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ABSTRACT

PHENYLENEDIAMINE PYRIDYL LIGANDS AND BORYL SUPPORT LIGANDS
FOR ORTHGDIRECTED IRIDIUM CATALYZED Ci H BORYLATION

By
AlexC.06 Connel |

With organoboron compoundbseing useful components in the synthesis of
pharmaceuticals, agrochemicals, and materials, it is imperative to find new catalytic
strategies to design an effective system capable of borylating a broad range of (eetero)a
substrates in high yields and high selectivifyaditional iridium-catalyzed systems
borylate aromatic compounds and are directed by steric factors of the sulidtese
stericdirected catalysts are hypothesized to have a singly open coordisigiam the
metal center where activation of the most accesgibld bond can occur. In order to
change regioselectivity from steric products to alternatives, new catalyst systems must be
designed.

A phenylenediamingyridyl framework was implemented fohelatedirected ©
H borylation, where an aromatic substrate undergoes borylation ofttieCi H bond,
relative to a directing group. This ligand typpas been explored and shown to have three
major components that influence the reactivity, selectivitg, @ordination of the ligand.
These parts that make up the ligand were examined using a ligand screen, NMR studies,
and stoichiometric reactions.

From the literature, it haseenshown that double B Widentate ligated catalysts
work well for a broad sulate scope and produce borylated products whose substitution
pattern is based on steric effedBther variants of this system have used a single B,N

bidentate ligand to produce products borylated irotitteo-position relative to a directing



group on thesubstrate. To improve upon these catalytic systems, experiments were
performed to optimizertho-selectivity of the originally steridirected catalyst containing

two B,N-bidentate ligandby reducing the loading of the dimer boryl ligand. In doing so,
regioselectivties can be completely switched from steric products to chelate protists.
modification of ligand to metal ratio greatly effects selectivity and is a unique feature to
dimer boryl ligands.

These phenylenediamine pyridyl ligaahd boryl spport ligands will be explored.
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Chapter 1. Introduction to Ci H Borylation

1.1 G'H Activation and Functionalization

Ci H activation and functionalization &key chemicatransformatiorin building
complex moleculesOrganiccompoundsare the foundationof nature anccomprise the
structureswithin pharmaceuticalandbiologically active molecules, agrochemicals, and
materialsWith such an abundanesd prevalence of thihemical classt is important to
be able toselectively diversifyit into more valuable end pradts. However,selectively
activating and functionalizing hydrocarboestails challengesowing to theirrelatively
inert nature. This isdue to CiH bonds beingnonpolarand of low basicity/acidity
compared to otheshemical groupg-or functionalizing asmatic compoundsromaticity
usually needs to bemporarilybroken in order tactivate the C(sp)i H and substitute a
different functionality Aromatic substitutiorreactions typically require stoichiometric
amounts of metdbr enhancement of the electrophile to be substituted on thanahgften
use harsh basic or acidic conditidrisThese conditions may have a negative impact or
increase the difficulty of synthesis when sensitive functional groups are present on the
substrate.This becomes especialppparentfor late-stage functionalization of complex
moleculesBecause of these matters, a more direct and mild method for functionalizing
hydrocarbon bond®r further diversificatioris desirable?
1.20rganoboron Compouwnds

Organoboroncompounds are incredibly versatile in theaipility to be easily
transformed into other functionalities. The first prominent case of this was studied and

disclosed by H. C. Brown who demonstrated organoboranes could be used as synthetic



intermediatesto form alcohols*® He was awarded the Nobel Prize in 1979 for his
pioneeringwork on organoboranes

Another leading example, and Nobel winniwgrk, highlightingor ganobor ond s
proficiency as a chemical intermediate whas SuzukiMiyaura cros-coupling (SMCC)
reaction. In thigalladiumcatalyzedreaction,aryl carboncarbon bonds are formed using
boronic acid and organohalide starting reagehtsmedicinal chemistry,he SMCC
reactionhas become the most employed metfusctarboncarbon bond formation®

Boronic acids and esters have found tremendous usage in further diversifying
organic molecules. From a starting alpgronic ester, thei® group can be transformed
into alcohols’ amines®® haloges,'®'*cyanogroupst?*3aryl groupsi* and morgScheme
1.1).
Schemel. 1 Utility of aryl boronic acids/esters.

Ar

5.7 &
< ? X
O & O

While organic boronic esters are valuabigtheticintermediatestheir syntheses

were not initially straightforward. Traditionallthe route to forming an ardoronic ester
2



was a threestep process (Scheme)1'® Starting from an arene, one must fipstrforma
halogenation reactioriprm a Grignard reagent, and finally quénbe Grignard reagent
with a boronic ester. With each additional sie reactionyields will be lowered, and
waste streams increased.

Schemel.2 Synthetic route to aryl boronic esters.

X H (Br] N Br Mg X MgBr B(OR)3 o X B(OR)2
| > > > |
X BX X -MgBr(OR) X
R R R R

Pd Catalyst, Bopin,

An alternative twestep route to these desired products is Miyaura borylation. By
this method, an aryl halide esoss coupleavith bis(pinacolato)diboron (#inz), forming
the boronaté® This reaction uses a palladium catalyst under basic conslitio
1.3 Iridium Catalyzed Ci H Borylation

Given that organoboron compounds are so versatile and important in chemistry, a
efficient catalystthat has high functional group tolerance and calidctly activate and
functionalizea Ci H bondinto aCi B(OR). group would be highly valuable. In 1994, the
Hartwig group published computational datvealingthat the transformation from
hydrocarbon to organoborane is thermoneutral (ScheB)gshowingthat this overall

processould bea feasible synthetic routé.



Schemel.3 Reaction of methane with catecholborgh@cat) or ethyleneglycol borane
(HBeg) to form the organoboron producBond dissociation enthalpieBIE) in
(kcal/mal).

/O /O
HsC-H + H-B —>  H-B +  H-H
0 o

BDE 105.0 111.3 113.0 104.2 AH =-0.9 kcal/mol

0 0
HiC-H + H-E j —> H-E j +  H-H

0 0

BDE 105.0 110.8 111.6 104.2 AH = 0.0 kcal/mol
The first thermal catalyst for direct CHB reactions was reported by Smith and

lverson in 19998 This landmark discovery presented @idium catalyst borylang
benzene using pinacolborane (HBpas the boron sourcaith H> gas being the sole
byproduct (Scheme 4).

Schemel.4 First thermal CHB catalyst.

=

Irw/
~"N'H
Me3P Bpln

H ,O 17 mol % Precatalyst Bpin
+ H-B > + H,
e} 150 °C, 120 h

HBpin

In 2002 the Smith and Maleczka group made further developments of the
iridium catalyst system and estabkshthe usage of bidentate neutral donor ligands. Their
system using(1,5cy ¢ | o o ¢ t “andleny)imiciun(() ¢precatalyst and bisphosphine
ligand combination exhibited much higher turnover numbersS@ID)and greater utility
thanthe initial thermalcatalyst This new catalyst systerwas able to borylate laroad
range of (hetero)arenasdtheborylatedproducts could be used in a epet synthesis for

further functionalizationvia SMCC!® Since the inception of iridiurbased catalyst



systems, numerous other catalysts have been developed using additional transition metals
like Co*2tPd??223Rh2*and Fe>2°Even with these alternatives, the iridium andigand
combination are stillite most used anthoststudied catalysts due to théiigh efficacy
regio/chemoselectivitiemnd broad substrate scope.
1.4 Selectivity and Mechanistic Insightsnto Ir -Catalyzed O H Borylation

In traditional Ircatalyzed systems, aromatic substrates lamweylated with
selectivity that is complimentary to electrophilic aromatic substit&#S) reactions. In
EAS chemistry arenes are activated/functionalized at the ortho/para or meta sites of the
substrate based othe electronic effectsof its substitents For Ir-catalyzed CHBs,
regicselectivityis based orihe steric factors of the substegt’ For example, borylating a
monosubstituted arene will yield products with the bamdup in the meta and para
positions in a 2:1 ratio. Na( trace) amounts of ortho borylated product will be present
(Scheme B).
Schemel.5 CHB reaction of a monosubstituted arene

Boping

R R R
[Ir]
© L2 ngand o ©\
» +
Bpin

Bpin

In 2002, MiyauraHartwig, and Ishiyampublished orusing [Ir(Cl)cod} and4 4
di-tert-butyl-2,2 -@ipyridyl (dtbpy) as a reactive catalyfst CHB. Complex (a) of Figure
1.1 was synthesized and characterizecbyy crystallography. The structure revealed a
trisboryl gecies ligated with dtbpy and cyclooctene (COE). This trisboryl complex was
very reactive for CHBs and could perform catalysis at room temperatoie reactions

usuallyrequired heaing. It was proposed that by dissociation of COE, that a singly vacant

5



coordination site is creatédr activationof the least sterically hindered 8 bond (Figure

1.1)28
Isolated structure confirmed Proposed active form
by X-ray
tBu tBu
/ N Bpin / N Bpin
= N’o,.l . Bpin -COE - N’o,,l wBpin
r —_— I
- /N/ |\Bpin +COE - /N/| Bpin
Bu N\ B X

(a) (b)
Figure 1.1 An (@) isolated trisboryl iridium compleand (b) its poposed activéorm.

Initial mechanistic studiesf Ir-catalyzed CHBveredoneby Smith and Maleczka.
They began by probingheher the catalyc cycle involved IIr'" speciesversus I¥'/IrV.

To probethis, theyfirst performedborylations of benzene using either the Ir(I) complex,
Ir(Bpin)(PMe&3)s4, and the Ir(lll) complex,Ir(Bpin)3(PMes)s. In this reaction, both Ir
complexes were capabté producing the arylboronic ester product. Although, when the
substrate was changed to adénzene, only the Ir(lll) complex could carry out the CHB
while the Ir(I) complex yielded no borylation. From this, Smith and Maleczka proposed an
Ir''/IrY catalyst cycle?

After these early insights, further investigative work was done by Hartwig and
coworkers thatprovided more evidence af If''/IrV cycle. With the trisboryl iridium
complex they performed extensive kinetic studies usiggnBas the boron source and
arene substrates. Through ghstudies,they found that the trisboryl species rsawith
arenes after reversible dissociation of COE and via kinetic isotope experiments that

oxidative addition is the ratdimiting step?® Computationally, Sasa®i calculated



transition states for various possible catalyst structures and came to themsaiusions

of an IM"/IrV cycle and oxidative addition being the rate limiting sipe overallcatalytic
cycle based on the culmination of Smith
computationatlata is presented in Schem6.

Schemel.6 Catalyst cycle for hcatalyzed CHB.

Bp|n
R = aryl, alkyl, or /Bpln
heteroaryl / ‘Bpln \R Bpin
[Ir(Chcod], HBpin, Bpin m Bpin
Ir—Bpm 50-5000 turnovers | |,/ <H
[I(OMe)cod], G (7
UL = 2,2'-bipyridine
H—Bpi
Bp|n pin
/Bpln
‘Bpln

In this cycle, the active catalyst is a trisboryl 16pecies. The arene substrate undergoes
oxidative addition and forms an Ir(V) species. Through reductive eliminathan, t
organoboron product is expelled from the catalyst, returning it to the Ir(lll) oxidation state.
The boron source oxidatively adds to the metal, replenishing the lost boryl group creating
an Ir(V) species. Lastly, HBpin orgas reductively eliminated¢pending upon the boron
source used) as the byproduct and completes the cycle for further catalysis.
1.5 Directed Iridium Catalyzed Borylations of Aromatic Compounds

In order to gain more regioselective control and greater optilomkich G H bond
is to be borylated, new catalyst designs were neeBedaromatic substrates, there are
three main sites where CH&an be directadl ortho, meta or para positions.Known
strategies for each type are discussed below.

7
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1.6 ortho-Directed CHB

The first type oflirected CHB using [Ir] was seen in 2008 by the Hartwig gr8up.
They showed that silyl groups could undergo metathesis with the boryl bgdhd metal.
Once the silyl group is coordinated to the metal, ddg@cent CH bond is activated.
Although thisroute had good selectivityequiringsubstrates prefunctionalizedth a silyl
groupwas not ideal.

To circumvent tfs, 6c-Heltateedd espiotedlh this design,whe s
catalyst is proposed to have two vacant coordination sites rathen@ndirecting group
on the substrateoordinates to one of the vacant sites of iridium@osltions thertho Ci
H bond near the second vacant site for activatidiScheme 1.7 depicts a general reaction
setup for the chelatgirected method.

Schemel.7 CHB reaction of a monosubstituted arene.

1 mol % [Ir(OMe)cod],

DG DG
©/ 2 mol % Ligand ©i
g Bpin

1 equiv B,piny

DG = Directing
Group
X
L, l wBpin
=
E/ | \Bpin
X = Bpin, Si

Chelatedirected catalysts are the most capable catalystattoo CHB and many

ligand variatios can be seen within the literature (Figure £2%



=

FaC CFs
\
/ _
FsC P CF, \ N
=N  N—NBn,
SiHi(pr),

CF3 CF3

Figure 1.2 Ligands used for chelatirected borylationd (a) monodentate phosphine
l i gand, (b) Ohemil abiled pyridyl hytdrazone
ligand.

Each of the ligands dfigure 1.2 are proposed to generate an active catalyst with
t wo vacant coordination sites. Mi witlaitsr a and
electron trifluoromethyl groupgan dissociate from the metal freeing up a coordination
site3’Lassal ettads pyridyl hydrazone | igand is
donating imine portion of the ligand can freely dissociate from the metal center and free
the second vacanite for ortho selectivit’L as t | vy , Smith and Mal eczk
guinoline silyl ligand replaceone of the anionic boryl ligands while maintaining stability
of the ligand through chelatioi

The previous two approaches to directed borylation relg &amctionality of the
substrate to directly interact with the metal center. A different approach would be for an
interaction between the ligand of the catalyst and the substrate. This approach is termed
6oudmehher ed di r-sphketedickcteddryationspthetigand acts as an acceptor
for interaction of the substraterominent gamples of this have been seen witlhbéhding

for ortho borylation of phenof and aniling® and Lewis aciebase pairgor borylation

of compounds with a sulfur directing grotfp



1.7 metaDirected CHB

To performmetadirected CHB, Kanai and coworkers designed a bipyridine ligand
with a urea linked to it/ They found that a hydrogdsonding interaction between the urea
Ni H and the lone pairs of a directing group (ester, ketone, amide, phosphate) could poise
the substrate for meta borylation

Phipps and coworkers also disclosed thatpaiming interactions between an
ammonium moiety of the substrate and a sulfate ion athttha bipyridine ligand could

direct CHBs for the meta site of aromatjEsgure 1.3)%4°

/ N Bpln
/N/, \\Bpln
Bpln
= /N+

Figure 1.3 lon-pairingstrategy formetaCHB.
1.8 para-Directed CHB

In 2015 Itami and coworkers devisedn@ethod for achievingara selectivity by
taking advantage of steric interactions between the substrate and alskysphine
ligand with xylene (Xyl) substituents The cumbersome ligand can effectively inhibit
activation of ortho and mefa H bonds duéo steric crowdingnear the coordination site

on iridium*42Scheme B demonstrates this concept.

1C



Schemel8l t ami 6s bul ky bisphosphine | igand f

R R
Ir(OMe)cod], O
Bulky Ligand MeO P(Xyl)2
o MeO P(Xyl),
1 equiv Bypin,
Bpin O

Ligand
blue crescent /O/
representative of
coordination site
~

Ir

Ir

Aside from steric factors influencing selectivity, the Smith and Maleczka group and
Phipps group concurrently showed tlaation-pairing method previously used foneta
CHB, could also be implemented foara CHB. This wa done by using an aryl sulfate as
the substrate with an alkyl ammonium counterion to sterically shield the meta sites from
CHB.43’44

Chattopadhyay group showed tipgira CHB could be achieved by noncovalent
interactions. This methagsedan L-shaped ligand with potassium ion substituenthich
acts as a Lewis acid’ he attractiorbetweenthe acidic ligand acceptovith the partially
negative carbonyl oxygen of tiphenyl ester substraked to products that were borylated
in the para positiof® This(C=OL L L L KT O) worked veell ta many phanyl esters

with varying steri¢ electronic, and substitution patterns of the aryl substraes catalyst

system showed to work well for heteroarenes donning an ester directing group as well.

Figure 1.4 shows the proposed catalyst for these<CHB

11
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Figure 1.4 Non-covalentstrategy fompara CHB.

In summary, there are many possible routes and iterations for achieving ortho, meta,
and para regioselectivities of aromatic compounds. Iridium precatalysts paired with
phosphine or nitrogen ligands create very reactive and tunable systems to yieldréae des
organoboron product.

1.9 Directed Iridium Catalyzed Borylationsof Aliphatic Compounds

Just like arylboronic esters, alkylboronic esters are an important class of
compounds used as intermediates and are present in an array of useful pharmadeaiticals li
Ixazomil#*® and Vaborbactarff, which are used aanticancer and antibiotiherapeutics
respectively.Despite the great strides made for G(sH CHB of (hetero)arenes, Ir
catalysts for C(spi H borylation are not as well developed.

The first use ofn iridium catalyst for C(Spi H borylation was done by Hartwig
us i rP-gnesityldne)lr(Bpiny and 3,4,7,8etramethyl,10phenanthroline (tmphen) as
precatalyst and ligand. Th catalyst could borylate cyclic ethers and

activation/functionalization occred in the 3position of the substratéScheme 1.9%°

12



Schemel.9 First iridium-catalyzedoute for sSCHBsu s i A-mesitylgne)lr(Bpirywith

tmphen on cyclic ethers.

o [ir]

( } tmphen o

1 equiv Bopiny

Bpin

Anothercommonly used method for 3porylationsis the relaydirected method
that was similarly used for $@HBs*%° Again, in this system, the starting material to be
borylated needs to have a silyl group installed in order to successfully carry out the
borylation. In this catalysis, the silyl group replaces a boryl ligand on the metal and
positions the aliphatic CTH bond near the metal for activation

As mentioned previously fasrtho-directed CHBs, chelatdirected catalysts are
also capable of performingSporylations. In these systems, ensuring that there is a second
coordination site is imperative. A heterogeneaatalyst that is efficient for this type of
borylation was developed by Sawanitirand uses a monodentate SHBRIAP ligand
(Scheme 1L0).

Schemel.10 Heterogeneous catalyst with- SMAP forsp® CHB.

%)
Ir(OMe)cod], S;'i
O

| ~ Si-SMAP | A Bpin
- —
N 1 equiv B,pin, N @

Si-SMAP

\

Other examples otatalysts exist in the literature for3sporylation, but these
systems operate based on either usintivated substrates, reldyrecion, or chelate

direcion methods

13



1.10 Conclusions
Organoboron compounds are incredibly versatile materials that have prominent use
as intermediates for drug discovery in the pharmaceutical industrystiage
functionalization of important complex molecules, and agrochemicals in the farming
industry. Ci H borylation reactions catalyzed by an iridium catalyst thee most atom
economical way of producing organoboron reagents directly from hydrocarbon starting
materials, cutting out the need of using prefunctional&dsstrateslridium catalysts are
adeptat performing CHB chemistgndmo di f i cati ons and i mpr oveme.l

efficiencyand selectivityare still being presently explored
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Chapter 2. Readily-AccessiblePhenylenediamire Pyridyl Ligands for

Iridium Catalyzed Ortho-Directed Ci H Borylation

2.1 Background to NitrogenBased Ligandsfor Iridium Catalyzed CiH Borylation

For catalyzedCHBEs, iridium precatalystgpaired withnitrogerrbased ligandbave
been at thdorefrontas the catalyst system of chaidée catalyss generatedrom this
metal and ligand combinatiosre knownfor their high performancebroad functional
group tolerance, andersatility in ortho,*> metg®® and para®!! directed borylations of
C(sp)i H aromaticsubstratesThey are alsavell-known for their use in the borylation
C(sp)i H aliphatic substrate$'® Initial usage ofipyridines (bpy) and phenanthrolines
(phen) have been employed in CHiisce 20@ and yiet productdrom functionalization
at the least sterically hindered B bond of aromatic substrat&sThese catalysts are

proposed to have a simglpen coordination site wheré B bondfunctionalizationoccurs

(Figure 2.1)
Miyaura, Hartwig, and Ishiyama's Lassaletta's Chelate-Directing
Steric-Directing Catalyst Catalyst
tBu
AN .
| Bpin - ) Bpin
/N/,,"Il‘\\\\Bpin N\ N//, l «Bpin
r s
d . Ir
-~ /N |\Bp|n r/\j/|::/| Bpin
BuT N\ [l Bn,N

(a) (b)

Figure 2.1 Proposed active catalystructuredor (a) stericdirectedcatalystusing dtbpy
and(b) chelatedirected catalystising a hemilabile ligand

In the years followingMiyaura, Hartwig,a n d | s hnitigl ase af®ipyridyl
ligands, pyridydhydrazone and benzylic amine pyridyl ligands by Lassaléftaand
Clark2>22 respectively, had been designed to perfomho CHBs relative to nitrogen
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based directing groups like hydrazone or amine groupedaiubstrate. Those ligands were
proposed to béhemilabiléand thus create an active catalyst with two vacant coordination
sitesby the process of the weaker imine donor atom dissociating from the metal center
(Figure 2.). This type of directed borylatn is callecchelatedirected borylatiorsince the
substrate will interact with the metal center directly via a directing group and position the
adjacent CH bond close to the metal for activation to occur.

However, a substrate scope limited to hydrazaopeénoline, or amine directing
groups was observed. Functionalities such as esters and amides were not viable for these
systemsand borylations of the substrates lead to low yields and selectivity. Not only that,
but it is still unclear as to how this ctas o f 6 hemi | ab which inakési gands
improvements upon their structures more elusive and challenging.

2.2 Other Ligand Types for Ortho-Directed Ci H Borylation

Other ligand types have been developed &bhelatedirected CHBs, like
S a w a mt*# solilsupported monodentate phosphsikcon ligand (Si-SMAP) and
L i ?6%%Si,B- and Si,Schelating ligandgFigure 2.2) Theseligands have goodortho

selectivty for variousdirecting groupsnd produce producis moderate to high yields.

)
S,i Q @S/Pr
(0]
B SiH(Pr),

(a) (b) (c)

Figure22Li gand str uct u(agSsS MAOR nSoamoadreunrtaadtse | i gan
(b) silicon-boryl and(c) silicon-sulfur ligand.
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Although tese ligand$unction well and are efficierfior CHB chemistry, they
involve nortrivial, multistep airsensitive syntheses and/or require stoichiometric amounts
of lithium reagents to produce, making their use less appe&8imgw a mu rSMARB S
ligand requiresan 18t ep synt hesis and invol aeao mul ti pl
multistepand need stoichiometric amounts kthium as well Given these downsides,
chelatedirected CHB is less appealing for syntheses since the liganelishemenotreadily
accessiblghave poor aistability, or difficult for further modifications.
2.3 Phenylenediamine Pyridyl Ligand Usage inCi H Borylations

In 2015, Li and coworkers developed a dimeboryl ligand with a
phenylenediamine backbone and pyridyl &frithis ligand operated as a stedicected
ligand for CHB catalysis using [Ir(OMe)cad]the same precatalyst used in the other
systems. Based othe structures of previolys designed ligands in Scheme 2\e
wondered whether the pyridyl di amine precur
might also work for CHB since pyridines are privileged ligands-tatalyzed CHBsind
a present feature ofiany ligand systems

Of thenitrogenbasedigands in Schemg.1, a limited substrate scofleassaletta s
ligand), lack ofregioselectivity(Hartwigd s |), ogadrsedsitivity(Li6 s |)iarg then d
main drawbacksBecause of these limitations and aii$, a ligand family that is both
trivial to synthesize and tune, while imparting higlgioselectivities in CHBs, would be
valuable to chemist he phenyl enedi amine pyridyl precur
is air and moisture stable, very tunable bwth steric and electronic features, and its
synthesis is trivial in that it can be synthesized in a single step starting with inexpensive

starting materials with no need for stoichiometric amounts of metals. The precursor is also
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easily purified by manymeans such as recrystallization, sublimation, flash column
chromatography, or Soxhlet extractiorhe design and investigation tifeseair-stable
phenylenediaminpyridyls as CHB ligands is described.

Scheme2.1 Ir-catalyzed CH borylation of usingnitrogertbased ligands.

1 mol % [Ir(OMe)cod],
2 mol % Ligand DG

DG AN
©/ 1 equiv Boping |
THF, 80 °C, 16 h /\Bpin

DG = Directing Group

Miyaura, Hartwig, and Ishiyama's
Steric-Directing Ligand

tBu tBu MesN
2= 7N
—N N —N N—NBn,

Lassaletta's Hemilabile Ligand

meta & para borylated products
air-stable

Li's Steric-Directed Ligand

ortho-borylated products
DG = hydrazone
air-sensitive

Phenylenediamine Pyridyl Ligands

(This Work)

| X
_N
H
(e 10 =
B—B
”’ N 7 N—NH  NH,
NZ N
9

meta & para borylated products
air-sensitive

ortho-borylated products
DG = ester, amide, hydrazone
air-stable

24 Analysis and Scope of Phenyladiamine Pyridyl Ligandsi Amine Type, NMR
Studies and Electronic Effects
Starting withthe initial phenylenediamine pyridyl ligandl (Scheme2.2), and

tert-butyl benzoate as the substrdkesborylation reactiomxhibited high ortho selectivity.
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While this ligandprovedto beuseful forortho-directed CHB, the relevance of its structural
features including the two amino groups substituted on the ligand was unclear.

LigandsL2-L11 were designed to systematically investigate the structural features
that contribute to the reactivity and selectivity of phenylenediapyndyl ligands. Their
modular synthesis makes preparatiorL®fL7 straightforward since each ligand can be
synthegzed by reacting halogenated pyridines with phenylenediamine starting materials
under neat conditions as shown in Scherfie 2

Scheme2.3 General reaction for ligand synthesis.

R 7 N\
X 7~
X + | h > / \ — R
- AN\h,  160°C, 16h NH
N7 X 2 =N
X=CL,Br  R=H, NHy NMe,

Pure ligands were easily obtained from theider mixtures by sublimationLl),
recrystallization I(2), or flashcolumn chromatography.8 andL6). Synthesis of ligands
L4 andL5 resulted in clean conversions that did not naeather purification beyond
workup and washing ahe product. Theeligands synthesized contained changeshie
location, presence, and substitutions for the two amino grbigandsL7-L11 were also
used to test various structural components and smaller fragmeurits Tiiese are shown
in Scheme & along with their ability to perform CHB chemistry.

First, we tested the placement of the ortho substituted primary amine in the
phenylenediaminél. LigandsL2 andL3 were synthesized to place that amino group in
the meta and para positions, respectivefythe phenyl ring. For both of these ligands,

lower conversions were observed, however, there was no dramatic drop in seléetivity.
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lacks the primary amine group and borylations run under the same conditidolsenhie
2.2 show inferior conversion to pduct and a slight decrease in regioselectivity.

Scheme 2.2 Nitrogenbased ligand screen fasrtho-directed CHB usingtert-butyl
benzoate as model substrate.

o) 1 mol % [Ir(OMe)cod], )
J< 2 mol % Ligand OJ<
o 1 equiv Bypin, .

THF, 80 °C, 8 h Bpin
NH,
<§ >—NH2 <§ i} <§ >
@NH NH, 2 NH /N NH /N NH
=N —N —N —N
L1 L2 L3 L4
Conv =73% Conv = 53% Conv = 68% Conv = 34%
o:(m+p) =97:3 0:(m+p) = 94:6 o:(m+p) = 937 o:(m+p) = 87:13
7 N\ N @NH NMe, QNH NH,
=N =N
L5 L6 L7
Conv = 8% Conv =21% Conv = <1%
o:(m+p) = 65:35 o:(m+p) = 90:10 o:(m+p):di-o = -----
NH,
\ N \ N \ N
L8 L9 L10 L1
Conv = 4% Conv = 32% Conv = 3% Conv =<1%
o:(m+p) = 1:99 o:(m+p) = 66:34 o:(m+p) = 1:99 o:(m+p) = -—---

This suggests that the role of the primary amine group plays into the reactivity of the
catalystHaving shown that an ortho substituted amino grougereeficial forthe ligand
we next tested the effects ofguibstitution in the orthphenylenediamine d&gment. The
tertiary amine ofL5 significantly hindeed ortho CHBs Comparing this td.1 and L4
suggestshat the secondary amine has a major role in these reactions.

Initially, since selectivity had plummeted when the secondary amino group had

been changkto a tertiary amine, it was thought that a hydrelgending effect was taking
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place between thamino grou@nd the directing group of the substrate YAMNMR study
revealed that hydrogdmonding interactions between the secondary amind afindL4,
ard the carbonyl group ahethyl benzoate was presehiis was determined kypllecting
proton NMR of the ligand with methyl benzoate at varying concentrafidresextent of
hydrogen bonding isffectal by thesolutionconcentrationA more concentrated sgple
will have more interaction between species and increase the amount of hydrogen bonding
that occursThis can be seen spectroscopicélythe observance of the hydrogen that is
involved in hydrogen bonding to be shifted more downfield due to it loshielded. In
this NMR experiment, concentration of the initial NMR sample was diloyettie addition
of more solvent. Thus, as concentration decreases,itHeobnd of the secondary amine
should be more upfieldnd show less of a hydrogen bonding effect.

However, doing these same studies viéhdid not show any hydrogen bonding
effect, yet the selectivity was still high. Thus, it was concluded that the added steric
hindrance of the methyl group on the aminelL&f was the inhibitor for higheortho

selectivity.These spectra are displayed in Figures253
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Figure 2.3 HydrogenBonding Effect Betweehl and Substrate
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Figure 2.5 HydrogenBonding Effect Betweeh6 and Substrate.

Subjecting ligand4.1-L6 to 1.2 equivalents oHBpin at room temperature had
shown N B bonding between the primary amine and boryl group, as evidenced B the
NMR showing a broadened peak at 24 ppm. N® NMonding was seen fdr6 or L4
indicating that the secondary amine is nepensible for the peak observed on NMR and
that the interaction between the primary amine and boron source aids in catalysis. It has
been proposedhat the interaction betweethe ligand and boron source aids in
preorganization of the ligand and bettereats it to interact with the metal. Also, the

Smith and Maleczka grogphave disclosed that the rigidity of the ligand ¢arprove
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coordinationwith the metal, evidenced by the more inflexiBld,7,8tetramethyl1,10
phenanthroline(tmpher) being a bder ligand than44 -@i-tert-butyl-2,2 -®ipyridyl
(dtbpy).?8 Perhaps the coordination lof with the boryl group also creates a similar effect.
Ligand to metal connectivity was hypothesized to be occurring between the pyridyl
nitrogen atom based on the previous literature. Ligaidwas designed to test this
hypothesis by replacing the pyridyl group with a phegrglup When this ligand was used
for CHB, it was shown to be unreactive. To confirm the ligaredal connectivity, the
reaction of [Ir(Cl)cod (1 equiv) and-1 (2 equiy) was performed in hexanes at 65 °C for
3 hours. The proton NMRhowedcomplete consumption of reagents doxmation of a
new compound. A crystal suitable forray of theL1 ligated iridium complexI(N ) was
obtained byrecrystallizationusing DCM/pentaa. Thisstructure(Figure2.6) revealed an
iridium complex ligated with 1 8yclooctadiene (cod), chlorine, and through the
pyridyl nitrogen. The hydrogen of the secondary amine was measured to not be in close
enough proximity to the metal center fordnggen bonding to the metad chlorine ligand
ThelrN complex used for CHB reactions gave results consistent with the reactivity and
selectivity of the catalyst generatedsitu. For example, when usingN to borylate methyl
benzoatea yield of 63% ofproduct with an ortho selectivity of 80% was obtained. Trhe
situ generated catalyst borylated methyl benzoaith a 65% vyield with the same

selectivity.
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Figure 2.6 Crystal structure ofrN complex with hydrogen atoms omitted for clarity. Ir
(purple); N (blue); CI (green); C (gray).

To verify that both the pyridyl and phenylenediamine componentslofvere
crucial to the catalysis, ligandi8-L11 were used for CHBs. Of these ligands, nonthef
substituted pyridines or diaminobenzene groups that makklupad shown a high
propensity for either selectivity or reactivityndicating that both parts of the ligand are
necessary for CHBs. Furthermore, when no ligand was used for catalysisydlses&%
conversion and selectivity was dominated by steric effects. Iflahlyas used without a
precatalyst, no reaction took place.

Lastly,L12 andL13 were synthesized in similar fashion to Schen$ar2a single
step, demonstrating the ease of tunithg ligand with either electron donatingor
withdrawing substituentdlany combinations and locations are possible for modification;
however, the 4osition of pyridineand backbone of the phenyl groape particularly
attractive sincehesegroupsarein resonance with thpyridine sg-N and could increase
reactivity of the systentollowing the reaction setup in Schemé, & was found thatdth

ligands were viable foortho CHB and showed a modest increase in reactivity
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Scheme2.4 Electronic effects of a modifieldl .

0 1 mol % [Ir(OMe)cod], 0
J< 2 mol % Ligand O)<
¢ 1 equiv Bypiny .
B B

THF, 80 °C, 8 h pin
@NH NH, @NH NH,
—N —N
L12 L13
Conv=77% Conv =78%
o:(m+p) = 96:4 o:(m+p) = 97:3

From these reactions, it can be seen that this ligand frameisor&rsatile and
easily modified for different electronigroups With further modificions available,
different possibilitieexist for changing the structure and capabilities of the ligand
2.5 Studies into the Catalyst Systeibigand Loading and Chloride Source

In order to glearinformation onthe structure of the active catalyst, teserav
performed to determine if multiplel ligandscould be binding onto the metal during
catalysisThis phenomenoaf bis-ligation of monodentate ligandshigpothesizedo occur
inMi yaur a and | -glitedting aatalysh systedrbr ¢his eatalgstnonodentate,
electron withdrawing ligands would dissociate from the metal center to free a second
coordination siteHowever, itwould bethermodynamically more favorable for the iridium
center to ba pentacoordinatais-ligatedstructue, which would decreas@thoselectivity,

as shown irscheme 2.5°%30
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Scheme2.5Mono-and bisl i gat ed i ridium structures of
where L = AsPhor tris[3,5-bis(trifluoromethyl)phenyl]phosphine

Bpin Bpin
Lo, \\\\\Bpin I % \“\\Bpin
07| Bpin D | Bpin
O O
chelate-directed steric-directed

To test whether the active catalyst could be monbisligated, similar conditions
to Scheme 2.2vere performed using 2, 4, and 8 mol % ligand loadofdsl. Selectivity
and reactivity dropped precipitously as morenidgavas adde(lable 2.1) suggesting that
thecataly$ has ond.1 ligand bound to the iridium.

Table 2.1 Effects of ligand loading on the catalyst system.

o) 1 mol % [Ir(OMe)cod], 0
J< X mol % L1 J<
O 1 equiv Bypin, _ o
l Bpin

THF, 80 °C, 16 h

Entry Ligand Loading Conversion o:(m+p)
(mol %) (%) (%)
1 2 72 95:5
2 4 46 78:22
3 8 23 5:95

Reactions run on a 0.5 mmol scale of substrate, 0.5 mgpoiB1 mol % [Ir(OMe)cod],
and 2 mol % L1 in 1.0 mL THF for 16 h. Selectivity determined#yNMR analysis of
sample.

Continuing with these studies, anothéest was run to determine whether the
chlorine ligand remains on the metal during catalysis. Following the seftable 22, it
was seen that concentrationsaahloride source (BN*CI") had an inverse relationship
both selectivity and conversion. Based on this, it can be reasoned that the chloride ligand

is eliminated from the metal center before forming the active catalyst competent for CHB.

The possibilityof the chloride inhibiting catalysis is present as well.
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Table 2.2 Effects of a chloride source on the catalyst system.
1 mol % [Ir(OMe)cod],

0 2 mol % L1 O
J< x mol % Et,;N*CI oJ<
O 1 equiv Bypiny o

THF, 80 °C, 16 h Bpin
Entry EuUN*CI Conversion o:(n+p)
(mol %) (%) (%)
1 0 72 95:5
2 2 26 67:33
3 4 <1

Reactions run on a 0.5 mmol scale of substrate, 0.5 mgpaiB1 mol % [r(OMe)codp,
and 2 mol % L1 in 1.0 mL THF for 16 h. Selectivity determined#yNMR analysis of
sample.

From these studies, it is proposed that the active catalyst foorthisdirecting
system has onel ligand bound, no chloride ligand, and woulely be a trisboryl species
based on what has already been disclosed about traditiarahlyzed CHB systems.

2.6 Substrate Scope

To demonstrate the effectiveness of this catalyst system, a substrate scope was
carried out orseveralsubstrates with varying functionalities and directing grodjpe
substrates of Tabl2.3 contain ester, amide, or hydrazone functionalities, which adre
shown to be effective directing groups @otho-directed CHB. For these substratgs/),
high orthoregioselectivity could be achieved (8@%)andin moderate to high yields (65
82%). For monosubstituted substratenore diborylation in thertho positionoccurred
(1a), but when the methyl ester directing group was bulkier like in the case for substrates

2, 6, and 7, there was noortho diborylation seen. Likewise, for phenyl substrates

substituted in the-position @3-5) no diborylation was observed.
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Table 2.3 Substrate scope

1 mol % [Ir(OMe)cod],
2 mol % L1

Ar-H i ) Ar-Bpin
1equivBoping
THF, 80°C,16h
substrate product o:(m+p):di-o % yield
CO2Me COzMe
©/ @ 80:8:12 65
Bpin
1 1a
CO,tBu CO,tBu
©/ @ 91:9:0 77
Bpin
2 2a
_0O COyMe _0 CO,Me
92:8:0 56
Bpin
o | p
_N CO,Me N CO,Me
97:3:0 54
Bpin
4 4a P
F3C COzMe F3C COzMe
\©/ \@ 83:17:0 82
Bpin
5 5a
CONMe, CONMe,
©/ @ 95:5:0 82
Bpin
6 6a P
H H
N ,NMez N ,NM62
N N 84:16:0 74
Boi
7 7a P
(0] (0]
0) S (o) S 3:(4+45) 95
| | Y | / Bpin 1:99
8 8a

Reactions run on a 0.5 mmol scale of substrate, 0.5 fgpot., 1 mol % [Ir(OMe)cod],
and 2 mol % L1 in 1.0 mL THF for 16 h. Selectivity determined#yNMR analysis of

sample.



For these same disubstituted arenes, both electron donating groups (methoxy and dimethyl
amine) and electron withdrawing groups (trifluoromethyl) were shown to be borylated with
high selectivity and moderate to high yields. Hagtho selectivity was alsobserved with
amide 6) and hydrazone7j directing groupsSubstrates with ketone (acetophenone) or
aldehyde (benzaldehyde) functionalities were not viabtirecting groups or CHB under
the conditions of Tabl2.3. These substrates had shown no conerit® borylated product
by *H NMR. Testing for other possible directing groups, it was found that chlorine, fluorine,
and methoxy groups were ndirecting and selectivity of the borylations were determined
by steric factors. The heterocycle methythibbphenecarboxylate was tested as well to see
if the catalyst could borylate ortho to the egperup Full conversion was achievedthin
4 hours but the product was borylated in thgsition. The quinoline silyligand designed
by the Smith and Maleczlgroupcould borylate this challenging heterocycle adjacent to
the ester, but this ligand required-aige conditions and stoichiometric amounts of lithium
to synthesize.
2.7 Conclusions

In conclusion phenylenediamingyridyl ligandsarecapable of perfaning iridium
catalyzedCHBs of areng Reactions yielded products borylated in tivého position
relative to a ester, amide, or hydrazowkrecting group of the substratéth various
electron donating/withdrawing substituentsgand L1 works as a monodentate ligand
bondedthrough thepyridyl nitrogen. Based on the experiments mentioned, the primary
amine coordinas to the boron sourgevhich helpsaid in theformation of the active

catalyst, and the sterics of the secondary amine influence seleciivigy.ligands
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synthesized are astableand easily modified The starting materials fothe ligandare

inexpensive, making these ligands very accessible to WSdihcatdysis.
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