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Abstract

The advent of the Suztkvliyaura crosécoupling reaction ands significanceto the
synthesis of new carbooarbon bonds has increaséide demand for efficient routes to
organoboron starting materialsi K€ borylation(activation)has provided an interesting approach
to alleviate the requirement for prefunctionalized molecules ssi@ryh halides to obtain these
desired organoborasubstrates

We report thefirst use ofa rhodium Ni heterocyclic carbene (NHGQJomplex for the
catalytic G H borylation. The reaction is found to proceed under very mild conditions (room
temperature, shoreaction timesand is applicable to a variety of ghenylpyridine(2i PH pyr)
derivatives Additionally,exclusiveselectivityfor the monoborylated produistobservedvith no
bisborylationoccurring in the reactigrwhich wasfound to be attributable® thekey nitrogeri
boron coordination

The selective monoborylation was furtheritedwith a Suzuki Miyaura crosscoupling
in a oné pot reaction to produce monoarylated phenylpyridines in good overall yields with no
formation of the bisarylated compowwmdCommonly, metatatalyzed direct arylations require the
use of steric blocking groups in order to obtain the desired monoselectivity and prevent
bisarylation from occurring.However, thesesterically biasedsubstrates are avoided with the
system desdrved heren.

Further, the chemoselectivity of the Suziliyauracross coupling of secondaryoronic
esters was investigated in intermolecular competition reactions with Mizétegk acceptors.
Interestingly, the conditions of the reaction could be edsihed to chemoselectively produce

either the SuzukiMiyaura or the MizorokiHeck crosscoupled product in good yields. This



knowledge was then applied to an intramolecatampetition reaction on a substrate containing
both SuzukiMiyaura and MizorokiHeck acceptor sites. Excitingly, the SuzlMiyaura cross
coupled product was obtained in good yield leaving the alkene substituent unreacted in the
reaction. This chemoselectivity pathway opens the door for the preparation sdlsgijuted
aromatic comounds without the additionaéedfor protectioranddeprotection steps which could

result in a reduced overall yield of the desired product.
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Chapter 1

Mi Il d and Regioselective Synthesis

1.1  Synthesis of Polysubstituted Aromatic Compounds

Aromatic and heteroaromatic compounds are important structuratiesowith an
extensive history of diverse applications in a variety of fi&fi€©f particular note, many
chemical compounds requiring multistep synthesis, pdatity those sought by
pharmaceutical, agrochemical and materials science industries, consist of aromatic and
heteroaromatic building blocKg. Polysubstitutedramatic molecules have long presented
a challenge to synthetic chemists as regiospecificity can often be challenging. As such,
there are currently many transformations which can be used to derivatize commercially
available aromatics and are applicableltain polysubstituted aromatic compounds both
on laboratory and industrial scales.

A number oftransformations arg@ossiblefor the synthesis opolysubstituted
aromatic compounds including: electrophilic aromatic substitution (EA%leophilic
substitution reactions (including r&@L), sigmatropic rearrangements, cycloaddition
reactions (includingDielsi Alder) and aromatic ring construction starting from acyclic
precursord as well as transition metalatalyzed carbocyclizatioh® (Figure 1i1).

Although these methods are commonly employed for the construction of aromatic rings,



utilizing these reactions in a mild manner is not a trivial process. Synthesis of
1,2 disubstituted aromatics present significant challengemarily due to the sterics
preventing reagents from reacting with tvéhoi position while also leaving prexisting
functionalities unabridged by the reagents involved in the reaction. Accordingly, harsh
reaction conditions, regioselectivity issuegrotection and deprotection steps,
stoichiometric amounts of reagents and formation of hazardous byproducts are not
uncommon in synthesizing these molecules under electrophilic substitution conditions. As
a result, the use of these procedures tendsveryanconvenient in large scale labtory

and industrial processes. hUs several strategies such as direatetthoi metalation

(DoM)31%have been developed to address these synthetic challenges.

Electrophilic Aromatic Nucleophilic Aromatic Sigmatropic
Substitution (EAS) Substitution (Sgy1) Rearrangement

/' E* / Nu~
X Y.
2L "z
| _ v \/
E* = Hal*, NO,*, RCO* X = Hal, *NR3, *SR, Y =Z = Carbon,

Z = Carbon, Heteroatom Y =C-R, N-R Heteroatom
Nu™ = Carb-, Heteroanion

. De Novo Ring Metal Catalyzed
Cycloaddition Construction Carbocyclization
R
y4 R R
E(};j[ cat. R
v [+l —=
R' R'
R

cat. = Co, Fe, Ir, Ni, Rh, Ru

Figure 1-1. Common approaches to construction imaatic ring
2



1.2  Directed orthoi Metalation (DoM)

One of the most successful regioselective preparations aéfdidubstituted
aromdics is directedorthoi metalation (@M). In this process, a heteroatbderived
directed metalating group (DM@) 1, coordinates to an organolithium reagélr$i(1) and
6di r ect erihoi goditiontakkowinghhe siteselective deprotonation of the aratic
CiH bond thus forming therthai lithiated intermediatéli 2. Subsequent treatment of
1i 2 with an appropriate electrophile results in the formation dfdis2ibstituted aromatic

compounds of typéi 3 (Scheme 11).

t
DMG R-Li DMG DMG £+ DMG
—_ ‘Il_i —_— _—
H Bu Li E
1-2 1-3

11 TS-1

Schane 1-1. General process of directedhoi Metalation (DoM)

Thesimultaneous pioneering reports of Gilntain 1939 and Wittig?in 1940, can
be attributed to sparking the birth of theNDreaction in synthetic organic chemistry. Over
the course of the last seventy years, systematic studies by &ilemah subsequently
Hauset*®i n the 19600s resul t @idureiii)totinclede thp an s i ¢
carbori based and heteroatdbased directing groug$. The intermediate organolithium
compound;li 2, is able to react with a large range of electroptifégure 1 2) both intef

and intramolecularly. Taking advantage of the high regioselectivity and the compatibility



with a broad range of electrophiles, the library of availablédisibstituted and higher

order functionalized aromatic compounds has undergone significant expans

[ Common DMGs ]

(0] O 0 0]
‘}LLJ\N/\ ;A{O)J\N/\ o 0 _%_g% }’S\NJ\OJ<
L R T

CONEt, OCONEt, OMOM SO,'Bu NHBoc

[ Common Electrophiles ’

: CHs OR o) :
|, Br, Cl,OTf  —§-Si-CH -$-B -$-Sn
r CHj 3 : 'OR }%LH W> 3

Figure 1-2. Common DMGs and electrophiles iroM reactions

One of the most significant advances over the past decade is the usdlof D
chemistry to generate maigroup organometallic electrophiles for métdtalyzed
cros$ couplings, producing new methodology for synthesizingpoi substituted biaryl
and higher order aromatic compoun®¥’ These crossoupling reactions typically
produce biaryl compounds and are generally catalyzegatigdium or nickelbased
catalysts (Figurdi 3). Introduction of halide or pseudohalid&l,(Br, I, OTf, OMs), silyl
(SiRs), stannyl (SnB and boryl (B(ORj) functional groups by BM reactions have
allowed the subsequent use of mietatalyzed processes such as Suadiaura, Stille,
Negishi and KumadaCorriu crosscouplings in a combinatorgpproach with ©M
chemistry. As an example, Snieckus and cowotRenave applied the sequential

DoM/Suzuki crosscoupling for making substitutiebiphenyls (Schemé 2).
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(1) BuLi, TMEDA
Et,0, 0 °C

©iOMe
OMe  (2) B(OMe);

3)H*

RS cl

C N
MOHgMe Pd(PPhs),, Na,CO4 |/f
DME, reflux
> OH
OMe  (2) BBrs, CH,Cl,
OH

Schemel-2. Sequential BM/Suzuki Miyaura crosscoupling for synthesis of 1j,2
disubstituted biaryls by Snieckus and coworkers

Ar-Ar Pgo Ar-X
Ar JAr
LoPd] LoPd]
Ar' X
E-X
E X Cross-Coupling
B(OR), Hal, OTf Suzuki-Miyaura
SnR3 Hal, OTf Stille
ZnX Hal, OTf Negishi
MgX  OTf, OCONEt, = Kumada-Corriu

SCONEt,

Figure 1-3. Common catalytic cycle for palladiumoatalyzed crossouplings



Although it provides viable routes to functionalized and highly regiospecific
1,2 substituted aromatic compound3pM chemistry has the following limitations in
industrial processes: 1)dM reactions require stoichiometric amounts of alkyllithium
species, which can be difficult to handle; 2) reactions require cryogenic conditions which
is expensive on large scale), fBinctionalized aromatics need to be compatible with the
alkyllithium species. Acidic functional groups, such as carboxylic a¢i@94H) and
hydroxyls { OH) are incompatible with the highly basic lithiating reagents utilizecbi D
procedures. While #se drawbacks are minimized on the laboratory scale, industrial scale
requirements can in turn limit the synthetic utility odbNd chemistry. Thus more user

friendly, environmentally benign and cost effective alternatives are highly sought after.

1.3  Modes ofCyclometalationvia Ci H Activation

As described previously, the most significant advamcéhe field of transition
metal catalyzed CH activation has been the use of directing groups in order to
dramatically improve regioselectivityWhereas OM pathways typically incorporate the
metal (Li)via coordination to the DMG and deprotoioat of the orthoi Cari H bond, GH
activation pathways tend to procead a cyclometalatioprocesdetween the CH bond
and the metal center. Cyclometalation refers to themneediated activation of ai@l
bond to form a metallacycle containing a nei@/, i bond (SchemeiB).*® The two steps
common to the yclometalatios are the initiacoordinationof the metal to the organic

moleculeand cleavage of thei®l to produce the metallacyleThe mechanistic pathway



of metal insertion into the i® bondto produce the cyclometalated compiexCiH
activation reactiongends to besystem dependent and notgure to all GH activations in
general. Electronic configuration at the metal center as well as the hybridization of the
Ci H bond can lead tdifferencedn the cyclometalation step occurring between the metal
complex and the organic substr&teCurrently, four mairpathways have been established

for the cleavage of the i€l bond oxidative addition, electrophilic bond activatjon

concerted metalatiGleprotonatiorand, i bondmetathesis.

E E
+ MXilp T’
R o MX-1Lm-1

-L, -RX

Schemel-3. Cyclometalation in CH activation

1.3.1 Oxidative Addition

Oxidative addition is a commonly encountered mechanism for the cyclometalation
of Ci H bords with low valent late transition metal compleXéscluding RY", Od', RH,
Ir' and P¥'. Upon coordination of the metal to the organic substrate to form the chelated
complex1i5 (Figure 1i 4), the metal centre inserts into the antibondjrigorbital of the
CiH bond and undergoes &2transfer forming a new metal complek,6, with the
oxidation state of the metal increasing by +2. After oxidative addition occurs, reductive
elimination can occur either spontaneously (such as elimmaf H, from the metal
center) or induced by base (example with elimination DX Hr Ri X) to produce the
cyclometalated compleki 7 (Scheme 14)2° In most cases, iG activaion is facile in

7



catalytic pathways and not rate limiting. The difficulty in catalytic pathways often involves
the reductive elimination of the product from the higher metal oxidation state. Stability of
this intermediate complex as well as the rigidifythe system can require increased
temperatures or the presence of base in order to facilitate the reductive elimination process.
It is important to note that while the oxidative addition is believed to be a concerted process,
the intermediate agostioomplex (Scheme il Pathway B), may be considered as a

transition state of the oxidative addition.

H L H MXan_1 I\/'l)(nl-m-1 MXn_1 Lm_»]
H/ HX

1-4 1-5 1-6 1-7

Schemel-4. Oxidative addition of CH bond towards cyclometalation

Seminalexamples of oxidative addition of unactivateidHbonds to metal centers
were reported by Bergm#t* and Jone$ utilizing complexes of general formula
[Cp*(PMe3)MH2] (M = Rh, Ir) (Schemdi 5). In these reactions, plodgsis of the metal
complex1i 8 in hydrocarbon solvents resulted in the loss pfrbim the complex followed
by the oxidative addition of the hydrocarbon to the metal formally cleavingitHeb@Gnd
producing the new metal hydride complg®. Upon monitoing the reaction byH NMR,
new metal hydride peaks were easily observable as evidence of oxidative addition to the
metal compleX® Similarly, Graha’’ also reported the photolysis of an [Cp*Ir(GD)

complex with loss of carbononoxide (CO) to achieve theé 8 activated product.
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4 H hv . R-H o
M — [Cp*M(PMe3)] —— M
/N H, /™

H
Me3P H Me3P R

1-8 19
M =Rh, Ir

Schemel-5. Photolytic oxidative addition of metal to alkyi @ bond

1.3.2 Electrophilic Bond Activation

In an alternatie mechanism, electrophilic bond activation (EBA) is commonly
observed in highly electrophilic late transition metal systems such'a®®dPtV, Hg',
Rh", 1" and TI".2t with EBA, metal insertion into thei® bond on the aromatic ring to
form the orthoi CiM bond does not form a metal hydride intermediate leaving the
oxidation state of the metal unchanged. EBA generally occurs in systems with late
transition metals which feature basic type ligands attached to the metal. Cyclometalation
via EBA (Scheme 16, Pathway A) is initiated by coordination of the metal to a
nucleogilic directing group on the organic species, produdng, followed by bond
activation through the formation of,a complex with the metal to produce the arenium
intermediateli 10. This step is often rate limiting and loss dafdfrom 11 10 generates
the cyclometalated produdi 12. Work by van Koten and coworké?dndicated that
formation of the Pt, i complex proceedsia an arenium intermediate, supported by
increases in thei@ bonds lengths of the characterized imediate (Figurei4). In the
final step, presence of acetate type ligands assist in removing the hydrogen from the

arenium species to form the metallacycle.
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Bond Length
Pt-1 2.625
Pt-N1 2.100
Pt-N2 2.103
Pt-C1 2.127

C1-C13  1.541
Cl1-C2 1.443
C2-C3 1.365
C3-C4 1.381
C4-C5 1.399
C5-Co6 1.384
Co6-Cl1 1.440
C4-0 1.339

Figure 1-4. Crystal structure for arenium intermediate as determined by van®oten

1.3.3 Concerted MetalatioirDeprotonation

Concerted metalatiGleprotonation (CMP32 (Scheme 16, Pathway B) has
been suggested as an alternative mechanism to EBA for cyclometalationivithoGnds.
CMD mechanisms have been implicated fot ,FRU', Rh'"" and IM" based system$;*
which commonly incorporate coordinating bases such as acetates or carbonates in the
reaction. These coordinating bases playnéegral part in the CMD pathway as they assist
the deprotonation of the proximal B bond of the substrafé?*! Though some reports
indicate that BA and CMD pathways are almost identical, they vary from one another in
the intermediate steps of the cyclometalation. Specifically, while the EBA mechanism
proceeds through an arenium intermediate, the CMD pathway suggests that during the
metalation oftie aryl ring, the TH bond is deprotonated by aid of a pendant basic ligand
(21 112) in a concerted fashion without the formation of an arenium intermediate. After this,

the protonated ligand can eliminate from the coordination sphere of the metal, gasultin
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the cyclometalated produtit12. Development of the CMBhechanism was brought forth

in large part due to the observation that electronically biased substituents on the aromatic
ring showed little to no effects in the observed reaction rates. Tlsisnalion is
inconsistent with the idea of an arenium intermediate being formed though an electrophilic
activation type pathway, which should display drastically different rate profiles depending

on the electronic character of the substrates.

Schemel-6. Pathways for the cyclometalation processelectrophilic bond activation
(EBA) (Pathway A) and concerted metalatideprotonation (CMD) (Pathway B)

1.3.4 i BondMetathess

Cyclometalation occurringia ,, i bond metathesis is another possible mechanism
which is generally only viable for low oxidation state metals with @onfiguration. The
concerted process involves a fiomembered transition state for the deprotonatibtine
hydrogen from the aromatic rirt§. This mechanism has been commonly described for
early transition metal systems of type- ¥R (M = Sc, Ln) or CBMR2 (M = Ti, Zr, Hf),

as these metals are in their highest oxidation state and thus cannot undergo oxidative

11



addition nor reductively eliminate to lower their oxidation state. The electron density at
the metal center ofSi 2 helps to stabilize the incoming hydride lesglto the new NMC

, Tbond (SchemeiT).#*4¢ This hydride stabilization by the metal center is often referred
to as, icomplex assisted metathesisCAM).*?> While commonly applied to metal
complexes containing alkyl ligands, this mechanistic pathway has also been proposed fo

late transition metal hydride complexes of rhenium, ruthenium and osmium in select

cases’
E LMCH; E £ E L E
— o M| (=T ’
H < Mbn S N el ML,
H--CHj H~CHj 'H——CHj
1-4 1-13 TS-2 1-14 1-15

Schemel-7. General pathway fodCAM pathway

1.4  Transition Metali Catalyzed Q H Activation

Ci H bonds are ubiquitous in organic molecules thatgir low reactivity makes
direct functionalizationnori trivial.*” The desirefor more efficient, environmentally
friendly processescalls for alternative approaches ttoe classical methodsr DoM
chemistry previously discussed, especially in $lo processes requirinigrgd scale,
multii step synthess. The direct functionalization of aromatid B bonds catalyzed by
transition metals provides an interesting and exciting alternative approach to producing

Ci X bonds (X = carbon, heteroatom, haloge®)s the substrates generally require no
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preactivation, employing a’i® activation protocol provides an atom econoniftdl

approach tesynthesis that does not require the formation of halogenated or otherwise

prefunctionalized substratés As a result, the field of transition metahtalyzed CH

activation has undergone an explosive and unparalleled growth over the last few years.
A major breakthrough reported by Fujiw2travas revolutionary to the field of

Ci H activation. In his seminal report, stoichiometric amounts of a [Eat@tene} dimer

were coupled with benzene for the formatiortrahs stilbene(Schemeli 8) marking one

of the first examples of aromatici 8 bond activation by transition metal complexes.

Unfortunately, the process was stoichiomatripalladiumand the yields were lovinbugh

curiously, the presence of the acetic acid was found to beialr for the reaction.

Substitution of the benzene solvent for toluene resulted in the desaed 4i

methylstilbene in a similar yield, negating the possibility of styrene decomposition in the

reaction to produce th&ans stilbene products. The reamt was later optimized by

replacement offdCbStyreng. with Pd(OAc) leading to synthetically useful yields (up

to 90%) while increasing the scope of olefins and aromatics capable of undergoing the

coupling reaction® Most importantly,the addition of oxidants to the reaction mixture

such as copper or silver salts allowed for the catalytic use of Pd{Qturh reoxidizes

P back to P4.54
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_ _ x._Ph
AN
ol cl Reflux R + Pd°
\ R 8 hrs

Ph R=H,CH3 R=H=24% 14%
(3eq.) (Solvent, 4 eq.) R =CH;3 =25%

Schemel-8. Fujiwara coughg of benzene and toluene with styréne

Although the above example detag the use of transition metahtalyzed CH
activation provides an adwtageous alternative to more traditional nietaalyzed
cros$ coupling reactions, this strategy is not without its limitations. Aromadtld Bonds
characteristically have high bond dissociation energies (465 k3’ashvell as relatively
low acidities (fKa of CeHsiH 40 in HO). Though they are not completely inert as
previously thought, these characteristics render the activationkbfbGnds significantly
difficult. As a result, CH bond activation reactions often require high temperatures and
can also call for xidants as well as highly basic or acidic additi%®&sWhile these
conditions may be required to activate thieH(ond, functional groups dhe molecule
may also be affected and as a result may oxidize, decompose or be cleaved under the
conditions required to achieve the metaltalyzed CH activation. Consequently,
conducting the reactions regioselectively under mild conditions presergatacgallenge
in Ci H bond activation chemistry; particularly cases in which directing groups are absent,

leading to mixtures of regioisomengde infra).>®
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It has been long known that a variety of transition metals are capable of inserting
into C' H bonds?® > This concept was pioneered extensively by Shaw, Milstein, van
Koterf®®® and coworkers towards the synthesis of cyclometalated ligandsusition
metals. In a similar vein to @1 chemistry, these transformations often require the
presence of a proximal basic ligand such as phosphines or amines to facilitate coordination
of the ligand with the metal center. Equatiéi £xemplifies this vth the use of chelating
pincer ligands. Conversely, these transformations were exploited for the formation of new
transition metal complexes and as such, these processes were not investigated in a catalytic
sense towards the synthesis of functionalizgadimic molecules. However, the compounds
which are synthesized by this method can be used as efficient complexes in a variety of

metal catalyzed reactiorf¥.

PR, PR3
MX,L,. |

H e M=X, 1L 0 (1-1)
-HX, -L

PR, PR,

More relevant to ©TH functionalization chemistry, Horino and Indgte
demonstrated the ability to selectively functalize acetanilide derivatives in tbethoi
positionvia formation of anorthoi palladated complex. This complex was formed under
remarkably mild conditions utilizing Pd(OAcand could also be isolated. Subsequent
reactions with carbon monoxide and ahsfiresulted in OC bond formation (Scheme
1i 9). While these reactions required the stoichiometric use of Pd¢(XArs) report was a

major advance in the field as it demonstrated the capability of transition metals to not only
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insert into CH bonds, but d mediate synthetically interesting reactions with high
regioselectivity in the presence of directing groups. Through their studies, it was observed
that orthoi substituted acetanilides were unable to form the cyclopalladated complex.
While at the time nsuggestion was given for the lack of reactivityoathoi substituted
acetanilides, Gloril#§ later provided evidence that steric repulsionhef tliecting group

with the catalyst waresponsible for the lack of reactivity.

R! NHCOR?3
_cnrt m
ZC’G\’\ R2 / R4

1 H R3V

3
RD/ TR Pd(OAc), RDi \l( 1-18
: o) Co
R2 © R2 Pd’ - Etoy

ACO 3 20 g NHCOR?3

1-16 1-17
=2 OEt

1-19

Schemel-9. Synthesis obrthoi substituted aromaticsa cyclopalladation of
Pd(OAc)®®

By t he e aCHbpondlcka&agé was widely studied and known for a
variety of metal$! While these processes occur with stoichiometric amounts of metal,
catalytic attempts ati® cleavage were met with low yields and low catalyst turnovers.
A major breakthrough was reported by Murai and cowofkevio described the use of
RuH;(CO)(PPh)s to catalyze theorthoi alkylation of aromatic ketoneScheme 110).

This catalytic process overcame many of the previously reported issues with

orthoi mediated alkylation& Specifically, the reaction proceeds with catalyst loadings of
16



the RuH(CO)(PPh)z as low as 2 mol%, avoiding use of stoichiometric metal in the
reaction. Selectivity was dramatilgamproved as regioisomers were avoided in cases of
where multipleorthai sites were available for alkylation leading to the formation of only
one regioisomer as the dominant product. As well, the generality of the alkylation is
applicable to a wide vasty of aromatic and heteroaromatic compounds and a variety of

olefins could be incorporated, dramatically increasing the scope of the reaction.

0 RUH(CO)PPhy) i
R N R2+ o~y (2 or 6 mo o)= R1:—\ R2
= Toluene = Y
Reflux
(1 eq.) (1-5eq.) 66-100% Yield

Schemel-10. Catalytic G H alkylation by Murai and coworkets

Detailed mechanistic studies on the reaction were conducted to elucidate the
catalytic cycle for therutheniuni catalyzed €H alkylation depicted in Figurei5.5°
Initially, the olefin coordinates to the fiatalyst Rubk(CO)(PPh)s, 1iE, and is
hydrogenated leading to the fornmatiof the active catalysij F. Introduction of the aryl
substituent,1i 20, allows for coordination of the low valent Rto the ester, forming
coordinated complegi G. Insertion of theutheniuminto the G H bond likely occurs
via an oxidative addition to thR\ complex resulting in the formation of the ruthenium
hydride1i H. The olefin then coordinates to the cyclometalatgdeniumcomplex and
displaces one of the labile ligands forming intermedi&te Hydride insertion from the
rutheniumcentre can proceed to timternal or terminal carbon leading to the formation of

branched/li J, or linear,1i K, complexes respectively. Since no branched isomer of the
17



alkylated product is observed, complékJ, if formed, does not undergo reductive
elimination and thus must redack to compledil. Upon formation of comple&i K,
reductive elimination occurs to generate the pro@ii21 and regenerate the active catalyst

1i F. 13C kinetic isotope effect (KIE) and deuterium labeling studies conducted on the
reaction indicatedhtat the CH activation step (formation dfi H) is facile and occurs
readily and reversibly, strongly suggesting that the rate limiting step is the reductive

elimination to form the ©C bond.
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1.5 Metali Catalyzed O H Borylation

1.5.1 Synthesis of Arylboronic Esters

Organoboron compoundg¢Figure 16) have played a pivotal role in the
development of omnic, inorganic and materials chemistry over the past 30 years due in
large part to the discovery of the SualMiyaura crosscoupling reaction and their use
therein/®"! These applications include optical materf&l§ neutron capture therap§/’®
as well as in the synthesis of medicinal compounds and prectfrsakslditionally,
arylboronates are capable of undergoing many essential bonohdpreactions including
metal catalyzed crossouplings, 1,2 and 1,4addition to carbonyls, oxidative

aminations, oxidative Heck reactions, #idehs to imines and@minium ions’ 782

SoRN s 0 s
-$-B(OH), —%—B\O:© :,_L,LB\O -$—BF3K 2By B :,_‘{Bio o

H
Boronic Catechol Pinacol Trifluoroborate  1,8-Diaminonaphthyl 9-BBN MIDA
Acid Borate Borate Boronamide (Bdan) Borate Boronate

Figure 1-6. Common bororiunctional groups used in Suzukliyaura crosscouplings

Conventionally, a handful of methodologies are commonly employed to synthesize
arylboronic esters. Most commonly these species are synthesized by reacting
organometallic reagents such as Grignardomganolithium reagents available either
through lithiuni halogen exchange, or byo®l chemistry with molecules such as trimethyl
borate (B(OMe&)). Unfortunately however, these methods have inherent limitations

involving the handling of the highly reactiseganometallic reagentsife supra.
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More recent developments have involved the use of transition ircatalyzed
cros$ coupling reactions. These catalytic transformations take place more commonly
under palladiurncatalyze& conditions while Mardéf has since reported an alternative
route based on coppeatalyzed conditions. In both cases, aryl halides are coupled with
diboron reagents such asis(pinacolato)diboron (#in) or bis(neopentyl
glycolato)diboron (Bneop), to form the target arylboronate while the former method also
proved applicable to pinacolborane (HBpincfieme 111). While the desired
arylboronates are easily prepared, thecpdures are stepwise, time consuming and draw
on the need for prefunctionalized aryl species. As a result, the ability to directly
functionalize molecules, particularly aromatic compounds, to form organoboron

compounds with exclusive selectivity is higladvantageous.

R RMX [R
— — OH
X =Br, | RN B

M = Mg, Li —/ o

(R"O),B-B(OR"),
or HB(OR"), R/
— Pd(0), base — — OH

X =Br, |, OTf

B)

Schemel-11. Common strategies for synthesis of arylboronate esters by A) lithium
halogen exchange, Grignard reagents aviland B) palladiurcatalyzed rowds
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1.5.2 From Stoichiometric to Catalyzed 8 Borylation Reactions

A seminal report on thei® borylation of aromatic molecules appeared in 1995
by Hartwig® describing the irradiation of [CpFe(C{Bcat)] in aromatic solvents
producing arylboronic esters (Scheni@2). In their studies, the photochemilatylation
of benzene with catecholborane (HBcat) was achieved resultingdgBCat in 87% yield.
Although only thanondoorylated product was obtained, the reaction was poorly selective
in reactions employing substituted aromatic molecules where muisplmers are
possible. For example, when the reaction is conducted with toluene, a 1.1:1 mixture of
metd and paral substituted products are observed while reaction in anisole yields a
1:1.6:1.1 ratio oforthoi, metd andparai substituted products. Despiits novelty, the
poor selectivity observed with substituted arenes and the stoichiometric use of the metal

boryl complex severely hampers the utility of this reaction.

|

_Feum

@ oc™y Peat ©\CH poat
A A\ k

S
o= g >

87% OMe

hv, 1 hr

Bcat

70 % (mp=1.1:1)
Bcat Bcat

©+ MeO@ + MeOOBcat

52% (oom:p=1:1.6:1.1)

Schemel-12. Photolysis of [(CpFe(CQ{[Bcat)] complex to yield arylboronate esters
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In 1999, Hartwig and Chéhintroduced the first catalytic i® borylation of
alkanes under photochemical conditions using [Cp*RefC43)the catalyst and:Birnp as
the boron source leading to high yields of alkylboronate esters. A variety of alkanes were
borylated at the leadterically hindered position in excellent yields i{(Z80% of the
borylated alkane). Stoichiometric studies with [Cp*Re(CO)(Bpingdicatedthat the first
step of the catalytic cycle was the oxidative addition#fiB to the metal centre with the
sulsequent loss of CO and that the [Cp*Re(CO)(Bfhicdmplex is a viable intermediate
in the process.

Prior to 2000, CH borylations were conducted under photochemical conditions
and while efficient, were not practical outside of laboratory settings. V@miligh and
coworker§’ originally reported the first thermali€ borylation of bezene mediated by
[Cp*Ir(PMe)sH:], these reactions were stoichiometric in metal and still not overly practical
outside of the laboratory. In 2000, Hartffi@and coworkers introduced the first catalytic
Ci H borylation reactions under thermal conditions utilizing Batalysts. A elevated
temperatures (15) various alkanes could be borylated with exclusive selectivity for the
terminal position in moderate to good yields (up to 88%). Smith and cow®rkers
subsequently reported the borylation of benzene was also achieved with excellent yields
under thermal conditions producing solely thendoorylated product§cheme 113). The
catalyst loading could be significantly decreased to 0.5 mol% with only a small loss in the
yield, though the reaction time had to be significantly increased. Unfortunately, benzene
was the only aromatic compound which was borylateceutitese conditions and other

substituted arenes were not investigated at the time. Needless to say, this discovery was a
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major breakthrough for the application of K& borylation chemistry, but significant

progress was still needed to make this proceohaee practical.

Cat. (mol %) Time (hr) Yield (%)

_ Cp*Rh(n*-CsMey) 0
@ + Bapin, - B, 5.0 25 92
150 °C o] 05

45 82

Schemel-13. CiH borylation of benzene under thermal conditions

1.5.3 Undirected GCH Borylation of Arenes

To date, iridium catalysts have been the moststigated for the [GH borylation
of arenes. Hartwig and Miyaiffadescribed a aovenient and highly effective catalytic
system for the undirectedi @ borylation of a wide variety of aromatic compounds. The
bench stable, and commercially available [Ir(COD)Glas demonstrated to be an
effective precatalyst in the presence of chetpatinn i t r ogen d o bipyridise s uc h
(bipy). The iridiuni catalyzed system utilized2Bin; in stoichiometric amounts with
various substituted arenes (including heteroarenes) which produced arylboronate esters in
high yield. Use of the more reactilg COE).Cl]. even allowed this reaction to take place
at room temperatureS¢hemeli 14). Stoichiometric studies under these conditions
demonstrated that, a trisboryl complex [Ir(bipy)(COE)(BRinjas formed {i L).%! This
complex was isolated and characterized lbyax crystallography and subsequent studies

demonstrated this species to be a chemically and kinetically competent intermediate in the
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overall reactior(Figure 1 7) as dissolution of the trisboryl complex 8l yielded three
equivalents of eDsBpin (1i 22) in 80% yield (Schemei15). These studies led the authors

to propose the catalytic cycle depicted in Figuré.1

[Ir(OMe)(COE)], (1.5 mol%)

@’H dtbpy (3 mol%) @’B/O
\ + B,Pin, - 2 & + Hyg)
R/\ / Hexane, RT R / ko)

0.5-24 hrs
(2eq.) (1eq.) 53-91% Yield

Schemel-14. Undirected borylation of arenes withMrp using
[Ir(OMe)(COE)p/dtbpy

O\ /O O
B-B 4
O/ \O B u > D

[I(COE),Cll, , dtbpy (10 eq.) _ | Z N//'"|r“\\\Bpm CeDg , D Bpin
(1eq.) (2eq.) mesitylene = |N I|3pianm RT b b
50°C, 5 hrs By X D
1-L 1-22
15% Yield 80% Yield

Schemel-15. Isolation of iridium tridoryl intermediateli L
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Figure 1-7. Catalytic cycle of undirected borylation of benzene with
[Ir(bipy)(COE)(Bpin)]

The nature of the ligands on the iridium precatalystgwgtensively investigatéd
and it was determined that highly basic anionic ligands sudtOd%e were found to
dramatically increase the reactivity of the catalyst system. Initidiestof less basic
systems of IrCI(COD}|or [Ir(OAc)(COD)L with derivatives of the bipy ligand showed no

borylation. Ultimately the commercially availablair and moisture stable precatalyst
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[Ir(OMe)(COD)]> was found to display excellent reactivity five borylation in presence

of the el ect r oiditertbutyd 2, 1 Bigyralineb(dtbpy igand. ,ThHeGole of

the basic additive appears to be related to the facile formation of the trisboryl intermediate
(2iL) which is thought to occwria oxidaive addition of BPin to the [Ir(OR)(COD)}
species followed by reductive elimination of alkoxy boronate (ROBpin).

The QH borylation of substituted benzenes was investigatedlizing the
[Ir(OMe)(COD)]J/dtbpy system (Scheméd 16). Borylation of 1,2 and 1,3 substituted
symmetrical substrates yielded a single product while unstncal substrates also
yielded a single product due to the steric accessibility of Ghepgdsition over the others
in the molecule. 1jDichlorobenzene was the only substrate which was able to undergo
borylation at theorthoi position though the stericiridrance of the chloro groups
significantly slowed the reaction and the yield of the borylated substrate was significantly
lower than the other substrates investigated in the study. Importantly, common functional
groups were tolerated under the reactionditions and borylations were selective for
CiH bonds over Theteroatom bonds in the substrates studied. Similarly, Smith and
coworker§? also demonstrated the viability of the chelating ligands such as bisphosphines
in acceleratingth bor yl ati on reactions. Li ke Hartw
ligands®! the reactions required a large excess of the arene and long reaction times wer
observed. Studies on the reaction mechanism and isolation of potential intermediates
suggested that the increased reaction times were a result of the induction period leading to

the formation of the ¥ trisboryl intermediate comple®. 3
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1/2[Ir(OMe)(COD)],/dtbpy

(3 mol%)
BoPin, + 2 H—-Ar > 2 Ar—Bpin  + H,
Hexane, RT
Cl Cl F5C
CI@Bpin Bpin Bpin Bpin
Cl Cl Cl Br
82% 53% 84% 91%
F3C Cl F3C Br,
Bpin Bpin Bpin Bpin
MeO I NC NC
81% 82% 84% 83%
Cl
AN .
Bpin mein mein meln
S o N
MeOZC
80% 81% 83% 88%

Schemel-16. Undirected aromatiborylation with BPirnp of disubstituted arenes and
heteroaromati®8

Heteroaromtics provide a unique reactivity for undirected HC borylation
reactions differing from the reactivities seen with aromatic substrates. While
regioselectivity can often be an issue with organic aromatic substrates, regioselectivity in
heteroaromatics igenerally controlled by selective functionalization of the most acidic
Ci H bond in the substrate allowing the borylation to o@phato the heteroatomThis
reactivity is frequently observed with furan, pyrrole and thiophene spegibsthe
electronics ofthe ring largely dictahg the reactivities of these heteroaromatic
compound$®®*  Unsubstituted Bmembered heteroaromatic rings (Ed.2)l undergo

borylation & the 4 and 5 positions while Psubstituted heteroaromatics undergo
28



borylation at the Bposition (Eq. 13).9°% Remarkably, when bulky groups such as
triisopropylsilyl (TIPS) are directly bonded to the nitrogen of a pyrrole, borylation occurs
at the 3position of the ring rather than thegsition (Eq. 14).%%° Heteroatoms fused
with benzene rings (benzothiophene, benzofuran or indole) undergo monoborylation with
thei Bpin group adding to thei position with no competing borylation on the arene ring
(Eq. 1 5).909°

The reactivity of pyridine based aromaticsiiiiumi catalyzed €CH borylation
differs slightly from the reactivities observed with therfembered heterocles. Pyridine
rings which are substituted at thigp®sition generally undergo competitive borylation at
the 4 position and bpositions relative to the nitrogen heteroatom, likely for steric reasons
(Eq. 16).1° Meanwhile, pyridine rings with a substituent at thg@sition typically
undergo borylation at thei position (Eq. I'7) while 2,6 disubstituted pyridine rings
undergo borylation at theé gosition (Eq. 18).1°! Interestingly, bipyridine rings joined at
the 2 position which contain large substituents at their respeciipesitions (such as
terti butyl groups) will undergo borylation with 1 eq. offBn, at the6i and6d positions

of the bipyridine (Eq. 119).1%°
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Shortly foll owi ni¢lbddyation of begzérne, Smifireportac | C
Ci H borylations of substituted arenes using [Cp*Ir(B)t)(Bpin)] and [Cp*Rh{4
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