH 6 RS
8.8, 2.4 Hz1H), 7.66 (d,J)= 2.4 Hz1H.

3C NMR (126 MHzZ, DM Y 1 pcPoX MMMPC I MMNODPCI MHH

Spectroscopic data were in agreement with literature valtiés.
4-Chlorophenyl methyl sulfonel7c

Cl
o M T
S

Me” P
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Appearance: white solid
Umax (neat): 3092, 3013, 1710, 1470, 1307, 1087, 966.cm

IH NMR (500 MHz, DMS@R0 Y + o0 ®Hp 3385 Hp2HY704 BB O RX
Hz 2H.

BBCNMR (126 MHz, DM Y + no®dnZ pndPZ MHPDPNZI MHPOD|

Spectroscopic data were in agreement with literature valtfés.

6,7-Dichlorobenzel,4-dioxane,18c
(0] Cl
[OJCECI
Appearance: white solid
Umax(neat): 3041, 2943, 1578, 1454, 1121, 1054, 875.cm
'HNMR (500 MHzZ,DMSf20 Y 1+ T ®MT 6azZ HIUOUX ndPHT 6a&aZX n
3C NMR (126 MHz, DM Y 4+ MNO®PHZI MHH®NZI MMy PoZ cn

HRMS: (§40.Chb) [M*] requires 203.9739, found [N1203.9743.

Spectroscopic data were in agreement with literature valtfés.

2-Chlorothiophene,19¢c

S
o
Appearance: light yellow liquid

Umax (neat): 3106, 1517, 1413, 1223, 1052, 844'cm

1H NMR (400 MHz, DMSf0 Y +  cJ® & 3.0 R, 7.11 (ddJ= 3.7, 1.5
Hz 1H, 7.45 (ddJ= 5.6, 1.5 HZLH.
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BCNMR (125 MHz,CRCY + MHpP PTZ MHC PYy I MHT PHZ

Spectroscopic data weia agreement with literature value$!

2-Huoro-4-chloroanisole46c
Cl
Me0/©/
F
Appearance: light yellow liquid
Umax(neat): 2941, 1589, 1498, 1265, 1128, 1024'cm

IH NMR (500 MHz, CREIY + T1J$109, 26 RAR TH), 7.Q77.03 (m, 1H), 6.88
(t, J= 8.8 Hz, 1H), 3.87 (s, 3H).

13C NMR (126 MHz, CBEY {  mip#=d2494 [0zR 146.8 (Bkr = 10.6 Hz),
125.4 (d3kr= 8.9 Hz), 124.4 (8kr= 3.8 Hz), 117.0 (Bbr=217 Hz), 114.3 (L
r=3.0Hz), 567.

19 NMR (376 MHz, CBEI -1322.

Spectroscopic data were in agreement with literature valtfés.

4-Chlorobenzylbromide47c

Cl
Br\/©/

Appearance: colourless solid

Umax (Neat):1489, 1195, 1087, 838m™.

IH NMR (500 MHz, CREI ¢ ¢7.29¢np, 2H), 4.46s, 1H).
13C NMR (126 MHz, CRLI MO0 % 130.512%103R.5b

Spectroscopic data were in agreement with literature valtfés.

139

MHY @



Experimental

4-Bromobiphenyl,1f

o

Appearance: pale yellow solid
Umax (neat): 3029, 1448, 1395, 1076, 829tm

IH NMR (500 MHz, CRE! + ¢ 7.88((rth 4H), 7.48 7.41 (m, 4H), 7.36 (3= 7.4
Hz, 1H).

BCNMR (126 MHz,CRCY {+ Mnn®o0X MOH®NI MHODPMZ

Spectroscopic data were in agreement with literature valtfés.

4-lodabiphenyl,1g

|
Appearance: pale yellow solid

Umax (neat): 3029, 1473, 1390, 998, 757-tm

IH NMR (500 Hz, CREIY7.787.74 (m, 1H), 767.54(m, 1H), 7.6-7.42 (m, 1H),
7.38-7.35(m, 1H), 7.3+-7.31 (m, 1H).

3C NMR (126 MHz,CRCY + Mnnd@pZ MnadPHZI Moy dnz

Spectroscopic data were in agreement with literature valtiés.
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4,4-Dibromo-1,1-biphenyl,39

"O Br
Br O

Appearance: pale brown solid

Umax(Neat): 2918, 1677, 1519, 1463, 1354tm

IH NMR (500 MHz, CREIY 1 ¢ 7:63Hm,dH), 7.4¢ 7.37 (m, 4H).

3C NMR (126 MHz, CRCY {1 MO pOMPR2.MOH PHI MHYy PT X

Spectroscopic data were in agreement with literature valtfés.

4-Bromo-4'-chloro-1,1-bipheny, 40

"O Br
Cl I

Appearance: yellow solid
Umax(neat): 2820, 1473, 1387, 1093, 811 tm

IH NMR (500 MHz, CREIY  { ¢ 74 myLH), 7.5Q 7.46 (m, 1H), 7.41 (ddd=
8.6, 4.1, 2.2 Hz, 2H).

13C NMR (126 MHz, CRCY 1+ 138®,01@03132.2,129.2, 128.7, 128.3, 122.1.

Spectroscopic data were in agreement with literature valtfés.
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6.5 Experimental proceduresnd characterisationfor Section3.1
Results fromFigurel0

Reactions carried out according to General Procedéresing [1,1-biphenyl}4-
ylboronic acid1 equiv, 0.25 mmol, 50 mgRu(OTH (X mol%) TCICA (Y equiand
MeCN (0.25 M, 1 mL) atfidr 16 h

X mol% Cu(OTf) Y equiv. of TCICA

Entry (mass) (mass) Isolated yield %
1 5 (5 mg) 0.34 (20 mg) 77
2 5 (5 mg) 0.40(23 mg) 83
3 5 (5 mg) 0.50 (29 mg) 88
4 5 (5 mg) 0.67 (39 mg) 95
5 10 (9 mg) 0.34 (20 mg) 77
6 10 (9 mg) 0.40 (23 mg) 83
7 10 (9 mg) 0.50 (29 mg) 88
8 10 (9 mg) 0.67 (39 mg) 95

Results fromFigurell

Reactions carried out according to General Procedangsing 4biphenylboronic
acid pinacol ester (1 equiv, 0.25 mmol, 70 n@)(OTH (X mol%) TCICAY equiv)
and MeCN (0.25 M, 1 mL) atfar 16 h
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X mol% Cu(OTf) Y equiv. of TCICA

Entry (mass) (mass) Isolated yield %
1 5 (5 mg) 0.34 (20 mg) 4
2 5 (5 mg) 0.40 (23 mg) 4
3 5 (5 mg) 0.50 (29 mg) 4
4 5 (5 mg) 0.67 (39 mg) 6
5 10 (9 mg) 0.34 (20 mg) 5
6 10 (9 mg) 0.40 (23 mg) 8
7 10 (9 mg) 0.50 (29 mg) 4
8 10 (9 mg) 0.67 (39 mg) 7
9 5 (5 mg) 0.34(20 mg) 21a

aReaction at 40 °C.

Results from Table 2

Reactions carried out according to General Procedsnesing [1,1-biphenyl}4-
ylboronic acid1 equiv, 0.25 mmol, 50 mg);raphthanylboronic acid pinacol ester
(1 equiv, 0.25 mmol, 63 mgghlorinating Agent Cu(OTf and MeCN (0.25 M, 1
mL) at rtfor 16 h

Source of Equiv Conversion Selectivity
Entry Chlorine Copper Catalyst (mass) % 1c:2c
0
1 KC| 5 mol% Cu(OT) 1.5 (28 mg) i i

(5 mg)
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5 mol% Cu(OT)

2 NacCl 1.5(22m - -
(5 mg) (22 mg)
: 5 mol% Cu(OT)
3 LiCl 1.5(16m - -
(5 mg) (16 mg)
4 cud - 1.5 (50 mg) - -
5 CuCl - 1.5 (37 mg) - -
10 mol%
6 NCS Cu(0TH (@ mg) 2.0 (67 mg) 20 -
7 TCICA - 0.4 (23 mg) 38 4:1

Results from Table 3

Reactions carried out according to General Procedsnesing [1,1-biphenyl}4-
ylboronic acid1 equiv, 0.25 mmol, 50 mg);raphthanylboronic acid pinacol ester
(1 equiv, 0.25 mmol, 63 mg), TCICA (0.4 equiv, 0.1 mmol, 23CGu@)TH and
Solvent(0.25 M, 1 mL) aemperature for 16 h

Temp. Conversion  Selectivity

Entry Copper Catalyst °C) Solvent to 1c 4 1c:2¢

1 - 30 MeCN 42 4.7:1

2 - 50  EtOAc 27 3:1

3 - 50  THF 4 -

0,
4 10 mol% Cu(OT) 50 THE 15 )
(9 mg)
5 - 50 PhMe <1 -
6 - 50 DCM <1 -
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Results from Table 4

Reactions carried out according to General ProcedBresing [1,1-biphenyl}4-

ylboronic acid1 equiv, 0.25 mmol, 50 mg);raphthanylboronic acid pinacol ester

(1 equiv, 0.25 mmol, 63 mg), TCICA (0.4 equiv, 0.1 mmol, 23 miy)Jeidat 30 °C

for 16 h
Entry Conc. (volume) Conversion % Selectivity 1c:2c
1 0.1 M (2.5 mL) 37 3:1
2 0.25M (1 mL) 42 4.7:1
3 0.5 M (0.5 mL) 26 2:1
4 1 M (0.25 mL) 24 1.9:1

Results from Tabl®

Reactions carried out according to General Procedsnesing [1,1-biphenyl}4-

ylboronic acid1 equiv, 0.25 mmol, 50 mg);raphthanylboronic acid pinacol ester
(1 equiv, 0.25 mmol, 63 mg)CICACu(OTf)and MeCN (0.25 M, 1 mL) atfar 16

h.

Entry Cu(OTH (mass) Equ(i\r;(;fsl)CIC/ Conversion % Selle(::(::;ixity
1 10 mol% (9 mg)  0.34 (20 mg) 52 5.4:1
2 10 mol% (9 mg)  0.40 (23 mg) 31 7.8:1
3 10 mol% (9 mg) 0.50 (29 mg) 52 3:1
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4 10 mol% (9 mg) 0.67 (39 mg) 80 4.4:1
5 10 mol% (9 mg) 1.0 (58 mg) 82 5:1
6 5 mol% (5 mg) 0.34 (20 mg) 36 3.3:11
7 5 mol% (5 mg) 0.40 (23 mg) 38 4:1
8 5 mol% (5 mg) 0.50 (29 mg) 72 4:1
9 5 mol% (5 mg) 0.67 (39 mg) 80 5:1
10 5 mol% (5 mg) 1.0 (58 mg) 70 10:1

Results from Tabl®&

Reactions carried out according to General Procedsnesing [1,1-biphenyl}4-
ylboronic acid1 equiv, 0.25 mmol, 50 mg);raphthanylboronic acid pinacol ester
(1 equiv, 0.25 mmol, 63 mg)CICACu(OTf)and MeCN (0.25 M, 1 mL) 3 °Cfor
16 h

Entry Cu(OTH (mass) TCEI(Cq:l,JAEV(r%;ss Conversion % Selli(::;i::/ity
1 10 mol% (9 mg) 0.34(20 mg) 30 2:1
2 10 mol% (9 mg) 0.40 (23 mQ) 36 6:1
3 10 mol% (9 mg) 0.50 (29 mg) 57 8:1
4 10 mol% (9 mg) 0.67 (39 mg) 78 11:1
5 10 mol% (9 mg) 1.0 (58 mg) 92 30:1
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6 5mol% (5 mg) 0.34 (20 mg) 33 5.6:1
7 5 mol% (5 mg) 0.40 (23 mg) 43 6.5:1
8 5 mol%(5 mg) 0.50 (29 mg) 49 71
9 5mol% (5 mg) 0.67 (39 mg) 70 71
10 5mol% (5mg) 1.0 (58 mg) 94 16:1

Results from Tablg

Reactions carried out according to General ProcedBresing [1,1-biphenyl}4-
ylboronic acid1 equiv, 0.25 mmol, 50 mg);raphthanylboronic acid pinacol ester
(1 equiv, 0.25 mmol, 63 mg), TCICA (0.67 equiv, 0.1675 mmol, 39 mg), £A@TT)
mol%, 0.025mmol, 9 mg ) and MeCN (0.25 M, 1 mBP &tfor time.

Entry Time (h) Conversion % Selectivity 1c:2c
1 2 61 8:1
2 4 72 12:1
3 6 89 30:1
4 16 92 34:1

Results from Tabl8

Reactions carried out according to General Proceddnesing [1,1-biphenyl}4-

ylboronic acid1 equiv, 0.25 mmol, 50 mg);raphthanylboronic acid pinacol ester
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(1 equiv, 0.25 mmol, 63 mg), TCICA (0.67 equiv, 0.1675 mmol, 3copger
catalystand MeCN (0.25 M, 1 mL) 3® °Cfor 16 h

Entry Copper Catalyst (mass) Conversion % SelltaC(::;i::/ity

1 10 mol% Cu(OTEff9 mg) 92 30:1

2 10 mol% CuBr (4 mg) 95 51

3 10 mol% CuBi1(6 mQ) 75 4:1

4 10 mol% Cue(3 mg) 20 -

5 10 mol% CuCl (2 mg) 13 -

6 10 mol% Cul (5 mg) 70 2.1:1

7 10 mol% Cu(OAc]5 mg) 96 28:1

8 10 mol% CuOAc (3 mg) 98 30:1

Results from Table 9

Reactions carried out according to General ProcedBresing [1,1-biphenyl}4-
ylboronic acid1 equiv, 0.25 mmol, 50 mg);raphthanylboronic acid pinacol ester
(1 equiv, 0.25 mmol, 63 mgJCICACu(OAG) (10 mol%)nd MeCN (0.25 M, 1 mL)

at temperature for time.

Conversion Selectivity

Entry Cu(OAg)(mass) X (mass) Time Temp. 0 1c 04 1c2¢

1 CuOAc (3mg) 1.00 (58 mg) 6 h rt 95 26:1
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2 CuOAc (3mg) 1.00 (58 mg) 4h rt 93 25:1
3 CuOAc (3mg) 1.00 (58 mg) 2h rt 80 11:1
4  Cu(OA®(5mg) 1.00 (58mg) 6h 1t 92 18:1
5 Cu(OAe)(5mg) 1.00 (58 mg) 4 h rt 92 22:1
6 Cu(OAg)(5mg) 1.00 (58 mg) 2h rt 79 13:1
7 CuOAc (3mg) 0.67 (39 mg) 4h rt 96 50:1

HPLC data for products in Figut@

[1,1-Biphenyl}4-ylboronic acidlavs.naphthalenrl-ylboronic acid, pinacol est@b

O B(OH): BPin

The reaction was carried out according to General Procedure B (s%idg
biphenyl}4-ylboronic acid (1.0 equiv, 0.25 mmol, 50 mg), naphthdlgtboronic

acid, pinacol esterl(0 equiv, 0.25 mmol, 64 mg), copper (I) acetate (10 mol%, 0.025
mmol, 3 mg), TCICA (0.67 equiv, 0.1675 mmol, 39 mg), MeCN (1.00 mL, 0.25 M) and
analyzedviathe HPLC method outlined previously, indicatinghidorobiphenyllcas

its major product (98% comysion, ratiolc.2c 50:1).

[1,1-Biphenyl}4-ylboronic acidla vs. 4methoxyphenylboronic acid, pinacol ester

3b
B(OH),
O /©/8Pin
MeO
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The reaction was carried out according to General Procedure B (s$idg
biphenyl}4-ylboronic acid (1.0 equiv,. 0.25 mmol, 50 mgjnéthoxyphenylboronic

acid, pinacol ester (1.0 equiv, 0.25 mni,mg), copper (I) acetate (10 mol%, 0.025
mmol, 3 mg), TCICA (0.67 equiv., 0.1675 mmol, 39 mg), MeCN (1.00 mL, 0.25 M)
and analysedvia the HPLC method outlined previously, indicatinghdorobiphenyl

lcas its major productg@% conversion, ratidc.3c 2:1).

[1,1-Biphenyl}4-ylboronic acid la vs. 4(trifluoromethyl)phenylboronic acid,

O BOH), BPin
F30/©

The reaction was carried out according to General Procedure B U($idg

pinacol estedb

biphenyl}4-ylboronic acid (1.0 equiv,, 0.25 mmol, 50 mg), - (4
(trifluoromethyl)phenyl)boronic acid, pinacol ester (1.0 equiv, 0.25 mmol, 69 mg),
copper (1) acetate (10 mol%, 0.025 mmol, 3 mg), TCICA (0.67 equiv., 0.1675 mmol,
39 mg), MeCN (1.00 mL, 0.25 M) aadalysedvia the HPLC method outlined
previously, indicating 4hlorobiphenyllc as its major product (9% conversion,

ratio 1c4c>99:1).

[1,1'-Biphenyl}4-ylboronic acidlavs.4-bromophenyboronic acid, pinacol estéb

O B(OH), BPi
in
Br/©/

The reaction was carried out according to General Procedure B (s$idg
biphenyl}4-ylboronic acid 1.0 equiv,. 0.25 mmol, 50 mg};bromophenyboronic

acid, pinacol ester (1.0 equiv, 0.25 mm&l,mg), copper (I) acetate (10 mol%, 0.025
mmol, 3 mg), TCICA (0.67 equiv., 0.1675 mmol, 39 mg), MeCN (1.00 mL, 0.25 M)
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and analysedia the HPLC method outlined previously, indicatinghdorobiphenyl

lcas its major producty(7% conversion, ratidc.5¢ >991).

[1,1-Biphenyl}4-ylboronic acidla vs. 2,4-difluorophenylboronicacid, pinacol ester
6b

F

O B(OH),
BPin
i

The reaction was carried out according to General Procedure B (s%idg
biphenyl}4-ylboronic acid (1.0 equiv,, 0.25 mmol, 50 mg), {24
difluorophenyl)boronic acid, pinacol ester (1.0 equiv, 0.25 mmol, 61 mg), copper (I)
acetate (10 mol%, 0.025 mmol, 3gim TCICA (0.67 equiv., 0.1675 mmol, 39 mg),
MeCN (1.00 mL, 0.25 M) and analyzed the HPLC method outlined previously,
indicating 4chlorobiphenyllc as its major product (94% conversion, rafio6c

7:1).

[1,1-Biphenyl}4-ylboronic acidla vs. 4-fluoro-3-cyanophenyboronic acid, pinacol

B(OH), _
O NC:©/BP|n
_

The reaction was carried out according to General Procedure B U($idg

ester7b

bipheny]-4-ylboronic acid (1.0 equiv,0.25 mmol, 50 mg), 4-fluoro-3-
cyanophenylboronic aciginacol ester (1.0 equiv, 0.25 mmd2 mg), copper (1)
acetate (10 mol%, 0.025 mmol, 3 mg), TCICA (0.67 equiv., 0.1675 mmol, 39 mg),
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MeCN (1.00 mL, 0.25 M) and analysed the HPLC method outlined previously,

indicating 4chlorobiphenyllcas its major productquant8 ratio 1¢.7¢>99:1).

[1,1-Biphenyl}4-ylboronic acidla vs. 4-chloro-3-methoxyphenylboronic aciécid,

B(OH), .
O Me0:©/BP|n
N

The reaction was carried out according to General Procedure B (s$jag

pinacol esteiBb

biphenyl}4-ylboronic acid (1.0 equiv, 0.25 mmol, 50 mg)-choro-3-
methoxyphenylboronic acid pinacol ester (1.0 equiv, 0.25 mBibmg), copper (1)
acetate (10 mol%, 0.025 mmol, 3 mg), TCICA (0.67 equiv., 0.1675 mmol, 39 mg),
MeCN (1.00 mL, 0.25 M) and analysed the HPLC method outlined previously,
indicating 4chlorobiphenyllc as its major product @% conversion, ratidc8c
>991).

[1,1-Biphenyl}4-ylboronic acidlavs.3-acetylphenylboronic acidginacol esteBb

O B(OH), o
‘/‘/O MeJ\©/BPin

The reaction was carried out according to General Procedure B U($idg
bipheny]-4-ylboronic acid (1.0 equivQ.25 mmol, 50 mg)3-acetylphenyboronic

acid pinacol ester (1.0 equiv, 0.25 mm&,mg), copper (I) acetate (10 mol%, 0.025
mmol, 3 mg), TCICA (0.67 equiv., 0.1675 mmol, 39 mg), MeCN (1.00 mL, 0.25 M)
and analysedia the HPLC method outlined previously, indicatinghdorobiphenyl

1cas its major productd3% conversion, ratiac.9c47:1).
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[1,1-Biphenyl}4-ylboronic acidla vs.methyl 4(phenylacetate)boronic acid pinacol

ester10b
B(OH),
MeO

The reaction was carried out according to General Procedure B (s$idg
biphenyl}4-ylboronic acid (1.0 agv, 0.25 mmol, 50 mg), methyl 4
(phenylacetate)boronic acid pinacol est@r.0 equiv, 0.25 mmoBk9 mg), copper (1)
acetate (10 mol%, 0.025 mmol,8g), TCICA (0.67 equiv., 0.1675 mmol, 39 mg),
MeCN (1.00 mL, 0.25 M) and analysed the HPLC method outlined previously,
indicating 4chlorobiphenyllc as its major product92% conversion, ratid.c.10c
>00:1).

[1,1-Biphenyl}4-ylboronic acidlavs.2-nitrophenylboronic acid, pinacol estédb

O B(OH), -
in
©:N02

The reaction was carried out according to General Procedure B (%idg
bipheny]-4-ylboronic acid (1.0 equiv, 0.25 mmol, 50 mg), (4
difluorophenyl)boronic acid, pinacol est(1.0 equiv, 0.25 mmol, 61 mg), copper (1)
acetate (10 mol%, 0.025 mmol, 3 mg), TCICA (0.67 equiv., 0.1675 mmol, 39 mg),
MeCN (1.00 mL, 0.25 M) armhalysedvia the HPLC method outlined previously,
indicating 4chlorobiphenyllc as its major product @ conversion, ratidcll1c

>991).
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[1,1-Biphenyl}4-ylboronic acidla vs. (2methoxypyridin3-yl)boronic acid, pinacol

O B(OH), OMe
N BPin
l =

The reaction was carried out according to General Procedure B (s$idg

ester1l2b

biphenyl}4-ylboronic acid (1.0 equiv, 0.25 mmol, 50 mg);n{2thoxypyridinr3-
yl)boronic acid, pinacol ester (1.0 equiv, 0.25 mmol, 59 mg), copper (I) acetate (10
mol%, 0.025 mmol, 3 mg), TCICA (0.67 equiv., 0.1675 mmol, 39 mg), MeCN (1.00
mL, 0.25 M) and purified by 8 chromatography (silica gel, 5%@in petroleum

ether) to give 4chlorobiphenyllc as its only product (46 mg, 97%olated yield

ratio 1c.12c >99:1).

[1,1-Biphenyl}4-ylboronic acidlavs. isoquinolird-ylboronic acid, pinacol estdr3b

B(OH). BPin
X
'

The reaction was carried out according to General Procedure B (%idg
biphenyl}4-ylboronic acid (1.0 equiv, 0.25 mmol, 50 mg), isoquirdytboronic

acid, pinacol ester (1.0 equiv, 0.25 mmol, 64 mg copper (I) acétatenol%, 0.025
mmol, 3 mg), TCICA (0.67 equiv., 0.1675 mmol, 39 mg), MeCN (1.00 mL, 0.25 M)
and purified by flash chromatography (silica gel, 5%t petroleum ether) to give
4-chlorobiphenyllc as its only product (40 mg, 86¥olated yield ratio 1¢c:13c
>99:1).
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HPLC data for products in Figut8

4-methoxyphenylboronic aci@a vs. naphthalerl-ylboronic acid, pinacol est@b

BPin

/©/B(OH)2

The reaction was carried out according to General Procedure B yding
methoxyphenyl)boronic acid (1.0 equiv, 0.25 mmol, 45 mg), naphtkildhoronic

acid, pinacol ester (1.0 equiv, 0.25 mmol, 64 mg), copper (l) acetate (10 mol%, 0.025
mmol, 3 mg), TCICA (0.67 equiv., 0.1675 mmol, 39 mg) and MeCN (1.00 mL, 0.25 M)
and aralysed viathe HPLC method outlined previously, indicatinghdoroanisole2c

as its major product (quant., rati@c:2c>99:1).

4-trifluoromethylphenylboronic acid4a vs. naphthalerl-ylboronic acid, pinacol

ester2b

BPin

o

The reaction was carried out according to General Procedure B u&ing
trifluoromethylphenylboronicacid (1.0 equiv, 0.25 mmo#8 mg), naphthaleri-
ylboronic acid, pinacol ester (1.0 equiv, 0.25 mmol, 64 mwgpper (I) acetate (10
mol%, 0.025 mmol, 3 mgrCICA (0.67 equiv., 0.1675 mmol, 39 mg) and MeCN (1.00
mL, 0.25 M) and analyseda the HPLC method outlined previously, indicating 4

chlorabenzotrifluoride4c as its major product/A7% conversion, ratidc:2c7:1).

4-bromophenylboronic aci®avs.naphthalenl-ylboronic acid, pinacol est@b

BPin

/©/B(OH)2
o
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The reaction was carried out according to General ProcedBreaising 4
bromophenylboronic acid (1.0 equiv, 0.25 mmbQ mg), naphthalerl-ylboronic

acid, pinacol ester (1.0 eqy 0.25 mmol, 64 mggopper (1) acetate (10 mol%, 0.025
mmol, 3 mg, TCICA (0.67 equiv., 0.1675 mmol, 39 mg) and MeCN (1.00 mL, 0.25 M)
and analysed via the HPLC method outlined previously, indicating 4

chlorobromobenzené&cas its major product40% cowersion, ratiobc.2c4:1).

4-fluoro-3-cyan@henylboronic acid7a vs. naphthalerl-ylboronic acid, pinacol

ester2b

BPin

B(OH),

CN

The reaction was carried out according to General Procedure B 4ddingro-3-
cyanophenylboronic acid1.0 equiv, 0.25 mmol41 mg), naphthalerl-ylboronic

acid, pinacol ester (1.0 equiv, 0.25 mmol, 64 ragpper (1) acetate (10 mol%, 0.025
mmol, 3 mg, TCICA (0.67 equiv., 0.1675 mmol, 39 mg) and MeCN (1.00 mL, 0.25 M)
and analysediathe HPLC method dlined previously, indicating-fluoro-3-cyanc

chlorobenzenérc as its major productq5% conversion, rati@c.2c 3:1).

3-acetyphenylboronic aci®avs. naphthalerl-ylboronic acid, pinacol est&b

(0]

Me)J\©/B(OH)2 BPin

The reaction was carried out according to General Procedure B uUing
acetylphenylboronic acid1.0 equiv, 0.25 mmol41 mg), naphthalerl-ylboronic
acid, pinacol ester (1.0 equiv, 0.25 mmol, 64 ragpper (1) acetate (10 mol%, 0.025
mmol, 3 mg, TCICA (67 equiv., 0.1675 mmol, 39 mg) and MeCN (1.00 mL, 0.25 M)
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and analysediathe HPLC method outlined previously, indicatinghdoroanisoledc

as its major product41% conversion, rati@c.2c2.3:1).

2-nitrophenylboronic acid 1avs.naphthalenl-ylboronic acid, pinacol est&b

©:B(OH)2 BPin

The reaction was carried out according to General Procedure B uaing
nitrophenylboronicacid (1.0 equiv, 0.25 mmal2 mg), naphthalerl-ylboronic acid,
pinacol ester (1.0 equiv, 0.25 mmol, 64 mgdpper (I) acetate (10 mol%, 0.025
mmol, 3 mg) TCICA (0.67 equiv., 0.1675 mmol, 39 mg) and MeCN (1.00 mL, 0.25 M)
and analysediia the HPLC method outlined previously, indingt 4chloroanisole

11cas its major product42% conversion, ratid1c2c8:1).

2-hydroxyphenylboronic aciti4a vs. naphthalerl-ylboronic acid, pinacol est&b

(L,

The reaction was carried out according to General Procedure B uaing
hydroxyphenylboronic acid (1.0 equiv,. 0.25 mmol, 35 mg), naphthildhoronic

acid, pinacol ester (1.0 equiv, 0.25 mmol, 64 mg), copper (l) acetate (10 mol%, 0.025
mmol, 3 mg), TCIC®.67 equiv., 0.1675 mmol, 39 mg), MeCN (1.00 mL, 0.25 M)
and analyzedsia the HPLGnethod outlined previously, indicating-¢hlorgphenol

14c as its major product (76% conversioatio 14c:2c15:1)
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4-(methoxycarbonyl)phenylboronic acidl5a vs. naphthalenl-ylboronic acid,

pinacol esteRkb

BPin

B(OH),

o

The reaction was carried out according to General Procedure B u&ing
(methoxycarbonyl)phenylboronic acid (1.0 equiv, 0.25 m#bing), naphthalerl-
ylboronic acid, pinacol &sr (1.0 equiv, 0.25 mmol, 64 mgopper (I) acetate (10
mol%, 0.025 mmol, 3 mgTCICA (0.67 equiv., 0.1675 mmol, 39 mg) and MeCN (1.00
mL, 0.25 M) and analyseda the HPLC method outlined previously, indicating 4
(methoxycarbonyl)chlorobenzengbe as ts major product §3% conversion, ratio

15c:2¢2.3:7).

5-bromo-2-methoxyphenylboronic acid6a vs. naphthalerl-ylboronic acid, pinacol

ester2b

Br B(OH), BPin
(L

The reaction was carried out according to General Procedure B &dingmo-2-
methoxyphenylboroni@acid (1.0 equiv, 0.25 mmdb8 mg), naphthalerl-ylboronic

acid, pinacol ester (1.0 equiv, 0.25 mmol, 64 ragpper (1) acetate (10 mol%, 0.025
mmol, 3 mg, TCICA (0.67 equiv., 0.1675 mmol, 39 mg) and MeCN (1.00 mL, 0.25 M)
and analysedvia the HPLC method outlineg@reviously, indicating $romo-2-

chloroanisol€l6c as its major product43% conversion, rati@6c:2c2:1).
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4-(methylsulfonyl)phenylboronic acidi7a vs. naphthalerl-ylboronic acid, pinacol

ester2b

BPin

o

The reaction was carried out according to General Procedure B u&ing
(methylsulfonyl)phenylboronic acifl.0 equiv 0.25 mmol,50 mg), naphthalerl-
ylboronic acid, pinacol ester (1.0 equiv, 0.25 mmol, 64 mgpper (I) acetate (10
mol%, 0.025 mmol, 3 mgTCICA (0.67 equiv., 0.1675 mmol, 39 mg) and MeCN (1.00
mL, 0.25 M) and analyseda the HPLC method outlined previously, indingt 4
(methylsulfonyl)chlorobenzend 7c as its major product 23% conversion, ratio

17c:2c3:1).

Result for product in Schem&0

(2,3dihydrobenzol[b][1,4]dioxir6-yl)boronic acid18a vs. naphthalerl-ylboronic

acid, pinacol este2b

BPin

o

The reaction was carried out according to General Procedure B y2i3g
dihydrobenzo[b][1,4]dioxif6-yl)boronic acid (1.0 equiv, 0.25 mmol45 mg),
naphthalenl-ylboronic acid, pinacol ester (1.0 equiv, 0.25 mmol, 64 wapper (1)
acetate (10 mol%, 0.025 mmol, 3 )ngCICA (0.67 equiv., 0.1675 mmol, 39 mg) and
MeCN (1.00 mL, 0.25 M) apdrified by flash silica chromatography (2% ethyl
acetate in petroleum ether), yielding exclusively the prod@é?-dichloro2,3-

dihydrobenzo[b][1,4]dioxinel8c (42 mg, 82%isolated yield ratio 18c:2c>991).
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HPLC data for products in Figurd 1

4-biphenylboronic acidavs. thiophen2-ylboronic acid, pinacol estédb

B(OH),
$ s
O MBPin

The reaction was carried out according to General Procedure B u&ing
biphenylboronic acid (1.0 equiv, 0.25 mmol, 50 mg), thiopkgtboronic acid,
pinacol ester (1.0 equiv, 0.25 mmd&3 mg), copper (l) acetate (10 mol%, 0.025
mmol, 3 mg), TCICA (0.67udg, 0.1675 mmol, 39 mg), MeCN (1.00 mL, 0.25 M)
and analyzedia the HPLGnethod outlined previously, indicating@hlorobiphenyl

1cas its major product (10% conversioatio 1¢.19¢c >991).

Thiophen2-ylboronic acidl9a vs. naphthalerl-ylboronic acid, pinacol est&b

s BPin
MB(OH)Z

The reaction was carried out according to General Procedure B tisoghen-2-
ylboronic acid (1.0 equiv,. 0.25 mma8k mg), naphthalerl-ylboronic acid, pinacol

ester (1.0 equiv, 0.25 mmol, 64 mg), copper (l) acetate (10 mol%, 0.025 mmol, 3
mg), TCICA (0.67 equiv., 0.1675 mmol, 39 mg), MeCN (1.00 mL, 0.25 M) and
analyzedvia the HPLOnethod outlined previously, indicating-chlorothiophene

19c as its major product (11% conversiaatio 19¢:2c>99:1)

Pyridin3-ylboronic acid?0a vs. naphthalerl-ylboronic acid, pinacol est@b

BPin
- B(OH),

»
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The reaction was carried out according to General Procedure B pgdjn-3-
ylboronic acid (1.0 equig.25 mmol,32 mg), naphthalerl-ylboronic acid, pinacol

ester (1.0 equiv, 0.25 mmol, 64 mg), copper (l) acetate (10 mol%, 0.025 mmol, 3
mg), TCICA (0.67 equiv., 0.1675 mmol, 39 mg), MeCN (1.00 mL, 0.25 M) and
analyzedvia the HPLGnethod outlined previously, indicatingo formation of 3

chloropyridine20c product (41% conversion t@c).

4-(dimethylamino)phenylboronic aci@lla vs. naphthalerl-ylboronic acid, pinacol

ester2b

BPin

B(OH),
o, 1)
N

I
Me

The reaction was carried out according to General Procedure B u&ing
(dimethylamino)phenylboronic aci@l.0 equiv, 0.25 mmo#1 mg), naphthalerl-
ylboronic acid, pinacol ester (1.0 equiv, 0.25 mmol, 64 mg), copper (I) acetate (10
mol%, 0.025 mmol, 3 mg),CICA (0.67 equiv., 0.1675 mmol, 39 mg), MeCN (1.00
mL, 0.25 M) and analyzeda the HPLOmethod outlined previously, indicating

decomposition of both starting materials

4-(methylthio)phenylboronic aci@2a vs. naphthalerl-ylboronic acid, pinacol ester

2b

BPin

/©/B(OH)2

The reaction was carried out according to General Procedure B u&ing
(methylthio)phenylboronic acid1.0 equiv, 0.25 mmol42 mg), naphthale-
ylboronic acid, pinacol ester (1.0 equiv, 0.25 mmol, 64 mg), copper (I) acetate (10
mol%, 0.025 mmol, 3 mg), TCICA (0.67 equiv., 0.1675 mmol, 39 mg), MeCN (1.00
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mL, 0.25 M) and analyzeda the HPLOmethod outlined previously, indicatin

decomposition of both starting materials.

HPLC data for products in Figut&

[1,1-biphenyl}4-ylboronic acidlavs. naphthalerl-ylboronic acid MIDA est&d

O B(OH), BMIDA

The reaction was carried out according to General Procedure B (s$idg
biphenyl}4-ylboronic acid (1.0 equiv, 0.25 mmol, 50 mg), naphthdlgtboronic

acid MIDA ester (1.0 equiv, 0.25 mmol, 71 mg), copper (I) acetate (10 mol%, 0.025
mmol, 3 mg), TCICA.4 equiv, 0.1 mmol, 23 mg), freshly distilled MeCN (1.00 mL,
0.25 M) and analysedia the HPLC method outlined previously, indicating 4

chlorobiphenyl as its major product (35% conversion, rag@c?2:1).

[1,1-biphenyl}4-ylboronic acidlavs. potasgim naphthalerl-yltrifluoroborate 2e

O B(OH), BF.K

The reaction was carried out according to General Procedure B (%idg
biphenyl}4-ylboronic acid (1.0 equiv, 0.25 mmol, 50 mgptassium naphthalesi-
yltrifluoroborate (1.0 equiv,0.25 mmol,59 mg), copper (I) acetate (10 mol%, 0.025
mmol, 3 mg), TCICA (0.4 equiv, 0.1 mmol, 23 mg), freshly distilled MeCN (1.00 mL,
0.25 M) and analysedia the HPLC method outlined previously, indicating 1

chloronaphthalene as its major product (quamatio 1c.2c1:11).
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[1,1-biphenyl}4-ylboronic acidlavs. naphthalerl-ylboronic acid?a

2

The reaction was carried out according to General Procedure B Uy$idg
biphenyl}4-ylboronic acid (1.0 equiv, 0.25 mmol, §@y), naphthalerl-ylboronic

acid (1.0 equiv, 0.25 mmo#3 mg), copper (I) acetate (10 mol%, 0.025 mmol, 3 mg),
TCICA (0.4 equiv, 0.1 mmol, 23 mg), freshly distiled MeCN (1.00 mL, 0.25 M) and
analysed via the HPLC method outlined previously, indicateigatobiphenyl as its

major product (90% conversion, ratl@:2c9:1).

HPLC data for products in Figuté

[1,1-biphenyl}4-ylboronic acid, pinacaster1bvs. naphthalerl-ylboronic acid?a

BPin
O B(OH),

The reaction was carried out according to General Procedure B (%idg
biphenyl}4-ylboronic acidpinacol este(1.0 equiv, 0.25 mmoll0 mg), naphthaler
1-ylboronic acid(1.0 equiv, 0.25 mmo#3 mg), copper (l) acetate (10 mol%, 0.025
mmol, 3 mg), TCIA (0.67 equiv, 0.1675 mmol, 39 mg), MeCN (1.00 mL, 0.25 M) and
analysedvia the HPLC method outlined previously, indicatinrghloronaphthalene

as its major product (quant., ratibc.2c 1:25).

[1,1-biphenyl}4-ylboronic acid MIDA estdrd vs. naphthalerl-ylboronic acid?a

BMIDA
£
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The reaction was carried out according to General Procedure B (s$idg
biphenyl}4-ylboronic acidVIIDA ester(1.0 equiv, 0.25 mmol;7 mg), naphthalenrl-
ylboronic acid(1.0 equiv, 0.25 mmoK3 mg), copper (l) acetate (10 mol%, 0.025
mmol, 3 mg), TCICA (0.4 equiv, 0.1 mmol, 23 mg), freshly distilled MeCN (1.00 mL,
0.25 M) and analysedia the HPLC method outlined previously, indicating 1

chloronaphthalenecas its major product (quant., ratitc:2c>99:1).

Potassium [1,1biphenyl}4-yltrifluoroborate 1e vs. naphthalerl-ylboronic acid?a

"

The reaction was carried out according to General Procedure B psiagsium
[1,1-biphenyl}4-yltrifluoroborate (1.0 equiv, 0.25 mmol65 mg), naphthalenl-
ylboronic acid(1.0 equiv, 0.25 mmoK3 mg), copper (I) acetate (10 mol%, 0.025
mmol, 3 mg), TCICA (0.4 equiv, 0.1 mmol, 23 mg), freshly distilled MeCN (1.00 mL,
0.25 M) and analysedia the HPLC method outlinegreviously, indicating -1

chloronaphthalenecas its major productquant,, ratio1lc2c1:11).

Results from Table 10

Reactions carried out according to General Procedlitssing copper(l) acetate (5
mol%, 0.0125 mmol, 2 mg);chlorobiphenyl (1.0 equi\d.25 mmol,50 mg), methyl
2-(4-(4,4,5,5tetramethyl1,3,2dioxaborolanr2-yl)phenyl)acetate (1 equiv, 0.25
mmol, 69 mg)additive, palladium (ll) acetate (5 mol%, 0.0125 mmol, 3 mg), SPhos
(10 mol%, 0.025 mmol, 10 mg), vaccum odeied KPQ (3.0 equiv, 0.75 mmol,

156 mg), KO (5.0 equiv, 1.25 mmol, 23 pL) and MeCN (1mL, 0.25M). The mixture
was heated to 90C and left to react overnight. The resulting mixture was analysed

viathe HPLC method outlined previously.
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Entry Additive (mass) Converson %
1 None 92
2 TCICA (19 mg) 0
3 23 (22 mg) 56
4 CuOAc (3 mg) 68
5 TCICA (19 mg) + CuOAc (3 m¢ 0
6 23 (22 mg) + CuOAc (3 mg) 49

Results fromFigurel9

Reactions carried out according to General Procediitssingcopper(l) acetate (5

mol%, 0.0125 mmol, 2 md},,1-biphenyl}4-ylboronic acid1.1 equiv, 0.275 mmol,

54 mg), methyl Z4-(4,4,5,5tetramethy}1,3,2dioxaborolan2-yl)phenyl)acetate (1

equiv, 0.25 mmol, 69 mg), trichloroisocyanuric acid (0.34 equivA@8ol, 20 mg)
and MeCN (1mL, 0.25M) at rt for 4 h. Then, palladium (ll) acetate (5 mol%, 0.0125
mmol, 3 mg), SPhos (10 mol%, 0.025 mmol, 10 wagzum overdried KsPQ, and

H.O were added, the mixture was heated to 90 and left to react overnight. The

resulting mixture was analysedb the HPLC method outlined previously.

Equiv. of KPQ Equiv. of HO

Entry (mass) (volume) Conversior?o
1 2 (106 mg) 5@23ub o
2 2 (106 mg) 10 (45uD) HH
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3

3 (159 mg)
0 (159 mg)
0(159mg)
3 (159 mg)
3 (159 mg)
n(212 mg)
n(212 mg)
n(212 mg)
n(212 mg)
n(212 mg)
n(212 mg)
n(212 mg)
n(212 mg)
n(212 mg)
p OHCPp
p OHCPp
p OHCPp

p OHCPp

0 (Opy

0 (14 pL)

p (23 pL)

7@2uy

10 @5uy

n(0pL)

0 (14 pL)

n(18 pL)

p (23 pL)

c (27 pL)

T (32 pL)

y (36 pL)

(41 L)

M J§45 pL)

n(0 pL)

p (23 pL)

T (32 uL)

M 45 pL)

bp

bp

n o

bp

28

27

81

54

g m

166



Experimental

Results from Tabld 1

Reactions carried out according to General Procedlitssing copper(l) acetate (5
mol%, 0.0125 mmol, 2 md},1-biphenyl}4-ylboronic acid1.1 equiv, 0.275 mmol,

54 mg), methyl Z4-(4,4,5,5tetramethyl1,3,2dioxaborolan2-yl)phenyl)acetate (1
equiv, 025 mmol, 69 mg), trichloroisocyanuric acid (0.34 equiv, 0.084 mmol, 20 mg)
and MeCN (1mL, 0.25M) at rt for 4 h. Thealladium catalyst Ligand vaccum
ovendried KsPQ, and H.O were added, the mixture was heated to 90 and left to

react overnight. The resulting mixture was analys&the HPLC method outlined

previously.
5 mol% Pd 10 mol% 4 equiv. of .
Entry Catalyst (mass) Ligand (mass) base (mass) Conversion %
1 Pd(OAQ)(3 mg) SPhos (10 mg) C$Cr%§326 28
2 Pd(OA®)(3 mg) SPhos (10 mg) chn?g()lss 24
DavePhos (10 KsPQ (212
3 Pd(OAQ)(3 m 19
(OA9@Emg) o)
CyJohnPhos (¢ KPG (212
4 Pd(OAQ)(3 m 19
(OA9@Emg) o)
5 PdCi(2 mg)  SPhos (10 mg I@Pr(r)];g()212 11
Pd(dppf)GLDCM KPQ (212
6 - 16
(10 mg) mg)
Pd(PPb)4 (14 KsPQ (212
7 13
mg) mg)

Characterisatiordata for products in Figur@0

Methyl 2([1,1":4',1"-terphenyl}4-yl)acetate,26
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The reaction was carried out according to General Proceddresing [1,1-
biphenyl}4-ylboronic acid(1.1 equiv,. 0.275 mmol, 55 mg), methy{42(4,4,5,5
tetramethyt1,3,2dioxaborolan2-yl)phenyl)acetate (1.0 equiv, 0.25 mmol, 69 mg),
copper (I) acetate (5 mol%, 0.0125 mmol, 2 mg) in MeCN (1.00 mL, 0.Z5hé).
reaction mixture was subjected to the workup procedure outlined previously
afford the crude product and purified by flash silica chromatography12% ethyl
acetate in petroleum ether), to give the desired product as an amorphous white
solid (69 mg, 90% vyield).

Amax (neat): 3030, 2953, 2845, 1734 €¢m

1H NMR (400 MHz, CREIY 1 ¢ 7.59Hm,®H), 7.467.43 (m, 2H), 7.497.34 (m,
3H), 3.73 (s, 3H), 3.69 (s, 2H).

BCNMR (128MHZ CDGLY 4 MTH®HZ MnAady s MaAnd®oZ MO
127.6, 125, 127.4, 127.2,52.3, 41.0, 31.1.

HRMS (&HisOy): exact calculated mass for [M+NHequires 320.1645 (100%),
321.1679 (10%); found [M+NH320.1646 (100%), 321.1676 (10%).

Spectroscopic data were in agreement with literature valtfés.

Methyl 2-(4'-(trifluoromethyl}[1,1-biphenyl}4-yl)acetate 27

The reaction was carried out according to General Procedure D uking

trifluoromethylphenylboronic acid (1.1 equiv,. 0.275 mmol, 52)mgethyl 2(4-
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(4,4,5,5tetramethyt1,3,2dioxaborolan2-yl)phenyl)acetate (1.0 equiv, 0.25 mmol,

69 mg), copper (I) acetate (5 mol%, 0.0125 mmol, 2 mg) in MeCN (1.00 mL, 0.25 M).
The reaction mixture was subjected to the workup procedure outlined preiydas
afford the crude product and purified by flash silica chromatography12% ethyl
acetate in petroleum ether), to give the desired product as an amorphous white
solid (60 mg, 82% vyield).

Amax(neat): 2957, 2930, 1734, 1165 &m

IH NMR (400 MHEDG Y ¢ 7.65Hm,MH), 7.58 7.54 (m, 2H), 7.39 (d= 8.3
Hz, 2H), 3.73 (s, 3H), 3.69 (s, 2H).

BCNMR (101 MHz,CREY + MTH®nI mMnnoOniB=M6.8Hxy, > mMon®
127.5, 125.9 (FXr= 3.4 Hz), 52.3, 40.9.

19F NMR (376/Hz (DCHL Y-6244.

HRMS (GHisR0»): exact calculated mass for [M+NHequires 312.1206 (100%),
313.1240 (20%); found [M+N#312.1209 (100%), 313.1242 (20%).

4'-Methoxy[1,1-biphenyl}3-carbonitrile,28

!CN
MeO

The reaction was carried out according to General Procedure D u&ing
methoxyphenylboronic acid (1.1 equiv,. 0.275 mmol, 42 mg)4,85,5
tetramethyt1,3,2dioxaborolan2-yl)benzonitrile (1.0 equiv, 0.25 mmol, 57 mg),
copper (I) acetate (5 mol%, 0.0125mwl, 2 mg) in MeCN (1.00 mL, 0.25 Nihe
reaction mixture was subjected to the workup procedure outlined previotsly
afford the crude product and purified by flash silica chromatography-{98ethyl
acetate in petroleum ether), to give the desired pratliias an amorphous white

solid (49 mg, 94% yield).
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Amax (neat): 2957, 2932, 2358, 2227, 1516, 1250'cm

IH NMR (500 MHz, CREIY 1 T ®y mc 70%(@, 1)) 76E (I 740 Hep 1H),
7.53¢ 7.47 (m, 3H), 7.02 6.98 (m, 2H), 3.86 (s, 3H).

13C NMR (101 MHz,CRGIY + Mcn®MZ MNHO®PHIE MomMPdPnZI MoMmMOD

119.1, 114.7, 113.0, 55.5.

HRMS (GH:11NO): exact calculated mass for [M}kequires 210.0919 (100%),
211.0951 (20%); found [M+H210.0919 (100%), 211.0946 (20%).

N-(4'-Methoxy[1,1-biphenyl}4-yl)acetamide 29

N m
e
/‘/‘/\n/
C°
MeO

The reaction was carried out according to General Procedure D u&ing
methoxyphenylboronic acid (1.1 equiv,. 0.275 mmol, 42 mg)4-(4,4,5,5
tetramethyt1,3,2dioxaborolan2-yl)phenyl)acetamide (1.0 equiv, 0.25 mmol, 68
mg), copper () acetate (5 mol%, 0.0125 mmol, 2 mg) in MeCN (1.00 mL, 0.25 M).
The reaction mixture was subjected to the workup procedure outlined previdasly
afford the crude product and purified by flash silica chromatography§0% ethyl
acetate in petroleum ether), to give the desired product as an amorphoustute

solid (43 mg, 72% vyield).

Amax (neat): 3281, 2955, 2922, 2851, 1659tm

IH NMR (500 MHZ,MISGde0 Y 1 P T =85 Hav2Hp Z55(d@c 0 6 R T
10.2, 8.9 Hz, 4H), 6.99 (s 8.7 Hz, 2H), 3.78 (s, 3H), 2.05 (s, 3H).

3C NMR (126 MHz,DMS&0 Y 1+ Mcy ®PHZI Mpy PpZI Moy PdPMZI MO

119.3, 114.3,55.1, 24.0.
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HRMS (GH15sNOy): exact mass calculated for [M¥Hequires 242.1176 (100%),
243.1209 (20%); found [M+H242.1177 (100%), 243.1211 (20%).

1-(4-(Trifluoromethyl}[1,1-biphenyl}3-yl)ethanl-one, 30

CF
YUYl
N

The reaction was carried out according to General Procedure D uUsing
acetylphenylboronic acid (1.1 equiv,. 0.275 mmol, 45 mq), 4/4ef.amethyl2-(4-
(trifluoromethyl)phenyl)1,3,2dioxaborolane (1.0 equiv, 0.25 mmol, 68 mg), copper
() acetate (5 mol%).0125 mmol, 2 mg) in MeCN (1.00 mL, 0.25 TWg reaction
mixture was subjected to the workup procedure outlined previoushafford the
crude product and purified by flash silica chromatography -80%6 EfO in
petroleum ether), to give the desired produas an amorphous white solid (43 mg,

65% yield).
Amax(neat): 2976, 2928, 2851, 1684, 1616tm

IH NMR (400 MHz, CREIY + J= @ Tiidz, 161)i8087.93 (m, 1H), 7.80 (ddd,
=7.7,1.8, 1.1 Hz, 1H), 7.72 (s, 4H), 7.5B=(.8 Hz, 1H), 2.6%, 3H).

3C NMR (101 MHz, CRIl M T @pZ mMno dy I #arR24B6 BHz),Mm0y ®n X
130.1 (q2kr= 32.5 Hz), 128.2, 127.7, 127.1, 126.G%s= 3.1 Hz), 26.9.

19 NMR (376 MHz, CBECI -62.49

HRMS (GH:110OR): exact calculated mass fiivi+H] requires 265.0840 (100%),
266.0874 (20%); found [M+H265.0838 (100%), 266.0867 (20%).
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4-Huoro-4'-(methylsulfonyB[1,1-biphenyl}3-carbonitrile,31

O F
CN
MeO,S

The reaction was carried out according to General Procedure D u&ing
(methylsulfonyl)phenylboronic acid (1.1 equiv,. 0.275 mmol, 55 mdlyc2o-5-
(4,4,5,5tetramethyl1,3,2dioxaborolan2-yl)benzonitrile (1.0 equiv, 0.25 mmol, 62
mg), copper (I) acetatés mol%, 0.0125 mmol, 2 mg) in MeCN (1.00 mL, 0.25 M).
The reaction mixture was subjected to the workup procedure outlined previaasly
afford the crude product and purified by flash silica chromatography40% ethyl
acetate in petroleum ether), to givthe desired product as an amorphous-offite

solid (54 mg, 79% yield).
Amax (neat): 2980, 2928, 2235, 1608, 1485tm

IH NMR (500 MHz, CREIY { J=®B5 Ez2k), R.86¢ 7.82 (m, 2H), 7.72 (d=
8.4 Hz2H, 7.36 (tJ= 8.5 Hz1H), 3.10 (s, 3H).

13C NMR (126 MHz, CRCI + M &lg-9261.8HR)F143.4, 140.6, 136.7XHr=
3.6 Hz), 134.1 (dbr= 8.4 Hz), 132.4, 128.3 fdsr= 49.4 Hz), 117.5 (8kr= 20.0
Hz), 113.6, 102.7 (8kr= 16.1 Hz), 44.7.

19F NMR (36 MHz, CDell Y-106.73.

HRMS (GH10NSQ): exact calculated mass for [M¥Hequires 276.0494 (100%),
277.0525 (20%), 278.0479 (5%); found [M4276.0494 (100%), 277.0520 (20%),
278.0469 (5%).

4-(Methylsulfonyl)4'-(trifluoromethyl)-1,1-biphenyl,32

/‘/“CF?:
MeO,S ‘
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The reaction was carried out according to General Procedure D u&ing
(methylsulfonyl)phenylboronic acid (1.1 equiv,. 0.275 mmol, 55 mg), 4,;4,5,5
tetramethyt2-(4-(trifluoromethyl)phenyly1,3,2dioxaborolane (1.0 equiv, 25

mmol, 68 mg), copper (I) acetate (5 mol%, 0.0125 mmol, 2 mg) in MeCN (1.00 mL,
0.25 M). The reaction mixture was subjected to the workup procedure outlined
previouslyto afford the crude product and purified by flash silica chromatography
(09%50% E4O n petroleum ether), to give the desired product as an amorphous
white solid (56 mg, 75% vyield).

Anax (neat): 3011, 2928, 2851, 1616, 1593, 1532.cm
IH NMR (500 MHz, CREIY 1  J=®@A pz, 2HR E807.68 (m, 6H), 3.11 (s, 3H).

BCNMR (126 MHEDGD + MnpP®oX MNHOPYIZ MNnAPEe= MHY dn
3.6 Hz), 44.7.

19F NMR (471 MHz, CRXIY-62165

HRMS (GH11R0»): exact mass calculated for [M#Hequires 301.0510 (100%),
302.0542 (20%), 303.0495 (5%); found [NM+391.0504 (10%), 302.0535 (20%),
303.0483 (5%).

1-(2-Nitro-[1,1-biphenyl}4-yl)ethan1-one, 33

O,N

The reaction was carried out according to General Procedure D u&ing
acetyiphenylboronic acid (1.1 equi®,275 mmol, 45 mgq), 4,4,5{Btramethyl2-(2-
nitrophenyl}1,3,2dioxaborolane (1.0 equiv, 0.25 mmol, 62 mg), copper (l) acetate
(5 mol%, 0.0125 mmol, 2 mg) in MeCN (1.00 mL, 0.29 M) reaction mixture was

subjected to the workup procedure outlined piieuslyto afford the crude product
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and purified by flash silica chromatography (@986 EfO in petroleum ether), to
give the desired product as an amorphouswfiite solid (37 mg, 62% yield).

Amax (Neat): 2920, 2360, 1676, 1517, 1350tm

IH NMR (500 MHLDG):4  y d8r06 (m, 2H), 7.94 (dd= 8.1, 1.4 Hz, 1H), 7.66
(td, J= 7.5, 1.4 Hz, 1H), 7.55 (it 7.8, 1.5 Hz, 1H), 7.43 (it 8.5, 1.7 Hz, 3H), 2.64
(s, 3H).

3C NMR (126 MHz, CRCY 1+ M@PT PCcZ MNHDPpZI MO8, T MoOpd
128.4, 124.6, 26.8.

Spectroscopic data were in agreement with literature valtfés.

Methyl 3tacetyH1,1-biphenyl}4-carboxylate 34

O Me
MeO O (0]

(0]

The reaction was carried out according to General Procedure D u&ing
(methoxycarbonyl)phenylboronic acid (1.1 equiv,. 0.275 mmol, 50 mgj- 1
(4,4,5,5tetramethyt1,3,2dioxaborolan2-yl)phenyl)etharl-one (1.0 equiv, 0.25
mmol, 62 mg), copper (Bcetate (5 mol%, 0.0125 mmol, 2 mg) in MeCN (1.00 mL,
0.25 M). The reaction mixture was subjected to the workup procedure outlined
previouslyto afford the crude product and purified by flash silica chromatography
(0%20% ELO in petroleum ether), to givéhe desired product as an amorphous

white solid (50 mg, 79% vyield).
Amax(neat): 3038, 2961, 2926, 1719, 1678%tm

IH NMR (400 MHz, CREIY 1 J= @7 e, 160 &168.11 (m, 2H), 8.007.96
(m, 1H), 7.82 (dddl= 7.7, 1.9, 1.1 Hz, 1H), 7.43.64 (m, 2H), 7.6 7.52 (m, 1H),
3.95 (s, 3H), 2.67 (s, 3H).
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B3C NMR (101 MHz, CRECY {+ Mpy dPnZ mMcTd®nX mMnndTzZ mMnnod
129.4,128.2,127.3, 127.2, 52.4, 26.9.

HRMS (GH1403): exact calculated mass for [M¥Hequires 255.1016100%),
256.1049 (20%); found [M+H255.1019 (100%), 256.1052 (20%).

Methyl 4(isoquinolir4d-yl)benzoate 35

N

|

wo 1 T

O
The reaction was carried out according to General Procedure D u&ing
(methoxycarbonyl)phenylboronic acid (1.1 equiv,. 0.275 mmol, 50 m@),446,5
tetramethyt1,3,2dioxaborolan2-yl)isoquinoline (1.0 equiv, 0.25 mmol, 64 mg),
copper (I) acetate (5 mol%, 0.0125 mmol, 2 mg) in MeCN (1.00 mL, 0.Z5hé).
reaction mixturewas subjected to the workup procedure outlined previouly
afford the crude product and purified by flash silica chromatographyZ0% ethyl
acetate in petroleum ether), to give the desired product as an amorphous white
solid 49 mg, 74% vyield).

Amax (neat): 3051, 2980, 2951, 2922, 2851, 1721'cm

'H NMR (500MHz, CDG):t  dhdPH P o6azZ Ml O&16 mpn8. 07 &d: Ml U X
= 8.0 Hz, 1H), 7.86 (@ 8.3 Hz, 1H), 7.70 (ddik 8.4, 6.8, 1.5 Hz, 1H), 7.68.63
(m, 1H), 7.62 7.58 (m, 2H), 3.98 (d= 1.3 Hz, 3H).

BBCNMR (128MHZ CDGbL Y 4+ MCcT®DPnZ MPHDPY I MNOHDPPEI MOHOD
130.0, 129.9, 128.5, 128.2, 127.6, 124.6, 52.4.

HRMS (GH1sNQ): exact calcated mass for [M+H requires 264.1019 (100%),
265.1053 (20%); found [M+H264.1022 (100%), 265.1052 (20%).
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2-Methoxy-3-(4-methoxyphenyl)pyridine36

= I
~ N
oM
MeO ¢

The reaction was carried out according to General Procedure D u&ing
methoxyphenylboronic acid (1.1 equiv,. 0.275 mmol, 42 mghethoxy-3-(4,4,5,5
tetramethyt1,3,2dioxaborolan2-yl)pyridine (1.0 equiv, 0.25 mmol, 59 mg), copper
(I) acetate (5 mol%, 0.0125 mmol, 2 mg) in MeCN (1.00 mL, 0.Zbhklxeaction
mixture wassubjected to the workup procedure outlined previousty afford the
crude product and purified by flash silica chromatography-{@%oethyl acetate in
petroleum ether), to give the desired product as an amorphousaiite solid (32

mg, 60% yield).
Amax(neat): 2951, 2922, 2853, 1736 €m

IH NMR (500 MHz, CREIY +  yJ©$4p 1.8HR, RH), 7.58 (dd; 7.3, 1.8 Hz,
1H), 7.54; 7.47 (m, 2H), 7.096.91 (m, 3H), 3.97 (s, 3H), 3.85 (s, 3H).

BCNMR (10MHz CDGD Y + My ®n X mMc TOHAZ0, 1801401@A6E ™M n @
129.4,128.2,127.3, 127.2, 52.4, 26.9.

Spectroscopic data were in agreement with literature valtfés

6.6 Experimental procedures andharacterisationfor Section3.2

Results for Table 12

Reactions carried out according to General Procedtf® 1-biphenyl}4-ylboronic

acid (1 equiv, 0.25 mmol, 50 mg), TCI@A6Y equiv, 0.1675 mmol, 39 mEuOAc
(20 mol%, 0.025 mmolpr Cu(OAc) (10 mol%, 0.025 mmoland MeCN (0.25 M, 1
mL) at rtfor 4 h and analysediathe HPLC method outlined previously
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Conversion % Conversion % Conversion
Entry TEMPO (mass with CuOAc (3 with Cu(OAQ) % without

mg) (5 mg) catalyst

1 0 equiv (0 mg) 98% 96% 92%

2 1 equiv (39 92% 90% 94%
mg)

3 2 BEUY (7 53% 64% 60%
mQ)

4 8 equiv (117 25% 48% 56%
mg)

5 S B (LR 20% 40% 38%
mg)

6 10 equiv (390 4% 19% 13%
mg)

Results from Table 13

Reactions carried ouising an overdried 5 mL microwave vial, whefel-biphenyl

41 (1 equiv, 0.25 mmol, 39 mg), TCICA (0.67 equiv, 0.1675 mmol, 39 mg), CuOAc (10
mol%, 0.025 mmol, 3 mg) and MeCN (0.25 M, 1 wdre added. The reaction
mixture was allowed to react at room temperature for 4ilthe complete absence

of light The reaction mixture was allowed to cool to room temperature before
analysis by HPLC against a caffeine standard of known concentrafmnajrad the
desired 4chlorobiphenyllccompound in 92%, 90% and 94% yield as shovpage

68.

Results from Figure 2

(a) Reactions carried out according to General ProcedtmsingMeCN (0.25 M, 1
mL) The solutionhas not been anyhange of colour,either visually andér by

iodine paper indicator.
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(b) Reactions carried out according to General Proceduke using
trichloroisog/anuric acid (1 equiv, 0.25 mmol, 39 mg) and MeCN (0.25 M, 1Thk)
solution haschangel from colourless to dark browrconfirmed by iodine paper

indicator.

(c) Reactions carried out according to General Proceduke using
trichloroisocyanuricacid (1 equiv, 0.25 mmol, 39 mg), CuOAc (1 equiv, 0.25 mmol,
31 mg) and MeCN (0.25 M, 1 mLhe solution has changed from colourless tokda

brown, confirmed by iodine paper indicator

(d) Reactions carried outaccording to General Procedure HRising
trichloroisocyanuricacid (1 equiv, 0.25 mmol, 39 mg), Cu(QA4&) equiv, 0.25
mmol, 45 mg) and MeCN (0.25 M, 1 mL). The solution has charaaccélourless

to dark brown, confirmed by iodine paper indicator.

Result from Figure 2

Reactions carried out according to General Procedurtesing TCICA0.67 equiv,
0.1675 mmol, 39 mg) and MeCN (0.25 M, 1 mL) &trrLt0 minand analysediathe

method outlined previously using a Shimadzu IRAffihitpachine.

Result from Figure 2

Reactions carried out according to General Procedutesing TCICA0.67 equiv,
0.1675 mmol, 39 mgu(OAQ) (1 equiv, 0.25 mmol45 mg) or CuGI(1 equiv, 0.25
mmol, 34 mg) and MeCN (0.25 M, 1 mL) at fdr 10 minand analysedvia the

method outlined previously using a Shimadzu IRAffihityachine.
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Results fromadditional IRexperiments

Reactions carried out according to General Proceduusing TCICA1 equiv, 0.25
mmol, 56 mg), CuCl (1 equiv, 0.25 mn2&8mg) and MeCN (0.25 M, 1 mL) afat
10 min and analysedvia the method outlined previously using a Shimadzu

IRAffinity1 machine.

g0
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Scheme71- IR spectra of TCIGa#d CuCl mixture

Reactions carried out according to General ProcedrusingTCICA(1 equiv, 0.25
mmol, 56 mg), CuOAc (1 equiv, 0.25 mn3dimg) and MeCN (0.25 M, 1 mL) at rt
for 10 minand analysedvia the method outlined previously using a Shimadzu

IRAffinity1 machine.
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Scheme72 - IR spectra of TCICA and CuOAc mixture
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Reactions carried out according to General Proceduusing TCICA1 equiv, 0.25
mmol, 56 mg), Cug(l equiv, 0.25 mmoB4 mg) and MeCN (0.25 M, 1 mL) afat

10 min and analysedvia the method outlined previously using a Shimadzu

IRAffinity1 machine.
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Scheme73- IR spectra of TCICA and Cu@ixture

Reactions carried out according to General Proceduusing TCICA1 equiv, 0.25
mmol, 56 mg), Cu(OA)L equiv, 0.25 mmoK5mg) and MeCN (0.25 M, 1 mL) at rt
for 10 minand analysedvia the method outlined previously using a Shimadzu

IRAffinity1 machine.
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Schemer4- IR spectra of TCICA and Cu(Q#uaixture
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Results from SchemB&6

(a) Reactions carried outisingan ovendried 5 mL microwave vial, wheié&,1"-
biphenyl}4-ylboronic acidla (1 equiv, 0.25 mmol, 50 mg), CuBr (1 equiv, 0.25
mmol, 36 mg) or CuB(1 equiv, 0.25 mmol, 58 mg), and MeCN (0.25 M, 1 mL) were
added The reaction mixture was allowed to react at room temperature for 4 h. The
reactionmixture was allowed to cool to room temperature before analysis by HPLC
against a caffeine standard of known concentratishowing only starting material

remaining in the mixture

(b) Reactions carried out usingn ovendried 5 mL microwave vial, whefé,1*-
biphenyl}4-ylboronic acidla (1 equiv, 0.25 mmol, 50 mg), CuBr (1 equiv, 0.25
mmol, 36 mg), TCICA (0.7 equiv, 0.1675 mmol, 39 mg), and MeCN (0.25 M, 1 mL)
were added The reaction mixture was allowed to react at room temperature for 4

h. The reactia mixture was allowed to cool to room temperature before analysis by
HPLC against a caffeine standard of known concentration, showing full conversion

to 4-bromobiphenyllf product.

(c) Reactions carried out usingn ovendried 5 mL microwave vial, wheié,1*-
biphenyl}4-ylboronic acidla (1 equiv, 0.25 mmol, 50 mg), CuBlL equiv, 0.25
mmol, 58 mg), TCICA (0.7 equiv, 0.1675 mmol, 39 mg), and MeCN (0.25 M, 1 mL)
were added The reaction mixture was allowed to react at room temperature for 4

h. The reactin mixture was allowed to cool to room temperature before analysis by
HPLC against a caffeine standard of known concentration, showing full conversion

exclusivelyii 2 -diBfFom6bipheny39 product.

Results from Schem&7

(a) Reactions carried out usiran ovendried 5 mL microwave vial, whetesing 4
bromobiphenyllf (1 equiv, 0.25 mmol, 58 mg), CuOAc (1 equiv, 0.25 mmol, 28 mg)
or Cu(OAe)(1 equiv, 0.25 mmol, 45 mg), TCICA (0.67 equiv, 0.1675 mmol, 39 mg)

and MeCN (0.25 M, mL)were added The reaction mixture was allowed to react at
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room temperature for 4 h. The reaction mixture was allowed to cool to room
temperature before analysis by HPLC against a caffeine standard of known

concentration, showingnly starting materiatemaining in the mixture

(b) Reactions carried out usiran ovendried 5 mL microwave vial, wheresing 4
iodobiphenyllg (1 equiv, 0.25 mmol, 70 mg), CuOAc (1 equiv, 0.25 mmol, 28 mg) or
Cu(OAQ)(1 equiv, 0.25 mmol, 45 mg) or CuBr (1 equiv, 0.25 mmol, 36 mg) of CuBr
(1 equiv, 0.25 mmol, 58 mg), TCICA (0.67 equiv, 0.1675 mmol, 39 mg) and MeCN
(0.25 M, 1 mL) were added he reaction mixture was allowed to react at room
temperature for 4 h. The rezion mixture was allowed to cool to room temperature
before analysis by HPLC against a caffeine standard of known concentration,

showing only starting material remaining in the mixture.

Results from Schem&8

Reactions carried out usingn ovendried 5 mL microwave vial, wherel-
chlorobiphenyllc(1 equiv, 0.25 mmol, 47 mg), CuBr (1 equiv, 0.25 mmol, 36 mg) or
CuBs (1 equiv, 0.25 mmol, 58 mg), and MeCN (0.25 M, 1 mL) were added
reaction mixture was allowed to react at room temperature for 4 h. The reaction
mixture was allowed to cool to room temperature before analysis by HPLC against a
caffeine standard of known concentration, showing, in both cases, full conversion to

4-Bromo-4'-chloro-1,1-biphenyl40 product.

Results from Table 14

Reactions carried outsngan ovendried 5 mL microwave vialvherem Z-bipRenyl
41 (1 equiv, 0.25 mmol, 39 mg)ppper catalyst (1.0 equiv, 0.25 mmeI)CICA (0.67
equiv, 0.1675 mmol, 3¢ng) and MeCN (0.25 M, 1 mL) were add&te reaction

mixture was allowed to react at room temperature for 4 h. The reaction mixture
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was allowed to cool to room temperature before analysis by HPLC against a caffeine

standard of known concentration and thesults as displayed below.

Entry CuX (mass) Conversion %
1 CuBr (36 mg) >99% oflf
2 CuBs (56 mg) >99% of36
3 CuCl (25 mg) 28% oflc
4 Cud (34 mg) 80% oflc
5 CuOAc (28 mg) or Cu(OCA@9 mg) traces oflc

Results from Table 15

Reactions carried out usingn ovendried 5 mL microwave vial, wherg,1*-
biphenyl}4-ylboronic acidla (1 equiv, 0.25 mmol, 50 mg)ppper catalysthalogen
source oxidant (1.2 equiv, 0.3 mmoland MeCN (0.25 M, 1 mL) were addddhe
reaction mixture wasallowed to react at room temperature for 4 h. The reaction
mixture was allowed to cool to room temperature before analysis by HPLC against a

caffeine standard of known concentration and the results as displayed below.

Entry Conditions (mass) Conversion %

10 mol% CuOAc (3 mg) ar

)
! 2.0 equiv TBAC (139 mg) e
. 30% oflc(MnG; ¢ 26 mg), 64% afc
2 1.0 equiv CuCl 25M9)  1pp 44 mg), 5206 afc (O atm)
3 1.0 equiv NaBr (26 mg) 0% ofif
) 0,
4 1.0 equiv CuBr (36 mg) 45% oflf (MnQ, ¢ 26 mg), 72% off

(DTBR; 44 mg), 17% off (O, atm)
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Results from Table 16

Reactions carried out usingn ovendried 5 mL microwave vial, wherg,1*-
biphenyl}4-ylboronic acidla (1 equiv, 0.25 mmol, 50 mg), TCICA (0.67 equiv,
0.1675 mmd, 39 mg), NaBr (1 equiv, 0.25 mmol, 26 negpper catalystand MeCN
(0.25 M, 1 mL) were added he reaction mixture was allowed to react at room
temperature for 4 h. The reaction mixture was allowed to cool to room temperature
before analysis by HPLC atst a caffeine standard of known concentration and the

results as displayed below.

Entry Copper catalyst (mass) Conversioft %
1
10 mol% CuOAc (3 mg) 72%1c, 27%1f
2
10 mol% Cu(OAQp mg) 70%1c, 28%01f
3 - 90%1c, 10%1f
Results fromSchemesl

(&) The NMR experiment was carried out according to General Proceditel -
biphenyl}4-ylboronic acidla (1 equiv, 0.125 mmol, 25 mghd CuOAQ20 mol%,
0.025 mmol,3 mg)in CRCN.A B NMR was recorded and analysed, showing

boronic acid boronatdh formation.
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(b) The NMR experiment was carried out according to General Proceésuseng
[1,1-biphenyl}4-ylboronic acidpinacol esterlb (1 equiv, 0.125 mmoB5 mg) and
CuOAc (20 mol%, 0.025 mmol, 3 mg) IGNDA "B NMR was recorded and

analysed, showingo boronic acidoinacol estetboronate 1i formation.
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Resultsfrom Schemes2

(&) The NMR experiment was carried out according to General Procesusng
[1,1-biphenyl}4-ylboronic acidla (1 equiv, 0.125 mmol, 25 mgnhd TCICA (0.67
equiv, 0.084 mmol, 20 mg) in &IN. A 1B NMR was recorded and analysed,
showing no formation of boronic acid boronatgpe species, only B(OH34 by-

product.
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(b) The NMR experiment was carried out according to General Procéguseng
[1,1-biphenyl}4-ylboronic acidla (1 equiv, 0.125 mmol, 25 mghd ICA (1 equiv,
0.125 mmol,16 mg) in CBCN. A 1B NMR was recordeand analysed, showing no

formation of boronic acid boronatgype species.
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Results from Schemé4

The NMR experiment was carried out according to General Procégluseng[1,1*-
biphenyl}4-ylboronic acidla (1 equiv, 0.125 mmol, 25 mghd CuOAc (20 mol%,
0.025 mmol, 3 mg) in GON. A 1B NMR was recorded and analysed, showing
boronic acid boronatelh formation, together with the byproducts [(OR)B(OFkJ)

42 and B(OH)44.
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6.7 Experimental procedures andharacterisationfor Section 3.3
Results from Tabld6

Reactions carried out according to General Proceddrasing[1,1-biphenyl}4-
ylboronic acid1 equiv, 0.25 mmol, 50 mg);raphthanylboronic acid pinacol ester
(1 equiv, 0.25 mmol, 63 mg), TCICA (0.67 equiv, 0.1675 mmol, 3%asggand
MeCN (0.25 M, 1 mL) dtfor 4 h

Entry Base ?mrgzg? Conversim %  Selectivity 1c:2c
1 NaOAc 10 (2 mg) 90 10:1
2 KOAc 10 (3 mg) 94 14:1
3 CsOAc 10 (5 mg) 92 11:1
4 KOAC 20 (6 mg) 96 15:1
5 KOAC 50 (12 mg) 95 14:1
6 KOAc 100 (25 mg) 96 10:1

Results from Tabled

Reactions carried out according to General Proceddrasing [1,1-biphenyl}4-
ylboronic acid1 equiv, 0.25 mmol, 50 mg);raphthanylboronic acid pinacol ester
(1 equiv, 0.25 mmol, 63 mg), TCICA (0.67 equiv, 0.1675 mmol, 346ng)ol%
baseand MeCN (0.25 M, 1 mL) ratfor time.
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10 mol% base

Entry (mass) Time(h) Conversion % Selectivity 1c:2c
1 KOACc (3 mg) 4 94 13:1
2 CsCQ (8 mg) 4 96 >90:1
3 K:CQ (4 mg) 4 75 12:1
4 KsPQi (5 mg) 4 83 4:1
5 CsCQ (8 mg) 2 90 >99:1
6 CsCQ(8 mg) 3 97 >99:1

HPLC data for products in Figuz&

[1,1-Biphenyl}4-ylboronic acidlavs. naphthalerl-ylboronic acid, pinacol est@b

BPin

The reaction was carried out according to General Proceddresing [1,1
biphenyl}4-ylboronic acid (1.0 equiv, 0.25 mmol, 50 mg), naphthdlgtboronic

acid, pinacol ester (1.0 equiv, 0.25 mmol, 64 roggium carbonate (10 mol%, 0.025
mmol, 8 mg, TCICA (0.67 equiv, 0.1675 mmol, 39 mg), MeCN (1.00 mL, 0.25 M) and
analysedviathe HPLC method outlined previously, indicatinghidorobiphenyllcas

its major product quant, ratio1c2c>991).

189



Experimental

[1,1-Biphenyl}4-ylboronic acidla vs. 4methoxy)phenylboronic acid, pinacol ester

3b
B(OH),
O /©/BPin
MeO

The reaction was carried out according to General Proceddresing [1,1-
biphenyl}4-ylboronic acid (1.0 equiv, 0.25 mmol, 50 mg),- 4
(methoxy)phenylboronic acid, pinacol ester (1.0 equiv, 0.25 mmol, 69 cagilym
carbonate (10 mol%, 0.025 mmol, 8 )ngTCA (0.67 equiv., 0.1675 mmol, 39 mg),
MeCN (1.00 mL, 0.25 M) and analysed the HPLC method outlined previously,
indicating 4chlorobiphenyllc as its major product79% conversion, ratid.c.3c
1.6:1).

[1,1-Biphenyl}4-ylboronic acid la vs. 4-(trifluoromethyl)phenylboronic acid,

O B0, : BPin
F5C

The reaction was carried out according to General Proceddresing [1,1-

pinacol estedb

bipheny]-4-ylboronic acid (1.0 equiv, 0.25 mmol, 50 mg), 4
(trifluoromethyl)phenyboronic aid, pinacol ester (1.0 equiv, 0.25 mmol, 69 mg),
cesium carbonate (10 mol%, 0.025 mmol, 8)MgCICA (0.67 equiv., 0.1675 mmol,
39 mg), MeCN (1.00 mL, 0.25 M) and analysedthe HPLC method outlined
previously, indicating 4hlorobiphenyllc as its major product (98% conversion,

ratio 1c4c >99:1).
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[1,1-Biphenyl}4-ylboronic acidlavs. naphthalerl-ylboronic acid, pinacol esté&b

F

O B(OH),
BPin
]

The reaction was carried out according to General Proceddresing [1,1-
biphenyl}4-ylboronic acid (1.0 equiv, 0.25 mmol, 50 mg), {24
difluorophenyl)boronic acid, pinacol ester (1.0 equiv, 0.25 mmol, 61 oggum
carbonate (10 mol%, 0.025 mmol, 8 )ngCICA (0.67 equiv., 0.1675 mmol, 39 mg),
MeCN (1.00 mL, 0.25 M) armhalysedvia the HPLC method outlined previously,
indicating 4chlorobiphenyllc as its major product (B% conversion, ratid.c.6c

>991).

[1,1-Biphenyl}4-ylboronic acidlavs.3-acetylphenylboroni@cid, pinacol estedb

B(OH), o _

The reaction was carried ouaccording to General Procedure wking [1,1-
biphenyl}4-ylboronic acid(1.0 equiv, 0.25 mmol, 50 mg);a@etylphenylboronic
acidpinacol ester (1.0 equiv, 0.25 mme6k mg),cesium carbonate (10 mol%, 0.025
mmol, 8 mg, TCICA (0.67 equiv., 0.1675 mmol, 39 mg), MeCN (1.00 mL, 0.25 M)
and analysedriiathe HPLC method outlined previously, indicatingidorobiphenyl

lcas its major product9©% conversion, rati@c.9¢c >99:7).
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[1,1-Biphenyl}4-ylboronic acidla vs. methyk4-(acetatephenyl)boronic acid pinacol

B(OH), .
» gy
O MeO

The reaction was carried out according to General Proceddresing [1,1-

ester10b

biphenyl}4-ylboronic acid (1.0 equiv, 0.25 mmol, 50 mg)nethyt4-
(acetatephenyl)boronic agi pinacol ester(1.0 equiv, 0.25 mmol69 mg), cesium
carbonate (10 mol%, 0.025 mmol, 8 gCICA (0.67 equiv., 0.1675 mmol, 39 mg),
MeCN (1.00 mL, 0.25 M) and analysed the HPLC method outlined previously,
indicating 4chlorobiphenyllc as its major product98% conversion, ratid.c:10c
5:1).

[1,1-Biphenyl}4-ylboronic acidlavs. 2nitrophenylboronic acid, pinacol estédb

O B(OH), o
: in
NO,

The reaction was carried out according to General Proceddresing [1,1-
biphenyl}4-ylboronic acid (1.0 equiv, 0.25 mmol, 50 mg), {24
difluorophenyl)boronic acid, pinacol ester (1.0 equiv, 0.25 mmol, 61 ogggium
carbonate (10 mol%, 0.025 mmol, 8 )ngCICA (0.67 equiv., 0.1675 mmol, 39 mg),
MeCN (1.00 mL, 0.25 M) armhalysedvia the HPLC method outlined previously,

indicating 4chlorobiphenyllcas its major productquant,, ratio1c11c>991).
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[1,1-Biphenyl}4-ylboronic acidla vs. (2methoxypyridin3-yl)boronic acid, pinacol

O B(OH), OMe
N7 BPin
l =

The reaction was carried out according to General Proceddresing [1,1-

ester1l2b

biphenyl}4-ylboronic acid (1.0 equiv, 0.25 mmol, 50 mg);mE&thoxypyridin3-
yl)boronic acid, pinacol ester (1.0 equiv, 0.25 mmol, 59 o®pium carbonate (10
mol%, 0.025mmol, 8 mg, TCICA (0.67 equiv., 0.1675 mmol, 39 mg), MeCN (1.00
mL, 0.25 M)subjected to the workup procedure outlined previoustyafford the
crude product and purified by flash silica chromatograigsyica gel, 5% ED in
petroleum ether) to give €hlorobiphenyllcas its only product (Amg, 9% vyield,

ratio 1c:12c >99:1).

[1,1-Biphenyl}4-ylboronic acidlavs. isoquinolird-ylboronic acid, pinacol estdr3b

B(OH), BPin
| B
e p!

The reaction was carried out according to General Proceddresing [1,1-
biphenyl}4-ylboronic acid (1.0 equiv, 0.25 mmol, 50 mg), isoquirdiytboronic
acid, pinacol ester (1.0 equiv, 0.25 mmol, 64 eegium carbonate (10 mol%, 0.025
mmol, 8 mg, TCICA0.67 equiv., 0.1675 mmol, 39 mg), MeCN (1.00 mL, 0.25 M)
subjected to the workup procedure outlined previoustyafford the crude product
and purified by flash silica chromatograp{silica gel, 5% ED in petroleum ether)

to give 4chlorobiphenyllc as its only product45 mg, 96% yield, ratiolc.13c
>99:1).
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[1,1-Biphenyl}4-ylboronic acidlavs. 3cyanophenylboronic acid, pinacol esésb

B(OH),
NC\©/BPin

The reaction was carried out according to General Proceddresing [1,1-
biphenyl}4-ylboronic acid (1.0 equiv, 0.25 mmol, 50 mg)}yanophenylboronic

acid, pinacol ester (1.0 equiv, 0.25 mmol, 57 mg), cesium carbonate (10 mol%, 0.025
mmol, 8 mg), TCICA (0.67 equiv., 0.1675 mmol, 39 mg), MeCN (1.00 mL, 0.25 M)
and analyed viathe HPLC method outlined previously, indicatinghdorobiphenyl

lcas its major product (quant., ratibc.45¢>99:1).

[1,1-Biphenyl}4-ylboronic acidlavs.thio-2-phenylboronicacid, pinacol estet9b

B(OH), )
O S BPin
g

The reaction was carried out according to General Proceddresing [1,1-
biphenyl}4-ylboronic acid1.0 equiv, 0.25 mmol, 50 mg), thitsphenylboronic acid
pinacol ester (1.0 equiv, 0.25 mmd&3 mg), cesium carbonate (10 mol%, 0.025
mmol, 8 mg, TCICA (0.67 equiv., 0.1675 mmol, 39 mg), MeCN (1.00 mL, 0.25 M)
and analysedriiathe HPLC method outlined previously, indicatingidorobiphenyl

lcas its major product46% conversion, ratidc:19c 4:1).

HPLC data for products in Figuzé

4-Methoxypenylboronic acida vs. naphthalerl-ylboronic acid, pinacol est@b

BPin

o
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The reaction was carried out according to General Proceddreising (4-
methoxyphenyl)boronic acid (1.0 equi0,25 mmol, 45 mg), naphthaletrylboronic

acid, pinacol ester (1.0 equiv, 0.25 mmol, 64 mg), cesium carbonate (10 mol%, 0.025
mmol, 8 mg), TCICA (0.67 equiv., 0.1675 mmol, 39 mg) and MeCN (1.00 mL, 0.25 M)
and analysediathe HPLC method outlined previgly, indicating £hloroanisole3c

as its major product (quant., rati@c:2c33:1).

4-Trifluoromethylphenylboronic acid4a vs. naphthalerl-ylboronic acid, pinacol

ester2b

BPin

o

The reaction was carried out according to General Proceddraising 4-
trifluoromethylphenylboronicacid (1.0 equiv, 0.25 mmo#8 mg), naphthalerl-
ylboronic acid, pinacol ester (1.0 equiv, 0.25 mmol, 64 mg), cesium carbonate (10
mol%, 0.025 mmol, 8 mg)CTCA (0.67 equiv., 0.1675 mmol, 39 mg) and MeCN (1.00
mL, 0.25 M) and analyseda the HPLC method outlined previously, indicating 4

chlorabenzotrifluoride4c as its major product29% conversion, ratidc:2c4:1).

4-Bromophenylboronic aci®avs.naphthalerl-ylboronic acid, pinacol est@b

BPin

/©/B(OH)2
o

The reaction was carried ougtccording to General Procedure Hsing 4-
bromophenylboronic acid (1.0 equiv,. 0.25 mmol, 50 mg), naphth&giboronic

acid, pinacol ester (1.0 eqv, 0.25 mmol, 64 mg), cesium carbonate (10 mol%, 0.025
mmol, 8 mg), TCICA (0.67 equiv., 0.1675 mmol, 39 mg) and MeCN (1.00 mL, 0.25 M)
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and analysed via the HPLC method outlined previously, indicating 4

chlorobromobenzenéc as its major productg® conversion, ratiéc.2c4:1).

4-Huoro-3-cyanophenylboronic acid?a vs. naphthalerl-ylboronic acid, pinacol

ester2b

BPin

B(OH),

CN

The reaction was carried out accordiio General Procedure fsing4-fluoro-3-
cyanophenylboronic acid (1.0 equiv,. 0.25 mmol, 41 mg), naphtkiighoronic
acid, pinacol ester (1.0 equiv, 0.25 mmol, 64 mg), cesium carbonate (10 mol%, 0.025
mmol, 8 mg), TCICA (0.67 equiv., 0.1675 mmol, 39 mg) and MeCN (1.00 mL, 0.25 M)
and analysedvia the HPLC method outlined previously, indicati(fluoro-3-

cyano)chlorobenzen@c as its major product5(0% conversion, rati@c.2c7:1).

3-Acetylphenylboronic aci@avs. naphthalerl-ylboronic acid, pinacol est&b

(0]

BPin
Me)b/B(OH)z

The reaction was carried out according to General Proceddraising 3-
acetylphenylboronic acid (1.0 equiv,. 0.25 mmol, 41 mg), naphthbldboronic
acid, pinacol ester (1.0 equiv, 0.25 mmol, 64 mg), cesium carbonate (10 mol%, 0.025
mmol, 8 mg), TCICA (0.67 equiv., 0.1675 mmol, 39 mg) and MeCN (1.00 mL, 0.25 M)
and analyed via the HPLC method outlined previously, indicatin@-

acetyl)chlorobenzen8c as its major product34% conversion, rati@c:2c1.3:1).
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2-Nitrophenylboronic acid 1avs. naphthalerl-ylboronic acid, pinacol est&b

B(OH), BPin

L,
The reaction was carried out according to General Proceddraising 2-
nitrophenylboronicacid (1.0 equiv,. 0.25 mmo#i2 mg), naphthalerl-ylboronic
acid, pinacol ester (1.0 equiv, 0.25 mmol, 64 mg), cesium carbonate (10 mol%, 0.025
mmol, 8 mg), TCICA (@.équiv., 0.1675 mmol, 39 mg) and MeCN (1.00 mL, 0.25 M)

and analysediathe HPLC method outlined previously, indicat8®%§ conversion to

2-nitrochlorabenzenel1c product.

4-(Methoxycarbonyl)phenylboronic acidl5a vs. naphthalerl-ylboronic acid,

pinacol este2b

BPin

B(OH),

o

The reaction was carried outiccording to General Procedure Hsing 4-
(methoxycarbonyl)phenylboronic acid (1.0 equiv,. 0.25 mmol, 45 mg), naphthalen
1-ylboronic acid, pinacol ester (1.0 equiv, 0.25 mmol, 64 mg), cesium carbonate (10
mol%, 0.025 mmol, 8 mg), TCICA (0.67 equiv., 0.1675 mmol, 39 mg) and MeCN (1.00
mL, 0.25 M)and analysedsia the HPLC method outlined previously, indicating 4
(methoxycarbonyl)chlorobenzen&sc as its major product1(4% conversion, ratio
15c:2¢>99:1).
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5-Bromo-2-methoxyphenylboronic acid6a vs. naphthalerl-ylboronic acid, pinacol

ester2b

Br\©:B(OH)2 BPin

The reaction was carried ouatccording to General Procedure uding5-bromo-2-
methoxyphenylboronic acid (1.0 equiv, 0.25 mmol, 58 mg), naphthkddboronic

acid, pinacol ester (1.0 equiv, 0.25 mmol, 64 mg), cesium categh@ mol%, 0.025

mmol, 8 mg), TCICA (0.67 equiv., 0.1675 mmol, 39 mg) and MeCN (1.00 mL, 0.25 M)
and analysedvia the HPLC method outlined previously, indicatingprdmo-2-

chloroanisog 16¢ as its major productd1% conversion, rati@6c:2c30:1).

4-(Methylsulfonyl)phenylboroni@cid 17a vs. naphthalerl-ylboronic acid, pinacol

ester2b

BPin

o

The reaction was carried ougtccording to General Procedure Hsing 4-
(methylsulfonyl)phenylboronic aci(l.0 equiv,. 0.25 mmoBk0 mg), naphthaler-
ylboronic acid, pinacol ester (1.0 equiv, 0.25 mmol, 64 mg), cesium carbonate (10
mol%, 0.025 mmol, 8 mg), TCICA (0.67 equiv., 0.1675 mmol, 39 mg) and MeCN (1.00
mL, 0.25 M) and analyseda the HPLC methodutlined previously, indicatip 4
(methylsulfonyl)chlorobenzend7c as its major product §6% conversion, ratio
17c:2c9:1).
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Thiophen2-ylboronic acidl9a vs. naphthalerl-ylboronic acid, pinacol est&b

s BPin
MB(OH)Z

The reaction was carried oatccording toGeneral Procedure Hsingthiophen-2-
ylboronic acid (1.0 equiv,. 0.25 mma8R mg), naphthalerl-ylboronic acid, pinacol
ester (1.0 equiv, 0.25 mmol, 64 mggsium carbonate (10 mol%, 0.025 mmol, 8
mg), TCICA (0.67 equiv., 0.1675 mmol, 39 mg), MeCN {@L000.25 M) and
analyzedvia the HPLGnethod outlined previously, indicating% conversion t@-

chlorothiophenel9c product

4-Methoxy-3-fluorophenylboronic acidi6a vs. naphthalerl-ylboronic acid, pinacol

ester2b

BPin

B(OH),
we

F

Thereaction was carried out according to GeakeProcedure Hising4-methoxy-3-
fluorophenylboronic acid (1.0 equiv,. 0.25 mmol, 43 mg), naphthatgtboronic
acid, pinacol ester (1.0 equiv, 0.25 mmol, 64 mg), cesium carbonate (10 mol%, 0.025
mmol, 8 mg), TCIA (0.67 equiv., 0.1675 mmol, 39 mg) and MeCN (1.00 mL, 0.25 M)
and analysedvia the HPLC method outlined previously, indicatinghdoro-2-

fluoroanisoled46cas its major product @6 conversion, ratid6c2c32:1).

4-(Bromomethyl)phenylboronic acidi7a vs. naphthalerl-ylboronic acid, pinacol

ester2b
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