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ABSTRACT

Aryl boronic esters serve as synthetic intermediates for diverse applications in natural
products, agrochemicals, and pharmaceuticals due to the abundance of transformations C—B bonds
can undergo. These compounds are commonly synthesized in an atom-economical way by directly
converting C(sp?)-H bonds into C—B bonds using Ir-catalyzed C—H borylation (CHB) chemistry.
Traditionally, this process favors the C—H bond in the least sterically congested position on
substituted (hetero)aromatic ring systems. The work described here unveils novel CHB methods
that are competent in targeting specific C—H bonds, thereby enabling the synthesis of a diverse set

of compounds.

In recent years, a N,B-type dimeric pre-ligand (BB) emerged as the first spectator boryl
species capable of steric-directed CHB using a 2:1 ratio of pre-ligand to Ir. Chapter 2 describes
how this system was modified to direct borylation ortho to directing groups such as amides and
esters by decreasing the ligand to metal ratio to 0.5:1, respectively. Additionally, it was found that
maintaining the ligand to metal ratio at 2:1 while switching the Ir(I) pre-catalyst from
[[r(OMe)cod]2 to [IrCl(cod)]2 also led to the generation of chelate-directed products. These
methods represent the first instances in which regiochemical switching is achieved by altering the

reaction conditions as opposed to the ligand system.

The synthesis of the hypothesized pre-assembled catalyst, representing the system where
BB loadings are decreased, was isolated and resulted in an Ir(IIl) cationic species ion pairing with
[IrCl2(cod)] as the counteranion. Chapter 3 studies the role of this Ir(I) anionic species in catalysis,
detailing a new mode of Ir-catalyzed CHB. This system demonstrates [IrCl2(cod)]|[NBua4] as a
competent catalyst for the transformation of C—H to C—B bonds, independent of external ligand or

substrates bearing a directing group. Furthermore, it was found that the site of C—H activation is



influenced by the length of the alkyl chain in the ammonium cation, where [NPr4]" increased the
amount of ortho borylated product. Mechanistic experiments suggest this occurring through a
heterogenous process that is distinct from classical homogenous CHB reactions that proceed via

an Ir(Il)/Ir(V) catalytic cycle.
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CHAPTER 1.
INTRODUCTION

1.1: Aryl Boronic Esters and Acids
1.1.1: Practical Applications

Boronic esters and acids have been proven to be useful intermediates in natural product
synthesis, pharmaceuticals, and other disciplines for decades.!* These compounds are reactive due
to the unique electronic properties in C—B bonds where boron possesses an empty p-orbital, is less
electronegative than carbon, and holds Lewis acidic character. Overall, these characteristics open
a plethora of chemical reactions that transform aryl boronic esters or acids into C—R moieties,
where R = C, O, N, Si bonds. Examples of common general reactions that utilize these substrates
are transition metal or oxidative cross coupling, 1,2-migration, or nucleophilic attack of boryl
anions.>* Of the many routes in creating organoboranes, iridium-catalyzed C-H borylation (CHB)
has found its way as an atom economical approach in making this important class of compounds.
Generally, the regioselectivity of iridium catalysts ligated with commonly used bipyridine or
phenanthroline ligands is complimentary to electrophilic and nucleophilic aromatic substitution in
that the product regioselectivity is determined by steric effects rather than electronics.>”’

1.1.2: Synthetic Methods

An extensive amount of research has been done on the development of methods for the
synthesis of boronic esters and acids. These methods include transforming C—X (X = Cl, Br, I) or
C-H to C—B bonds. Metalation is an indirect way to achieve this where an aryl halide is necessary
to reach a Grignard or organolithium intermediate, which then adds to a boronic ester reagent
(Scheme 1.1, Method A). Miyaura borylations became a popular, and more practical way of doing
this where C—X bonds could be directly transformed via Pd-catalyzed cross-coupling with base

activated boron reagents (Scheme 1.1, Method B).3° Though these methods get to the desired



product, they depend on the availability of specifically substituted aryl halides, which inevitably

limits the extent of where this type of chemistry can be applied.
Scheme 1.1: Methods to Prepare C(sp?)-B Bonds.

I. C-B Transformations from Aryl Halide

. N
"BuLi ©/L'
B(OR), B(OR)s
X . MgX (— ~
Method A

X=Cl, Br, | Pd(ll) < via Grignard & Organolithum
KOAc B(OR); Intemediates
—
B2(OR)4 @
Method B

Direct C—X to C—B Transformation

I1. Direct C—H Borylation

Bapin;
dtbpy

©H [If(OMe)cod], @Bpi"

Method C
Direct C—H to C—B Transformation

Approaching the 21% century, direct C—H borylation (CHB) became the most common and
effective way to yield aryl boronic esters and acids. After Smith and Iverson’s discovery of the
first thermal catalytic CHB reaction of benzene and an Ir complex,'® rapid improvements were
made to increase the Ir turnover numbers. Initial findings found that diphosphine and bipyridyl
ligands sufficiently directed catalysis towards the least sterically hindered C—H bond with
[Ir(X)cod]2 (X = Cl, OMe) as the Ir(I) pre-catalyst and B2pin2 or HBpin as the boron source

(Scheme 1.1, Method C).



1.2: Ir-Catalyzed CHB Mechanism
The mechanism for Ir-catalyzed CHB was studied in the early 2000’s where Smith and co-

workers initially discovered that Ir(I) catalysts were inadequate for catalyzing these reactions. This
provided a crucial insight into the underlying mechanism.'! Hartwig later carried out a plethora of
mechanistic studies that solidified the understanding that CHB occurs through an Ir(II1)/Ir(V)

catalytic cycle (Figure 1.1).'2

R = aryl, alkyl, or heteroaryl

Bpin Ny v Bpin
~ III , Iy cycle pn_ .
. . Bpin Bpin
Bopiny or HBpin, L L <_7||r{Bpin 50-5000 turnovers |_—|||~£|—|p
N
L L = bipyridine L QL/ @

HBpin or H-H Bpin H-Bpin or Bypin;
L] Bpin
LH_(||T"Bp|n
Bpin/H

Figure 1.1: Ir(IIT)/Ir(V) Catalytic Cycle.

These studies primarily utilized Ir(IIl) tris-boryl species [Ir(dtbpy)(COE)(Bpin)s] as the
pre-assembled catalyst entering the catalytic cycle (I). The rate determining step (RDS) was found
to be oxidative addition of I into the C(sp?)~H bond of the substrate to give Ir(V) species II.
Isotopic labeling and kinetic studies showed a primary kinetic isotope effect and overall rate
constants as first order in arene, zero order in Bapinz, and half order in catalyst due to the reversible
association of COE yielding equimolar amounts of the tris-boryl complex with and without bound
COE. The mechanism was also supported by computational studies done by Sakaki.'* After

reductive elimination of the borylated product, the boron source oxidatively adds to the resulting



species III to give the Ir(V) complex IV to complete the catalytic cycle after reductive elimination

of HBpin or H2 depending on the boron source used, regenerating tris-boryl complex I.

1.3: Methods to Control Regioselectivity in CHB
1.3.1: Ligand Types for ortho-CHB

C-H activation generally occurs at the least sterically hindered position on the substrate
when using bidentate bipyridine or diphosphine ligands.®!! Oxidative addition of the C—H bond
will occur on the open coordination site of the aforementioned Ir-trisboryl species, where the site
of C—B bond formation is typically governed by bulkiness of the substrate or ligand.>'* Borylation
ortho to directing groups such as amides and esters has been achieved by opening up an additional
coordination site for a directing group on the substrate to chelate and direct CHB.!>!'® This has
commonly been done by designing a ligand that enables direct inner-sphere coordination between

a Lewis-basic directing group on aryl substrates and metal center (Figure 1.2).

Sawamura found that Si-SMAP-Ir, a silica-supported monodentate phosphine-iridium
system, was viable to ortho borylate aryl esters, amides, and phenols derivatives in high yields and
selectivites.!”!® This system differed from previously reported Ir-catalyzed CHB systems as this
catalyst was heterogenous, however, the reaction of Si-SMAP and [Ir(OMe)cod]2 to yield this
species was difficult to reproduce and synthesize. Miryaura has also selectively borylated ortho to
aryl esters using a triaryl monodentate phosphine ligand.!” Soon after, Lasaletta screened N,N
ligands having the potential to be hemilabile and found aromatic N,N-dimethylhydrazones to be
suitable for ortho borylation of isoquinolines and aryl hydrazones.?*?! Clark also discovered
picolylamine can be used as a hemilabile ligand to borylate ortho to benzylamines under mild

conditions.?? The evidence regarding the hemilabile nature of these ligands during catalysis has



not yet been secured, though it is hypothesized that the weaker donor substituents tethered to the

pyridyl backbone will dissociate and allow the coordination of a directing group.?’

I. monodentate - 1I. hemilabile
D/,,, I Bpin T E D/,,, I \Bpin
r . | Ir
RsP” | ~Bpin /—Ir—OMe ! N | ~Bpin

Bpin | ! Bpin
5 N
FsC :
BN =N
P . =N N-NBn,
FsC E Lasaletta2%21
3 /2N
Sawamura!’- 18 Miryaura & Ishiyama'® E =N NH,
| Clark??
_____________________________________________ ..
II1. monoanionic A
.
] spin Si-i-Pr,H N. NH
: --Fr
L/lr‘Bpin N B~
X N
Si-i-PryH =" PhSiMe,
L=P N
X =Si,B OMe
P(p-Tolyl)» Li25

Smith & Maleczka?*
Figure 1.2: Ligand Designs for ortho-CHB.

Inspired by the highly reactive Si-SMAP-Ir system, our group designed P,Si- and N,Si-
monoanionic ligands capable of ortho borylating to a variety of substituted (hetero)arenes bearing
amide and ester directing groups in a homogenous fashion.?* Following the mechanism for Ir-
catalyzed CHB mentioned previously, replacing bipyridine with a L-X type ligand would allow
the silyl group to take the place of a spectator boryl and yield a bisboryl Ir(Ill) intermediate with

two open coordination sites. Interestingly, the first ortho CHB reported by Hartwig and co-workers



found that dtbpy could be used as the ligand as long as the silyl group was tethered to the
substrate.?® This method is limited given the necessity of hydrosilane directing groups.

Li and co-workers later reported monoanionic pre-ligand N,B-Si, expecting that the B—Si
bond would oxidatively add to the metal center and the silyl ligand would be removed via reductive
elimination or ligand exchange with -Bpin.?® This system was efficient at ortho borylating a
plethora of substrates in high yields and selectivities.

1.3.2: Non-Covalent Interactions

The ligand types discussed previously are predominantly compatible with directing groups
that can strongly coordinate to Ir. As borylation is not only limited from a regioselective
perspective, where borylation is directed ortho vs meta and para, but in most cases the substrate
scope is confined to derivatives of aryl esters, amides, and carbamates. To overcome this limitation,
non-covalent or outer-sphere interactions between the ligand on the catalyst and substrates, some
of which are categorized under electrostatic interactions,?’ have been explored where the proximity
of the C—H bond to the metal center is determined by the resulting geometry of the catalyst
intermediate during C—H activation (Figure 1.3).

H-bonding interactions have been advantageous in directing catalysis in the ortho and meta
positions of aryl substrates bearing a hydrogen bond acceptor. Kanai and Kuninobu were the first
to report catalyst controlled meta-selective CHB’s by utilizing a bipyridine ligand substituted with
a pendent urea moiety.?® Mechanistic studies indicated an important role of the hydrogen bonding
interaction between the urea and aryl esters, amides, and phosphonates to direct catalysis
specifically at the meta site, avoiding substrate-metal coordination. Years later, Reek and co-
workers showed ortho-CHB of N-methylbenzamide derivatives using a similar ligand framework,

where DFT calculations support that the selectivity is controlled via H-bonding interactions.?’



Phipps has expanded on this idea by attaching a pendent sulfonate anion to bpy, aimed to hydrogen
bond with benzyl-amine derived amides as the hydrogen bond acceptor and resulted in meta
borylated products.*

Our group discovered a method to achieve ortho selectivity through N-borylated
intermediates of a wide variety of substituted anilines, employing dtbpy as the ligand.’!
Computational studies revealed a hydrogen bonding interaction occurring between the Ir-Beg
ligand and the anilines N(Beg)H, where transition states of other electrostatic interactions had
higher Gibbs’ free energies.

Lewis-acid base interactions is another method employed to control the regiochemical
outcome in CHB. This was first observed by Kanai and Kuninobu, demonstrating successful ortho
borylation on aryl sulfides when using an aryl boronic ester tethered to bpy as the ligand.** The
authors carried out control experiments to study ligand-substrate interactions, discovering that
ortho borylation could only be achieved when the boronic ester was in the ortho position of the
pendent arene. However, when the boronic ester was in the para position, only meta and para
borylated products were observed. This suggested that ortho selectivity was influenced by a Lewis-
acid base interaction between the boron of the ligand and sulfur atom of the substrate.

Recent work done by Kuninobu and co-workers revealed that using a derivative of this
ligand, where the boronic ester is removed from the pendent arene, also led to the formation of
ortho borylated aryl sulfides.’® The authors carried out computational studies demonstrating that
regioselectivity is determined by a hydrogen bonding interaction between the methyl group of
dimethyl sulfide and a spectator boryl on the Ir catalyst.

Other notable work by Nakao and co-workers shows para-selective CHB of benzamides

can be achieved through cooperative Ir/Al catalysis, where a bulky aluminum additive is added
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to the reaction and directs catalysis as a Lewis acid with the substrate.>* His group later reported
meta-selective CHB of benzamides and pyridines by incorporating a derivative of this aluminum
species directly on the ligand.* Further investigation in the structure and applications of such Ir/Al
bifunctional catalysts in CHB, as well as ortho borylated products of dimethyl-benzyl amine
derivatives using similar systems, has been detailed by Yamashita and Suzuki in recent years.*°
Phipps, a pioneer in discovering this type of mechanism, showed that their anionic
bipyridine ligand (previously discussed to direct CHB via hydrogen bonding)*° can also be used
with cationic quaternary ammonium and phosphonium salts as the aryl substrate to direct the
catalysis at the meta position through ion-pairing.>’° In the following years, our group in tandem
with Phipps investigated sulfated phenols, benzyl alcohols/sulfonates, and anilines that were
synthesized with tetraalkyl ammonium counter-cations.***! Employing these substrates in CHB
reactions resulted in para borylated products as the major regioisomer. Control reactions showed
that as the alkyl chain length decreases, para selectivity diminishes, supporting the idea that ortho
and meta positions are blocked when tetrabutyl ammonium is ion-pairing with the substrate. In
most recent years, Phipps has elevated this concept by showing the use of a common
organocatalyst as a chiral cation to desymmetrize benzhydrylamides via remote CHB with anionic
iridium bpy complexes.*> Work has also been done by Chattopadhyay and co-workers showing
outer-sphere O’ K"---O ion-pairing interactions between a bpy derived L-shaped ligand and aryl

esters compatible for para selective CHB.*?
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CHAPTER 2.

REGIOCHEMICAL SWITCHING IN Ir-CATALYZED C-H
BORYLATION USING N,B-TYPE DIBORON SPECIES

2.1: Altering Pre-ligand Loadings

2.1.1: Introduction

In 2015, Pengfei Li and co-workers introduced a new spectator tetra-N-substituted diboron
complex with an N!-(pyridin-2-yl)benzene-1,2-diamine backbone (BB) that was competent for
steric-directed iridium catalyzed CHB (Scheme 2.1, A). The ligand is designed to stabilize the
typically reactive boryl ligand through chelation! where the lone pairs of the adjacent nitrogen
atoms can donate into the p-orbital of boron and reduce its predisposition of being removed from
the metal.>* As reaction conditions followed the classical 2:1 ratio of ligand to Ir(I) dimer,® Li’s
group synthesized the hypothesized pre-catalyst by reacting 2 equiv of BB with [IrCl(cod)]2. The
product [Ir(BB)2(cod)][Cl] was characterized by X-ray diffraction and features an Ir(IIl) cation

where two boryl pyridine chelating ligands are installed by B-B oxidative addition to Ir(I).6

Scheme 2.1: General Reactions of Steric and Chelate-Directed CHB Using BB.

A. Steric-Directed Catalysis

1.0 mol% [Ir(OMe)cod],
2.0 mol% BB
N COR; 1.0 equiv B,pin, . R X COR4 | X
RT THF, 100 °C, 16 h - _N
. H
P “e-e
B. Chelate-Directed Catalysis N N
H N=
1.0 mol% [Ir(OMe)cod], BB ~ A
0.5 mol% BB
@/COR1 1.0 equiv B,pin, R X COR
RTC THF, 100°C, 16h R
= ’ ' Z Bpin
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Given the use of a dimeric pre-ligand, it was hypothesized that this catalyst could be altered
by reducing the number of B,N ligands attached to the metal center, thereby creating an open
coordination site to yield chelate-directed ortho products. We have found that when decreasing the
pre-ligand loading in the reaction to BB:[Ir(X)(cod)]2 = 0.5:1 (X = Cl, OMe), aryl amides and
esters are selectively ortho-borylated with Bapinz (Scheme 2.1, B). In this work, the method of
changing the regioselectivity of a traditionally steric-directing catalyst for ortho C—H borylation is
described.”

2.1.2: Preliminary Results
The results of Table 2.1 demonstrate that using the BB pre-ligand in lower loadings

resulted in higher ortho selectivity. In fact, as the loading decreased, more chelate product was

formed (Entries 1-5).

Table 2.1: Comparison of BB and dtbpy at Various (Pre)ligand Loadings.

1 equiv Bopin,
X mol% (pre)ligand

CO,tB 8
228 1 mol% [Ir(OMe)cod], inB_@ woee
THF, 100 °C, 16 h P

selectivity
entry (pre)ligand xmol% (o:(m+p)) conversion
1 BB 2 1:>99 >99%
2 BB 1 60:40 80%
3 BB 0.75 90:10 74%
4 BB 0.50 95:5 67%
5@ BB 0.50 96:4 90%
6 dtbpy 2 1:>99 99%
7 dtbpy 0.50 1:>99 74%
8? dtbpy 0.50 1:>99 76%

Conversions and selectivities were calculated using 'H NMR of crude reaction
mixture. Entries 5 and 8 were run using 1 mol % [Ir(Cl)cod], as precatalyst.

These results did not follow typical CHBs using iridium catalysts. Stoichiometrically,

traditional catalyst systems like Hartwig, Ishiyama, and Miyaura’s use of dtbpy and [Ir(OMe)cod]2
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require a 2:1 ratio of ligand to precatalyst.® Previous work done by our group on ligand to pre-
catalyst ratio showed that optimal catalytic activity was achieved when the pre-ligand is in slight
excess of the pre-catalyst, where attempts using a 1:1 ligand to pre-catalyst ratio with dtbpy or
tmphen and [Ir(OMe)cod]2 resulted in lower catalytic activity.” Similarities are found in this work
where we observe that decreasing the amount of dtbpy to pre-catalyst lessens the reactivity of the
system, but has no effect on regioselectivity (Entries 6-8).
2.1.3: Hypothesized Pre-assembled Catalysts

In Li’s report displaying BB as a competent pre-ligand for steric-directed borylations, he
successfully isolated the hypothesized pre-assembled catalyst by reacting 2 equivalents of BB with
1 equivalent of [IrCl(cod)]2.® This resulted in oxidative addition of the B-B bond and produced
the Ir(Ill) cationic salt, [Ir(BN)2(cod)][Cl], where two B,N-ligands are chelated to the Ir metal

center with COD (Figure 2.1, Complex 1).

— 1® — 1®
el o1l
|/Ir\CI
N N
N NH N NH
I B — / B —
. N/,,,Ilr‘\\ g . N/,,,llr‘\\N\ |
\""| “B-N N\ BN
N HN \ HN@
1 2

Figure 2.1: Isolated Pre-Catalysts Using a 2:1 ratio (1) vs. 1:1 (2) ratio of BB:[IrCl(cod)]a.

To better understand why we see a switch from steric to chelate-directed CHB at decreased
BB pre-ligand loadings, we attempted to isolate the pre-assembled catalyst that best represents our
system. Mimicking the reaction conditions that yield the highest ortho selectivity, we reacted 0.5
equivalents of BB with 1 equivalent of [[rCl(cod)]2, though this gave inconclusive results. Reacting
equimolar amounts of BB and [IrCl(cod)]2 produced the structurally characterized salt
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[Ir(BN)2(cod)][IrCl2(cod)], where the Ir(III) cation is identical, however, the key distinction is the

Ir(I) counterion instead of the chloride (Figure 2.1, Complex 2) seen in Li’s work.

To identify the role of Complex 2 in this system, we used it in chelate-directed CHBs under
standard reaction conditions with substrate and B2pinz. Though this complex was not catalytically
competent at room temperature, we observed ortho-borylation of tert-butyl benzoate (o:(m+p) =
95:5) with 77% conversion at 100 °C. At temperatures of 80 °C and lower, reactivity dropped
significantly though ortho-borylation was still preferred. These data suggest the possibility of the

pre-assembled catalyst playing a key role in the catalytic cycle and regioselective outcome.

Initial attempts to change the regioselectivity of Complex 1 for ortho CHB used a base
additive, KO-#-Bu, to setup a Lewis acid-base interaction with one of boron’s p orbitals and initiate
cleavage of the bidentate ligand. Similar reactions have precedent in our research group.'? This
method was not successful; In fact, it inhibited borylation in proportion to the amount of KO-z-Bu
used based on both conversion and ortho selectivity.

2.1.4: Substrate Scope Comparison Under Chelate and Steric Conditions

Based on the promising results in Table 2.1, a substrate scope study was carried out using
the reaction conditions from Entry 4 for achieving ortho regioselectivity. To fully assess how the
pre-ligand loading differs in this catalytic system, reactions were run in parallel to Li’s original
system® (Table 2.1, Entry 1), alongside our optimized reaction conditions of 0.5 mol% BB and

[Ir(Cl)cod]2 (Scheme 2.2).
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Scheme 2.2: CHBs of Arenes using Conditions for Steric- and Chelate-Directed Catalysis.

1.0 mol% [Ir(Cl)cod],

0.5 mol% BB

1.0 equiv Bypiny R X CO2Ry

THF, 100 °C, 16 h R o 2a-2h

in
NS CO,R; P

= 1.0 mol% [Ir(OMe)cod], CO.R

2.0 mol% BB X 2
1a-1h A i R_I 3a-3h

1.0 equiv B,pin, =

THF, 100 °C, 8 h

Bpin

chelate products

@Cone @COZtBu @CONMeZ
Bpin Bpin Bpin

2a, 85% 2b, 83% 2c, 89%
(o:(m+p):di-o = 78:8:14) (0:(m+p) = 96:4) (0:(m+p) = 96:4)
2e, R = OMe, 78%
F (2:3=93:7)
pinB CO,Me R CO,Me 2f, R = NMe,, 62%
\Q (2:3=91:9)
22 Bpin 29, li = E?r, 96%
Br (2:3=77:33)
2d, 82% 2h, R = CF3, 82%
(2:3=283:17)

steric products

pinBQ/COZMe pinB\Q/COZtBU pinB CONMe,

Bpin Bpin Bpin
3a, 65% 3b, 58% 3c, 45%
(o:(m+di-m):p = 0:70:30) (0:(m+di-m):p = 0:65:35) (o:(m+di-m):p = 1:77:22)

3e, R = OMe, 76%

F
pinB CO,Me R CO,Me (2:3 = 5:95)
\Qj 3f, R = NMe,, 80%
° 39, R = Br, 93%
Br Bpin 3h, R = CF, 88%
2d, 93%

Conversions and selectivities were calculated using "H NMR of crude reaction mixture.
Note: N,N-dimethylbenzamide was used in the generation of 2c and 3c.

For the esters and amide tested, it was found that changing the ligand loading flips the

regioselectivity, with ortho-selectivity ranging from 60-96% being observed with 0.5 mol % BB.
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Steric controlled conditions with 2 mol % BB gave almost exclusively the meta and para steric
products (3a—3h). CHB reactions for both conditions were effective for a variety of functional
groups, both electron withdrawing and donating. To see the efficacy of the chelate-directed
conditions, ortho borylation was attempted for substrate 1d, which has only one ortho site to the
ester directing group and a bulky substituent in the position meta to the ester. The borylation of
this substrate was in the steric position regardless of the pre-ligand loading conditions, illustrating

the limits for switching regioselectivity with multiple substituents present.

Scheme 2.3 shows mono and di-substituted thiophene (1i and 1j) and furan (1k and 11)
heterocycles that were tested for their competency under both borylation conditions.
Monosubstituted heteroarenes 1k and 11 showed that the ester was incapable of directing ortho as
it could not overcome the borylation of the more reactive 5-position of each substrate.!! By
blocking the 5-position with a methyl group (1j and 11), the heterocycle could be borylated adjacent
to the ester under chelate conditions. Interestingly, we found major differences in disubstituted
heterocyclic products 2i and 2j, the latter showing steric preference regardless of the decreased
pre-ligand loading. Steric conditions gave products borylated in the 4-position for both
heterocycles. Borylating substrates 1a-11 using 0.5 mol % BB and [Ir(OMe)cod]2 resulted in
modest if any changes in reactivity or regioselectivity relative to using [Ir(Cl)cod]2 (see section
2.5.7 for direct comparisons). In contrast, following Li’s reaction conditions with 2 mol % BB and
[Ir(OMe)cod]2 gave higher yields and almost solely the steric product for all substrates in Schemes

2.2 and 2.3.
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Scheme 2.3: CHBs of Heteroarenes using Conditions for Steric- and Chelate-Directed Catalysis.

1.0 mol% [Ir(Cl)cod],
0.5 mol% BB

1.0 equiv Bypin, - \‘Sl'/z/ 2i-2I

THF, 100 °C, 4 h ;
Bpin
R\G/C%Me
v/ 1.0 mol% [Ir(OMe)cod],
11l 2.0 mol% BB R— %\, ~CO,Me
1.0 equiv Bypin, \ 3031
o 1=
THF, 100 °C, 4 h pinB
chelate products
; X X 2i, X =S, 85%
2k, X = S, 90% T 2, X=0,47%
21, X =0, 82% Bpin (3:4 = 44:56)
steric products
. X X
inB CO,Me COLM
S ) e O 3i,x=5,93%
3k, X =S, 99% 3j, X=0,74%

31, X = 0, 99% pinB

Conversions and selectivities were calculated using "H NMR of crude reaction mixture.

Given that spectator boryl ligands have found their way as a powerful and versatile ligand
class in CHBs for both C(sp?)—H and C(sp*)-H, as evidenced by the prominent work done by the
Li and Xu groups,'?"!7 the insights on potential modifications using dimer boron pre-ligands like
BB can be valuable in future iterations of this ligand type. Although alternative ligand systems
(specifically those with B-Si linkages instead of B-B dimers) can produce chelate-directed
products, the BB ligand at lower loadings is more appealing to use for catalyzed CHBs. Its
synthesis can be done within two steps starting from commercially available materials and its
simpler workup and purification does not produce as large a waste stream as the B—Si ligand

syntheses. Figure 2.2 displays the synthetic route in obtaining BB and BSi ligand used by Li.!?
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Synthesis of Pre-ligand backbone 1

e (.
2 equiv L neat, 160 °C, 16 h '\,

NH, N“Cl 43-63% yield NoON
NH,
Synthesis of BB ® h
H
0.6 equiv. Bo(NMey), N N
toluene, 128 °C, 48 h N N
quantitative yield H
g |
Synthesis of BSi
R
Me,SiPhCl 289UV LT _ oy cine,
THF, rt, 24 h
4.5 equiv. HN(Pr,) NCP)2 1 equiv. PhsiMe, ~ N(Pr),
BCls toluene, reflux, 5 h CI_B\ THF/n-hexane PhMeZSI_B\
u , ux, i -nex i
68% yield NP2 629 yield ) NCPr2
H
1.3 equiv. 2 N\B SiMe-Ph
toluene, 125 °C, 36 h N ©2
78% yield
Z\
“~ |

Figure 2.2: Synthetic Routes to Obtain BB and BSi Pre-ligands.

2.2: Borane Syntheses for Catalyst Control
2.2.1: Purpose

Currently, the only structural difference regarding why ortho selectivity is preferred as the
amount of BB decreases is based on the counter anion difference in the isolated pre-assembled
catalysts shown in Figure 2.1. However, it is not clear why Complex 2 would change the
selectivity in this way given that the ligands on the metal center of the Ir(Ill) cation are the same
as in Li’s case. A hypothesis is that one of the B,N ligands is transferring to the Ir(I) counter anion

after oxidative addition which in turn could allow coordination of the directing group into the
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newly opened site. As BB is a dimeric compound, confidently knowing the reactivity of every B,N
unit, or BB molecule that did not oxidatively add would be difficult (e.g. defining the number of
ligands on the metal for every Ir center). To reach a more well-defined pre-catalyst, we sought to
synthesize borane derivative of BB and react it with [IrCl(cod)]2. In this way we could better
control the number of B,N-units on the metal center, and identify further structural differences at
ligand loadings between 0.5 and 2 mol % with higher certainty.
2.2.2: Reaction Optimization

The synthesis of the diamino-pyridyl borane was initially attempted under reaction
conditions similar to those used to yield HBdab by Robinson,'® where borane dimethyl sulfide is
reacted with the pre-ligand backbone with dichloromethane as the solvent (Table 2.2, Entries 1-
2). This yielded the Lewis-base borane adduct (product 2), confirmed by the crude "B NMR (5 —
17.2 (q, J = 95.3 Hz, BH3) regardless of heating. We expected this synthesis to be a challenge as
the pyridinyl nitrogen is a stronger Lewis base in respect to the primary and secondary amine on

19.20 and thus adduct formation is more favorable with BHs. In addition, there are

the aromatic ring,
no reports synthesizing derivatives of borane product 1 when there is a pyridine in the molecule.
We hypothesized that adding a catalytic amount could help form the borane through a different
mechanism that would be driven by the release of H2 gas after the azinyl BH3 would coordinate
with the protonated secondary amine in proximity. After the acid is reformed, the same reactivity
could occur with the primary amine. However, adduct was exclusively formed when testing this
with HOTf (Entry 3). As Lewis acid-base adducts are governed by the reaction’s equilibrium

constant (Kb),?° we attempted to push the thermodynamics towards the less favorable product 2

by refluxing the reaction in toluene (Entries 4-7).
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Table 2.2: Reaction Optimization of Borane Synthesis.

1 equiv BH3 *SMe,

B additive . ] M \
NN solvent, temp, time SNTON N7 ON
H NH, H/IB\NH _éH3 H NH»
1 2
entry  solvent  temp (°C)  time (h)  additive® [M]of rxn  conversion®  ratio of 1:2
1 CH,Cl, rt 24 h - 0.621 >99% 1:>99
2 CH,ClI, 50 5h -- 0.305 >99% 1:>99
3 CH,Cl, rt 24 h 0.1 equiv HOTf 0.893 >99% 1:>99
4 toluene 115 24 h -- 0.625 32% 94:6
5¢ toluene 115 24 h -- 0.947 - --
6 toluene 115 13 h -- 0.089 40% 98:2
769 toluene  -5to 115 12h - 0.150 - -
8 THF -78tort 16 h 1.05 equiv nBulLi 0.285 >99% 1:>99
of THF -78tort 12 h 1 equiv BrBH, *SMe, 0.144 >99% 1:>999

1.05 equiv nBuLi

Conversions and selectivities were calculated using "H NMR of crude reaction mixture. @BH; *SMe, was used as a 1 M solution in CH,Cly, nBuLi
was used as a 2.5 M solution in hexanes.’Conversion is based on starting material was calculated by the crude "H NMR integrations. °The aromatic
region in the crude "H could not give conclusive results, though "B shows minimal formation of 1 and no unreacted BHj3* SMez.dBorane was added
at -5 °C then refluxed. ©1.05 equiv of BH; - SMe, was used. 'BrBH, - SMe, was used as the borane source. ‘Crude reaction mixture contained 30%
adduct (2) to 70% of an unknown boron compound shown in "B NMR (CgDg) 8 2.5 ppm.

Initial results from Entry 4 show that the desired product 1 was formed, confirmed by the
crude "B NMR (8 25.4 (d, J=149.9 Hz, BH) and 'H NMR, though only 32% of starting material
was converted. However, the ''B NMR showed another minor species in solution (5 3.79 ppm)
that appeared to be a doublet, though this could not be confirmed. It was believed that this was due
to poor shimming, but this resonance continuously appeared as described in later experiments,
where the sample was well-shimmed. After removing solvent under vacuum, the '"H NMR of the
isolated solid showed additional peaks in the aromatic region between 8.6 and 6.4 ppm in CDCl3
that were not distinguishable as this region was broader, with the new resonances coalescing. In
addition, new minor peaks appeared in the "B NMR (5 9.2, 5.8, 2.4 ppm) with unclear splitting.
Tetrahedral boron species typically appear as sharp peaks upfield of 10 ppm,?! and we suspect

these new peaks to represent tetra-coordinate boron given their chemical shift and calculated
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FWHM to be between ~96-180 Hz. The initial hypothesis was that either a) decomposition
occurred as the solid was exposed to air after the solvent was evaporated under vacuum to weigh
and obtain NMR data outside of the glovebox or b) the product is only stable in solution. As this
was the first experiment showing that borane formation is possible, we assume that the boron is
bonding with the aryl amines over the pyridyl nitrogen as a) this 5S-membered ring formation would
be preferred over the four-membered ring and b) only one N-H resonance is seen at & 3.75 ppm in
the '"H NMR integrating to one. Obtaining crystallographic data in the future would be ideal to

support where the boron atom is covalently bonding.

Though product 1 was not isolated, we wanted to test the reproducibility and ensure that
all manipulations were done under nitrogen (Entry 5). The 'H NMR of the crude reaction mixture
showed the same type of broadness of peaks even prior to solvent evaporation and was
considerably worse as peaks could not be distinguished from one another. Thus, no conclusive
results could be recorded even after the solvent evaporation. As everything was done under
Schlenk techniques, and NMRs were prepared inside of a glovebox, it was thought that the higher
[M] of this reaction (in respect to Entry 4) could be promoting inter/ or intra-molecular reactions

and forming oligomers, or that the compound was disproportioning.

The reaction in Entry 6 was thus carried out at a lower concentration and monitored hourly.
Though conversion of the starting material did not improve, we saw that product 2 was initially
formed but over the course of 12 hours, >98% of this was converted to desired product 1 with only
40% of starting material converted. We also observed the same minor species from Entry 4

forming in the '"B NMR (8 3.79 ppm) at the start of this transformation.
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Figure 2.3: Formation of Borane Product 2 Over time.
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The new boron impurities in the isolated solid after solvent evaporation are also consistent
with previous experiments (Figure 2.3, A). When analyzing the 'H NMR of the crude reaction
mixture, the baseline was much smoother, and the peaks could be distinguished from one another.
After solvent evaporation, the aromatic region shows those new impurities represented in the
broader baseline, though the integration of the borane resonances represented the 8 protons in the
molecule, including the N-H (Figure 2.3, B, see pg. 120 for spectral assignment). Various
purification techniques such as Kugelrohr distillation, sublimation, solvent extractions, were
attempted to isolate the borane from the other boron species and starting material, though this was
unsuccessful as the sample grew with more impurities. These experiments suggest that the borane
is not stable in its solid-state and was stabilized in solution with toluene. This could be due to
intermolecular interactions with the B-H and other Lewis basic atoms such as the pyridyl nitrogen,
though we believe this is due to the disproportionation of the compound under vacuum which is

common with boranes such as HBeg and HBcat.?*%?

Given the poor conversions in Entries 4 and 6 of Table 2.2, we attempted adding the
borane reagent at -5 °C to ensure full reactivity of the borane with the starting material. Again, the
NMR spectrum matched what was previously described for Entry 5 and thus no conclusive results
could be obtained (Entry 7). Using "BuL.i to deprotonate the primary amine in the starting material
to influence the reactivity of BH3-SMe2 away from the pyridine was also unsuccessful (Entry 8).
Using BrBH2-SMex to react with the deprotonated organo-lithium intermediate, where the driving
force to form the desired borane would be release of LiBr and H2 gas, only yielded the adduct
(Entry 9). Though not shown in this table, we attempted refluxing the isolated material of product

2 in toluene based on the knowledge that adduct is initially formed then converted into product 1.
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However, the crude reaction mixture consisted of a 1:1 ratio of unreacted starting material to the
diamino-pyridyl compound, where the adduct was broken up.
2.2.3: NMR Tube Reaction with Borane and [IrCl(cod)]:

Focusing on the initial goal of synthesizing a well-defined catalyst by controlling the
number of B,N-units on the metal center, we tested the viability of the borane as a ligand with
[IrCl(cod)]> where we hypothesized oxidative addition of the B-H bond would occur to form the
Ir(III), 18 electron pre-assembled catalyst (Figure 2.4). Using the conditions that gave the best
results (Table 2.2, Entry 6), the borane synthesis was carried out in a J-young tube with C7Ds and
monitored (Figure 2.4, A). As opposed to the optimized conditions, this was heated in a closed
system under nitrogen where 65% conversion of the starting material was reached after only 5
hours. As previous reactions were done in an open system to bubble the dimethyl sulfide gas into
a bleach trap, the reactivity was poor and conversions could only reach < 40%. The 'H NMR shows
the starting material and some of the impurities observed previously (also evidenced by the ''B

spectrum), and the product was successfully made.

Following this, [IrCl(cod)]2 was dissolved in methylene chloride and added directly to the
borane solution (Figure 2.4, B). Instantaneous reactivity between the two reagents was observed
at room temperature with minor amount of unreacted borane evidenced by !'B NMR. The '"H NMR
spectrum shows oxidative addition of the B—H bond (6 -10.68 ppm, s, Ir—H). This was confirmed
by '"B NMR where the Ir-B resonance is seen as a broad singlet at +36.7 ppm. As seen with BB
oxidative addition to Ir in section 2.1, the proton adjacent to the pyridyl nitrogen is shifted
downfield once chelated to the metal center (§ 9.05 ppm) in the '"H NMR. The integration of the

remaining protons match the compound, and the N—H resonance is shown at 6 6.24 ppm integrating

27



; H
1 equiv BH3 - SMez= = | 1/2 IrCl(cod)], o | \@
2:1 DCM:CDg, rt \ /'Ilr\B_N

Dg, 110 ° h X
H C;Dg, 110 °C, 5 N r\‘J .
NH, H/B\NH instantaneous Cl Hl\ll
A B
¢ GAN:
MM
e ol ¥ i
172 201 1.21 1.14
75 70 65 60

0 s 4 30 2 10 0 -0 -0 30 <
B i
i ’!, \l
1 + 112 [IrCl(cod)], —nStantaneous ﬁ "|r-"‘:>
2:1 DCM:C;Dg, rt \*" | ~B-N
! —

0.08 M Cl
( ) HN

293163161126
6.0

T T T

8.0 7.5 7.0 6.5

Figure 2.4: NMR Tube Reaction of Borane and [IrCl(cod)]2.
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to 1 as a broad singlet. The upfield region of this spectrum shows all methylene protons distinct

from one another as expected in an asymmetric metal complex.

As seen in iridium and titanocene borane c-complexes,**** it is possible the B-H bond acts
as two-electron donor ligand over oxidative addition where Ir(I) 16e” compound would be formed
over Ir(IIT) 18e” species B, respectively. As we observe a sharp singlet representing the Ir—H in the
"H NMR, it is likely that the B-H bond oxidatively adds to Ir as resonances representing agnostic

B—H interactions are extremely broad due to the quadrupolar relaxation of !'B.

2.3: [Ir(X)cod]2 Influence on Regioselectivity

2.3.1: Direct Comparisons Between Ir(I) Pre-catalysts

The original publication from Li’s group® showcased that using 2 mol% pre-ligand was
compatible to borylate the least sterically hindered C(sp?)-H bonds with [Ir(OMe)cod]> and
B2pin2. When optimizing reaction conditions with 1-methoxyanisole, they show that [IrCl(cod)]2

gave <20% yield and conversions (Scheme 2.4, A).

Scheme 2.4: [Ir(X)cod]2 Comparison at 0.5 and 2 mol% BB.

1.0 equiv Bypiny X=Cl » conversion = 18%

1,4-dioxane, 100 °C, 8 h ; -
MeO OMe 2 mol’% BB X yield = 17% MeO OMe
A \©/ 1.0 mol% [Ir(X)cod],
X = OMe conversion = 98% Bpin
THF, 100 °C, 8 h yield = 98%
) 0 ~
_ _ X =Cl conversion = 79%
1.0 equiv Bppiny  — = —="—» selectivity (0:m) = 93:7
MeO co,Me  0.5mol% BB yield = 71%
B \©/ 2" 4.0 mol% [Ir(X)cod], . MeO | Xy C02Me
THF, 100 °C, 16 h N
X = OMe conversion = 67% Bpin
——— > selectivity (o:m) = 95:5
yield = 63% D
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Comparing these reaction conditions with our work in section 2.1, accessing positions
ortho to directing groups was preferred as the pre-ligand loading decreased to as little as 0.5 mol
%. In addition, we found that using [IrCl(cod)]2 did not affect the selectivity but did result in better
conversions and yields. However, the reactivity was not nearly as poor as it was for Li when
switching between Ir(I) pre-catalysts (Scheme 2.4, B). It was originally hypothesized that because
arenes substituted with Lewis-basic directing groups were used as the substrate, versus the one
example Li shows with 1-methoxyanisole, the chelation of the directing group helped facilitate
catalysis regardless of the metal source. Thus, the Ir(I) pre-catalyst would not show as drastic of a

difference in reactivity.

To evaluate whether a directing group on the substrate would improve reactivity with 2
mol % BB, we monitored the reaction of methyl 3-(trifluoromethyl)benzoate where the only

variable changed from Li’s optimized reaction conditions is the Ir(I) pre-catalyst (Table 2.3).

Table 2.3: Li’s Steric Conditions with an Ester-containing Arene and [IrCl(cod)]2 in CHB.

1 equiv Bypin,

F3C COzMe 2 mol% BB F3C AN COzMe
\©/ 1 mol% [IrCl(cod)], |

THF, 100 °C, time N
Bpin
time (h) selectivity (0:m) conversion
1 82:18 44%
2 79:21 56%
3 79:21 68%
5 76:24 81%
7.5 71:29 81%
11 75:25 85%
24 75:25 87%

Conversions and selectivities were calculated using "H NMR of crude reaction mixture.
o = ortho to the ester.

Results did show greater reactivity, but more surprising, the chelate product was the major
regioisomer, where borylation occurred ortho to the ester. Given the variety of substrates tested by
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our group and Li’s when 2 mol % BB is used, observing this regiochemical switching by changing
the Ir(I) pre-catalyst alone was unprecedented. Additionally, a) the ortho-borylated product was
not the only regioisomer yielded, where a 25% of the regioisomeric mixture was meta borylated

product and b) ortho product slowly decreased from 82% to 75% over 11 hours.

Reported CHB’s in the literature have used either [IrCl(cod)]2 or [Ir(OMe)cod]2 depending
on which pre-catalyst gives the highest conversion. Selectivity differences between these two pre-
catalysts have not been explicitly reported but were observed by Li and co-workers in their work
with functional-group directed CHB using a N,B-Bidentate Si-containing boryl ligand. Here they
found that [IrCl(cod)]> worked best for their system showing 84% conversion from >99:1 o:(m+p)
product. When screening [Ir(OMe)cod]2, they showed that the conversion is lower, but the
selectivity is flipped to 35:65 o:(m+p) (Figure 2.5). They reported that “[Ir(OMe)cod]s....led to

inferior results”.'?

1 equiv. Bypin, Bpin
1 mol% BSi
@COZMG 2 mol% [IrX)codl, @C%Me @ECOZ““ @(002“9
+ +
n-hexane, 80 °C, 8 h . . Y
Bpin Bpin pinB
o di-o m+p
BSi =
X i ield (% ((m+
| N N\B/NH conversion yield (%) o:(m+p)
I Cl 84 70 + 13 (di- >99:1
_N  SiPhMe, (0)* 13 (d-0)
OMe 20 7 (0) 35:65
OMe

Figure 2.5: Literature Example of Regiochemical Switching with Ir(I) pre-catalysts.
A direct comparison between [IrCl(cod)]2 and [I[r(OMe)cod]> was carried out with 2 mol
% BB to investigate a clear chelate or steric preference of borylated products (Table 2.4). 1,3-

Disubstituted methyl benzoate derivatives were used as the substrate, where bromo and methoxy
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substituents meta to the methyl ester were tested against the model substrate, methyl 3-

(trifluoromethyl)benzoate.

Table 2.4: Comparison of [Ir(X)cod]z Pre-catalysts at 2 mol % BB.

1 equiv Bopiny

2 mol % BB
R COMe 4 ol % [Ir(X)codl, - S CO-Me
THF, 100 °C, 16 h N
Bpin

R = CF3, Br, OMe

\\Cl/, o~
/ r\ - 'S[i

ﬁ/lr\ /Ir\’B

Substrate
F3C\©/C02Me 3C\©002Me COzMe
Bpin ;
5 Bpin
5a, 79% (98%) 5b, 63% (>99%)
o:m =70:30 o:m = 1:>99
Br\©/Cone Br\@COZMe CO,Me
Bpin ;
6 Bpin
6a, 87% (88%) 6b, 86% (>99%)
o:m = 68:32 om= 1 >99
Me0\©/COZMe eO\@COZMe eO CO,Me
Bpin ;
7 Bpin
7a, 23% (80%) 7b, 36% (97%)
o:m = 85:15 o:m=12:88

Conversions and selectivities were calculated using "H NMR of crude reaction mixture. Isolated yields

are shown in parentheses.

Using [Ir(OMe)cod]2, we observe a clear preference for borylation in the least sterically
hindered position as the major product. This was as expected given these reaction conditions are
identical to those used by Li and our group in section 2.1. Substrates 5 and 6 yielded >99% meta-

borylation, though testing the more electron rich aromatic system (substrate 7) yielded a modest
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12% ortho to ester borylation. When using [IrCl(cod)]2, the CHB of all substrates showed great
preference for ortho to ester borylation, all exceeding >75% ortho selectivity.
2.3.2: Mechanistic Insights and Hypotheses

In section 2.1.3, Figure 2.1 shows Li’s isolated pre-assembled catalyst responsible for
steric borylations (Complex 1) which was made using a 2:1 ratio of BB:Ir. When comparing our
isolated pre-assembled catalyst (Complex 2) hypothesized to be responsible to yield ortho-
borylated products, the main difference between the two structures is the [Ir(cod)Cl2]" counter-
anion versus the [Cl]. The BB pre-ligand oxidatively adds to yield two monoanionic ligands on
the metal with COD resulting in an Ir(III) cation with 18 electrons. However, if only 1 equivalent
of BB is used, the balanced reaction gives the Ir(I) counter anion instead of the chloride which is

what we observed.

In respect to the regioselective switching when [IrCl(cod)]> was used in Table 2.4, it is
speculated that the same [IrCl2(cod)] anionic complex is responsible for the ortho-selectivity even
though 2 mol % of pre-ligand is used. This would suggest that Complex 1 forms quicker,
potentially entering the catalytic cycle before the one equivalent of BB remaining can oxidatively
add. This may relate to the results from Table 2.3 where complete ortho C—H activation is not
preferred over the meta position, as ortho product decreases over time. If the Ir(I) anion is initially
formed and participates in ortho-borylation, it can be thought that over time one equivalent of
unreacted BB reacts with the Ir(I) counter-anion forming Li’s complex 2. Furthermore, a reason
for not yielding the full ortho product may be due to the mixture of anions in catalysis, where there

are competing reactions between BB oxidative addition to the Ir(I) anion.

There is only one report in the literature showing this mixture of anions, in which Ozerov

and co-workers attempted to isolate an iridium complex that could show the activation of N—C or
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C—H bonds of PNP pincer ligands. Upon reacting 1 equivalent of PNP ligand and 0.5 equivalents
of [IrCl(cod)]2, a cationic Ir(Ill) species was formed with the two exact counter anions being
chloride and [IrClx(cod)], along with excess ligand.?® We suggest this is a possibility in this work
as after analyzing Li’s '"H NMR spectra of his isolated complex 2, there are unidentified and
unreported peaks that are consistent with the chemical shifts representing the Ir(I) anion reported
by Ozerov.° It should be noted that we have attempted to repeat Li’s experimental procedure to
synthesize complex 2 though >92% purity could not be obtained as minor amounts of the Ir(I)

anion was yielded, supporting the idea of having a mixture of anions in solution.

With respect to the results with [IrCl(cod)]2, we have shown ortho borylated products are
yielded when using 0.5-2.0 mol % BB, and only meta borylated products are formed with 2.0 mol
% BB and [Ir(OMe)cod]z. To test the hypothesis of the faster formation of complex 1 over complex

2, we carried out experiments with increased pre-ligand loadings of BB (Table 2.5).

Table 2.5: Increased Pre-ligand Loadings of BB in CHB with [IrCl(cod)]a.

1 equiv Bypin,

FaC COMe =~ XMO%BB = FiC <\ COMe
1 mol% [IrCl(cod)], |
THF, 100 °C, time N

Bpin

x mol% time (h) selectivity (o:m) conversion yield
2 1 82:18 31% --

2 16 70:30 84% 73%
4 1 41:56 45% --

4 16 25:75 95% 72%

6 16 1:>99 86% 74%

Conversions and selectivities were calculated using "H NMR of crude reaction mixture.

If there is a 2-3 fold excess of BB molecules in the reaction, it is possible that Li’s isolated
preassembled complex (complex 2) will be formed faster, thus generating another equivalent of

[Ir(BN)2(cod)] in the reaction and thereby yielding steric borylated products. Methyl 3-

34



(trifluoromethyl)benzoate was the substrate chosen for these experiments due to more accurate '°F
NMR integrations, as well as the expected higher reactivity in CHB from the electronic
withdrawing effects of -CF3. The experiments in Table 2.5 showed that as the ligand loading
increased, the meta product also increased. This supports the hypothesis that if more BB is present
in the initial reaction mixture at t = 0, the Ir(I) anion will not be able to enter the catalytic cycle, or

more generally, possess the appropriate amount of time to help direct the ortho-borylation.

2.4: Conclusions

In conclusion, a catalyst system was modified from steric- to chelate-directed CHB by
decreasing the pre-ligand loading from 2 to 0.5 mol % respectively with 1 mol % [Ir(X)cod]2 (X
= CI, OMe), where borylation occurred ortho to esters and amides of (hetero)arenes. Though the
“X” substituent of the iridium dimer pre-catalyst did not affect selectivity at the lower pre-ligand
loadings, regiochemical switching was made possible using the same 2:1 ratio of BB:Ir Li used to
achieve steric-directed products, where when X = Cl instead of -OMe, the selectivity is flipped
from to yield ortho-borylated products. Both systems are the first cases reported in Ir-catalyzed
CHB where desired regioselectivity can be achieved by altering the amount of ligand, or by
changing the Ir(I) pre-catalyst. Throughout the beginnings of iridium catalyzed CHBs,?” boron has
typically been an actor ligand, but through new developments has shown to be a promising support

ligand that can be used for regiochemical switching.

When comparing the isolated, hypothesized preassembled catalysts formed when reacting
with BB:Ir ratios that mimicked the steric- and chelate directed CHB systems, we observe an Ir(I)
counteranion, [IrCl2(cod], at the lower pre-ligand loadings as opposed to the [CI]” found in Li’s
steric directed system. In an attempt to understand further why regioselectivity changes at lower

ligand loadings, syntheses of the borane derivative of BB were carried out to better control the
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number of B,N units on Ir and isolate a more well-defined catalyst. Though this compound was
not stable after solvent evaporation, adding [IrCl(cod)]2 to the reaction solution showed oxidative
addition of the B-H bond, evidenced by 'H and ''B NMR. In Chapter 3, we investigate the role of

[IrCl2(cod)]” in CHB and its effect on regioselectivity.

2.5: Experimental Data

2.5.1: General Information

All reactions were carried in a nitrogen-filled glovebox with oven-dried glassware. THF
and toluene were obtained from a wet still refluxing over sodium benzophenone ketyl, and pentane
was obtained from a wet still refluxing over CaHz. Methylene chloride was obtained from a dry
still. [Ir(OMe)cod]2was prepared according to the literature.?® Reagents for ligand syntheses, along
with reagents for CHB reactions that include [IrCl(cod)]2, Bzpinz, and all starting materials were
obtained commercially and used as received unless otherwise noted. *H NMR spectra were
recorded on a Varian 500 MHz instrument. *C and !B NMR were recorded on 126 MHz and 160
MHz instruments, respectively. Borylation reactions were set up in a nitrogen-filled glovebox and
carried out in 3.0 mL Wheaton microreactor vials equipped with a stir bar and pressure cap, where
stock solutions of the ligand and pre-catalyst were freshly made.

High-resolution mass spectra (HRMS) were obtained at the Michigan State University
Mass Spectrometry Service Center using electrospray ionization (ESI+ or ESI-) on quadrupole
time-of-flight (Q-TOF) instruments. Melting points were measured in a capillary melting point

apparatus and are uncorrected.

36



2.5.2: Synthesis of N'-(pyridin-2-yl)benzene-1,2-diamine

NHz X | N
2 equiv @ + | _ neat, 160 °C, 16 h N/ N
NH, N~ CI H

NH»

Following the literature procedure,® 1,2-Diaminobenzene (1.0 g, 9.26 mmol, 2.0 equiv) along with
2-chloropyridine (0.42 mL, 4.63 mmol, 1.0 equiv) were added to a 100 mL round bottom flask
containing a magnetic stir bar. A condenser was attached, the system was purged with N2, and the
flask was heated in an oil bath at 160 °C for 16 hours while under nitrogen. After the allotted time,
the black solid formed was cooled to room temperature, after which the reaction flask was opened
to air. Water and acetone were then added in equal amounts to the solid until it completely
dissolved. The pH of the solution was adjusted to 10 by adding a saturated Na2COs solution. Brine
was then added, and the crude product was extracted with ethyl acetate. Organic layers were
combined, dried over Na2SOs, filtered, and concentrated under reduced pressure. The residue was
washed with hexanes (3 x 10 mL) on a filter frit. The solids were then transferred to a Soxhlet
thimble, and a Soxhlet extraction was performed with DCM for 20 hours. Solvent was removed
from the filtrate by rotary evaporation, yielding the product as a pale violet solid (528 mg, 62%).
IH NMR (500 MHz, CDCls) & 8.16 (ddd, J = 5.1, 1.9, 0.9 Hz, 1H), 7.44 (td, J = 7.9, 1.9 Hz, 1H),
7.20 (dd, J = 7.8, 1.5 Hz, 1H), 7.10 (td, J = 7.7, 1.5 Hz, 1H), 6.83 (dd, J = 8.0, 1.4 Hz, 1H), 6.78
(td, J = 7.6, 1.4 Hz, 1H), 6.69 (ddd, J = 7.1, 5.0, 0.9 Hz, 1H), 6.42 (dt, J = 8.4, 0.9 Hz, 1H), 6.27 —
6.12 (s, 1H), 3.88 (s, 2H); 3C{H} NMR (126 MHz, CDCls) & 157.7, 148.3, 143.0, 137.9, 127.2,
125.8, 118.9, 116.2, 114.4, 107.2. Spectral data are in accordance with literature values.® See pg.

78 for NMR spectra.
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2.5.3: Synthesis of 1,1'-di(pyridin-2-yl)-1,1',3,3'-tetrahydro-2,2'-bibenzo[d][1,3,2]diazaborole
(BB)

| X
_N
H
| N 0.6 eqUiV Bz(NMez)4 . N\ /N
_ toluene, 128 °C, 48 h BB,
N H N N
NH, H
N7 |
N

Inside a glovebox, N!-(pyridin-2-yl)benzene-1,2-diamine (0.3700 g, 2 mmol, 1 equiv) was added
to a 10 mL Schlenk flask equipped with a magnetic stir bar. Tetrakis(dimethylamino)diboron (0.24
mL, 1.2 mmol, 0.6 equiv) was added, along with 5 mL of toluene. The flask was then sealed and
taken outside of the glovebox. Under a positive flow of nitrogen, a water condenser was attached
to the flask and placed in an oil bath. The contents were stirred and heated at 128 °C for 48 hours
while under nitrogen. After 48 hours, volatiles were removed, and a light tan solid was obtained
(0.390 g, 99%). 'H NMR (500 MHz, CDCl3) § 8.53 (d, ] = 4.9 Hz, 1H), 7.64 — 7.56 (m, 2H), 7.50
(bs, 1H), 7.30 (d, /= 8.0 Hz, 1H), 7.15 (dd, J= 7.5, 1.5 Hz, 1H), 7.10 (ddd, J = 7.3, 4.9, 1.0 Hz,
1H), 7.03 (dtd, J=22.0, 7.4, 1.3 Hz, 2H); *C{H} NMR (126 MHz, CDCl3) & 155.1, 148.7, 137.9,
137.3,135.8,120.6,120.3,119.5, 118.6, 111.5; "B NMR (160 MHz, CDCl3) § 29.1 (br, s). Spectral
data are in accordance with literature values.® See pg. 80 for NMR spectra.

2.5.4: Synthesis of N,B-Double Bidentate Iridium Complex (IrBB)

X

— 1®
Q\l Q © s
H 1~ ci
N, N 1 equiv [IrCl(cod)],
BB, pentane, 36 °C, 3 h Cf/, " ::'
{:J' N Ir\
@ % HN @
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[Ir(Cl)cod]2 (0.0375 g, 0.056 mmol, 1 equiv) and BB (0.0205 g, 0.053 mmol, 1 equiv) were added
to a Schlenk flask containing a magnetic stir bar and dissolved in pentane. The flask was placed in
an oil bath and stirred at 36 °C for 3 hours, then allowed to cool to room temperature before
removing solvent by reduced pressure. A bright yellow solid was obtained (58 mg, quantitative
yield) that was catalyst (IrBB).” *H NMR (500 MHz, DMSO-ds) & 9.63 (s, 1H), 9.44 (d, J = 5.6
Hz, 1H), 8.34 (t, J = 5.6 Hz, 1H), 8.15 (d, J = 8.4 Hz, 1H), 8.07 (d, J = 4.2 Hz, 1H), 8.05 (s, 1H),
7.90 (t, J = 8.7 Hz, 1H), 7.86 (t, J = 8.0 Hz, 2H), 7.75 (d, J = 8.1 Hz, 2H), 7.56 (t, J = 6.4 Hz, 1H),
7.39(d, J = 7.8 Hz, 1H), 7.17 (t, J = 7.5 Hz, 1H), 7.07 (d, J = 8.7 Hz, 1H), 7.01 (t, J = 7.8 Hz, 1H),
6.92 — 6.82 (M, 3H), 4.84 — 4.78 (m, 1H), 4.74 — 4.68 (m, 1H), 4.29 (t, J = 8.6 Hz, 1H), 3.97 (S,
4H), 3.40 (t, J = 8.5 Hz, 1H), 3.00 (q, J = 11.6 Hz, 1H), 2.55 — 2.35 (m, 3H), 2.26 — 1.99 (m, 1H),
2.16 (m, 4H), 2.09 — 1.99 (m, 1H), 1.57 (m, 4H). See pg. 83 for NMR spectra. Note: HRMS and
elemental analysis data could not be obtained due to quick decomposition outside of the glovebox.

Single Crystal X-ray Diffraction Data for IrBB

Crystals suitable for x-ray analysis were made via solvent diffusion. IrBB was dissolved
in minimal DCM inside a 20 mL vial. The vial was then placed in a larger vessel containing
pentane and sealed in a nitrogen-filled glovebox. Golden sheet-like crystals formed from this
method. A suitable crystal with dimensions 0.22 x 0.16 x 0.09 mm? was selected and mounted on

a nylon loop with paratone oil on a Saxi-CrysAlisPro-abstract goniometer imported SAXI images
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diffractometer. The crystal was kept at a steady T = 173.15(10) K during data collection. The
structure was solved with the ShelXT (Sheldrick, 2015) solution program using dual methods and
by using Olex2 1.5 (Dolomanov et al., 2009) as the graphical interface. The model was refined
with ShelXL 2018/3 (Sheldrick, 2015) using full matrix least squares minimization on F2. The
CCDC number is 2236745 for this structure and contains the supplementary crystallographic data
for this paper. Notes: Crystal was grown by Alex O’Connell; Dr. Richard Staples performed the
crystallographic analysis at Michigan State University.

Crystal data and structure refinement for IrBB.

CCDC 2236745
Empirical formula Ca2Hs0B2Clalr2Ne
Formula weight 1186.70

Crystal size/mm3 0.22 x 0.16 x 0.09
Temperature/K 173.15(10)
Crystal system monoclinic
Space group P21/n

alA 16.6813(8)

b/A 15.0350(5)

c/A 17.8182(9)

o/° 90

B/° 112.889(6)

v/° 90

Volume/A3 4117.0(4)

Z 4
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Radiation MoKa (A =0.71073)
Reflections collected 33345
Independent reflections 7424
Fractional Atomic Coordinates (x10%) and Equivalent Isotropic Displacement Parameters

(A2x103) for AlexOBN. Ueq is defined as 1/3 of the trace of the orthogonalized U3 tensor.

Atom X y z U(eq)
Ir(1) 7236.5(4)  5647.4(4)  7401.3(3)  20.38(17)
N(1) 7270(8) 6032(9) 5603(7) 27(3)
N(2) 6389(7) 4930(8) 5746(7) 20(3)
N(3) 6358(8) 4577(7) 6965(7) 20(3)
N(4) 6008(8) 7244(8) 6326(7) 27(3)
N(5) 5822(8) 6774(8) 7473(7) 22(3)
N(6) 6724(8) 5797(8) 8364(7) 23(3)
C(1) 6852(9) 5603(10)  4852(9) 23.1(16)
C(2) 6316(9) 4945(10)  4927(9) 23.1(16)
C(3) 5839(10)  4436(10)  4243(10)  31(4)
C(4) 5923(11)  4611(11)  3527(10)  37(4)
C(5) 6463(12)  5278(12)  3480(10)  37(4)
C(6) 6939(10)  5806(10)  4142(9) 26(3)
C(7) 6054(9) 4405(10)  6158(10)  28(4)
C(8) 5427(10)  3747(10)  5820(9) 28(4)
C(9) 5134(11)  3264(11)  6318(10)  32(4)
C(10) 5482(10)  3418(10)  7138(10)  30(4)
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c(11)
C(12)
C(13)
C(14)
C(15)
C(16)
c(17)
C(18)
C(19)
C(20)
Cc(21)
C(22)
C(23)
C(24)
C(25)
C(26)
c(@27)
C(28)
C(29)
C(30)
B(1)

B(2)

Ir(2)

6081(9)
5348(9)
5228(9)
4599(10)
4109(11)
4241(11)
4851(11)
6028(9)
5591(10)
5883(12)
6612(11)
7001(11)
8346(9)
8328(9)
8929(10)
9059(10)
8251(9)
8112(10)
8718(10)
9002(9)
7032(10)
6300(11)

7449.6(4)

4072(10)
7759(10)
7473(10)
7879(11)
8557(11)
8831(10)
8423(11)
6330(10)
6399(11)
5954(12)
5428(10)
5348(10)
4776(10)
4663(11)
5086(10)
6074(10)
6546(10)
6686(11)
6326(10)
5366(10)
5609(11)
6619(11)

8307.8(4)
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7437(9)
6436(9)
7124(9)
7337(11)
6835(11)
6158(10)
5966(10)
8193(9)
8710(10)
9425(11)
9636(9)
9094(8)
8282(9)
7522(9)
7183(9)
7338(10)
7367(9)
8088(9)
8905(9)
8904(9)
6193(10)
6960(10)

4318.8(4)

24(3)
23.1(16)
23.1(16)
35(4)
37(4)
32(4)
33(4)
24(3)
33(4)
43(5)
31(4)
29(4)
23(3)
28(4)
26(4)
28(4)
27(4)
28(4)
25(3)
27(4)
21(3)
21(3)

27.02(18)



Cl(1) 8410(3) 7865(3) 5632(2) 41.6(11)

Cl(2) 6363(3) 8554(3) 4834(3) 39.5(10)
C(31) 8492(10)  8566(10)  3994(10)  29(4)
C(32) 8192(10)  7718(12)  3764(9) 31(4)
C(33) 7692(12)  7408(12)  2898(10)  43(5)
C(34) 6730(13)  7542(14)  2626(11)  53(5)
C(35) 6502(10)  8210(11)  3152(9) 30(4)
C(36) 6801(11)  9087(12)  3283(10)  37(4)
C(37) 7404(12)  9453(13)  2897(13)  52(5)
C(38) 8350(12)  9312(12)  3410(11)  43(4)
CI(3) 6750(60)  7700(200)  10580(60)  136(14)
CI(3A) 6920(60)  7800(200)  10760(60)  136(14)
Cl(4) 7179(5) 8186(4) 9261(3) 77.4(19)
C(19) 7500(20)  7910(20)  10224(13)  105(10)
C(29) 9390(20)  5510(30)  5178(18)  138(16)
C(39) 10266(18)  5330(20)  5841(17)  95(9)
C(45) 10770(50)  4710(50)  5660(80)  80(30)
C(4T) 10400(50)  4460(40)  5680(80)  80(30)

Anisotropic Displacement Parameters (x10%) for AlexOBN. The Anisotropic displacement

factor exponent takes the form: -2a?[h?a*?U11+2hka*b*U12+...].

Atom U Uz Uss Uzs Uis U
Ir1) 18.3(3) 22.2(3) 16.1(3) -0.4(2) 1.8(2) -0.9(2)
N(L) 21(7) 31(7) 21(7) -7(6) 0(6) -16(5)
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N(2)
N(3)
N(4)
N(5)
N(6)
c()
c()
C(3)
C(4)
C(5)
C(6)
C(7)
C(8)
C(9)
C(10)
c(11)
C(12)
C(13)
C(14)
C(15)
C(16)
c(17)

C(18)

18(6)
21(6)
23(7)
24(7)
28(7)
13(4)
13(4)
27(8)
43(11)
53(11)
32(9)
18(8)
29(9)
32(9)
27(8)
21(8)
13(4)
13(4)
31(9)
26(9)
39(10)
35(9)

14(7)

22(6)
8(6)
36(8)
20(6)
23(7)
23(4)
23(4)
24(8)
29(9)
42(10)
23(8)
23(8)
30(9)
26(9)
28(9)
25(8)
23(4)
23(4)
31(9)
34(10)
16(8)
34(9)

27(8)

18(6)
26(7)
20(7)
19(6)
21(7)
22(4)
22(4)
35(9)
31(10)
16(8)
20(8)
43(10)
18(8)
37(10)
36(9)
26(8)
22(4)
22(4)
41(10)
49(11)
29(9)
23(8)

23(8)
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0(5)
-3(5)
-3(6)
8(5)
1(5)
-4(3)
-4(3)
3(7)
-4(7)
0(7)
-5(6)
-9(7)
-5(7)
-11(7)
4(7)
-1(7)
-4(3)
-4(3)
11(8)
8(8)
10(7)
-3(7)

-2(6)

3(5)
5(5)
6(6)
5(5)
12(6)
-5(3)
-5(3)
5(7)
5(8)
12(8)
6(7)
13(7)
2(7)
11(8)
12(7)
9(7)
-5(3)
-5(3)
11(8)
13(8)
-1(8)
5(7)

-1(6)

-8(5)
-4(5)
5(6)
8(5)
1(6)
-5(3)
-5(3)
-8(7)
-8(8)
16(9)
-2(7)
2(6)
6(7)
-11(7)
-1(7)
-1(6)
-5(3)
-5(3)
-4(8)
3(7)
8(7)
0(8)

-7(6)



C(19)
C(20)
Cc(21)
C(22)
C(23)
C(24)
C(25)
C(26)
c@27)
C(28)
C(29)
C(30)
B(1)

B(2)

Ir2)

CI(1)
CI(2)
C(31)
C(32)
C(33)
C(34)
C(35)

C(36)

26(9)
54(12)
42(10)
41(10)
18(8)
17(8)
28(9)
24(8)
20(8)
24(8)
20(8)
14(7)
19(6)
19(6)
30.1(4)
44(3)
43(3)
22(8)
25(8)
59(12)
66(14)
28(9)

34(10)

44(10)
42(11)
32(9)
29(8)
20(8)
32(9)
32(9)
34(9)
28(9)
35(9)
33(9)
41(9)
18(6)
18(6)
29.1(3)
46(3)
47(3)
34(9)
60(12)
38(10)
54(12)
38(10)

45(11)

26(9)
37(10)
11(7)
10(7)
26(8)
28(9)
16(8)
27(9)
25(8)
19(8)
18(8)
19(8)
22(6)
22(6)
22.4(3)
23(2)
38(2)
44(10)
13(7)
30(10)
31(10)
16(8)

32(9)

45

8(8)
5(9)
9(6)
-5(6)
1(6)
16(7)
4(6)
2(7)
1(7)
5(7)
0(6)
-10(7)
1(5)
1(5)
-1.5(3)
6.8(19)
-12(2)
11(8)
8(8)
-4(8)
7(9)
13(7)

14(8)

7(7)
22(9)
1(7)
2(7)
1(6)
2(7)
5(7)
9(7)
2(7)
3(7)
2(6)
-2(6)
5(5)
5(5)
10.8(3)
0.4(19)
26(2)
28(8)
12(7)
16(9)
9(10)
0(7)

14(8)

7(8)
14(9)
7(8)
-8(7)
1(6)
10(7)
11(7)
-8(7)
-15(7)
-8(7)
3(7)
-8(7)
8(5)
8(5)
-4.1(3)
-11(2)
-12(2)
3(7)
8(8)
9(9)
3(11)
10(7)

2(8)



C(37) 42(11) 48(12) 60(13) 24(10) 15(10) 8(9)

C(38) 44(11) 47(11) 46(11) -2(9) 26(9) -13(9)
CI(3) 170(30) 204(14) 50(40) -10(50) 70(30) 0(40)

CI(3A) 170(30) 204(14) 50(40) -10(50) 70(30) 0(40)

CI(4) 109(5) 78(4) 47(3) -15(3) 32(3) -39(4)
C(2S) 140(30) 210(40) 80(20) 0(20) 50(20) 120(30)
C(3S) 77(19) 140(30) 67(18) -12(18) 24(15) 19(19)
C(4S) 80(60) 110(40) 39(15) -10(40) -10(50) 50(40)
C(4T) 80(60) 110(40) 39(15) -10(40) -10(50) 50(40)

Bond Lengths in A for AlexOBN.

Atom Atom Length/A Atom Atom Length/A
Ir(1) N@3) 2.111(11) Cl) C@ 13712
Ir(1) N(6) 2.206(12) C(1) C(6) 1.36(2)
Ir(1) C(23) 2.312(14) C(2) C(3) 1.40(2)
Ir(1) C(24) 2.291(15) C(3) C(4) 1.36(2)
Ir(1) C(27) 2.185(14) C(4) C(5) 1.37(2)
Ir(1) C(28) 2.163(15) C(5) C(6) 1.39(2)
Ir(1) B(1) 2.045(17) C(7) C(8) 1.39(2)
Ir(1l) B(2) 2.059(16) C(8) C(9) 1.38(2)
N(1) C(1) 1.402(18) C(9) C(10) 1.36(2)
N(@1) B(1) 1.41(2) C(10) C(11) 1.35(2)
N(2) C(2) 1.418(19) C(12) C(13) 1.39(2)
N(2) C(7) 1.340(19) C(12) C(17) 1.36(2)
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N(2)
N(3)
N(3)
N(4)
N(4)
N(5)
N(5)
N(5)
N(6)
N(6)
C(24)
C(25)
C(26)
C(7)
C(28)
C(29)
Ir(2)
Ir(2)
Ir(2)
Ir(2)
Ir(2)
Ir(2)

C(31)

B(1)

C(7)

c(11)
C(12)
B(2)

C(13)
C(18)
B(2)

C(18)
C(22)
C(25)
C(26)
c(@27)
C(28)
C(29)
C(30)
Cl(1)
Cl(2)
C(31)
C(32)
C(35)
C(36)

C(32)

1.47(2)
1.351(19)
1.341(19)
1.420(19)
1.40(2)
1.411(18)
1.366(18)
1.45(2)
1.345(18)
1.376(18)
1.50(2)
1.51(2)
1.54(2)
1.41(2)
1.51(2)
1.52(2)
2.360(4)
2.358(4)
2.073(14)
2.063(15)
2.070(15)
2.097(16)

1.37(2)

C(13) C(14)
C(14) C(15)
C(15) C(16)
C(16) C(17)
C(18) C(19)
C(19) C(20)
C(20) C(21)
C(21) C(22)
C(23) C(24)
C(23) C(30)
C(33) C(34)
C(34) C(35)
C(35) C(36)
C(36) C(37)
C(37) C(38)
CI(3) C(1S)
CI(3A) C(1S)
Cl(4) C(1S)
C(2S) C(3S)
C(25) C(4S)
C(25) C(4T)
C(3S) C(4S)

C(3S) C(4T)
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1.39(2)
1.39(2)
1.37(2)
1.34(2)
1.38(2)
1.35(2)
1.38(2)
1.36(2)
1.35(2)
1.506(19)
1.50(3)
1.52(2)
1.40(2)
1.52(2)
1.50(2)
1.63(2)
1.63(2)
1.641(18)
1.51(4)
11.46(12)
11.70(13)
1.37(4)

1.37(4)



C(31) C(38) 1.49(2) C(32) C(33) 1.51(2)

Bond Angles in ° for AlexOBN.

Atom Atom Atom Angle/’ Atom Atom Atom Angle/’
N@3) Ir(1) N() 86.6(5) C(18) N(5) C(13) 130.9(13)
N@3) Ir(1) C(23) 94.4(5) C(18) N(5) B(2) 121.0(12)
N@) Ir(l) C(24) 87.4(5) C(18) N(6) Ir(1) 116.5(10)
N@3) Ir(l) C(27) 153.6(5) C(18) N(6) C(22) 116.7(13)
N(@3) Ir(1) C(28) 168.0(5) C(22) N(6) Ir(1) 126.6(10)
N(6) Ir(1) C(23) 88.9(5) C(2 C(1) N(1) 109.8(13)
N(6) Ir(1) C(24) 121.8(5) C(6) C(1) N(1) 126.1(13)
C(24) Ir(1) C(23) 34.2(5) C(6) C(1) C(2) 124.0(13)
C@27) Ir(1) N(6) 119.8(5) C(l) C(@) N(2) 108.2(12)
C(27) Ir(1) C(23) 86.8(6) C(l) C(2) C@3) 118.8(14)
C(27) Ir(1) C(24) 78.8(6) CB) C(2) N(2) 133.0(14)
C(28) Ir(1) N(6) 82.4(5) C(d) C(B) C(2) 118.7(15)
C(28) Ir(1) C(23) 80.7(6) C(3) C(4) C() 120.5(15)
C(28) Ir(1) C(24) 94.4(6) C@d) C(5) C(6) 122.6(16)
C(28) Ir(1) C(27) 37.7(6) C(1) C(6) C(5) 115.3(15)
B(1) Ir(1) N(@) 77.5(6) N2 C(7) N@) 114.0(13)
B(1) Ir(1) N(6) 149.9(6) N2 C(7) C(8) 125.7(15)
B(1) Ir(l) C(23) 117.4(6) N@3) C(7) C(8) 120.2(15)
B(1) Ir(l) C(24) 83.2(6) C) C(®) C(7) 119.4(14)
B(1) Ir(l) C(27) 78.6(6) C(10) C(9) C(8) 119.3(15)
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B(1)
B(1)
B(2)
B(2)
B(2)
B(2)
B(2)
B(2)
C(1)
c(@)
C(7)
C(7)
C(7)
c(11)
c(11)
B(2)
C(13)
C(22)
C(21)
C(24)
C(24)
C(30)

C(23)

Ir(1)
Ir(1)
Ir(1)
Ir(1)
Ir(1)
Ir(1)
Ir(1)
Ir(1)
N(1)
N(2)
N(2)
N(2)
N(3)
N(3)
N(@3)
N(4)
N(5)
C(21)
C(22)
C(23)
C(23)
C(23)

C(24)

C(28)
B(2)
N(3)
N(6)
C(23)
C(24)
C(27)
C(28)
B(1)
B(1)
C@)
B(1)
Ir(1)
Ir(1)
C(7)
C(12)
B(2)
C(20)
N(6)
Ir(1)
C(30)
Ir(1)

Ir(1)

114.5(6)
80.1(6)
94.9(6)
76.0(6)
161.7(6)
162.2(6)
91.8(6)
87.1(6)
109.0(12)
107.4(11)
133.4(12)
119.0(12)
117.2(10)
124.1(10)
118.7(12)
107.3(12)
107.8(12)
118.1(15)
123.3(15)
72.1(8)
122.6(14)
109.0(10)

73.7(9)
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c(11)
N(3)

C(13)
C(17)
c(17)
C(12)
C(12)
C(14)
C(13)
C(16)
C(17)
C(16)
N(5)

N(6)

N(6)

C(20)
C(19)
C(35)
C(35)
C(35)
C(36)
C(36)

C(32)

C(10)
c(11)
C(12)
C(12)
C(12)
C(13)
C(13)
C(13)
C(14)
C(15)
C(16)
c(17)
C(18)
C(18)
C(18)
C(19)
C(20)
Ir(2)

Ir(2)

Ir(2)

Ir(2)

Ir(2)

C(31)

C(9)

C(10)
N(4)

N(4)

C(13)
N(5)

C(14)
N(5)

C(15)
C(14)
C(15)
C(12)
C(19)
N(5)

C(19)
C(18)
C(21)
CI(2)
C(31)
C(36)
CI(1)
CI(2)

Ir(2)

119.1(15)
123.1(14)
109.8(13)
129.4(15)
120.7(15)
107.7(13)
119.3(14)
133.0(14)
117.6(16)
121.9(16)
119.0(15)
121.3(16)
125.8(14)
112.6(13)
121.7(14)
120.1(16)
119.9(17)
89.9(5)
97.4(7)
39.1(6)
161.7(5)
92.5(5)

70.2(8)



C(23)
C(25)
C(24)
C(25)
C(26)
C(28)
C(28)
C(27)
C(27)
C(29)
C(28)
C(23)
N(1)

N(1)

N(2)

N(4)

N(4)

N(5)

CI(2)
C(31)
C(31)
C(31)

C(32)

C(24)
C(24)
C(25)
C(26)
C(27)
C(27)
C(27)
C(28)
C(28)
C(28)
C(29)
C(30)
B(1)
B(1)
B(1)
B(2)
B(2)
B(2)
Ir(2)
Ir(2)
Ir(2)
Ir(2)

Ir(2)

C(25)
Ir(1)
C(26)
C(27)
Ir(1)
Ir(1)
C(26)
Ir(1)
C(29)
Ir(1)
C(30)
C(29)
Ir(1)
N(2)
Ir(1)
Ir(1)
N(5)
Ir(1)
CI(1)
CI(1)
CI(2)
C(36)

Cl(D)

126.3(15)
108.6(10)
114.5(13)
113.1(12)
114.4(10)
70.3(8)
123.8(14)
72.0(8)
122.7(14)
109.7(10)
115.5(13)
115.1(12)
142.3(12)
105.4(12)
112.2(11)
139.2(12)
107.3(12)
113.3(10)
89.25(16)
90.5(5)
159.3(5)
81.5(6)

92.9(4)

C(32)
C(38)
C(31)
C(31)
C(33)
C(34)
C(33)
C(34)
C(36)
C(36)
C(35)
C(35)
C(37)
C(38)
C(31)

CI(3)

C(31)
C(31)
C(32)
C(32)
C(32)
C(33)
C(34)
C(35)
C(35)
C(35)
C(36)
C(36)
C(36)
C(37)
C(38)

C(19)

CI(3A) C(1S)

C(3S) C(29)

C(4S)1C(29)

C(4S)1C(29)

C(4S) C(39)

C(4T) C(39)

C(3S) C(4S)
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C(38)
Ir(2)
Ir(2)
C(33)
Ir(2)
C(32)
C(35)
Ir(2)
Ir(2)
C(34)
Ir(2)
C(37)
Ir(2)
C(36)
C(37)
CI(4)

Cl(4)

123.5(16)
114.5(11)
71.0(9)

125.7(15)
115.2(11)
112.7(15)
112.5(15)
112.9(11)
71.5(9)

124.5(16)
69.4(9)

121.4(17)
113.2(12)
113.4(15)
112.1(14)
117(5)

128(6)

C(4T)1103(4)

C(3S) 120(3)

C(4T)126(5)

C(2S) 116(5)

C(2S) 102(5)

C(25)1121(8)



C(32) Ir(2)

Cl(2) 161.9(5)

C(3S) C(4T) C(25)1106(8)

C(32) Ir2) C(31) 38.8(6) C(32) Ir2) C(36) 91.1(7)
C(32) Ir2) C(35) 81.7(6) C(35) Ir2) CI(1) 159.2(5)
Torsion Angles in ° for AlexOBN.
Atom Atom Atom Atom Angle/*
Ir(1) N(3) c(7) N(2) 2.5(16)
Ir(1) N(3) c(7) C(8) -175.6(11)
Ir(1) N(3) c(11) C(10) 176.4(11)
Ir(1) N(6) C(18) N(5) -7.4(15)
Ir(1) N(6) C(18) C(19) 172.7(12)
Ir(1) N(6) C(22) c(21) -175.1(12)
Ir(1) C(23) C(24) C(25) 101.5(15)
Ir(1) C(23) C(30) C(29) 10.2(16)
Ir(1) C(24) C(25) C(26) 35.9(15)
Ir(1) c(@27) C(28) C(29) 102.2(14)
Ir(1) C(28) C(29) C(30) 35.8(16)
N(1) c() c() N(2) -0.8(16)
N(1) c() c() C(3) -179.9(13)
N(1) c() C(6) C(5) 179.4(14)
N(2) c() C(@3) C(4) -178.9(16)
N(2) c(7) C(8) C(9) -179.2(15)
N(3) c(7) C(8) C(9) -1(2)
N(4) C(12) C(13) N(5) 0.8(15)
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N(4)
N(4)
N(5)
N(5)
N(6)
C(1)
c@)
ca)
C(2)
cQ)
cQ)
C(2)
)
cQ)
C@)
c@)
C(6)
C(6)
C(7)
C(7)
C(7)
C(7)

C(7)

C(12)
C(12)
C(13)
C(18)
C(18)
N(1)
N(1)
cR)
N(2)
N(2)
N(2)
N(2)
c@)
c@®)
C()
C(5)
c@)
c@)
N()
N(2)
N()
N()

N(3)

C(13)
c(7)
C(14)
C(19)
C(19)
B(1)
B(1)
cE®)
C(7)
C(7)
B(1)
B(1)
C(6)
C(4)
C(5)
C(6)
c)
c)
c)
C(2)
B(1)
B(1)

C(11)
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C(14)
C(16)
C(15)
C(20)
C(20)
Ir(1)
N(2)
C(4)
N(3)
C(8)
Ir(1)
N(1)
()
C(5)
C(6)
c@)
N(2)
CE®)
c@)
C@)
Ir(1)
N(1)

C(10)

-178.9(13)
178.9(15)
-179.1(15)
-177.0(16)
3(2)
179.0(15)
-4.0(16)
0(2)
174.3(14)
-8(3)
-178.5(9)
3.5(15)
-2(2)

0(3)

-1(3)

2(2)
-179.6(14)
1(2)
-176.1(15)
3(3)
-3.2(16)
178.8(12)

-3(2)



C(7)

C(8)

C(9)

c(11)
c(11)
C(12)
C(12)
C(12)
C(13)
C(13)
C(13)
C(13)
C(13)
C(13)
C(14)
C(15)
c(17)
c(17)
C(18)
C(18)
C(18)
C(18)

C(18)

C(8)
C(9)
C(10)
N(3)
N(3)
N(4)
N(4)
C(13)
N(5)
N(5)
N(5)
N(5)
C(12)
C(14)
C(15)
C(16)
C(12)
C(12)
N(5)
N(5)
N(5)
N(5)

N(6)

C(9)
C(10)
c(11)
C(7)
C(7)
B(2)
B(2)
C(14)
C(18)
C(18)
B(2)
B(2)
c(17)
C(15)
C(16)
c(17)
C(13)
C(13)
C(13)
C(13)
B(2)
B(2)

C(22)
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C(10)
c(11)
N(3)
N(2)
C(8)
Ir(1)
N(5)
C(15)
N(6)
C(19)
Ir(1)
N(4)
C(16)
C(16)
c(17)
C(12)
N(5)
C(14)
C(12)
C(14)
Ir(1)
N(4)

C(21)

-2(2)

3(2)

-1(2)
-178.2(12)
4(2)
-175.6(14)
-1.4(16)
1(2)
-170.4(13)
9(2)
177.8(9)
1.9(16)
1(2)

-1(2)

1(3)

-1(2)
179.0(13)
-1(2)
172.6(14)
-8(3)
2.9(18)
-173.0(12)

1(2)



C(18)
C(19)
C(20)
C(22)
C(22)
C(23)
C(24)
C(24)
C(25)
C(25)
C(26)
C(26)
c(@27)
C(28)
C(30)
C(30)
B(1)

B(1)

B(1)

B(1)

B(1)

B(1)

B(2)

C(19)
C(20)
c(21)
N(6)
N(6)
C(24)
C(23)
C(25)
C(26)
C(26)
c(@27)
c(@27)
C(28)
C(29)
C(23)
C(23)
N(1)
N(1)
N(2)
N(2)
N(2)
N(2)

N(4)

C(20)
c(21)
C(22)
C(18)
C(18)
C(25)
C(30)
C(26)
c(@27)
c(@27)
C(28)
C(28)
C(29)
C(30)
C(24)
C(24)
C(1)

C(1)

c()

C(2)

C(7)

C(7)

C(12)
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c(21)
C(22)
N(6)
N(5)
C(19)
C(26)
C(29)
c(@27)
Ir(1)
C(28)
Ir(1)
C(29)
C(30)
C(23)
Ir(1)
C(25)
C(2)
C(6)
c(1)
C@)
N(3)
C(8)

C(13)

0(3)

-2(3)

3(2)
177.6(12)
-2(2)
-47(2)
90.6(18)
-31.7(18)
10.6(16)
92.4(17)
-106.7(14)
-5(2)
-45(2)
-31.0(19)
-101.6(13)
0(2)
3.1(17)
-178.1(15)
-1.7(16)
177.3(16)
0.4(19)
178.5(14)

0.4(16)



B(2)
B(2)
B(2)
B(2)
B(2)
Ir(2)
Ir(2)
Ir(2)
Ir(2)
Ir(2)
C(31)
C(32)
C(32)
C(33)
C(33)
C(34)
C(34)
C(35)
C(36)
C(38)
C(38)
C(29)

C(29)

N(4)

N(5)

N(5)

N(5)

N(5)

C(31)
C(31)
C(32)
C(35)
C(36)
C(32)
C(31)
C(33)
C(34)
C(34)
C(35)
C(35)
C(36)
C(37)
C(31)
C(31)
C(39)

C(39)

C(12)
C(13)
C(13)
C(18)
C(18)
C(32)
C(38)
C(33)
C(36)
C(37)
C(33)
C(38)
C(34)
C(35)
C(35)
C(36)
C(36)
C(37)
C(38)
C(32)
C(32)
C(45)

C(4T)
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c(17)
C(12)
C(14)
N(6)
C(19)
C(33)
C(37)
C(34)
C(37)
C(38)
C(34)
C(37)
C(35)
Ir(2)
C(36)
Ir(2)
C(37)
C(38)
C(31)
Ir(2)
C(33)
c(29)1

c(29)1

-177.6(15)
-1.6(15)
178.0(16)
3.2(19)
-177.0(15)
107.8(16)
-26(2)
-4(2)
105.2(15)
-10(2)
-87(2)
56(2)
19(2)
-25.4(19)
57(2)
-105.5(15)
0(2)
-89(2)
23(2)
-106.8(15)
1(2)
20(11)

72(5)



C(49)1 C(2S) C(3S) C(4S) -19(11)
c@4m1 C(2S) C(3S) C(4m) -70(8)
Hydrogen Atom Coordinates (Ax10%) and Isotropic Displacement Parameters (A2x103) for

AlexOBN. Ueq is defined as 1/3 of the trace of the orthogonalised Uj;.

Atom X y z U(eq)
H(1) 7622.81 6489.81 5692.02 32
H(4) 6198.08 7305.1 5932.14 33
H(3) 5463.59 3976.24 4276.65 37
H(4A) 5604.88 4268.12 3057.23 45
H(5) 6512.48 5381.74 2973.96 45
H(6) 7301.16 6277.09 4103.62 31
H(8) 5204.33 3633.76 5251.09 34
H(9) 4693.57 2826.61 6094.37 38
H(10) 5306.75 3072.14 7493.28 36
H(11) 6315.39 4177.03 8007.25 29
H(14) 4506.69 7700.01 7808.74 42
H(15) 3669.8 8838.81 6965.65 44
H(16) 3906.4 9302.1 5830.18 38
H(17) 4937.14 8601.6 5491.41 39
H(19) 5085.52 6759.35 8562.54 40
H(20) 5584.19 6005.11 9781.26 52
H(21) 6837.52 5128.28 10145.82 37
H(22) 7487.83 4962.03 9226.68 35
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H(23)
H(24)
H(25A)
H(25B)
H(26A)
H(26B)
H(27)
H(28)
H(29A)
H(29B)
H(30A)
H(30B)
H(31)
H(32)
H(33A)
H(33B)
H(34A)
H(34B)
H(35)
H(36)
H(37A)
H(37B)

H(38A)

8151.94

8112.71

8695.38

9502.08

9207.07

9557.12

8026.46

7824.83

8425.12

924412

9546.16

9134.97

9066.12

8593.74

7900.91

7810.68

6452.49

6492.16

5900.26

6379.21

7262.7

7293.91

8663.99

4250.47

4063.67

4981.48

4788.04

6345.94

6171.14

7038.47

7263.06

6378.58

6704.99

5360.31

5111.04

8589.16

7251.88

7737.38

6768.05

6964.81

7752.05

8135.88

9526.97

9162.65

10098.17

9187.09
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8510.77

7285.83

6587.85

7423.03

6901.91

7861.73

6960.82

8111.85

9291.77

9112.64

8805.39

9451.4

4466.9

4111.3

2528.53

2858.05

2643.38

2054.42

3138.46

3341.02

2362.2

2799.64

3050.88

28

33

32

32

34

34

32

33

30

30

33

33

34

37
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o1

64

64

36

44

62

62

52



H(38B)
H(1SA)
H(1SB)
H(1SC)
H(1SD)
H(2SA)
H(2SB)
H(2SC)
H(2SD)
H(3SA)
H(3SB)
H(3SC)
H(3SD)
H(4SA)
H(4SB)
H(4TA)

H(4TB)

8595.18

7852.44

7893.51

7829.06

7939.44

9154.55

8965.12

8946.23

9273.86

10719.07

10250.51

10592.75

10174

10738.2

11380.89

9878.53

10900.18

9864.25

7355.45

8379.49

7344

8359.73

6091.9

5038.72

5198.95

6158.58

5724.57

5386.28

5892.04

5118

4155.15

4925.32

4098.39

4206.52

Hydrogen Bond information for AlexOBN.

D

C(11)

H

H(11)

A

N(6)

d(D-H)/A

0.95
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3716.51
10309.24
10553.69
10275.94
10523.95
5267.99
5148.41
5322.95
5193.49
5800.22
6388.85
5987.2
6329.2
5942.79
5919.78
5592.51

6138.39

d(H-A)/A

2.54

52

126
126
126
126
166
166
166
166
114
114
114
114
102
102
102

102

d(D-A)/A  D-H-Aldeg

3.039(19)  112.7



2.5.5: Reaction Optimizations for ortho CHB
A. KOtBu Additive with 2 mol % BB

1 mol % [Ir(OMe)cod],
2 mol % BB 0

O
J< X mol % KO'Bu J<
©)‘\O 1 equiv B,pin, O
o B

THF, 100 °C, 16 h pin
Entry KO'Bu Loading Conversion 0:(m+p)
(mol %) (%) (%)
1 1 80 1:99
2 2 65 1:99
3 5 16 1:99
4 10

Reactions run on 0.5 mmol scale of substrate, 0.5 mmol Bzpinz, 1 mol % [Ir(OMe)cod]z, and 2
mol % BB ligand in 1 mL THF. Conversions and selectivity determined by *H NMR analysis of
sample.

B. Decreased BB Pre-ligand Loading

0 1 mol % [Ir(OMe)cod], )
J< X mol % BB )<
O 1 equiv Bypin, o o
- B

THF, 100 °C, 16 h pin
Entry Ligand Loading Conversion o:(m*+p)
(mol %) (%) (%)
1 2 99 1:99
2 1 80 60:40
3 0.75 74 90:10
4 0.50 67 95:5

Reactions run on 0.5 mmol scale of substrate, 0.5 mmol Bzpinz, 1 mol % [Ir(OMe)cod]2, and x
mol % BB ligand in 1 mL THF. Conversions and selectivity determined by 'H NMR analysis of
sample. Meta selectivity (m*) includes dimeta-borylated products.

2.5.6: General C—H Borylation Procedures
General Procedure for CHB

Inside a nitrogen-filled glove box, bis(pinacolato)diboron (1 equiv), [Ir(X)cod]z (1 mol %) (X =

OMe or ClI), BB pre-ligand (0.5 or 2 mol %), and THF were added to a 3.0 mL wheaton vial
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equipped with a stir bar. (Hetero)arene substrate (1 equiv) was added and the vial was sealed with
a screw cap and taken outside of the glovebox. The reaction was placed in a 4x4 aluminum heating
block on top of a stir plate and stirred at 100 °C for 4-16 hours then cooled to room temperature.
The resulting solution was exposed to air and volatiles were removed under reduced pressure. The
compound was purified using a small plug of silica gel with 15 mL DCM as eluent. Fractions
collected were dried under vacuum and weighed. *H and GCMS analysis of material confirmed
selectivity’s of respective borylated compounds. Yields were determined by weight.

Condition A: Chelate-directed CHB with 0.5 mol % BB.

1 equiv Bypin,
0.5 mol % BB
1 mol % [Ir(X)cod],

(hetero)Ar-H
THF, 100 °C, 16 h

(hetero)Ar—Bpin

Following the general procedure for CHB using bis(pinacolato)diboron (127 mg, 0.50 mmol, 1
equiv), [IrCl(cod)]2 (3.31 mg, 0.005 mmol, 0.01 equiv) or [Ir(OMe)cod]2 (3.36 mg, 0.005 mmol,
0.01 equiv), BB pre-ligand (1 mg, 0.0025 mmol, 0.0005 equiv), and THF (1 mL). Reactions ran
for 16 h.

Condition B: Steric-directed CHB with 2 mol % BB and [Ir(OMe)cod]2.

1 equiv Bypin,
2 mol % BB
1 mol % [Ir(OMe)cod],

THF, 100 °C, 8 h

(hetero)Ar-H (hetero)Ar-Bpin

Following the general procedure for CHB using bis(pinacolato)diboron (127 mg, 0.50 mmol, 1
equiv), [Ir(OMe)cod]2 (3.36 mg, 0.005 mmol, 0.01 equiv), BB pre-ligand (3.88 mg, 0.01 mmol,

0.02 equiv), and THF (1 mL). Reactions ran for 8 h.
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Condition C: Chelate-directed CHB with 2 mol % BB and [IrCl(cod)].

1 equiv Bopin,

2 mol % BB
R COMe 4 mol % [IrCI(cod)], R~y CO2Me
THF, 100 °C, 16 h | N

Bpin
Following the general procedure for CHB using bis(pinacolato)diboron (63.5 mg, 0.25 mmol, 1
equiv), [IrCl(cod)]2 (1.7 mg, 0.0025 mmol, 0.01 equiv), BB pre-ligand (1.9 mg, 0.005 mmol, 0.02

equiv), and THF (0.5 mL). Reactions ran for 16 h.

2.5.7: Compound Characterization of Steric and Chelate-Directed Products
Methyl 2-(4,4,5,5-tetramethyl)-1,3,2-dioxaborolan-2-yl)benzoate (2a)

CO,Me
©:Bpin

Following general procedure A with methyl benzoate (63 pL, 68 mg, 0.50 mmol) as the
substrate, starting material converted to 85% (0:(m+p):di-0) = 78:8:14) borylated products. 2a was
obtained as a colorless oil (111 mg, 85%) after passing crude material through a short plug of silica
using DCM as eluent. Using [Ir(OMe)cod]. as the precatalyst, substrate converted 80%
(0:(m+p):di-0) = 76:8:14) borylated products and yielded 96 mg (73%). *H NMR (500 MHz,
CDCl3) § 7.95 (dt, J = 7.8, 0.9 Hz, 1H), 7.54 — 7.50 (m, 2H), 7.44 — 7.40 (ddd, J = 7.8, 6.2, 2.6 Hz,
1H), 3.92 (s, 3H), 1.43 (s, 12H); 'B NMR (160 MHz, CDCls) & 31.6 (br, s). Spectral data were in
accordance to literature.?® See pg. 84 for NMR spectra.

Methyl 3,5-(4,4,5,5-tetramethyl)-1,3,2-dioxaborolan-2-yl)benzoate (3a)

pin8\©/Cone

Bpin
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Following general procedure B with methyl benzoate (63 pL, 68 mg, 0.50 mmol) as the
susbtrate, was added, starting material converted to 99% (o:(m+di-m):p) = (0:70:30) borylated
products. 3a was obtained as a colorless oil (85 mg, 65%) after passing crude material through a
short plug of silica using DCM as eluent. *H NMR (500 MHz, CDClIs) § 8.56 (d, J = 1.3 Hz, 1H),
8.44 (t, J = 1.3 Hz, 1H), 4.00 — 3.81 (m, 3H), 1.36 (d, J = 4.2 Hz, 12H); !B NMR (160 MHz,
CDCl3) & 31.4 (br, s). Spectral data were in accordance to literature.®® See pg. 86 for NMR spectra.
tert-Butyl 2-(4,4,5,5-tetramethyl)-1,3,2-dioxaborolan-2-yl)benzoate (2b)

CO,Bu
QBpin

Following general procedure A, with tert-butyl benzoate (178 pL, 178 mg, 1.0 mmol) as
the substrate, was added, starting material converted to 84% (o0:(m+p) = 94:6) borylated products.
2b was obtained as a white solid (243 mg, 80%) after passing crude material through a short plug
of silica using DCM as eluent. *tH NMR (500 MHz, CDCls) § 7.82 (dt, J = 7.7, 0.9 Hz, 1H), 7.47
—7.44 (m, 2H), 7.37 — 7.34 (ddd, J = 7.7, 6.0, 2.8 Hz, 1H), 1.58 (s, 3H), 1.42 (s, 12H); 'B NMR
(160 MHz, CDCls) & 31.6 (s). Spectral data were in accordance to literature.®! See pg. 87 for NMR
spectra.

tert-Butyl 3,5-(4,4,5,5-tetramethyl)-1,3,2-dioxaborolan-2-yl)benzoate (3b)

pinB\©/CoztBu

Bpin
Following general procedure B with tert-butyl benzoate (89 pL, 89 mg, 0.5 mmol) as the

substrate, starting material converted to 90% (o:(m+di-m):p = 0:65:35) products. 3b was obtained

as a colorless oil (89 mg, 58%) after passing crude material through a short plug of silica using
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DCM as eluent. *H NMR (500 MHz, CDCls) 6 8.40 (dt, J = 2.8, 1.5 Hz, 1H), 8.31 (dt, J=7.8, 1.6
Hz, 1H), (d, J = 1.4 Hz, 9H), 1.18 (d, J = 2.6 Hz, 12H); !B NMR (160 MHz, CDCls3) & 30.2 (br,
s). Spectral data were in accordance to literature.3!

N,N-dimethyl-2-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)benzamide (2c)

@CONMGZ

Bpin

Following general procedure A with N,N-dimethylbenzamide (74 mg, 0.50 mmol) as the
substrate, was added, starting material converted to 95% (o:(m+p) = 96:4) products. 2c was
obtained as a colorless oil (123 mg, 89%) after passing crude material through a short plug of silica
using DCM as eluent. *H NMR (500 MHz, CDCl3) § 7.81 (ddd, J = 7.5, 1.4, 0.6 Hz, 1H), 7.46 (td,
J =175, 1.4 Hz, 1H), 7.37 (td, J = 7.5, 1.2 Hz, 1H), 7.30 (ddd, J = 7.6, 1.3, 0.7 Hz, 1H), 3.06 (s,
3H), 2.89 (s, 3H), 1.30 (s, 12H); *B NMR (160 MHz, CDCls) § 29.4 (br, s). Using [Ir(OMe)cod]2
as the precatalyst, starting material converted to 95% (o:(m+p) = 95:5) borylated products. 2c was
obtained as a colorless oil (114 mg, 83%) after passing crude material through a short plug of silica
using DCM as eluent. Spectral data were in accordance to literature.3! See pg. 110 for NMR
spectra.

N,N-dimethyl-3,5-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)benzamide (3c)

pinB\Q/CONMeZ

Bpin
Following general procedure B with N,N-dimethylbenzamide (75 mg, 0.50 mmol) as the
substrate, starting material converted to 99% (o:(m+di-m):p = 1:77:22) products. 3¢ was obtained

as a colorless oil (62 mg, 45%) after passing crude material through a short plug of silica using
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DCM as eluent. *H NMR (500 MHz, CDCls) § 8.29 (d, J = 1.5 Hz, 1H), 7.93 (d, J = 1.2 Hz, 2H),
3.10 (s, 3H), 2.95 (s, 3H), 1.34 (s, 24H); 1'B NMR (160 MHz, CDCls) & 29.0 (br, s). Spectral data
were in accordance to literature.® See pg. 112 for NMR spectra.
Methyl 5-bromo-2-fluoro-3-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)benzoate (2d)

F

pinB COsMe

Br

Following general procedure A with methyl 5-bromo-2-fluorobenzoate (116 mg, 0.50
mmol) as the substrate, starting material converted to 96% (3 position:other = >99:1) products. 2d
was obtained as a colorless oil (153 mg, 90%) after passing crude material through a short plug of
silica using DCM as eluent. *H NMR (500 MHz, CDCls3) § 8.12 (dd, J = 6.2, 2.7, 1H), 7.99 (dd, J
= 4.4, 2.8 Hz, 1H), 3.91 (s, 3H), 1.35 (s, 12H); !B NMR (160 MHz, CDCl3) § 28.2 (br, s). Using
[Ir(OMe)cod]2 as the precatalyst, starting material converted to 94% (3:other = >99:1) borylated
products. 2d was obtained as a colorless oil (116 mg, 65%) after passing crude material through a
short plug of silica using DCM as eluent. Spectral data were in accordance to literature.® See pg.
108 for NMR spectra.

Methyl 5-bromo-2-fluoro-3-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)benzoate (2d)
F

pinB COsMe

Br

Following general procedure B with methyl 5-bromo-2-fluorobenzoate (116 mg, 0.50
mmol) as the substrate, starting material converted to 98% (3 position:other = >99:1) products. 2d

was obtained as a colorless oil (167 mg, 93%) after passing crude material through a short plug of
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silica using DCM as eluent. *H NMR (500 MHz, CDCls) § 8.12 (dd, J = 6.2, 2.7, 1H), 7.99 (dd, J
= 4.4,2.8 Hz, 1H), 3.91 (s, 3H), 1.35 (s, 12H). B NMR (160 MHz, CDCls) § 29.9 (br, s). Spectral
data were in accordance to literature.3?

Methyl 3-methoxy-6-(4,4,5,5-tetramethyl)-1,3,2-dioxaborolan-2-yl)benzoate (2e)

MeO\QCOZMe

8 :
e Bpin

Following general procedure A with methyl 3-methoxybenzoate (73 pL, 83 mg, 0.50
mmol) as the substrate, starting material converted to 79% (6 position:5 position = 93:7) borylated
products. 2e was obtained as a colorless oil (104 mg, 71%) after passing crude material through a
short plug of silica using DCM as eluent. Using [Ir(OMe)cod]zas the precatalyst, starting material
converted to 67% (o0:(m+p) = 95:5) borylated products. 2a was obtained as a white solid (99 mg,
63%) after passing crude material through a short plug of silica using DCM as eluent, yielding 126
mg (83%) borylated products in the ratio (6 position:5 position = 96:4).

Following general procedure C, with methyl 3-methoxybenzoate (36.5 pL, 0.25 mmol) as
the substrate, starting material converted to 80% (6 position:5 position = 85:15) borylated
products. 2e was obtained as a colorless oil (19 mg, 23%) after passing crude material through a
short plug of silica using DCM as eluent. *H NMR (500 MHz, CDCl3) § 7.43 (s, 1H), 7.42 (d, J =
2.4 Hz, 1H), 7.03 (dd, J = 8.1, 2.6 Hz, 1H), 3.91 (d, J = 1.3 Hz, 4H), 3.84 (s, 3H), 1.41 (s, 12H).;
1B NMR (160 MHz, CDCls) & 31.1 (br, s). Spectral data were in accordance to literature.3! See

pg. 89 for NMR spectra.
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Methyl 3-methoxy-5-(4,4,5,5-tetramethyl)-1,3,2-dioxaborolan-2-yl)benzoate (3¢e)

MeO CO,Me
[ ;6
5

Bpin

Following general procedure B with methyl 3-methoxybenzoate (73 pL, 83 mg, 0.50
mmol) as the substrate starting material converted to 85% (6 position:5 position = 5:95) borylated
products. 3e was obtained as a colorless oil (112 mg, 76%) after passing crude material through a
short plug of silica using DCM as eluent. *H NMR (500 MHz, CDCls) § 8.07 (dd, J = 1.5, 0.9 Hz,
1H), 7.66 (dd, J = 2.7, 1.5 Hz, 1H), 7.52 (dd, J = 2.8, 0.9 Hz, 1H), 3.92 (s, 3H), 3.87 (s, 3H), 1.36
(s, 12H); !B NMR (160 MHz, CDCls) & 30.8 (s). Spectral data were in accordance to literature.®*
See pg. 91 for NMR spectra.
Methyl 3-dimethylamino-6-(4,4,5,5-tetramethyl)-1,3,2-dioxaborolan-2-yl)benzoate (2f)

Me,N CO,Me
\@Bpin

Following general procedure A with methyl 3-(dimethylamino)benzoate (81 pL, 90 mg,
0.50 mmol) as the substrate, starting material converted to 80% (6 position:5 position = 91:9)
products. 2f was obtained as a colorless oil (110 mg, 72%) after passing crude material through a
short plug of silica using DCM as eluent. Using [Ir(OMe)cod]z as the precatalyst, starting material
converted to 76% (6 position:5 position = 84:16) borylated products. 2f was obtained as a colorless
oil after passing crude material through a short plug of silica using DCM as eluent, yielding 90 mg
(62%) borylated products in the ratio (6 position:5 position = 96:4). *H NMR (500 MHz, CDCls)

57.44 (d, J = 8.3 Hz, 1H), 7.20 (d, J = 2.6 Hz, 1H), 6.81 (dd, J = 8.3, 2.6 Hz, 1H), 3.89 (s, 3H),
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2.99 (s, 6H), 1.38 (s, 12H). B NMR (160 MHz, CDCl3) & 31.9 (br, s). Spectral data were in
accordance to literature.® See pg. 93 for NMR spectra.

Methyl 3-dimethylamino-5-(4,4,5,5-tetramethyl)-1,3,2-dioxaborolan-2-yl)benzoate (3f)

MezN COzMe
6
5

Bpin

Following general procedure B with methyl 3-(dimethylamino)benzoate (81 pL, 90 mg,
0.50 mmol) as the substrate, was added, starting material converted to 94% (6 position:5 position
= 1:99) products. 3f was obtained as a colorless oil (122 mg, 80%) after passing crude material
through a short plug of silica using DCM as eluent. *H NMR (500 MHz, CDCls) § 7.82 (dd, J =
1.5,0.9 Hz, 1H), 7.49 (dd, J = 2.9, 1.5 Hz, 1H), 7.34 (d, J = 2.8 Hz, 1H), 3.89 (s, 3H), 3.01 (s, 6H),
1.35 (s, 12H); ); 3C NMR (126 MHz, CDCl3) § 167.8, 150.0, 130.3, 123.8, 122.7, 115.9, 83.9,
52.0, 40.7, 24.8; 1B NMR (160 MHz, CDCls) & 31.1 (br, s); HRMS (ESI+) m/z calcd for
C16H24BNO4[M + H]" 306.1832, found 306.1888. See pg. 95 for NMR spectra.

Methyl 3-bromo-6-(4,4,5,5-tetramethyl)-1,3,2-dioxaborolan-2-yl)benzoate (29)

Br\QCOzMe

< © "Bpin
Following general procedure A with methyl 3-bromobenzoate (108 mg, 0.5 mmol) as the
substrate, starting material converted to 96% (6 position:5 position = 77:23) products. 2g was
obtained as a colorless oil (138 mg, 81%) after passing crude material through a short plug of silica
using DCM as eluent. Using [Ir(OMe)cod]2 as the precatalyst, starting material converted to 80%
(6 position:5 position = 80:20) borylated products. 2g was obtained as a colorless oil (132 mg,

77%) after passing crude material through a short plug of silica using DCM as eluent.

67



Following general procedure C with methyl 3-bromobenzoate (54 mg, 0.25 mmol) as the
substrate, starting material converted to 88% (6 position:5 position = 68:32) products. 2g was
obtained as a colorless oil (64 mg, 87%) after passing crude material through a short plug of silica
using DCM as eluent. *H NMR (500 MHz, CDCls) § 8.09 (dd, J = 2.0, 0.5 Hz, 1H), 7.62 (dd, J =
7.9, 1.9 Hz, 1H), 7.35 (d, J = 7.9 Hz, 1H), 3.93 (s, 3H), 1.42 (s, 12H); !B NMR (160 MHz, CDCls)
5 30.9 (br, s). Spectral data were in accordance to literature.® See pg. 98 for NMR spectra.

Methyl 3-bromo-5-(4,4,5,5-tetramethyl)-1,3,2-dioxaborolan-2-yl)benzoate (39)

Br COsMe
6
5

Bpin

Following general procedure B with methyl 3-bromobenzoate (108 mg, 0.50 mmol) as the
substrate, was added, starting material converted to 98% (6 position:5 position = 1:99) products.
3g was obtained as a colorless oil (159 mg, 93%) after passing crude material through a short plug
of silica using DCM as eluent. *tH NMR (500 MHz, CDCls) § 8.37 (t, J = 1.3 Hz, 1H), 8.25 (t, J =
1.9 Hz, 1H), 8.10 (dd, J = 2.1, 1.0 Hz, 1H), 3.92 (s 3H), 1.35 (s, 12H); B NMR (160 MHz, CDCls)
5 30.4 (br, s). Spectral data were in accordance to literature.® See pg. 100 for NMR spectra.
Methyl 3-trifluoromethyl-6-(4,4,5,5-tetramethyl)-1,3,2-dioxaborolan-2-yl)benzoate (2h)

FsC CO,Me
\@Bpin

Following general procedure A with methyl 3-(trifluoromethyl)benzoate (79 pL, 102 mg,

0.50 mmol) as the substrate, starting material converted to 87% (6 position:5 position = 77:23)

products. 2h was obtained as a colorless oil (138 mg, 81%) after passing crude material through a

short plug of silica using DCM as eluent. Using [Ir(OMe)cod]2 as the precatalyst, starting material
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converted to 85% (6 position:5 position = 73:27) borylated products. 2h was obtained as a
colorless oil (177 mg, 72%) after passing crude material through a short plug of silica using DCM
as eluent.

Following general procedure C with methyl 3-(trifluoromethyl)benzoate (39.5 uL, 0.25
mmol) as the substrate, starting material converted to 98% (6 position:5 position = 70:30) products.
2h was obtained as a colorless oil (65 mg, 79%) after passing crude material through a short plug
of silica using DCM as eluent. *H NMR (500 MHz, CDCls) § 8.21 (dt, J = 1.6, 0.8 Hz, 1H), 7.77
(ddt, J=7.8, 1.8, 0.8 Hz, 1H), 7.63 (dt, J = 7.7, 0.7 Hz, 1H), 3.94 (s, 3H), 1.41 (s, 12H); !B NMR
(160 MHz, CDCIs) § 29.6 (br, s). Spectral data were in accordance to literature.! See pg. 102 for
NMR spectra.

Methyl 3-trifluoromethyl-5-(4,4,5,5-tetramethyl)-1,3,2-dioxaborolan-2-yl)benzoate (3h)

F3C COzMe
6
5

Bpin

Following general procedure B with methyl 3-(trifluoromethyl)benzoate (79 pL, 102 mg,
0.50 mmol) as the substrate, starting material converted to 93% (6 position:5 position = 1:99)
products. 3h was obtained as a colorless oil (145 mg, 88%) after passing crude material through a
short plug of silica using DCM as eluent. 'H NMR (500 MHz, CDClIs) § 8.62 (ddd, J = 1.7, 1.2,
0.6 Hz, 1H), 8.37 (tq, J = 1.2, 0.6 Hz, 1H), 8.23 (dg, J = 1.9, 0.9 Hz, 1H)., 3.95 (s, 3H), 1.36 (s,
12H); 13C NMR (126 MHz, CDCls) & 165.9, 138.9, 135.5 (g, J = 4.3 Hz), 130.6 (g, J = 42 Hz),
130.3, 129.0 (q, J = 4.8 Hz), 124.8 (q, J = 272.8 Hz), 84.6, 52.4, 24.8, 1.0; °F NMR (470MHz,
CDCls) § -62.7 (s); !B NMR (160 MHz, CDCls) & 30.5 (br, s). HRMS (APCI+) m/z calcd for

CisH18BF304[M + H]*331.1284, found 331.1315. See pg. 104 for NMR spectra.
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Methyl 5-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)thiophene-2-carboxylate (2i)

pinB\@/COQMe

4 3

Following general procedure A with methyl thiophene-2-carboxylate (58 uL, 71 mg, 0.50
mmol) as the substrate, starting material converted to 99% (3:5 = 1:99) products. 2i was obtained
as a colorless oil (137 mg, 90%) after passing crude material through a short plug of silica using
DCM as eluent. *H NMR (500 Hz, CDCl3) & 7.80 (d, J = 3.7 Hz, 1H), 7.55 (d, J = 3.7 Hz, 1H),
3.88 (s, 3H), 1.34 (s, 12H). 1'B NMR (160 MHz, CDCls) & 28.9 (br, s). Using [Ir(OMe)cod]:2 as
the precatalyst, starting material converted to 99% (3:5 = 1:99) borylated products. 2i was obtained
as a colorless oil (118 mg, 90%) after passing crude material through a short plug of silica using
DCM as eluent. Spectral data were in accordance to literature.3’ See pg. 114 for NMR spectra.

Methyl 5-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)thiophene-2-carboxylate (2i)

pinBQ\CJ/COzMe
4 3
Following general procedure B with methyl thiophene-2-carboxylate (58 uL, 71 mg, 0.50
mmol) as the substrate, starting material converted to 99% (3-position:5-position = 1:99) products.
2i was obtained as a colorless oil (156 mg, 99%) after passing crude material through a short plug
of silica using DCM as eluent. *H NMR (500 MHz, CDCls)  7.82 (d, J = 3.8 Hz, 1H), 7.56 (d, J
= 3.7 Hz, 1H), 3.90 (s, 3H), 1.36 (s, 12H); !B NMR (160 MHz, CDCls) & 28.9 (br, s). Spectral

data were in accordance to literature.®’
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Methyl-5-methyl-3-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)thiophene-2-carboxylate
(2))

S<_CcO,Me

\ /)

473
Bpin

Following general procedure A with methyl 5-methylthiophene-2-carboxylate (66 pL, 78
mg, 0.50 mmol) as the substrate, starting material converted to 88% (3:4 = 94:6) products. 2j was
obtained as a colorless oil (120 mg, 85%) after passing crude material through a short plug of silica
using DCM as eluent. *H NMR (500 MHz, CDCl3) 6 6.86 (g, J = 1.0 Hz, 1H), 3.93 (s, 3H), 2.53
(d, J=1.0 Hz, 3H), 1.40 (s, 12H); 1B NMR (160 MHz, CDCls) § 28.8 (br, s). Using [Ir(OMe)cod]2
as the precatalyst, starting material converted to 88% ((3:4 = 80:20) borylated products. 2j was
obtained as a colorless oil (78 mg, 55%) after passing crude material through a short plug of silica
using DCM as eluent. Spectral data were in accordance to literature.®” See pg. 116 for NMR spectra.
Methyl-4-methyl-3-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)thiophene-2-carboxylate
©)))

S\_CO,Me
a3
pinB

Following general procedure B with methyl 5-methylthiophene-2-carboxylate (66 pL, 78
mg, 0.50 mmol) as the substrate, starting material converted to 99% (3:4 = 1:99) products. 3j was
obtained as a colorless oil (131 mg, 93%) after passing crude material through a short plug of silica
using DCM as eluent. *H NMR (500 MHz, CDCl3) § 7.93 (s, 1H), 3.83 (s, 3H), 2.69 (s, 3H), 1.30
(s, 12H); B NMR (160 MHz, CDClz) § 31.0 (br, s). Spectral data were in accordance to

literature.®’
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Methyl 5-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)furan-2-carboxylate (2k)

. 0
p|nB\5<J/COQMe
W

4 3

Following general procedure A with methyl furan-2-carboxylate (53 pL, 63 mg, 0.50
mmol) as the substrate, starting material converted to 99% (5:3 = 92:8) products. 2k was obtained
as a colorless oil (103 mg, 82%) after passing crude material through a short plug of silica using
DCM as eluent. *H NMR (500 MHz, CDCls) & 7.19 (dd, J = 3.5, 0.9 Hz, 1H), 7.08 (dd, J = 3.5,
0.9 Hz, 1H), 3.90 (d, J = 0.9 Hz, 3H), 1.35 (s, 12H); 1XB NMR (160 MHz, CDCls) 5 30.0 (br, s).
Spectral data were in accordance to literature. Spectral data were in accordance to literature. 3’ See
pg. 118 for NMR spectra.

Methyl 5-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)furan-2-carboxylate (2k)

5.0

pinBUC%Me
4 3
Following general procedure B with methyl furan-2-carboxylate (53 pL, 63 mg, 0.50
mmol) as the substrate, starting material converted to 99% (5:3 = 93:7) products. 2k was obtained
as a colorless oil (125 mg, 99%) after passing crude material through a short plug of silica using
DCM as eluent. *H NMR (500 MHz, CDCls) & 7.20 (dd, J = 3.5, 0.9 Hz, 1H), 7.09 (dd, J = 3.5,
0.9 Hz, 1H), 3.92 (d, J = 0.9 Hz, 3H), 1.36 (s, 12H); B NMR (160 MHz, CDClz) & 30.0 (br, s).

Spectral data were in accordance to literature.®”

Methyl 5-methyl-3-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)furan-2-carboxylate (21)

O._co,Me

\/

4 3
Bpin
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Following general procedure A with methyl 5-methylfuran-2-carboxylate (70 mg, 0.50
mmol) as the substrate, starting material converted to 56% (3:4 = 44:56) products. 2| was obtained
as a colorless oil (35 mg, 47%) after passing crude material through a short plug of silica using
DCM as eluent. 'H NMR (500 MHz, CDCl3) 6 7.31 (s, 1H), 3.87 (d, J = 0.9 Hz, 3H), 2.54 (s, 3H),
1.32 (d, J = 0.9 Hz, 12H); B NMR (160 MHz, CDCIs) § 30.1 (br, s). Spectral data were in
accordance to literature.

Methyl 5-methyl-4-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)furan-2-carboxylate (3I)

O__co,Me
4 3
pinB
Following general procedure B with methyl 5-methylfuran-2-carboxylate (70 mg, 0.50
mmol) as the substrate, starting material converted to 99% (3:4 = 1:99) products. 3l was obtained
as a colorless oil (98 mg, 74%) after passing crude material through a short plug of silica using

DCM as eluent. *H NMR (500 MHz, CDCl3) & 7.30 (s, 1H), 3.86 (s, 3H), 2.53 (s, 3H), 1.31 (s,

12H); 'B NMR (160 MHz, CDCIs) & 30.2 (br, s). Spectral data were in accordance to literature.®
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2.5.8: Reaction Optimization for Borane Synthesis

1 equiv BH3 *SMe, _ SN
| A additive (1 @
N/ N solvent, temp, time \N " l}rj/ H
H BH; NH,

\
NH; H,B\NH

1 2
entry  solvent temp (°C) time (h)  additive® [Mlof rxn  conversion® ratio of 1:2
1 CH,CI, rt 24 h - 0.621 >99% 1:>99
2 CH,CI, 50 5h -- 0.305 >99% 1:>99
3 CH,Cl,  rt 24 h 0.1 equiv HOTf 0.893 >99% 1:>99
4 toluene 115 24 h - 0.625 32% 94:6
5¢ toluene 115 24 h -- 0.947 - --
6 toluene 115 13 h -- 0.089 40% 98:2
7cde toluene -5to0 115 12 h - 0.150 - -
8 THF -78tort 16 h 1.05 equiv nBuLi 0.285 >99% 1:>99
of THF -78tort 12 h 1 equiv BrBH, *SMe, 0.144 >99% 1:>999

1.05 equiv nBulLi

@BH; *SMe, was used as a 1 M solution in CH,Cl,, nBuLi was used as a 2.5 M solution in hexanes.’Conversion is based on starting material was
calculated by the crude "H NMR integrations. °The aromatic region in the crude "H could not give conclusive results, though "B shows minimal
formation of 1 and no unreacted BH; - SMe,.%Borane was added at -5 °C then refluxed. ®1.05 equiv of BHz - SMe, was used. BrBH, - SMe, was
used as the borane source. ‘Crude reaction mixture contained 30% adduct (2) to 70% of an unknown boron compound shown in ''B NMR (CgDg) &
2.5 ppm.

General Reaction Procedure for Entries 1-7

In an oven dried 10 mL Schlenk flask equipped with a stir bar under N2, N-(pyridin-2-yl)benzene-
1,2-diamine (1 equiv) was added followed by dry toluene or methylene chloride. The reaction was
capped with a rubber septum and stirred until the solid was completely dissolved. Schlenk line
tubing under N2 was fitted on a 3-way adapter connected to a nitrogen bubbler, and the plastic
tubing on the last port of the adapter was fitted on the reaction vessel. Plastic tubing was then
connected to the N2 outlet of the bubbler and was submerged in a 100 mL beaker filled with bleach
to trap any dimethyl sulfide from the borane reagent. Borane dimethyl sulfide (1 equiv, 1 M
solution in methylene chloride) was then added dropwise at rt through the top of the septum using
a 12 mL Luer Lock syringe. The dark red solution was then stirred at rt for 10 min. The septum

was then replaced with a condenser and the reaction was either refluxed or allowed to stir at rt for
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5-24 hours. When refluxed in toluene, the reaction solution turned from dark red to a bright yellow
color.

Entry 3: Follows the general reaction procedure with the exception that HOTT (0.1 equiv) was
added after the dark red solution stirred at rt for 10 min. Entry 7: Follows the general reaction
procedure with the exception that the reaction was cooled to 0 °C in an ice bath prior to addition
of BHs - SMez, then warmed up to rt.

Procedures for Entry 8-9

In a 50 mL oven dried 3-neck RBF equipped with a stir bar, N*-(pyridin-2-yl)benzene-1,2-diamine
(200 mg, 1.08 mmol, 1 equiv) and dry THF (10 mL) was added and the flask was connected to an
N2 bubbler. The flask was cooled to -78 °C and a 1 M solution of nBuLi in hexanes (0.454 mL,
1.13 mmol, 1.05 equiv) was added dropwise, where the solution turned from yellow to light green.
The reaction was allowed to warm to RT after stirring at -78 °C for 1 h, and the solution turned
from green to light red. The N2 bubbler was then connected to a bleach trap and a 1 M solution of
BHs . SMe2 or BrBH2 - SMez in methylene chloride (1.08 mL, 1.08 mmol, 1 equiv) was added.
The reaction solution stirred at rt for 24 h where the color changed from red to bright yellow. See
pg. 120-125 for NMR spectra.

TH NMR of product 1, entry 6 (500 MHz, CDCls) 5 8.52 (d, J=5.9 Hz, 1H), 8.25 — 8.21 (m,
1H), 7.72 (t, J = 8.3 Hz, 1H), 7.47 — 7.44 (m, 2H), 7.15 — 7.12 (m, 2H), 7.11 — 7.09 (m, 1H), 5.08
(q, J = 189.7 Hz, BH), 3.75 (bs, NH).

1IB NMR of product 1 (160 MHz, CDCls) § 25.4 (d, J = 149.9 Hz, BH).

'H NMR of product 2, entry 1 (500 MHz, CDCls) & 8.24 (d, J = 5.9 Hz, 1H), 7.56 — 7.48 (m,
2H), 7.17 (td, J= 7.7, 1.1 Hz, 1H), 7.13 (d, J = 7.8 Hz, 1H), 6.84 (dd, J= 7.9, 1.1 Hz, 1H), 6.79
(td, J=7.9, 1.1 Hz, 1H), 6.68 (t, J = 6.5 Hz, 1H), 6.51 (d, J = 8.6 Hz, 1H), 3.86 (bs, 2H), 2.36 (q,
J=105.8 Hz, BH3).

1'B NMR of product 2 (160 MHz, CDCls) 6 -17.2 (q, J = 89 Hz, BH3).
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2.5.9: Synthesis of BrBH: - SMe;

1 equiv Ph;CBr
CH,CI,,0°C, 4 h

BH; - SMe, > BrBH, - SMe,

In a dried 10 mL Schlenk flask equipped with stir bar and attached to a N2 bubbler connected to a
bleach trap, trityl bromide (647 mg, 2 mmol, 1 equiv) was added followed by dry methylene
chloride (2 mL). The flask was cooled to 0 °C in an ice bath. A 1 M solution of BH3 - SMe2 in
methylene chloride (2 mL, 2 mmol, 1 equiv) was added dropwise and the reaction was stirred at 0
°C for 4 hours where >99% of starting material was converted yielding a 1 M solution of BrBH> -

SMe: in methylene chloride. Spectral data were in accordance to literature.>® See pg. 126 for NMR

Sspectra.

H NMR (500 MHz, C¢Ds) 5 7.11-7.01 (m, 15H), 3.31 (q, J = 131.6 Hz, BH»), 1.73 (s, 3H), 1.27
(s, 3H).

B NMR (160 MHz, C¢Ds) 5 10.8 (t, J = 133.2 Hz, BH).

2.5.10: NMR Tube Reaction with Borane and [IrCl(cod)]:

. H
ﬂjQil\ 1equivBH; - SMe, 7~ | 1/2 [IrCl(cod)], v, | ﬁf;]
- b wWNx
NN C7Dg, 110 °C,5h S\ A~ 2:1 DCM:C;Dy, rt \/'r\B_N
H NH, ! instantaneous |

.B~NH Cl 1N
’ HN

A B

Ina 7> J-young pressure tube purged under N2, a solution of N'-(pyridin-2-yl)benzene-1,2-diamine
(10 mg, 0.054 mmol, 1 equiv) dissolved in C7Ds (0.75 mL) was added, followed by a 1 M solution
of BH3 - SMe2 in methylene chloride (0.054 mL, 0.054 mmol, 1 equiv). A Teflon screw cap was
used to seal the tube and the reaction was refluxed at 110 °C and monitored by ''B and 'H NMR.
After 5 hours, 92% of starting material was converted to product A. After the tube cooled to rt, a
solution of [IrCl(cod)]2 (18.1 mg, 0.027 mmol, 0.5 equiv) dissolved in methylene chloride (1.2

mL) was added to yield product B. See pg. 129 for NMR spectra.
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TH NMR of B (500 MHz, C7Ds) § 9.04 (d, J = 6.1 Hz, 1H), 6.66 — 6.60 (m, 3H), 6.55 (dt, J =
7.5, 1.7 Hz, 2H), 6.32 (td, J= 6.4, 1.7 Hz, 2H), 6.24 (bs, N-H), 4.22 (t, /= 7.1 Hz, 2H), 3.96 (sx,
J=4.5Hz, 1H), 3.45—3.39 (m, 2H), 3.03 — 2.97 (m, 1H), 2.84 — 2.74 (m, 1H), 2.03-1.94 (m,
2H), 1.90 — 1.83 (m, 1H), 1.59 — 1.54 (m, 2H), -10.68 (s, Ir—H).

IB NMR of B (160 MHz, C-Ds) § 36.7 (bs, Ir-B)
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2.5.11: Spectral Data
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H NMR

(500 MHz, CDCl3)
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"B NMR

(160 MHz, CDCl3)
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"B NMR

(160 MHz, CDCls)
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Bpin

13C NMR

(126 MHz, CDCls)

Carbon 4 generally not seen due to quadrupolar relaxation of "'B.
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9 (Bpin)

. Quaternary carbons 2&4 could not confidently be assigned due to resonances belonging to long range
Bpin YF/3C coupling between 120-140 ppm.
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"B NMR
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CHAPTER 3.

UNPRECEDENTED MODES OF CATALYSIS USING [IrClz(cod)] SALTS:

CATALYTIC C-H BORYLATIONS WITHOUT AN EXTERNAL LIGAND
OR DIRECTING GROUP

3.1: Optimizing Reaction Conditions with [IrClz(cod)]

3.1.1: Comparing Catalytic Competency of Ir(I) Pre-catalysts
To understand the role of [IrClz(cod)]” (abbreviated as [Ir] throughout this chapter) in

catalysis, its salt with [Li]" as a counterion was synthesized and used independent from any
addition ligand in CHB’s. Optimization of the reaction was carried out with methyl 3-
(trifluoromethyl)benzoate as the substrate to examine regiochemical preference, and with varying
mol % and temperatures (Table 3.1, Entry 1). Results showed that the reaction was successful
using 4 mol % at 100 °C, but was unsuccessful at 50 °C. By '’"F NMR analysis, borylation ortho
to the ester was seen as the major product in entries 2 and 3. Low reactivity was expected based
on literature reports published in our group where they show that using [Ir(Bpin)(PMes3)]s only
yields stoichiometric products due to its oxidation state of 1+, whereas fac-[Ir(Bpin)3;(PMes)s]

could facilitate catalysis.!

In an attempt to increase TON’s, [Ir][NBus] was synthesized and compared to the [Li]" salt,
and [IrCl(cod)]2 as the control pre-catalyst (Table 3.1, Entries 2 and 3). Amazingly, high catalytic
activity was observed when the cation was switched from [Li]" to [NBus4]" without the addition of
an external donor ligand. It is suspected [Li]" has a higher binding energy over [NBu4]" with

[IrCl2(cod)] perhaps disallowing the metal to catalyze the reaction.
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Table 3.1: Catalytic Competency of Ir(I) Species in CHB.

1equivBypin,  F,C CO,Me
FsC COMe 5 mol% Ir(l) species \O/
THF, 100 °C, 16 h N

Bpin
entry Ir(l) species x mol % conversion? selectivity (0:m)
Qe oC! 8Li b 13% 94:6
1 I/Ir\CI 4 o :
(.. 18\ 6 82% 49:51
2 I/Ir\CI Ug ° :

|'/,’ A\\Cl/,' RN
3 ﬁ‘/”\Cl(”\ | 6 12% 59:41

aConversions and selectivities were calculated using "H NMR of crude
reaction mixture.’No reaction at 50 °C.

3.1.2: Alkyl Chain Length Effects on Catalysis

Seeing that the initial reactions exhibited a lack of preference for borylation in the least
sterically hindered position, we hypothesized that the butyl chain on the cation might be
influencing the regioselectivity. In turn, this would broaden the applications of this reaction.
Literature reports in our group have described this type of regiocontrol in CHB via ion-pair
electrostatic interactions, where the site of C(sp?)-H activation would be dependent on the alkyl
chain length of tetraalkyl ammonium cations paired to sulfate moieties on aromatic derivatives.?
Thus, [IrCl2(cod)] salts with [NR4]" tetraalkylammonium cations, where R = Me, Et, Pr, and Bu
were synthesized. The salts were then used in CHB reactions with equimolar amounts of the model
substrate and Bzpinz with varying mol % loadings to see if the length of the chain has effect on the
selectivity, and if high conversion would still be achieved at lower pre-catalyst loadings (Table

3.2).
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The synthesis of [Ir][NMes] was unsuccessful due to the poor solubility of NMesCl in
solvents such as THF, methylene chloride, and 1,2-dichloroethane, even with prolonged
thermolysis. All other salts were successfully made. When testing their catalytic competency in
CHB reactions, all were capable of C—H borylating except for [Ir][NEts] which showed no
conversion of starting material regardless of its high solubility (Table 3.2, Entry 1). If electrostatic
interactions between the partners in the ion pair is influencing catalysis, we speculate this is the
reason for the poor conversion, though this was not the case in our group’s ion-pairing work

mentioned above.?

Table 3.2: Alkyl Chain Length Effects on Selectivity and Reactivity.

1 equiv Bypin,

FsC COMe  x mol% [IrClcod][NRy] T 30X~ CO2Me
THF, 100 °C, 16 h | ~

Bpin

entry R xmol% selectivity (0:m) conversion (%)?
2 NR
1 Et 5 NR
2 71:29 41
2 P4 64:36 90
2b.c 70:30 32
3P 70:30 69
3 Bu 4 56:44 68
6 41:59 87
6 39:61 80
4 Hexyl 6P 35:65 84

8Conversions and selectivities were calculated by "H NMR of crude
reaction mixture. ° Pre-catalyst generatred in-situ.Ran for 48 h.
dReaction set up in air. NR = no reaction.

Unsurprisingly, using 2 mol % of [Ir][NPr4] gave poor conversion while increasing the pre-
catalyst loading to 6 mol % improved the reactivity from 41% to 90% conversion. (Table 3.2,
Entry 2). This is similar in the case when using 2 mol % [Ir][NBu4] as we observe a significant

decrease in conversion that only improves as pre-catalyst loadings increase (Table 3.2, Entry 3).
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Interestingly, we see a clear preference to borylate ortho to the ester using 2 and 6 mol %
of [Ir][Pr4]. Increasing the alkyl chain length shows that the ortho regioisomer is still preferred
with [Ir][NBu4]. However, reaching >3 mol % pre-catalyst dramatically increased the amount of
meta product yielded (Table 3.2, Entry 3). To test the robustness of this reaction, CHB of the aryl
ester was carried out in air with 6 mol % [Ir][NBu4]. This experiment showed almost identical
results with its counterpart. Regardless of this result, all other CHB’s were carried out in a nitrogen-
filled glovebox as the pre-catalyst does become unstable over time in air (see section 3.7 for

details) and keeping the THF dry is best to reach optimal conversions.

Experiments were then carried out to address if this may be due to the butyl group on the
cation sterically blocking the ortho position at higher pre-catalyst loadings. If this were true, then
increasing the alkyl chain length should show a decreased preference for ortho regioisomers. This
was tested with 6 mol % [Ir][N(Hexyl)4] where we observe a minor decrease in ortho selectivity

in respect to results with 6 mol % [Ir][NBus] (Table 3.2, Entry 4).

To compare all Ir(I) salts in respect to their role of the regiochemical outcome in CHB, the
following conclusions can be made: 1) At 6 mol %, there is a clear difference between -Pr and -Bu
alkyl chains where the longer the alkyl chain, the lower the ortho selectivity preference, 2) when
increasing the mol % from 2 to 6, the ortho selectivity decreases, though this is more significant
when R = Bu, as 3) [Ir][NPr4] continues to show its preference for C—H activating ortho to the
ester regardless of the catalyst loading, likely due to the alkyl chain length being shorter on the
cation. These conclusions support the previous hypothesis that the tetraalkylammonium cation

does play a role in catalysis, though its interaction with the active catalyst is unknown.
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3.2: Substrate Influence on Catalysis
3.2.1: “Ligand Free” CHB’s

As mentioned in Chapter 1, Ir-catalyzed CHB reactions typically involve a boron source,
an electron rich ligand, and an Ir(I) precatalyst, where [Ir(X)cod]2 (X= Cl, OMe) is most common.
As Hartwig demonstrated with dtbpy, these reagents react to form the tris-boryl preassembled
complex that begins the Ir'"/Ir¥ catalytic cycle* allowing for C(sp?)-H activation on the substrate.
This chemical process is homogenous, and reactivity is commonly decided based on electronic

properties of the ligand, and the interactions it may have with the transition metal or substrate.

Recent studies suggest that ligand-free borylations are possible (Scheme 3.1) when
substrates bearing directing groups can coordinate to the metal center enabling catalysis and
influencing C—H borylation ortho to these directing groups — a concept discussed in Chapter 2. Li
and co-workers pioneered this idea in 2017 showing borylation ortho to 2-aryl-1,3-dithianes and
1,3-dithiolanes using a 1 : 1.2 : 0.005 equivalence of substrate to Bapin2 to [IrCl(cod)]2,
respectively.’ Mechanistic insights were reported in 2022 by Chattopadhyay and Sunoj, where the
data followed classical mechanisms, even though no primary KIE was observed. These studies
show that the KIE being <1 is likely due to the catalyst-substrate complex having reversible
formation, which is not sensitive to isotopic substitution, however the RDS of C—H activation is
irreversible (supported by DFT calculations and various control reactions). Though this concept
demonstrates that an external ligand (e.g. dtbpy) does not need to be present for reactivity, one can
argue that this truly is not “ligand free” if the substrate is playing the role of the ligand, being the

key to catalysis and metal activation.
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Scheme 3.1: Literature Examples of “Ligand Free” CHB’s.>®

1-2.5 mol% [Ir(X)cod],
1-2 equiv B,pin, or HBpin

Csp?-H Csp?-Bpin
Bpin R RPy

Bpin

R_'\ / | X NMGZ | N P
L N R R1_|/

3.2.2: Substrate Scope

To test whether the methyl ester on the substrate used in Table 3.1 and 3.2 was responsible
for catalytic activity through functional group chelation, a variety of substrates that were not
bearing such directing groups were tested using 6 mol % [IrCl2(cod)][NBu4] and 1 equivalent of
Bopinz as the boron source under the optimized reaction conditions (Scheme 3.2). Due to
complications when working up the crude reaction mixtures containing these products (see section
3.4.2 for further details), only moderate to low yields were obtained. Nonetheless, the results show
that a directing group is not necessary for catalysis using substrates 3b, 3¢, and 3f. This is the first
piece of evidence that catalysis can occur without an external source donating electrons into the
metal center - an important distinction from other CHB reports and those described to be “ligand-

free”.

Methyl benzoate derivatives bearing an electron donating group meta to the ester resulted
in a significant decrease in reactivity. Comparing the weaker donation of -OMe (3d) versus -NMe2
(3e) showed that stronger donation into the ring system equates to a lower conversion, which is

typical in CHB chemistry. However, both substrates yielded a higher percentage of ortho borylated
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product in comparison to model substrate 3a, potentially due to induction effects influencing the

acidity of the C-H bond.’

Scheme 3.2: C(sp?)-H Borylation of Substrates Using [IrCl2(cod)][NBua].

1 equiv Bypiny
6 mol% [IrCly(cod)][NBuy]
THF, 100 °C, 16 h

FaCo_-COzMe s Cl O
5
L Y L

(hetero)Ar—H

(hetero)Ar-Bpin

3 Bpin Bpin 3 Bpin
3a, 87% (79%) 3b, >99% (23%) 3¢, 88% (69%)
2:3=42:58 5:3+5=91:19 2:3=21:79
MeO AN CO2Me MezN AN COzMe MeO AN OMe
3 Bpin 3 Bpin 3 Bpin
3d, 32% 3e, 9% 3f, 7%
2:3=58:42 2:3=60:40 2:3=1:>99

Conversions and selectivities were calculated by "H NMR of crude reaction
mixture. Isolated yields are in paranthese for products 3a-c.

Testing 1,3-dimethoxybenzene as a highly electron rich substrate with no electron
withdrawing groups follows the trend of low reactivity where only 7 % conversion was observed
(3f). This disadvantage has been overcome by Chattopadhyay who uses ligands designed to
improve the geometry and electronics of the metal center.!® We hypothesize that using [Ir][NBus]
independent of external ligands is thus expected to give poor TON’s on electron rich substrates
due to the metal center acting as a poorer nucleophile, in turn making it much more difficult to

overcome the kinetic C—H activation barrier.

When analyzing the regiochemical result using 1,3-dichlorobenzene as the substrate (3c),
a surprising 21:79 ratio of ortho to meta borylation was observed. These results differ from the
prior art as solely meta to chlorine borylation is found when using dtbpy. Borylation ortho to

chlorine could only be achieved at low conversions when forcing borylation to occur on 1,4-
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dichlorobenzene.!!'?> A way to borylate ortho to chlorine on this substrate has been achieved using
a monodentate phosphine ligand where the second coordination site is assumed to be open on the
metal for directed CHB to occur.!* Under simpler conditions, this can more commonly be done
with N-heterocycles due to the electronics in the respective 7 system.!*
3.2.3: Tri-substituted Aryl Chlorides

Taking advantage of the fact that we do not have a bulky ligand system facilitating these
borylations, 1,3,5-trichlorobenzene was tested to see if C—H activation would occur at these
sterically hindered sites given the regiochemical result with 1,3-dichlorobenzene. Adding to this
idea, 1,3-dichloro-5-fluorobenzene was tested to observe if there would be a selective preference

to borylate at the 2-position between the chlorines, or 4-position adjacent to the fluorine.

CHB of 1,3,5-trichlorobenzene showed sluggish reactivity with only 34% conversion of
starting material. Mono-borylation was expected, however 82% of the reaction mixture contained
a product where the chlorine is displaced with —Bpin (Table 3.3, Product B). To test if this
chemistry was occurring due to Pd or other metal contamination, all Teflon stir bars and Wheaton
vials were treated with a simmering solution of aqua regia for 6 hours prior to use. When repeating
the CHB’s with this glassware, results were consistent and only varied by + 5 % when comparing

the conversions and selectivities (Table 3.3, Entry 2).

Table 3.3: C(sp?)—Cl and C(sp?)-H Borylation of 1,3,5-trichlorobenzene.

Cl o cl Cl
1 equiv Bypin, Boin
6 mol% [IrCl,cod][NBuy] pin

THF, 100 °C, 16 h .
Cl Cl Cl Cl Cl Bpin
entry conversion A:B A B

1 34% 18:82

28 38% 19:81
@ Reaction vessel contents were simmered in Aqua Regia, rinsed, then oven dried prior to reaction
setup.
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Using 1,3-dichloro-5-fluorobenzene as the substrate exhibited similar results (Table 3.4),
though only 28% of the dechlorinated product was found. Results were again consistent when
comparing with the washed glassware (Table 3.4, Entry 2). The different ratio of borylated to
dechlorinated products may be attributed to the steric differences where the ortho to fluorine bonds

are more accessible.

Table 3.4: C(sp*)—Cl and C(sp?)-H Borylation of 1,3-dichloro-5-fluorobenzene.

¥ 1 equiv Bypin " b E
6 mol% ([quClch)Fc)i][lz\lBud Bein PN
THF, 100 °C, 16 h _ | _=Bpin
Cl Cl Cl Cl Cl Bpin Cl Cl
entry conversion A:B:CP A B (o
1 49% 60:28:12
28 50% 65:24:11

@ Reaction vessel contents were simmered in Aqua Regia, rinsed, then oven dried prior to reaction
setup. P Product C is a mixture of diborylated products. See experimental for details.

3.2.4: dtbpy Control Reactions

Control reactions with dtbpy were carried out on chlorinated substrates previously tested
to see if 1) ortho to chlorine borylation could occur with a larger external ligand, and 2) if any
chlorines would be displaced with —Bpin (Scheme 3.3). Only 3 % ortho to chlorine borylation
was observed for 1,3-dichlorobenzene, which is significantly different than the 21% yielded with
[Ir][NBus4]. When compared to 1,3,5-trichlorobenzene, only 12% conversion of monoborylated
product was observed. Using 1,3-dichloro-5-fluorobenzene resulted in 90% conversion of mono-
and di-borylated product ortho to fluorine, where the greater activity in this substrate can be
attributed to the smaller size of fluorine, allowing C—H activation sites to be more accessible in

positions with less steric hinderance.
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Scheme 3.3: Control Reactions with Chlorinated Substrates.

1 equiv Bypin,

Cl Cl
2 mol% dtbpy ( 9_3 in
\@ 1 mol% [IrCl(cod)], P
THF, 100 °C, 16 h
Q- @—sp-n
4 6
5 Bpin Bpm

92% conversion 12% conversion 90% conversion
4:5=3:97 4:5=1:>99 4:(4+6) = 65:35

3.2.5: C—ClI Activation Hypotheses
Ir(I) and Ir(IlI) complexes such as [Ir(CO)2CL2],!*> Vaska’s complex and analogues,

complexes containing PNP pincer ligands,'® among others have be able to perform C—Cl activation
via oxidative addition where sp? and sp® C—H bonds were present. An example where reaction
conditions closely resembled the system in study shows that when using Bzpinz, dppe, [IrCl(cod]z,

and Cs2CO3, (Csp?)-F and —Cl activation of aryl halides yields diaryl ethers.!”

Generally, aromatic CHB is a method used to replace metalation type reactions as C—H
bonds are transformed directly without the use of a haloarene, thus eliminating the initial step of
metal-halogen exchange followed by nucleophilic substitution on boron electrophiles.'® C-H
activation occurs over C—Cl activation in CHB due to thermodynamic favorability and respective
bond strengths, however, 6 complex binding may be more favorable with metal complexes due to

the dipole in the C—Cl bond."

Direct C—Cl to C-B bond transformation via oxidative addition on chloroarenes has not
been reported in the literature at this time. However, computational studies have been done by the
group of Bickelhaupt showing that coordination of a Cl” anion to Pd(0) catalysts lowers the

activation barrier of C—Cl bond activation, calling it “anion assistance”.?’ They also report that the
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activation enthalpies for oxidative addition are about equal for C—H and C—Cl bonds in this case.
Given what has been seen in the NMR kinetic studies discussed in the next chapter, there is a
possibility that after decomposition of [IrClz(cod)], CI" may facilitate this type of chemical

transformation with Ir(0) catalysts.

As we have seen a mixture of direct C—H activation products versus chlorine displacement
with the tri-substituted aryl chlorides, we hypothesize there are competing mechanisms at play,
where if the C—H bond is sterically available then direct C—H to C—B transformations will occur.
Evidence that supports this claim can be seen where there is no chlorine displacement for 1,3-
dichlorobenzene, minor displacement in 1,3-dichloro-5-fluorobenzene, and major displacement

for 1,3,5-trichlorobenzene.

3.3: 'H Oil Bath Kinetics With [IrCl(cod)] [NBus]*

3.3.1: Importance

The experimental results collected thus far are distinct from standard CHB reactions. These
results consist of catalytic activity i) without an external, complex ligand system or substrate
directing groups, ii) having the ability to transform C—CI bonds to C—Bpin, and iii) with an Ir(I)

anionic species with the added advantage of regiocontrol with tetraalkylammonium cations.

Kinetic studies were carried out to seek evidence on if this system is mechanistically
different from the accepted Ir'"/Ir¥ homogenous CHB systems. Renowned for his groundbreaking
work in experimental design to differentiate between homo- and heterogenous systems, Finke
explains that by assessing the overall kinetic reproducibility and curvature of graphical
representations of product formation over time, one can distinguish between homo- and

heterogeneous systems.?! Monitoring by NMR also gives further insight into potential reaction
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intermediates and reactivity other than C—H activation, all of which improves the hypothesis on
how this reaction is occurring.
3.3.2: Kinetic Analysis

Figure 3.1 shows the kinetic data of the optimized reaction, which was heated in an oil
bath and monitored by '°F and '"H NMR with 1,3,5-trimethoxybenzene used as the internal
standard. Plotting the [M] of substrate over time, a significant induction period is observed.
Following this is rapid conversion of starting material to product, where the reaction ends ~ 8
hours. Both points support the hypothesis that this system is a novel CHB process and proceeds
through a complex chemical system that is not completely homogeneous, represented by a
sigmoidal curve supporting that insoluble pre-catalyst species are responsible for catalyst

generation.?!
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CO,Me 0.29 M Bypin, CO,Me
0.02 M [IrCl,cod][NBuy]

0.04 M 1,3,5-trimethoxybenzene | N

==Bpin
FsC THF-dg, 100 °C, 545 min F,c” N
0.29 M

0.3
0.28 Lo““—‘—‘—’—o-\./\\ —@— Triplicate Kinetic Reaction 3.1a
Triplicate Kinetic Reaction 3.1b

0.26

Triplicate Kinetic Reaction 3.1c

0.24
0.22

0.2
0.18
0.16

0.14

[arene](mmol-mL-1)

0.12

0.1 1 1 1 1 1 ]
0 100 200 300 400 500 600

Time (min)
Figure 3.1: Triplicate Kinetic Studies Using [IrCl2(cod)][NBu4] (7riplicate Kinetic Reactions

3.1a, 3.1b, and 3.1c).

Experiments were also carried out with 2-methyl thiophene to test if having a highly
reactive substrate without a directing group would affect the kinetics, and directly compared with
the aryl ester (Figure 3.2). Results show that the active catalyst still takes time to form as indicated
by the induction period, though conversion is significantly less rapid. When comparing the
experiments of methyl 3-(trifluoromethyl)benzoate in Figure 3.1 and 3.2, it is clear that the active
catalyst in the latter case was generated significantly faster as the reaction is complete after only 2
hours. It should be noted that both reactions were run using the same batch of pre-catalyst, and we

do not have data explaining the difference in reaction rates.
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0.028 M [IrCl,cod][NBuy] COzMe
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0.47 M 0.54 M 2 | /—Bpin
. or 0.
O FoC
FsC
THF-dg, 100 °C, 110 min 0.54 M B,pin,
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Figure 3.2: Comparing Kinetics of methyl 3-(trifluoromethyl)benzoate (Kinetic Reaction 3.2) and

2-methyl thiophene (Kinetic Reaction 3.3).

3.3.3: LH NMR Data Analysis

Shown in Figure 3.3 is another experiment to test reproducibility (Kinetic Reaction 3.4) of
the model reaction, where [M] of arene is plotted over time. Below the curve is the hydride region
of "H NMR spectra taken at the plotted time points where Ir—H species are present and changing
at specific points of the reaction. No hydrides are present during the induction period (t=0tot=
30 min); however, two species appear at -7.8 and -5.0 ppm as soon as starting material is consumed

at t = 40 min (I). After 15 minutes, two other species are formed at -3.7 and -11.9 ppm (II). We

50 60 70 80 90 100 110 120

Time (min)

see new hydride species forming between -11.0 and -13.5 ppm during rapid catalysis (III).
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Figure 3.3: Changes in Hydride Region of Kinetic Reaction 3.4.
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As the reaction slows down between t = 70 and 90 minutes, these species continue to grow while
most of the original peaks seen between I-III disappear, except for the resonance at -11.9 ppm. At
point IV, product formation is no longer occurring and the species that represent the peaks most
up-field seem to dominate the reaction. VT NMR studies of this sample were carried out at -40 °C
to see if we could identify species in equilibrium, however, we were unable to pick out any valuable
information due to an overwhelming number of new resonances covering the entire region. Though
there were >25 new peaks spanning from -5.5 to -17.5 ppm, they were minor species in comparison

to the major upfield peaks shown at the end of the reaction.

To investigate if these species are consistently formed during every CHB reaction, the
hydride region of Triplicate Kinetic Reaction 3.1c was analyzed and compared (Figure 3.4). At
the start of catalysis (I) no Ir—H resonances are present until 20 minutes later in the middle of rapid
conversion (II). The chemical shifts of these peaks do not match with those found in Kinetic
Reaction 3.4, though they do match those from reactions where the same stock solutions were
used, being Triplicate Kinetic Reaction la-b. Additionally, these hydride species disappear once
the reaction is over (IIT), which was not observed in the previous case. When comparing the last
two studies (Kinetic Reaction 3.2 and 3.3), these types of species were formed, but a) did not match
the chemical shifts previously observed and b) hydride resonances only appeared when conversion

ended and not at the start of conversion.
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Figure 3.4: Changes in Hydride Region of Triplicate Kinetic Reaction 3.1c.
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In addition, significant changes over time were seen with the COD and
tetrabutylammonium cation resonances of the pre-catalyst (Figure 3.5, Triplicate Kinetic Reaction
3.1b). Focusing on one representative peak for each species representing by the asterisk, we see
that during the induction period the chemical shifts corresponding to the -CHz of the alkyl chain
([IrCl2(cod) ]IN(CH2CH2CH2CH3)4], 6 3.4 ppm) and the methylene protons of the COD (6 2.06
ppm) do not change from t =0 to t =250 min. Integrating these peaks during this time frame shows
that the [M] of the cation remains consistent while the COD slowly decreases over time (see section
3.7.10 for the kinetic plot). At the point after the induction period (I, t = 290), COD completely
disappears at t = 360 (II) where conversion slows down. We see that the COD was not
hydroborylated, but completely hydrogenated. The resonance belonging to the cyclooctane at 1.53
ppm does appear at t = 290 and continues to grow until the COD resonance completely disappears
at point I, where the hydrogen source is likely from C—H activation but could also be from borane
intermediates. Notably, Finke has reported hydrogenation of cyclohexene and benzene with Ir(0)

and Rh (0) nanoparticles, respectively.????

After the induction period at t = 290 min (I), we also see that the cation slowly shifts 0.5
ppm downfield while the COD resonance continues to disappear. As catalysis slows down at point
I1, the cation resonance is now shifted 0.12 ppm downfield of its original chemical shift. When
catalysis stops completely at t = 450 min (IIT), the cation resonance shifts back up field and
continues shifting until the reaction is taken out of the oil bath, moving 0.17 ppm from where it
moved at point I, and further up field of where it was during the induction period. We hypothesize
that these shifts were caused by the tetrabutylammonium cation ion-pairing with possible boryl or
iridium anionic species during catalysis, or even a chloride anion that was formed after pre-catalyst

decomposition. In addition, there is a significant decrease in the integration corresponding to this
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resonance. We are unsure what chemical transformation is occurring, as alkyl or alkenyl species

that could be forming from the butyl chain have too low of a boiling point to be observed here.
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Figure 3.5: Changes in the Up-field Region of COD and [NBu4]" for Triplicate Kinetic Reaction
3.1b.
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3.4: Visual Observations

3.4.1: Reaction Monitoring

Relaying back to Finke’s understanding for distinguishing between homo- and
heterogenous systems he writes (in a way that I could not do justice re-writing) that “.... observing
a sigmoidal curve is powerful evidence for the in-situ formation of a heterogenous catalyst,
assuming that the reaction products — the first step of reliable mechanistic studies- have already
been established to be nanoclusters (observed by TEM) or a bulk-metal precipitate (e.g., visual

observation). !

Throughout the course of study testing [Ir][NBu4] in CHB’s, black precipitate was observed
during the induction period and in some instances, this solid redissolved back into solution when
starting material began converting. To display side-by-side examples where precipitate is formed,
Figure 3.6 shows pictures labeled A-D taken during the induction period of numerous reactions
that were run under optimized reaction conditions with the model methyl ester substrate, set up in
3 mL Wheaton vials or J-young tubes. As [Ir][NBu4] is a bright yellow solid, the solution at t =0
is a homogenous yellow solution (Figure 3.6, A) where heating the reaction mixture leads to slow
generation of precipitate (B and C). Though the amount of this solid was not quantified, these
pictures show the solid crashing out during catalyst generation, where one appears darker than the

other.

This precipitate was also seen when carrying out the triplicate kinetic studies in Figure 3.1
(Kinetic Reactions 3.1a-c) where copious amounts of black solid were generated after the
induction period, and the solution turned black over time (Figure 3.6, E). When the reaction was
complete, the solution was poured out of the J-young tube where a black film adhering to the glass

was observed (picture F). This film was insoluble in numerous solvents and could only be removed
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with a scrub brush and deionized water (this has been observed after most reactions that were set
up under similar conditions). It should be noted that this solid was isolated but '"H NMR resonances
were not observed. It is likely that this solid was iridium metal, though ICP analysis was not carried
out to confirm this. Comparing the observations discussed here supports the hypothesis that this
system is heterogeneous and could contain Ir(0)x nanoclusters from pre-catalyst decomposition

that catalyze CHB reactions.

Interestingly, observations from Kinetic Reaction 3.2 in Figure 3.2 (where the same aryl
ester is used as the substrate) exhibited no signs of this solid during the induction period, but
instead the solution darkened in color (Figure 3.6, D), eventually turning dark brown. It should be
noted that no black solid was observed by the naked eye for Kinetic Reaction 3.3 with 2-

methylthiophene as well.

Figure 3.6: Visual Observations of CHB Solutions with [IrClz(cod)][NBu4].
3.4.2: Product Purification

As described in Chapter 2, the most effective way to purify the crude reaction mixture from

CHB reactions, separating the Ir and unwanted boron side product (e.g. pinB—OH) is to evaporate
the solvent then re-dissolve the mixture and run it through a short silica plug such as the one shown
in Figure 3.7, A. In the systems using [Ir][NBu4], the observations differ from homogeneous
reactions with dtbpy and an Ir(I) dimer seeing that in our case, the Ir does not sit on top of the

silica but travels with the DCM eluent through the powder, leaving tiny insoluble pieces of black
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solid in a typically clear solution of soluble organic products (Figure 3.7, B and C). This was is
not dependent on the substrate as even reactions run in triplicate varied with the amount of black
solid that passed through the column. It should be noted that this same barrel of silica was

successful in capturing Ir species from crude reaction mixtures with BB and other common CHB

reaction setups with external ligands.

Tm\
|, (I

S

y

»

A

Figure 3.7: Visual Observations During Purification of Crude Reaction Mixtures.
3.5: Mercury Drop Tests
3.5.1: Hg(0) Addition att =0

Mercury drop tests are another classical set of experiments used to distinguish between
homo- and heterogeneous systems, where if insoluble metal particles are playing a role in catalysis
the Hg(0) can amalgamate or adsorb to the surface of these species, “poisoning” them and blocking
reactivity.?* Ir, Rh, and Pt are some of the transition metals that do not form an amalgam with
mercury, though poisoning is still obtainable with nanoclusters of the respective metal.?>?>6 Thus,
two types of experiments were carried out with ~30 equivalents of Hg(0) with (hetero)arene

substrates where reactions with [Ir][NBu4] were compared with controls using dtbpy and

[IrCl(cod)]2. To obtain accurate conclusions, both sets of reaction conditions were also tested

without added mercury.
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Under reaction conditions with [Ir][NBu4] (Table 3.5), when mercury is added to either the
aryl ester or thiophene substrates no reaction is observed. When comparing this to their respective
controls with no mercury addition the CHB’s were catalytic, and where reaction conversions

agreed with previous experiments.

Table 3.5: Mercury Drop Test Experiments with [IrCl2(cod)][NBu4].

CO,Me ~30 equiv Hg
S 1 equiv Bypiny

or @/ 6 mol% [IrCl,(cod)]INBu,] o
THF. 100 °C, 16 h (hetero)arene—Bpin

FsC
(A) ’ (B) Substrate Hg addition Conversion
A Yes 0%
A No 88%
B Yes 0%
B No 96%

3.5.2: Control Reactions

As Hg(0) was added at t = 0 before heating, the hypothesis was that the mercury was likely
poisoning species involved in making the active catalyst, or the active catalyst itself once it was
generated. Though unlikely, it’s possible that Hg(0) could have directly reacted with the pre-
catalyst upon heating to 100 °C, enabling the chance for a species that could catalyze the reaction.
To test this, a control reaction was run where a solution of [Ir][NBu4] and Hg(0) was heated to see
if there was any structural change to the pre-catalyst over time (Scheme 3.4). It was confirmed by
'H and '3C NMR that the pre-catalyst remained intact, not degrading or undergoing a chemical

change from the Hg(0).
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Scheme 3.4: Control Reaction with Hg(0) and [IrCl2(cod)][NBu4].

“Cl
/Ir\

Understanding that CHB reactions using dtbpy and [IrCl(cod)]2 to generate the active

@NBU ~290 equiv Hg

> Nno reaction
THF, 100 °C, 3 h

catalyst is a homogeneous system, results were unsurprising as the mercury did not poison any
reactions where this was added, and conversions of their respective controls without Hg(0) were
near identical (Table 3.6). This supports the claim that reactions with [Ir][NBua4] as a pre-catalyst,

without an external ligand, are mechanistically different from common CHB reactions.

Table 3.6: Mercury Drop Test Experiments with dtbpy and [IrCl(cod)]2.

~30 equiv Hg
CO,Me 1 equiv B,pin,

2 mol% dtbpy
(_7/ 1 mol% [IrCl(cod)la -\ tororarenc—Bpin

THF, 100 °C, 16 h

(A)
Substrate Hg addition Conversion
A Yes 84%
A No 88%
B Yes >99%
B No 93%

3.5.3: Hg(0) Addition During Rapid Catalysis

As the initial studies focused on Hg(0) interactions during the induction period,
experiments were carried out to test if mercury would have any effect when added to the active
catalyst during the stage of rapid catalysis. Similar experiments have been reported in the literature
with iridium nanoclusters,?? aiming to understand if insoluble nano species are catalyzing the
reaction, or if the catalyst is soluble in solution and thus will not be disturbed by mercury. The
latter could suggest C—H activation is a homogeneous process and give evidence for a system that

is partially homogeneous.
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Optimized reaction conditions were carried out with 2-methyl thiophene as triplicate
control reactions with this substrate show a consistent conversion of >99%. Monitoring by 'H
NMR, the reaction vessel was removed from the heated aluminum block at 30% conversion and ~
30 equivalence of Hg(0) was added once the solution cooled to room temperature (Table 3.7, A).
Heating the reaction mixture overnight showed the reaction continued to 50% conversion

indicating that Hg(0) did inhibit catalysis.

Table 3.7: Addition of Mercury to CHB After Induction Period.

X equiv Hg
1 equiv Bypin,

@/ 6 mol% [IrCl,cod][NBuy] XS]/
\_/ THF, 100 °C, time |
Bpin
A. 30 equiv Hg B. 310 equiv Hg

time (h) conversion time (h) conversion

1.5 13% 25 61%

2 30% 0000 eeee Hg additione-«--
----- Hg additione-«-- 16 88%

16 50%

It is commonly accepted, but often ignored, that reactions must contain excess Hg(0) and
be properly stirred to ensure intimate contact of the Hg(0) beads with potential Ir(0)x nanoclusters
that are catalyzing the reaction in solution. In this way, the most valuable data can be extracted
with a higher level of confidence in conclusive results.?!?* Reports by Finke have shown that when
using 2 equivalents of Hg(0) with Rh(0) nanoclusters, catalysis was not poisoned immediately
unless an excess of ~310 equivalents Hg (0) was used with vigorous stirring.??> Running the
reaction with excess mercury did not change the results where the reaction continued after Hg(0)
addition, as the reaction still did not reach full conversion (Table 3.7, B). Air contamination is not
believed to be a factor due to the results from the CHB reaction setup in air and the mercury

addition experiments at t = 0 (see section 3.7 for the detailed procedures). In addition, stopping
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the catalysis during rapid conversion was not problematic when monitoring reactions (section 3.3)

so it is assumed this is not a factor as well.

If opening the vial to add mercury did not affect the reaction, one hypothesis could be that
a fraction of the active catalyst is homogenous, or in equilibrium with its heterogeneous
counterparts. Another hypothesis could be argued that catalytically active Ir(0)x nanoclusters were
poisoned by Hg(0) depending on their respective size, thus immediate inhibition in this case could
be unlikely. Either hypothesis would be difficult to prove with certainty, and synthesis of more
well-defined Ir species, ideally with capping agents, would be necessary where subsequent
experiments would need to be carried out with extreme precision given the drawback of Hg(0)

amalgams with Ir.

There has been a singular report by Maguire showing the possibility of catalytic CHB of
R-CsHs (R = H, Me, OMe, and CF3) using ionic liquid stabilized Ir(0) nanoparticles and HBpin.?’
Mercury drop test experiments were carried out for that system to study the catalyst and gave
similar results to what has been observed in the system with [Ir][NBu4]. Found were 1) no
conversion of substrate when an ionic liquid solution containing nano-Ir(0) and stirred in access
mercury was added to benzene and 2) adding excess mercury to an active catalyst solution
containing benzene after 8 hours, then continuing the reaction for 14 hours gave only a 30% yield

of product — though the conversion before mercury addition was not reported.
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3.6: Conclusions

Using [IrCl2(cod)][NBu4] independent from an external ligand has proven to be a
competent pre-catalyst in transforming C—H to C-B bonds, where the site of C—H activation is
influenced by the length of the alkyl chain in the ammonium cation. resulting in a higher amount
of ortho borylated products. Data shows that this involves a mechanism that is distinct from the
classical Ir'''/IrY catalytic cycle where external ligands, including directing groups on substrates,
are not necessary for CHB. NMR analysis from oil-bath kinetics show the likelihood of pre-
catalyst decomposition into catalytically active Ir(0)x or IrHx species, as during rapid conversion
of starting material a) COD is hydrogenated to cyclooctane, b) there is a significant chemical shift
of the resonance belonging to the NBua cation, and c¢) new peaks are observed in the Ir-H region.
Sigmoidal curves that were produced from NMR kinetics, along with results from mercury drop
tests and overall visual observations, signify that this reaction occurs through a complete or partial
heterogeneous process. In addition, this system is competent to do direct C—CI to C-B
transformations on tri-substituted aryl chlorides. As these results are novel to CHB chemistry, we
hypothesize that a chlorine anion is formed after pre-catalyst decomposition and assists Ir(0)

catalytic species to perform both C—H and C—Cl activation.

3.7: Experimental Data

3.7.1: General Information

All reactions were carried out in a nitrogen filled glovebox unless stated otherwise.
[IrCl(cod)]2, B2pinz, tetraalkyl ammonium salts, and all substrates were obtained commercially.
Tetrabutylammonium chloride and lithium chloride was purified according to the literature,®
where all other alkyl ammonium chloride salts used for [IrCl2(cod)] syntheses were dried under
0.001 Hg vacuum overnight and stored in the glovebox. THF was obtained from a wet still

refluxing over sodium benzophenone ketyl. 1,2-dichloroethane and pentane were obtained from
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wet stills refluxing over CaHz. Methyl chloride was obtained from a dry still. All other reagents

were used as received unless specified.

Glassware and stir bars were cleaned in a base bath made of KOH and IPA, rinsed with
deionized water and acetone, then dried in a 130 °C oven overnight. Standard CHB reactions were
set up in 3.0- or 5.0-mL microreactor Wheaton V-vials equipped with a conical stir bar. Reaction
vessels were capped with a black phenolic cap, or Kimble Mininert valves when monitoring
reaction progress, and transferred to a 4 x 4 aluminum block heated outside of the glovebox. Stock
solutions of [IrClz(cod)] salts in dry THF were freshly prepared for all reactions when generating
the compound in-situ or using as an isolated solid. Conversions and selectivity’s were calculated

based on NMR data of the crude reaction mixture.

All high-resolution mass spectra and NMR data was collected at Michigan State University.
NMR data is recorded on a Varian 500 MHz DD2 Spectrometer with a 5 mm Pulsed Field Gradient
Probe. Spectra were taken in deuterated solvents that were obtained commercially. CDCls was
dried with 3 A molecular sieves that were heated under vacuum before use. Dry THF-ds was used
directly from an ampule. All dry deuterated solvents were stored in glovebox filled with nitrogen.
AII NMR spectra presented were processed using MNova software where manual integration, peak
picking, and referencing of residual solvent resonance was applied, along with phasing and

Berstein Polynomial baseline corrections.

Crude reaction mixtures were concentrated and dissolved in ~ 1.0 mL of methylene
chloride before eluting through a short silica plug made in a 12.0 mL Luer lock plastic syringe
with ~2-3 g of laboratory grade 230-400 mesh silica. Fractions collected were spotted on 3 x 3-

inch silica gel TLC plates and irradiated with ultraviolet light (A = 254 nm).
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In respect to all identical reactions repeated throughout this chapter, note that all
conversions and selectivities were obtained for the reaction run under each specific section to
ensure reproducibility and accurate comparisons with other experiments at the time reactions were

set up.

3.7.2: Synthesis and Characterization of [IrClz(cod)]” Salts
Synthesis of [IrClz(cod)][Li].

Gl 20 equiv LiCl I, oC! 3L
/'\ - \ THF, t, 10min  |{J77 e

In a 100 mL oven dried Schlenk flask equipped with a stir bar, [IrCl(cod)]2 (1.00 g, 1.49 mmol, 1

equiv) was dissolved in 50 mL of dry THF. LiCl (1.26 g, 29.7 mmol, 20 equiv) was then added
and the solution instantly turned from orange to bright yellow. The reaction was stirred at room
temperature for 10 minutes then concentrated under vacuum. The resulting solid was washed with
dry CH2Cla. After drying under vacuum overnight, [IrCl2(cod)][Li] was isolated as a bright yellow

solid (763 mg, 68%). See pg. 191 for NMR spectra.

TH NMR (500 MHz, THF-ds) § 4.20 (d, J=2.7 Hz, 4H), 2.25 (d, J = 10.8 Hz, 4H), 1.55 (q, J =
7.8 Hz, 4H).

13C NMR (126 MHz, THF-ds) & 62.73, 32.71.

Synthesis of [IrClz(cod)][NBua].
I'/,,l “\\CI/"Ir"\\l 2 equivNBu,Cl_ [{][.. C!
|~ "Se ™[ TTHF 1, 5 min

S,
| /|r\CI @NBU4

In a 20 mL scintillation vial, [IrCl(cod)]2 (100 mg, 0.149 mmol, 1 equiv) was dissolved in dry THF

(5 mL). The solution was transferred to a separate 20 mL scintillation vial charged with NBu4Cl
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(82.8 mg, 0.298 mmol, 2 equiv) and shaken with the cap on for 5 minutes where the solution
instantly turned from orange to bright yellow. Using a Pasteur pipette, dry pentane (~10 mL) was
added dropwise until the solution became cloudy then placed in a -42 °C glovebox freezer
overnight. The top yellow layer was decanted, and the bottom brown layer was washed with
additional dry pentane (2 x 10 mL). The pentane layers were collected and concentrated under
vacuum to give [IrClz(cod)][NBu4] as a yellow solid (112 mg, 61%). Spectral data are in

accordance with literature values.” See pg. 193 for NMR spectra.

TH NMR (500 MHz, THF-ds) 5 3.79 (d, J = 3.1 Hz, 4H), 3.45 — 3.36 (m, 8H), 2.07 — 2.04 (m,
4H), 1.80 — 1.73 (m, 8H), 1.47 (sx, J= 7.5 Hz, 8H), 1.24 (q, J= 7.7 Hz, 4H), 1.02 (t,J= 7.3 Hz,
12H).

13C NMR (126 MHz, THF-ds) 5 59.84, 58.32, 33.16, 25.28, 20.93, 14.39.

Synthesis of [IrClz(cod)][NPr4].

l""|r~“\CI”'|r“\\| 2 equiv NPr,Cl ll"'|r“\C|
|~ ">c” > THF, rt, 5 min | RS

In a 20 mL scintillation vial, [IrCl(cod)]2 (150 mg, 0.223 mmol, 1 equiv) and NPr4CI (99.1 mg,

S}
®NPI'4

0.447 mmol, 2 equiv) were dissolved in dry CH2Cl2 (15 mL) and vigorously shaken with the cap
on for 5 minutes. The solvent was evaporated under vacuum to yield a bright yellow solid. The
crude material was then dissolved in a minimal amount of dry 1,2-dichloroethane (~3 mL) and dry
pentane was layered on top (~7 mL). The vial was then capped and kept at room temperature for
24 hours where a cloudy solution was observed. The vial was then placed in a -42 °C glovebox
freezer for an additional 24 hours. The resulting precipitate was filtered and dried under vacuum

to yield [IrClz(cod)][NPr4] as a yellow solid (116 mg, 50%). See pg. 195 for NMR spectra.

'H NMR (500 MHz, CD3CN) § 3.78 (s, 4H), 3.08 — 3.03 (m, 8H), 2.11 (s, 4H), 1.69 — 1.61 (m
8H), 1.28 (s, 4H), 0.94 (t, J = 7.3 Hz, 12H).
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I3C NMR (126 MHz, CD3CN) 6 60.8 (t, /= 2.5 Hz, COD), 59.0 (m, COD), 32.5, 15.9, 10.7 (m,
CH2CH:CH3).

Synthesis of [IrClx(cod)][NEts].

I ""lr“‘\CI"'|r“\\ |\ 2 equiv NEt,Cl I ""|r“\C|
|~ ">c” S THF, rt, 5 min =" >c

In a 20 mL scintillation vial, [IrCl(cod)]2 (150 mg, 0.223 mmol, 1 equiv) and NEt4Cl (74 mg, 0.447

©
®NEt,

mmol, 2 equiv) were dissolved in dry CH2Clz (15 mL) and vigorously shaken with the cap on for
5 minutes. The solvent was evaporated under vacuum to yield a bright yellow solid. The crude
material was then dissolved in a minimal amount of dry 1,2-dichloroethane (~3 mL) and dry
pentane was layered on top (~7 mL). The vial was then capped and kept at room temperature for
24 hours where a cloudy solution was observed. The vial was then placed in a -42 °C glovebox
freezer for an additional 24 hours. The resulting precipitate was filtered and dried under vacuum

to yield [IrCl2(cod)][NEt4] as a yellow solid (99.4 mg, 44%). See pg. 197 for NMR spectra.

IH NMR (500 MHz, CDsCN) & 3.78 (s, 4H), 3.16 (q, J = 7.3 Hz, 8H), 2.12 (s, 4H), 1.27 (s, 4H),
1.21 (td, J = 7.3, 1.9 Hz, 12H).
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3.7.3: Ir(I) Pre-catalyst Comparison

1 equiv Bopiny FsC CO,Me
FsC COMe mol% Ir(l) species \O/
THF, 100 °C, 16 h N

Bpin
entry Ir(l) species xmol % conversion? selectivity (0:m)
) 18L 4b 13% 94:6
e -%NB 6 82% 49:51
2 | /|F\CI U4 ° )

Ll o
5‘/\ ,Ir\’B 6 12% 59:41

aConversions and selectivities were calculated by "H NMR of crude
reaction mixture.’No reaction at 50 °C.

A. [IrCly(cod)][Li]

1 eqUiV szinz F3C COZMe F3C COzMe
F4C COMe 4 mot% [IrCly(cod)IILi] \@ .
THF, 100 °C, 16 h Bpin

Bpin

In a 20 mL scintillation vial, [IrCl(cod)]2 (10 mg, 0.015 mmol, 1 equiv) and LiCl (1.3 mg, 0.03
mmol, 2 equiv) was dissolved in dry THF (4.5 mL, 0.0067 M stock solution). The vial was capped
and stirred on a hot plate at room temperature for 10 minutes. Separately, a 5.0 mL Wheaton
microreactor equipped with a conical stir bar was charged with Bapinz (0.0635 g, 0.25 mmol, 1
equiv) and dry THF (0.5 mL). The [IrCl2(cod)][Li] stock solution (3.8 mg, 0.01 mmol, 0.04 equiv)
was then added, followed by the addition of methyl 3-(trifluoromethyl)benzoate (39.4 pL, 0.25
mmol, 1 equiv) using a glass Micro syringe. The vial was capped then taken out of the glovebox

and stirred in a 4 x 4 aluminum block heated to 100 °C for 16 hours. NMR analysis of the crude
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reaction mixture showed 13% conversion of starting material to the ortho to ester borylated

product as the major isomer (0:m = 94:6).

B. [IrCl(cod)]:

1 equiv Bypin, F3C CO,Me F3C CO,Me
F4C COMe 5 mol% [irCi(cod)l, \@ .\
THF, 100 °C, 16 h Bpin

Bpin

A 5.0 mL Wheaton microreactor equipped with a conical stir bar was charged with Bzpinz (0.0635
g, 0.25 mmol, 1 equiv), [IrCl(cod)]2 (10 mg, 0.015 mmol, 0.06 equiv), and dry THF (1 mL). To
this solution, methyl 3-(trifluoromethyl)benzoate (39.4 uL, 0.25 mmol, 1 equiv) was added using
a glass Micro syringe. The vial was capped then taken out of the glovebox and stirred in a 4 x 4
aluminum block heated to 100 °C for 16 hours. NMR analysis of the crude reaction mixture
showed 12% conversion of starting material to the ortho to ester borylated product as the major

isomer (o:m = 59:41).

C. [IrCly(cod)][NBuy]

1 equiv Bypin, FsC CO,Me F3C CO,Me
FsC CO,Me 6 mol% [IrCly(cod)][NBug] \@ +
THF, 100 °C, 16 h Bpin

Bpin

In a 20 mL scintillation vial, [IrCl(cod)]2 (15.1 mg, 0.0224 mmol, 1 equiv) and NBu4Cl (12.2 mg,
0.0439 mmol, 2 equiv) was dissolved in dry THF (4 mL). The vial was capped and stirred on a hot
plate at room temperature for 10 minutes to yield the [IrClz(cod)][NBu4] stock solution (0.0112
M). Separately, a 5.0 mL Wheaton microreactor equipped with a conical stir bar and B2pinz (0.0635

g, 0.25 mmol, 1 equiv) was charged with 1.3 mL of the [IrCl2(cod)][NBua4] stock solution (8.9 mg,
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0.015 mmol, 0.06 equiv) followed by methyl 3-(trifluoromethyl)benzoate (39.4 puL, 0.25 mmol, 1
equiv). The vial was capped then taken out of the glovebox and stirred in a 4 x 4 aluminum block
heated to 100 °C for 16 hours. NMR analysis of the crude reaction mixture showed 82% conversion
of starting material to a mixture of ortho to ester and meta borylated products (o:m =49:51).

3.7.4: [IrClx(cod)][NR,] Pre-catalysts in CHB

1 equiv B,pin,

FsC CO2Me  y mol% [IrClcod][NR,] T30~ Xy CO2Me
THF, 100 °C, 16 h | ~

Bpin

entry R xmol% selectivity (0:m) conversion (%)?
2 NR
1 Et 5 NR
2 71:29 41
2 P4 64:36 90
2bc 70:30 32
3P 70:30 69
3 Bu 4 56:44 68
6 41:59 87
6 39:61 80
4 Hexyl 6" 35:65 84

aConversions and selectivities were calculated by "H NMR of crude
reaction mixture. ° Pre-catalyst generatred in-situ.°Ran for 48 h.
dReaction set up in air. NR = no reaction.

Reactions were carried out following the general procedure in section 3.7.7 below using the
respective [[rCl2(cod)][NR4] pre-catalyst shown for each entry, and with the exception that the
reaction was scaled down to use 0.25 mmol of substrate and B2pin2. Reactions where the
[IrCl2(cod)][NR4] pre-catalyst is generated in-situ follow the procedure described in section 3.7.3,
A with the exception that [NR4][CI] (R = Bu, Hexyl) salt is used instead of LiCl when reacting
with [IrCl(cod)]2. The procedure for the CHB reaction set up in air with [IrCl2(cod)][NBu4] as the

pre-catalyst is described in section 3.7.5 below.
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3.7.5: CHB Reaction Sensitivity in Air

1 equiv Bypiny FsC CO,Me F5C CO,Me
FsC CO2Me & 1mo1% [IrCl,(cod)JINBu,] \@ N
THF, 100 °C, 16 h Bpin

atmospheric conditions

Bpin

In a nitrogen filled glovebox, [IrCl2(cod)][NBu4] (9.2 mg, 0.015 mmol, 0.06 equiv) and dry THF
(0.5 mL) was added to a 20 mL scintillation vial and immediately taken out of the glovebox. Using
non-oven dried equipment outside of the glovebox, Bzpinz (0.0635 g, 0.25 mmol, 1 equiv) was
added to a 3.0 mL Wheaton vial. Using a Pasteur pipette, 0.5 mL of the [IrCl2(cod)][NBu4] solution
was then pipetted into the reaction vessel. 3-(trifluoromethyl)benzoate (39.4 uL, 0.25 mmol, 1
equiv) was then added using a glass micro syringe. The vial was capped then taken out of the
glovebox and stirred in a 4 x 4 aluminum block heated to 100 °C for 16 hours. NMR analysis of
the crude reaction mixture showed 80% conversion of starting material to a mixture of ortho to
ester and meta borylated products (o:m = 39:61).
3.7.6: Pre-catalyst Stability

[[rCl2(cod)][NBu4] (6.2 mg) solid that was isolated using the procedure described in section
3.7.2 was added to a 20 mL scintillation vial. The vial was capped and kept on the benchtop for
350 days where the solid turned from bright yellow to dark brown. The 'H NMR in THF-ds

suggests that the material was oxidized, evidenced by the major impurities formed over time.
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3.7.7: Procedure and Characterization of Borylated (Hetero)arenes

General Procedure for Borylation of (Hetero)arenes

1 equiv Bypin,
6 mol% [IrCly(cod)][NBuy]
THF, 100 °C, 16 h

(hetero)Ar-H (hetero)Ar-Bpin

In a nitrogen-filled glovebox, Bzpinz (0.1270 g, 0.5 mmol, 1 equiv) was added to a 3.0 mL oven-
dry Wheaton microreactor equipped with a conical stir bar. In a separate 20 mL scintillation vial,
0.053 or 0.059 M stock solutions of [IrClz(cod)][NBu4] was made in dry THF (2.0 or 2.2 mL).
Using a 1 mL plastic syringe, the [I[rCl2(cod)][NBu4] stock solution (0.03 mmol, 0.06 equiv) was
added followed by substrate (0.5 mmol, 1 equiv). Lastly, dry THF was added to the reaction vessel
until the total reaction volume reached 1 mL (1.0 M reaction). The vial was capped then taken out
of the glovebox and stirred in a 4 x 4 aluminum block heated to 100 °C for 16 h. After the reaction
was complete, appropriate NMR spectra was obtained for the crude reaction mixture and volatiles
were removed under vacuum. For isolated products, the crude material was dissolved in methylene
chloride and purified by silica gel chromatography. The borylated products were isolated as the

regioisomeric mixture.
Borylation of methyl 3-(trifluoromethyl)benzoate (3a)

1 equiv szinz F3C CO2Me F3C COzMe
FaC COMe 6 mol9 [IrCly(cod)INBua] _ \@ .
THF, 100 °C, 16 h Bpin

Bpin
3a 3a’

F NMR analysis of the crude reaction mixture showed 87% conversion of starting material to a
mixture of regioisomers (o:m = 41:59). The material was passed through a short plug of SiO2

eluting with 1% EtOAc in CH2Cla. Fractions were collected and volatiles were removed under
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rotary evaporation to yield a mixture of 3a and 3a’ (o:m = 42:58) as a colorless oil (0.1131 g,
79%). Spectral data for 3a are in accordance with literature values.’*® Full compound
characterization of isolated 3a’ can be found in Chapter 2, section 2.5.7, pg. 104. See pg. 198 for

NMR spectra of this reaction.

TH NMR of 3a (500 MHz, CDCls) 5 8.20 (s, 1H), 7.76 (d, J = 7.7 Hz, 1H), 7.62 (d, J = 7.9 Hz,
1H), 3.96 (s, 3H), 1.42 (s, 12H).

TH NMR of 3a’ (500 MHz, CDCl;) & 8.62 (s, 1H), 8.37 (s, 1H), 8.23 (s, 1H), 3.96 (s, 3H), 1.36
(s, 12H).

19F NMR of 3a (470 MHz, CDCl3) 6 -62.97.
19F NMR of 3a’ (470 MHz, CDCl3) § -62.72.
1B NMR (160 MHz, CDCl) 6 30.84.

Borylation of 2-methylthiophene (3b)

1 equiv Bypin,
S S . S .
\@ 6 mol% [IrCly(cod)][NBu,] \@/BP'" N ) Bpin
THF, 100 °C, 16 h
pinB
3b 3b’

"H NMR analysis of the crude reaction mixture showed >99% conversion of starting material to a
mixture of regioisomers (3b:3b’ = 91:9). The material was passed through a short plug of SiO2
eluting with 1% EtOAc in CH2Cla. Fractions were collected and volatiles were removed under
rotary evaporation to yield a mixture of 3a and 3a’ (3b:3b’ = 58:42) as a colorless oil (0.0293 g,

23%). Spectral data are in accordance with literature values.*'*? See pg. 201 for NMR spectra.

TH NMR of 3b (500 MHz, CDCl3) 5 7.44 (s, 1H), 6.84 (s, 1H), 2.53 (s, 1H), 1.30 (s, 12H). (Sample
ran was poorly shimmed for the worked-up mixture of regioisomers. The accurate J-coupling value
and spectrum can be found in Chapter 2, sections 2.5.7 and 2.5.11, respectively.)

TH NMR of 3b’ (500 MHz, CDCl3) 6 7.83 (s, 1H), 2.71 (s, 3H), 1.31 (s, 12H), 1.30 (s, 12H).

B NMR (160 MHz, CDCl3) § 28.89.
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Borylation of 1,3-dichlorobenzene (3c)

cl cl 1 equiv Bypin, Cl Cl Cl Cl
6 mol% [IrCly(cod)][NBuy] \@ .
THF, 100 °C, 16 h Bpin

3c 3c'

'H NMR analysis of the crude reaction mixture showed 88% conversion of starting material to a
mixture of regioisomers (3¢:3¢’ = 21:79). The material was passed through a short plug of SiO2
eluting with 1% EtOAc in CH2Cla. Fractions were collected and volatiles were removed under
rotary evaporation to yield a mixture of borylated products (3¢:3¢’=26:74) as a colorless oil
(0.0831 g, 69%). Spectral data are in accordance with literature values.** See pg. 203 for NMR

spectra.

TH NMR of 3¢ (500 MHz, CDCls) § 7.62 (d, J=2.1 Hz, 1H), 7.37 (t,J = 1.9 Hz, 1H), 7.23 —
7.21 (m, 1H), 1.36 (s, 12H).

TH NMR of 3¢’ (500 MHz, CDCls) & 7.65 (s, 2H), 7.43 (d, J= 2.1 Hz, 1H), 1.34 (s, 12H).

B NMR (160 MHz, CDCl3) 5 30.22.

Borylation of methyl 3-methoxybenzoate (3d)

1 equiv Bypin, MeO CO,Me MeO CO,Me  MeO CO,Me
M60\©/002Me 6 mol% [IrCly(cod)][NBu,] \@ N D/ ’
S +
THF, 100 °C, 16 h Bpin pinB

Bpin
3d 3d' 3d"

"H NMR analysis of the crude reaction mixture showed 33% conversion of starting material to a
mixture of regioisomers (3d:3d’:3d” = 43:36:21) and the reaction solvent was removed under

vacuum. Spectral data are in accordance with literature values.****% The resonances listed below
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are only for the Csp>~H protons due to the overlapping methyl peaks up-field from the starting

material. See pg. 205 for NMR spectra.

'H NMR of 3d (500 MHz, CDCls) § 7.52-7.48 (m, 2H), 7.37 (t, J = 8.1 Hz, 1H), 7.23 — 7.21 (m,
1H), 1.36 (s, 12H).

TH NMR of 3d’ (500 MHz, CDCl3) 6 8.05 (s, 1H), 7.51 (s, 1H). (Csp’~H resonance at ~7.65
ppm is buried under SM peak and is not reported here. See spectra in section 3.7.11 for details)

TH NMR of 3d” (500 MHz, CDCL3) § 7.70 (d, J = 9.5 Hz, 1H), 7.60 (d, J = 7.5 Hz, 1H), 7.49 (s,
1H)

1IB NMR (160 MHz, CDCls) & 30.88.

Borylation of methyl 3-methoxybenzoate (3¢)

1 equiv Bypin, Me,N CO,Me  Me,N CO,Me
Me2N COMe & 619 [IrCly(cod)]INBu,] \@ .
THF, 100 °C, 16 h -

Bpin
3e 3e’

"H NMR analysis of the crude reaction mixture showed 9% conversion of starting material to a
mixture of regioisomers (3e:3e’ = 40:60). Spectral data are in accordance with literature values.*®

Due to the low conversion, please refer to the reported values for the isolated regioisomers and the

associated spectra in sections 2.5.7 and 2.5.11, respectively. See pg. 207 for crude NMR spectra.
Borylation of 1,3-dimethoxybenzene (3f)

1 equiv Bypin; MeO OMe MeO OMe
MeO OMe 6 mol% [IrCl,(cod)INBu,] \@ .
THF, 100 °C, 16 h Bpin

Bpin
3f 3f
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"H NMR analysis of the crude reaction mixture showed 7% conversion of starting material to a
mixture of regioisomers (3f:3f" = 1:>99). Spectral data are in accordance with literature values.*’

The resonances listed below are only for the Csp>~H protons due to the overlapping methyl peaks

up-field from the starting material and low conversion. See pg. 208 for NMR spectra.
TH NMR of 3’ (500 MHz, CDCl3) 6 8.05 (s, 1H), 7.51 (s, 1H).

3.7.8: Procedure and Characterization of Tri-Substituted Chlorinated Substrates
Borylation of 1,3,5-trichlorobenzene (3g)

Cl R cl Cl
1 equiv Bopin, Boin
6 mol% [IrCl,cod][NBuy] P +
THF, 100 °C, 16 h .
Cl Cl Cl Cl Cl Bpin
39 39"

In a nitrogen-filled glovebox, B2pin2 (0.070 g, 0.275 mmol, 1 equiv) was added to a 3.0 mL oven-
dry Wheaton microreactor equipped with a conical stir bar. In a separate 20 mL scintillation vial,
a 0.033 M stock solution of [IrClz(cod)][NBu4] was made in dry THF (1.75 mL). Using a 1 mL
plastic syringe, the [IrCl2(cod)][NBu4] stock solution (0.5 mL, 0.0165 mmol, 0.06 equiv) was
syringed into the reaction vessel followed by 1,3,5-trichlorobenzene (50 mg, 0.275 mmol, 1 equiv)
resulting in a 1.13 M solution. The vial was capped then taken out of the glovebox and stirred in a
4 x 4 aluminum block heated to 100 °C for 16 h. After the reaction was complete, 'H NMR spectra
was obtained for the crude reaction mixture and volatiles were removed under vacuum. '"H NMR
analysis of the crude reaction mixture showed 34% conversion of starting material to a mixture of
regioisomers (3g:3g’ = 18:82). Spectral data are in accordance with literature values.**-’ The 'H
NMR resonances listed below are only for the Csp>~H protons due to the overlapping methyl peaks

up-field from the starting material and low conversion. See crude spectra for details.
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Note: The starting material had impurities that were found to be 1,3-dichlorobenzene. To highlight
this, the 'H NMR of 1,3,5-trichlorobenzene is shown on the crude spectra where the impurities

from the SM are present. See pg. 209 for NMR spectra.

TH NMR of 3g (500 MHz, C¢Ds) & 6.82 (s, 2H).
H NMR of 3g’ (500 MHz, CsD¢) & 7.85 (d, J= 2.1 Hz, 2H), 7.51 (t, J = 2.0 Hz, 1H).

B NMR (160 MHz, C¢Dg) 5 30.26.

Borylation of 1,3-dichloro-5-fluorobenzene (3h)

F

1 equiv B,pi P F
equiv Boping )
6 mol% [IrCl,cod][NBu,] Bpin sotontal €
THF, 100 °C, 16 h + diborylated .
Cl Cl , ' Cl Cl Cl Bpin products
3h 3n’

pinB

Cl

Bpin

In a nitrogen-filled glovebox, Bapinz (0.070 g, 0.275 mmol, 1 equiv) was added to a 3.0 mL oven-
dry Wheaton microreactor equipped with a conical stir bar. In a separate 20 mL scintillation vial,
a 0.033 M stock solution of [IrClz2(cod)][NBu4] was made in dry THF (1.75 mL). Using a 1 mL
plastic syringe, the [IrCl2(cod)][NBu4] stock solution (0.5 mL, 0.0165 mmol, 0.06 equiv) was
syringed into the reaction vessel followed by 1,3-dichloro-5-fluorobenzene (32 pL, 0.275 mmol,
1 equiv) resulting in a 1.13 M solution. The vial was capped then taken out of the glovebox and
stirred in a 4 x 4 aluminum block heated to 100 °C for 16 h. After the reaction was complete, 'H
NMR spectra was obtained for the crude reaction mixture and volatiles were removed under
vacuum. '"’F NMR analysis of the crude reaction mixture showed 49% conversion of starting

material to a mixture of regioisomers (3h:3h’:3h”:3h*”:other = 60:28:3:2:7). Spectral data are in
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accordance with literature values for 3h and 3h’.**3° The 'H NMR resonances listed below are
only for the Csp?>~H protons due to the overlapping methyl peaks up-field from the starting material

and low conversion. See crude spectra for details.

Note: Literature values have not been reported for di-borylated products of 3h> and 3h””. These
regioisomers were not isolated to confirm their structural connectivity. Given the relative isotopic
abundance of '°F vs 'H, we used the '’F NMR to assign what we believe are regioisomers based
on the chemical shift and J-coupling values of the respective regioisomer shown in the scheme
above. GC data has proven di-borylated products. In addition, products 3h and 3h> are the only
products observed in the control reactions listed below with dtbpy for this substrate (as expected),

where the '°F resonances match what has been assigned here.

The “other” regioisomer is shown in the '°F NMR at -110.7 (q, J = 7.2 Hz) is unassigned on the
spectra and the chemical structure is unknown. We do believe it’s likely a product absent of the
chlorine atoms on the molecule based on the '°F chemical shifts for regioisomers of borylated and
di-borylated fluorobenzene compounds. The closest resemblance to this would be 3,5-Bis(4,4,5,5.,-
tetramethyl-1,3,2-dioxaborole)fluorobenzene, where in the '°F NMR it is reported to be at -115.6
(t, J = 9.1 Hz) in CDCIl3, however the 'H NMR spectra could not be compared due to the low

concentration of product in the sample.*’ See pg. 211 for NMR spectra.

'TH NMR of 3h (500 MHz, C¢Dg) 6 ¥6.82 (dd, J = 1.7, 1.0 Hz, 1H), 6.48 (dd, /= 8.2, 1.7 Hz,
1H).

*Literature reports this to be a triplet. This splitting pattern has been seen in the crude reaction mixture previously.
However, this spectra appears to have better shimming and thus am reporting this as a doublet of doublets as shown
in the spectra.

H NMR of 3h’ (500 MHz, C¢Ds) 5 7.82 (d, J = 1.6 Hz, 1H), 7.55 (dd, J = 8.3, 2.5 Hz), 6.87 (dt,
J=8.6,2.2, 1H).

19F NMR of 3h (470 MHz, CsDs) & -100.75 (d, J = 8.3 Hz).
19F NMR of 3h’ (470 MHz, CeDe) 5 -111.43 (t, J = 8.8 Hz).
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19F NMR of 3h” (470 MHz, C¢Ds) & -91.43 (s).

F NMR of 3h’” (470 MHz, C¢Dg) 6 -103.56 (d, J = 8.2 Hz).

HB NMR (160 MHz, CDCl3) 5 30.23.

3.7.9: Control Reactions of Chlorinated Substrates

1 equiv Bopin,

Cl Cl
2 mol% dtbpy
1 mol% [IrCl(cod)],
THF, 100 °C, 16 h
Q :
3 Bpin Bpln

92% conversion 12% conversion
2:3=3:97 2:3=1:>99

@—Bpm

) @—Bpln

90% conversion
2:(2+4) = 65:35

In a nitrogen-filled glovebox, B2pinz (0.070 g, 0.275 mmol, 1 equiv) was added to a 3.0 mL oven-

dry Wheaton microreactor equipped with a conical stir bar. In separate 20 mL scintillation vials,

stock solutions of dtbpy (0.037 M) and [IrCl(cod)]2 (0.015 M) were made in dry THF. Using a 1

mL plastic syringe, [IrCl(cod)]2 (185 nL, 0.00275 mmol, 0.01 equiv) was syringed into the solution

and stirred for 1 minute. To the reaction vessel, dtbpy (147 uL, 0.0055 mmol, 0.02 equiv) was

added followed by substrate (0.275 mmol, 1 equiv). Dry THF (0.23 mL) was added to make a 1M

solution. The vial was capped then taken out of the glovebox and stirred in a 4 x 4 aluminum block

heated to 100 °C for 16 h where the reaction solution turned from dark purple to dark brown. After

the reaction was complete, appropriate NMR spectra was obtained for the crude reaction mixture

and volatiles were removed under vacuum.
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3.7.10: Oil Bath Kinetics
A. Formula to Calculate Molarity from Internal Standard Using "H NMR

Step 1: Solve for mmols of compound.

Ne=[(39) = (1 x Ny

Step 2: Solve for molarity of the compound in the reaction.
N
M], ===
M), =

[ = Integration of selected peak in "H NMR

H=# of protons corresponding to peak integrated
N=# of mmols

C = Compound

1S = Internal stzandard

[M] = Molarity

V = Total volume of the reaction in mL

B. General Procedure and Considerations for Kinetic Experiments

All reactions were carried out in a nitrogen-filled glovebox. Commercially available dry THF-ds
was taken from the ampule and poured into a round bottom flask. Connected to a high vacuum
Schlenk line, the solvent was put under static vacuum and stirred in 3A molecular sieves overnight.
The solution was freeze-pump-thawed x 3 and vacuum transferred to a Schlenk tube to store in the
glovebox. The glovebox was purged for 1 hour prior to opening the tube. A Karl Fischer Titrator
was used to ensure <5 ppm of water was in the solvent before all reaction setups. All reagents
besides the substrate were made as a stock solution in THF-ds and added to a 7’ J-young pressure

tube with a screw Teflon cap. All stock solutions were made fresh.

The [IrCl2(cod)][NBu4] was purified and isolated as a solid prior to making the pre-catalyst stock
solution. For reactions that used a different batch of pre-catalyst, a standard CHB reaction was set
up according to the general procedure. In all cases, the results between both reactions were

identical. The internal standard chosen was 1,3,5-trimethoxy benzene as experiments show this
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does not undergo chemical transformations under reaction conditions used for kinetic analysis.
The internal standard was referenced to 6.04 ppm in the 'H NMR and integrated to 1 prior to
spectral analysis. All calculations were based on the mmol amount of the internal standard used in

the reaction as shown in the prior section.

All other spectral data was recorded on a Bruker Avance III HD 500 MHz NMR with a Smm HX
double resonance iProbe. For all reactions, an NMR was taken at t = 0 then monitored by heating
in a 100 °C oil bath. At all time points during reaction monitoring, the tube was taken out of the
oil bath and cleaned with n-hexanes until all excess oil was removed. The tube was able to be held
by hand as it had cooled significantly by the time data was ready to be collected. It should be noted
that the reaction could not be done by heating the tube in the NMR as the S/N was extremely poor.
At the end of the reaction, molarities of COD and the -CH2> of NBu4 cation are shown as
independent species that originated from the pre-catalyst due to the breakdown of
[IrCl2(cod)][NBu4] after the induction period (described in section 3.3.3). All observations
regarding black solid generation during the induction period for these reactions can be found in
section 3.4.1. "F NMR data was taken when methyl 3-(trifluoromethyl)benzoate was used as the
substrate to ensure integration of the substrate and borylated product matched with the 'TH NMR
spectra. "B coupled and decoupled NMR spectra was obtained at the end of each reaction.
Valuable data could not be obtained from these spectra as they uniformly showed borylated

product, left over B2pinz, and boron side products.
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C. Chemical Shifts Integrated to Obtain Molarities of Species

H H
MeO OMe F4C CO,Me F3C COyMe
F3C COZMe
]@/ Bpin
OMe H Bpin H
internal standard arene starting material meta borylated product ortho borylated product
H=2356.04 (s, 3H) H =5 7.90 (dt, J = Hz, 1H) H=258.58 (s, 1H) H=57.82(dd, J=7.8,1Hz, 1H)
H
S ; S
pinB H cl19
\ / \ I | Ong
q | /Ir\CI Ug H
H H H
heteroarene starting material borylated heteroarene IrCly(cod)[NBuy] cyclooctane
H=356.71 (m, 1H) H=57.33(d, J=2.9Hz1H) H =35 2.05(m, 4H) H =35 1.53 (m, 16H)
H H
H H
[, 18 RS
e NB NB
| /Ir\CI us us
RIINBu4l*
pre-catalyst H=5345-3.36+0.2 (m, 8H)
H=§345-3.36 (m, 8H) * Shifting occurs throughout reaction (see section 3.3.3)
*Does not overlap with other peaks and can
clearly assign based on splitting
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D. Triplicate Kinetic Reaction 3.1a (Corresponding to Figure 3.1)

CO,Me 0.29 M Boping CO,Me
0.02 M [IrCl,cod][NBu,]
- A
0.04 M 1,3,5-trimethoxybenzene | —Bpin
F4C THF-dg, 100 °C, 545 min F,¢7 N7
0.29 M
[M] of Reagents at t=0 in 0.6 mL THF-ds
Reagent Peak Integration | mmols [M]
Substrate 2.54 0.171 0.286
[Ir(cod)CI2][NBua4] 1.45 0.0122 0.0204
Internal Standard 1 0.0225 0.0375

[M] of Reagents and Products at t =545 min

Compound Peak Integration | mmols [M]
Substrate 1.29 0.0871 0.145
Internal Standard 1 0.0225 0.0375
[Ir(cod)CI2][NBu4] 0 0 0
[R][NBus] 0.49 0.00413 0.00689
Cyclooctane 1.70 0.00717 0.0120
meta product 0.94 0.0635 0.106
ortho product 0.11 0.00743 0.0124

Conversion = 49%, o:m selectivity = 10:90

[M] of Substrate Overtime

0.3

0.28

© o ©
NN
NS O

[arene](mmolsmL-1)
o o o
0 & o O
SN [e)] 0] N

©
N
N

200
Time (min)

mL-1)

[COD](mmol

400
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E. Triplicate Kinetic Reaction 3.1b (Corresponding to Figure 3.1)

[M] of Substrate Overtime

0.3
0.28
0.26
0.24
0.22

o
N}

0.18
0.16
0.14
0.12

0.1

[arene](mmolsmL-1)

CO,Me 0.28 M Bypin, CO,Me
0.02 M [IrClycod][NBuy]
0.04 M 1,3,5-trimethoxybenzene | N Boi
==Bpin
FsC THF-dg, 100 °C, 545 min F,C7 N
0.28 M
[M] of Reagents at t=0 in 0.6 mLL THF-ds
Reagent Peak Integration | mmols [M]
Substrate 2.43 0.164 0.284
[Ir(cod)CI2][NBua4] 1.50 0.0127 0.0211
Internal Standard 1 0.0225 0.0375

[M] of Reagents and Products at t =545 min

Compound Peak Integration | mmols [M]

Substrate 1.2 0.0810 0.135

Internal Standard 1 0.0225 0.0375
[Ir(cod)CI2][NBus] 0 0 0

[R][INBu4] 0.54 0.00456 0.00759
Cyclooctane 1.8 0.00759 0.0127

meta product 0.94 0.0635 0.106
ortho product 0.08 0.00540 0.0090

Conversion = 51%, o:m selectivity = 8:92

100 200 300 400

Time (min)

0.02

[COD](mmol-mL-1)

0.005

500
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F. Triplicate Kinetic Reaction 3.1¢ (Corresponding to Figure 3.1)

[M] of Substrate Overtime

0.3

0.28

o 0.26
0.24
0.22
0.2
0.18
0.16

[arene](mmolemL

(=
N
S

0.12
0.1

CO,Me 0.29 M Bypin, CO,Me
0.02 M [IrClycod][NBuy]
0.04 M 1,3,5-trimethoxybenzene \—Bpin
FsC THF-dg, 100 °C, 470 min F,C7 N
0.29 M
[M] of Reagents att =0 in 0.6 mLL THF-ds
Reagent Peak Integration | mmols [M]
Substrate 2.48 0.174 0.290

[Ir(cod)CI2][NBua4] 1.46 0.0123 0.0205
Internal Standard 1 0.0225 0.0375

[M] of Reagents and Products at t =475 min

Compound Peak Integration | mmols [M]
Substrate 1.27 0.0857 0.143
Internal Standard 1 0.0225 0.0375

[Ir(cod)CI2][NBus] 0 0 0

[R][INBu4] 0.64 0.00540 0.0090
Cyclooctane 1.77 0.00747 0.0124
meta product 0.91 0.0614 0.102
ortho product 0.10 0.00675 0.0113

Conversion = 51%, o:m selectivity = 10:90

200 400
Time (min)

0.02
0.018

[COD](mmol-mL-1)

0.016
0.014
0.012

0.01
0.008
0.006
0.004

0.002
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G. Kinetic Reaction 3.2 (Corresponding to Figure 3.2)

© ©
" o

o
~

[arene](mmol-mL-1)
=} (=}
N w

©
plN

o

CO,Me 0.47 M Bopin; CO,Me
0.028 M [IrCl,cod][NBu,]
0.1 M 1,3,5-trimethoxybenzene \—Bpin
FsC THF-dg, 100 °C, 110 min F,c” N7
047 M
[M] of Reagents at t=0 in 0.75 mL. THF-ds
Reagent Peak Integration | mmols [M]
Substrate 1.58 0.356 0.474
[Ir(cod)CI2][NBua4] 0.86 0.0222 0.0278
Internal Standard 1 0.075 0.107

[M] of Reagents and Products att =110 min

Compound Peak Integration | mmols [M]
Substrate 0.29 0.0653 0.087
Internal Standard 1 0.075 0.107

[Ir(cod)CI2][NBus] 0 0 0

[R][INBu4] 0.77 0.0217 0.0289
Cyclooctane 0.98 0.0136 0.0195
meta product 0.54 0.122 0.174
ortho product 0.76 0.160 0.228

Conversion = 82%, o:m selectivity = 57:43

200 40 60 80
Time (min)

[M] of Substrate Overtime

[COD](mmol-mL-1)

100 120
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H. Kinetic Reaction 3.3 (Corresponding to Figure 3.2)

[arene](mmol-mL-1)

0.6

0.5

0.4

0.3

0.2

0.1

0.54 M szinz

0.03 M [IrCl,cod][NBuy]

S
@/ 0.15 M 1,3,5-trimethoxybenzene iq)j/

THF-dg, 100 °C, 110 min

0.54 M

[M] of Reagents at t=0 in 0.70 mL. THF-ds

Reagent Peak Integration | mmols [M]
Substrate 1.19 0.375 0.536
[Ir(cod)CI2][NBu4] 0.41 0.0323 0.0461
Internal Standard 1 0.105 0.150
[M] of Reagents and Products at t =110 min
Compound Peak Integration | mmols [M]
Substrate 0.31 0.0977 0.140
Internal Standard 1 0.105 0.150
[Ir(cod)CI2][NBus] 0 0 0
[R][NBus] 0 0 0
Cyclooctane 1.01 0.0199 0.0284
mono-borylated 0.88 0.277 0.396
product

Conversion = 74%, mono:di-borylated selectivity = >99:1

[M] of Substrate Overtime

20 40 60

Time (min)

80 100 120
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I. Kinetic Reaction 3.4 (Corresponding to Figure 3.3)

Cone COzMe
0.5 M Bypin,
X
0.028 M [IrClzcod][NBu.4] _ | —Bpin
F.C THF-dg, 100°C, 125 min ¢
0.5M

Note: [M] are assumed based on weighed amounts of reagent and conversion to regioisomers.

[M] of Reagents at t = 10 min in 0.75 mL THF-ds

Reagent Peak Integration | mmols [M]
Substrate 1 0.375 0.500
[Ir(cod)Cl2][NBus] 0.59 0.0277 0.0369
[M] of Reagents and Products at t =125 min
Compound Peak Integration | mmols [M]
Substrate 0.67 0.113 0.151
meta product
+ 1.53 0.263 0.351
ortho product
Conversion = 70%, o:m selectivity = 65:35
[M] of Substrate Overtime
0.6
505
£
S 04
§ 0.3
o 0.2 -~ . -
c e d . 4 o
o1
S,
0
0 20 40 60 80 100 120 140

Time (min)
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3.7.11: Mercury Drop Tests
A. Addition of Mercury at t = 0 with [IrClz(cod)][NBus]

CO,Me ~30 equiv Hg
S 1 equiv Bypin,

or @/ 6 mol% [IrCl,(cod)][NBu,] e
THF. 100 °C. 16 h (hetero)arene—Bpin

F5;C
(A) (B)
Substrate Hg addition Conversion
A Yes 0%
A No 88%
B Yes 0%
B No 96%

In a nitrogen-filled glovebox, B2pinz (0.0635 g, 0.25 mmol, 1 equiv) was added to a 3.0 mL oven-
dry Wheaton microreactor equipped with a conical stir bar. In a separate 20 mL scintillation vial,
a 0.024 M stock solution of [IrCl2(cod)][NBu4] was made in dry THF (3 mL). Using a 1 mL plastic
syringe, the [IrCl2(cod)][NBua4] stock solution (0.615 mL, 0.015 mmol, 0.06 equiv) was added
followed by substrate (0.25 mmol, 1 equiv). The vial was capped then taken out of the glovebox.
For the reactions with mercury, the caps were quickly taken off the vial in air and Hg(0) (0.1 mL,
7.5 mmol, 30 equiv) was added over a 5 second period using a 5 mL Luer Lock syringe with long
plastic tubing before recapping the vial. For the reaction without mercury, the cap was taken off
and the reaction was exposed to air for ~7 seconds before recapping. All vials were transferred to
a 4 x 4 aluminum block heated to 100 °C and stirred for 16 h. After the reaction was complete,

appropriate NMR spectra was obtained for the crude reaction mixture.
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B. Addition of Mercury at t = 0 with [IrCl(cod)]> and dtbpy

~30 equiv Hg
CO,Me 1 equiv B,pin,
S 2 mol% dtbpy
0,
F3zr @/ jl.:ﬁ:l foogr?éfcicé)]ﬁ > (hetero)arene—Bpin
(A) (B)
Substrate Hg addition Conversion
A Yes 84%
A No 88%
B Yes >99%
B No 93%

In a nitrogen-filled glovebox, Bapinz (0.0635 g, 0.25 mmol, 1 equiv) was added to a 3.0 mL oven-
dry Wheaton microreactor equipped with a conical stir bar. In a separate 20 mL scintillation vial,
stock solutions of [IrCl(cod)]2 (0.01 M) and dtbpy (0.02 M) was made in dry THF. Using a 1 mL
plastic syringe, [IrCl(cod)]2 (0.25 mL, 0.0025 mmol, 0.01 equiv) was syringed into the solution
and stirred for 1 minute. To the reaction vessel, dtbpy (0.25 uL, 0.005 mmol, 0.02 equiv) was
added followed by substrate (0.25 mmol, 1 equiv). The vial was capped then taken out of the
glovebox. For the reactions with mercury, the caps were quickly taken off the vial in air and Hg(0)
(0.1 mL, 7.5 mmol, 30 equiv) was added over a 5 second period using a 5 mL Luer Lock syringe
with long plastic tubing before recapping the vial. For the reaction without mercury, the cap was
taken off and the reaction was exposed to air for ~7 seconds before recapping. All vials were
transferred to a 4 x 4 aluminum block heated to 100 °C and stirred vigorously. After 16 h, 'H or
F NMR data of the crude reaction mixture was obtained to calculate the conversions displayed

in the scheme.
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C. Addition of 30-310 equiv Mercury at >30 % Conversion with [IrClz(cod)][NBuy]

X equiv Hg
1 equiv Bypin,

@/ 6 mol% [IrCl,cod][NBuy] XS]/
\_/ THF, 100 °C, time |
Bpin
A. 30 equiv Hg B. 310 equiv Hg

time (h) conversion time (h) conversion

1.5 13% 25 61%

2 30% eeeee Hg additioneese-
----- Hg additione««-- 16 88%

16 50%

Reaction setup follows the general procedure for CHB. Reaction A is set up on a 0.25 mmol scale of substrate in a 3.0
mL Wheaton microreactor with 1 mL of a 0.03 M [IrClx(cod)][NBu4] stock solution. Reaction B is set up on a 0.50
mmol scale of substrate in a 5.0 mL Wheaton microreactor with 0.5 mL of a 0.03 M [IrCl,(cod)][NBu4] stock solution.

Described below is the addition of mercury after the induction period.

After reaction setup, the vial was capped and taken out of the glovebox. All vials were transferred
to a 4 x 4 aluminum block heated to 100 °C and monitored by 'H NMR. After reaction was
monitored every 20-30 minutes until > 30% conversion was reached. The reaction vessels were
then taken off the hot plate and allowed to cool to room temperature. Hg(0) (reaction A= 0.1 mL,
7.5 mmol, 30 equiv / reaction B = 2.3 mL, 155 mmol, 310 equiv) was added over 5-10 seconds
and the vial was recapped. The reaction vessels were clamped at a 45° angle over a stir plate and
vigorously stirred at room temperature for 10 min to ensure intimate contact of the solution with
Hg(0). All vials were transferred back to the 4 x 4 aluminum block heated to 100 °C and stirred
for 16 h. After 16 h, '"H NMR data of the crude reaction mixture was obtained to calculate the

conversions displayed in the scheme.
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D. Control Reaction with [IrClz(cod)][NBu4] and Hg(0)

ﬁ‘/lr\

In a nitrogen-filled glovebox, [[rClz(cod)][NBu4] (14.1 mg, 0.023 mmol, 1 equiv) was added to a

®ONBu, ~290 equiv Hg

> Nno reaction
THF, 100 °C, 3 h

5.0 mL oven-dry Wheaton microreactor equipped with a conical stir bar. The pre-catalyst was
dissolved in dry THF (0.5 mL) then capped and taken out of the glovebox. The cap was quickly
removed in air and Hg(0) (0.1 mL, 6.7 mmol, 287 equiv) was added over a 5 second period before
recapping the vial. The vial was clamped at a 45° angle and vigorously stirring in an oil bath heated
to 100 °C for 3 hours where no color change was observed. After the reaction was complete, the
solution was decanted away from the Hg(0) and pumped down under vacuum. The resulting solid
was dissolved in ~0.6 mL of THF-ds where *C and "H NMR data showed no structure change of

the anion.
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3.7.12: Spectral Data
"H NMR spectrum of [IrClx(cod)][Li] (500 MHz, THF-ds)
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I3C{'H} NMR spectrum of [IrCly(cod)][Li] (126 MHz, THF-ds)
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H NMR spectrum of [IrCly(cod)][NBu4] (500 MHz, THF-ds)
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3BC{'H} NMR spectrum of [IrCly(cod)][NBus] (126 MHz, THF-ds)
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TH NMR spectrum of [IrClx(cod)][NPrs] (500 MHz, CD3CN)
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BC{'H} NMR spectrum of [IrCly(cod)][NPr4] (126 MHz, CD3CN)
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TH NMR spectrum of [IrCly(cod)][NEt4] (500 MHz, CD3CN)
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H NMR spectrum of 3a and 3a’ (500 MHz, CDCls)
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19F NMR spectrum of 3a and 3a’ (470 MHz, CDCl;)
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B NMR spectrum of 3a and 3a’ (160 MHz, CDCls)
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'H NMR spectrum of 3b and 3b’ (500 MHz, CDCls)
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B NMR spectrum of 3b and 3b’ (160 MHz, CDCl3)
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'TH NMR spectrum of 3¢ and 3¢’ (500 MHz, CDCl;3)
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HB NMR spectrum of 3¢ and 3¢’ (160 MHz, CDCl3)
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Crude 'H NMR spectrum of 3d and 3d’ (500 MHz, CDCls)
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Crude "B NMR spectrum of 3d, 3d’, and 3d” (160 MHz, CDCl;3) MeO\(:[COzMe MeO CO,Me MeOD/Cone
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Crude 'H NMR spectrum of 3e and 3¢’ (500 MHz, CDCl3)
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Crude 'H NMR spectrum of 3f* (500 MHz, CDCl5)

MeO OMe MeO OMe
T
Bpin 2 o
Bpin “" “"
3f 3f

SM SM

P4 f

© ©

\ \

st 3f

T i

2.00 1.17

T T~ T "~ T T~ T T T "~ T T " T T T T T "1
74 73 72 71 7.0 69 6.8 6.7 6.6 65 6.4 6.3

N

SM

T
2.00 1.17

THF

Bypin,

— T~ T " T " T T " T "~ T " T T T
11.0 105 10.0 9.5 9.0 8.5 8.0 7.5 7.0 6.5

208



Crude '"H NMR spectrum of 3g and 3g’ (500 MHz, CDCl;)
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Crude "B NMR spectrum of 3g and 3g’ (160 MHz, C¢D)
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Crude 'F NMR spectrum of 3h, 3h’, 3h”, and 3h>” (470 MHz, CsDs)
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Crude 'H NMR spectrum of 3h, 3h’, 3h”, and 3h’” (500 MHz, C¢Ds)
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Crude "B NMR spectrum of 3h, 3h’, 3h” and 3h>” (160 MHz, CsDs)
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