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Abstract

Determining the Origin of Functional Group Compatibility of the Iridium Trisboryl Complex

Xuelei Guo
Doctor of Philosophy in Chemistry
University of California, Berkeley

Professor John F. Hartwig, Chair

The following dissertation reveals the modes of reactivity of varying classes of organic
compounds with the iridium trisboryl complex. The fundamental principles guiding these modes
of reactivity are elucidated.

Chapter 1 first presents a high-yielding, pure, and most importantly, reliable synthesis of the
iridium trisboryl complex, (COE)(dtbpy)Ir(Bpin)s, which is the cornerstone for the entirety of the
research. Then, the selectivity of a series of varying classes of organic compounds for
coordination to either the iridium center or the Bpin ligand of the iridium trisboryl complex is
presented, collectively, highlighting the fundamental principles which divide these classes into
three main categories of reactivity: reactivity at iridium, reactivity at a Bpin ligand, and
ambident reactivity. While these classes are evaluated via stoichiometric reactions with the
iridium trisboryl complex, the corresponding catalytic reaction is compared against the
stoichiometric reaction in key cases where a difference in selectivity is seen.

Chapter 2 extends the utility of the catalytic C—H borylation of arenes via a mild and facile
deprotection of the boronic ester products into the corresponding boronic acids. Many boronic
acid selective reactions (which do not function well with boronic esters as substrates) are
discovered and successfully applied to the boronic ester products of the catalytic C—H
borylation of arenes after their deprotection.
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CHAPTER 1: Determining the Origin of Functional Group Compatibility of the Iridium Trisboryl
Complex



1.1 Introduction

The C—H activation and borylation of arenes is a well-established methodology of high
synthetic value.»23# It is ubiquitous in the chemistry community with widespread use in both
academic and industrial settings.>® The first mild catalytic system to enable the efficient
borylation of simple arenes was achieved in 2002, employing an Ir/dtbpy system’ (although the
first catalytic system for the C—H borylation of arenes was achieved in 1999, employing a
Cp*Ir(PMes)(H)(Bpin) catalyst with a high reaction temperature of 150 °C)8. It was also at this
time that the COE-capped catalyst for the reaction was isolated (Figure 1.1). As such, this
publication marked important first steps for the reaction from both a methodological as well as
mechanistic stance.

[I(COE),Cl} +
(4,4'-di-+Bu)Bpy
B2pin; 1CsH3Mea

COE

zZz
A\
A‘.
o

3

[

3 PhBpin
80%

Ir-N1=2.177 A, Ir-N2=2.221 A, Ir-B1=2.055 A Ir-B2=2.057 A,
Ir-B3=2.027 A, Ir-C1=2.308 A I-C2=2.318 A Pinacol methyl
groups and hydrogens have been removed for clarity.

Figure 1.1 Crystal structure of the COE-capped iridium trisboryl complex’; Reprinted (adapted)
with permission from J. Am. Chem. Soc. 2002, 124, 3, 390—391. Copyright 2002 American
Chemical Society

In 2005, Boller and coworkers conducted kinetic studies to reveal the currently accepted
reaction mechanism of an Ir(Il1)/Ir(V) cycle (Figure 1.2).° The active catalyst, (dtbpy)Ir(Bpin)s, can
either be generated in-situ from the standard catalytic conditions employing
[Ir(COD)X]2/ligand/B2pin; (Figure 1.4) or from the dissociation of COE from the independently
synthesized iridium trisboryl complex (dtbpy)Ir(COE)(Bpin)s. Oxidative addition of a C(sp?)—H
bond generates the 7-coordinate intermediate (dtbpy)Ir(Ar)(H)(Bpin)s. Subsequent reductive
elimination furnishes the ArBpin product and (dtbpy)Ir(Bpin)2H. Then, oxidative addition of
B,pin; followed by reductive elimination of HBpin regenerates the active catalyst.
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Figure 1.2 Mechanism of arene borylation®; Reprinted (adapted) with permission from J. Am.
Chem. Soc. 2005, 127, 41, 14263-14278. Copyright 2005 American Chemical Society

Since the 2002 seminal publication, and for the next two decades, two Ir(lll) systems have
been established for undirected arene borylation: (dtbpy)Ir(lll) and (tmphen)Ir(lll) (Figure 1.3).1°
Complementary to these Ir(lll) systems which select for sterically free sites, Furukawa and
Chatani and coworkers developed a [Pt(NHC)] catalyst which selects for sterically congested
sites.’* While both Ir(lll) systems are high performing and commonly used, for some substrates
(tmphen)Ir(lll) is superior. The origin of this difference was elucidated in 2019 by Oeschger and
coworkers.!® They demonstrated that tmphen binds tighter to Ir than does dtbpy. For slow
reacting arenes, dtbpy dissociates from Ir before 100% conversion of the arene to its borylated
product. Moreover, the free dtbpy itself can also be borylated resulting in catalyst deactivation.
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Figure 1.3 Catalyst lifetime: Ir-tmphen versus Ir-dtbpy'?; Reprinted (adapted) with permission
from J. Am. Chem. Soc. 2019, 141, 41, 16479-16485. Copyright 2019 American Chemical Society

In 2014, Larsen and Hartwig evaluated the methodology against several classes of
heteroarenes spanning benzoxazoles, benzothiazoles, pyrimidines, benzimidazoles (Figure 1.4),
pyrazoles and azaindoles.*?> A combination of empirical and mechanistic evaluations led to the
establishment of a general set of rules for the regioselectivity of the borylation of different
heteroarenes (Figure 1.5). Certain regioselectivity rules for heteroarenes mimic those for simple
arenes: borylation selects for sterically free sites'! and for C—H bonds of increased acidity.

Bopin, (1.5 equiv.)

R\ N H [I(COD)OMe], (0.5 mol %) R H
Mephen (1.0 mol % AN
| P »—Me 4phen ( ) > /l(): )—Me
N THF, 80 OC Bpln N
Me
. /©:N/>_Me />—Me
Bpin Boin N
6a 94% (82%) 6b 72% (52%)
o H H
N F N
S 5
Bpin N Bpin N
6¢ 91% (84%) 6d 77% (70%)

Figure 1.4 C—H borylation of benzimidazoles'?; Reprinted (adapted) with permission from J.
Am. Chem. Soc. 2014, 136, 11, 4287-4299. Copyright 2014 American Chemical Society



Rule 1: No borylation ortho or alpha to free N-H or basic nitrogen
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membered rings)
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Figure 1.5 Regioselectivity rules for C—H borylation'?; Reprinted (adapted) with permission
from J. Am. Chem. Soc. 2014, 136, 11, 4287-4299. Copyright 2014 American Chemical Society

Larsen and Hartwig conducted kinetic studies to determine the rate equation for the
reaction of 3-methylpyridine.'? They revealed a zero-order dependence in 3-methylpyridine
which contrasts the first-order dependence in arene previously determined by Boller®. As such,
3-methylpyridine was proposed to react via an alternative mechanism whereby the nitrogen
atom of 3-methylpyridine binds to the iridium center of the iridium trisboryl complex to make
for a (3-methylpyridine)(dtbpy)Ir(Bpin)s resting state which, upon dissociation from the iridium
center and rearrangement to a C—H o-complex, can undergo the turnover-limiting C—H
activation (oxidative addition) (Figure 1.6).
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Figure 1.6 Proposed mechanism for the borylation of 3-methylpyridine!?; Reprinted (adapted)
with permission from J. Am. Chem. Soc. 2014, 136, 11, 4287-4299. Copyright 2014 American
Chemical Society

At present, a mild and robust catalytic reaction is in place for the borylation of a variety of
arenes and heteroarenes. The mechanism of arene borylation is well-established, and empirical
rules have been delineated for regioselectivity. In an effort to fortify the methodology in the
course of complex molecule synthesis, Hamel and Hartwig subjected the reaction to a
robustness screen developed by Glorius'? (unpublished, Figure 1.7). Arene and heteroarene
borylations were conducted in the presence of varying classes of small molecules that mimic
functional groups present on a complex molecule as it undergoes arene borylation (Figure 1.7).
The Glorius robustness screen revealed many classes of compounds not tolerated by the arene
borylation reaction (unpublished, Figure 1.8). Clearly, compounds other than arenes and
heteroarenes react with the iridium trisboryl complex. Understanding the mechanism by which
different classes of compounds react with the iridium trisboryl complex may reveal the
fundamental principles for the functional group compatibility of the iridium trisboryl complex.
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Figure 1.7 Glorius robustness screen for C—H borylation
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Figure 1.8 Representative Glorius robustness screen result for additive = octyliodide

1.2 Results and Discussion
1.2.1 Simplified, Reproducible and High-Yielding Large-Scale Synthesis of the Purified Iridium

Trisboryl Complex (dtbpy)Ir(Bpin)s [IrBs]

In 2005, Boller and co-workers reported the gram-scale synthesis of the COE-capped iridium
trisboryl complex [IrBs] (62% yield), as well as its purification (in 20% vyield) for kinetic studies.’
While an instrumental stepping stone for enabling stoichiometric experiments, this synthesis
proved challenging to reproduce. The 20% yield of the purified material highlights both the
amount of impurities present from the synthesis and the difficulty in separating the iridium
trisboryl complex from these impurities.

In their work, Boller and co-workers evaluated several syntheses in order to find one whose
order of addition provided the fewest impurities. In this work, practical improvements were
implemented to further decrease impurity formation. Boller’s synthesis employed mildly
increased temperature (40 °C) for 20 minutes for the reaction which necessitated removal from
the inert atmosphere of a glovebox and careful adaptation to an inert system outside the
glovebox for heating. Instead, allowing the reaction to progress at ambient temperature inside
the glovebox overnight obviates the risk of oxygen exposure from glovebox removal as well as



the risk of impurities formation at elevated temperature while ensuring full reaction completion
with extended reaction time.

Boller’s synthesis also made extended use of elevated temperatures (40 °C) for
concentration of the reaction mixture. Here, the reaction mixture was concentrated at ambient
temperature under vacuum and then allowed to sit in an open vessel overnight inside the
glovebox to ensure full evaporation of residual solvent. For purification, Boller and co-workers
used a series of cold (-30 °C) pentane and tetramethylsilane washes. In this work, it was found
that cold (-30 °C) or ambient temperature washes of pentane or tetramethylsilane were equally
effective or ineffective depending on the yield of the reaction. A high yielding reaction (75%),
which is reliably obtained in this modified synthesis, only necessitated ambient temperature
washes with tetramethylsilane, albeit with exhaustive amounts (100 mL employed for a gram-
scale synthesis). The pure iridium trisboryl complex (a bright yellow powder, Figure 1.9) does
not dissolve in tetramethylsilane. Because impurities increase the solubility of the iridium
trisboryl complex in tetramethylsilane, any low-yielding reaction has proven nearly impossible
to purify, even with Boller’s purification at low temperatures.

Boller’s work laid the foundation for the synthesis of the iridium trisboryl complex. Although
the modifications made in this work are largely practical, they are significant for the reliable
synthesis of the iridium trisboryl complex and its use in stoichiometric reactions. The purified
iridium trisboryl complex, a bright yellow powder, can be reproducibly obtained in high yield
(75%) and high purity as evidenced by 'H-NMR spectroscopy of the isolated material (Figure
1.9).
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Figure 1.9 'H-NMR spectrum of the iridium trisboryl complex [IrBs] at 25 °C

1.2.2 Characterization of (dtbpy)Ir(Bpin)2H [IrB2H] & (dtbpy)ir(Bpin)H2 [IrBH:]

In their 2005 publication, Boller and coworkers also reported the *H-NMR spectroscopic
characterization of iridium bisboryl monohydride and iridium monoboryl dihydride (Figure
1.10). The characterization was obtained from the stoichiometric reaction between the iridium
trisboryl complex and 1,3-bis(trifluoromethyl)benzene at 0 °C. As such, the competency of both
the iridium trisboryl complex as well as the iridium bisboryl monohydride as an intermediate in
the borylation of arenes was demonstrated.

COE + ArH (I:OE + ArH (I:OE
N:, «Bpin Ni.,.,..Bpin Ner.... 0 H
C / \ — > IS g IS
N Bpln - ArBpin N | Bpin - ArBpin N Ill Bpin
1 2 3
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Figure 1.10 *H-NMR spectrum of (dtbpy)Ir(Bpin)s, (dtbpy)Ir(Bpin)2H and (dtbpy)Ir(Bpin)H, at 0
°C?%; Reprinted (adapted) with permission from J. Am. Chem. Soc. 2005, 127, 41, 14263-14278.
Copyright 2005 American Chemical Society

In this work, a clearer *H-NMR spectroscopic characterization of the iridium bisboryl
monohydride was obtained, one in which the iridium bisboryl monohydride was the major
component of the reaction mixture (Figure 1.11). This characterization was obtained during the
stoichiometric reaction between the iridium trisboryl complex and nitrocyclopentane. Because
nitrocyclopentane reacts more slowly than 1,3-bis(trifluoromethyl)benzene with the iridium
trisboryl complex, the characterization of the iridium bisboryl monohydride was able to be
conducted at 25 °C.
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Figure 1.11 *H-NMR spectrum of (dtbpy)Ir(Bpin),H at 25 °C
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The iridium monoboryl dihydride was generated from the stoichiometric reaction between
the iridium trisboryl complex (less than 1 equivalent) and boc-pyrazole in the presence of an
added 5 equivalents of COE and was characterized at 25 °C by *H-NMR spectroscopy (Figure
1.12). In the course of the borylation of boc-pyrazole, upon full consumption of the iridium
trisboryl complex, the iridium bisboryl hydride byproduct becomes the borylating agent,
generating the iridium monoboryl dihydride byproduct. During the course of this work, it was
commonly observed that the iridium bisboryl monohydride gradually decomposed but that it is
more stable in the presence of a higher concentration of COE. The added 5 equivalents of COE
maintain a higher concentration of the iridium bisboryl monohydride so that a higher
concentration of the iridium monoboryl dihydride byproduct is formed upon reaction of the
bisboryl monohydride with boc-pyrazole.

IrB3 (<1 equiv) Boc
COE (5 equiv)

N _ | N
E//N cyclohexane-d;» . /
25°C Bpin

(1 equiv) 54%

11
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Figure 1.12 *H-NMR spectrum of (dtbpy)Ir(Bpin)H2 (broad peaks underlined in red) at 25 °C

Gaining evidence for the iridium bisboryl monohydride and the iridium monoboryl dihydride
by *H-NMR spectroscopy at 25 °C is important because the majority of the stoichiometric
reactions in this study are conducted at 25 °C.

1.2.3 Reactivity at Bpin Ligand
1.2.3.1 Primary Alcohols, Amines and Thiols

IrB; (1 equiv)
COE (0 or 5 equiv)

RXH RX—Bpin
cyclohexane-d,
25°C
(100% conversion)
(1 equiv)

NN P N N
/\/\/\OH NH, SH

1-hexanol hexylamine octanethiol

12



Figure 1.13 Borylation of RX—H bonds in the presence or absence of added COE (5 equiv).
pKa of 1-hexanol approximated against the measured value of 29.8 for ethanol'*. pKa of
hexylamine approximated against the measured value of 41 for ammonia® and 44 for
pyrrolidine®®. pKa of octanethiol approximated against the measured value of 17.1 for
butanethiol?®.

The reactivity of the iridium trisboryl complex is well-established to undergo oxidative
addition of C—H bonds at the iridium center, leading to C—H functionalization.® In his 2005
publication, Boller showed that the borylation of 1,2-dichlorobenzene in the presence of added
COE is slower than the borylation of 1,2-dicholorbenzene in the absence of added COE.® Added
COE increases the concentration of the COE-bound iridium trisboryl complex and decreases the
concentration of the active catalyst (non-COE-bound) that is competent for oxidative addition.

What had previously been unexplored is the case in which added COE does not affect the
rate of borylation. Such a case is observed with primary alcohols, amines and thiols (Figure
1.13). With or without an added five equivalents of COE, primary alcohols (Figures 1.14 & 1.15),
primary amines (Figures 1.16 & 1.17), and primary thiols (Figures 1.18 & 1.19) fully converted to
their corresponding RX—Bpin products by the initial sampling (5 minutes). Therefore, whether
the rate of borylation of primary alcohols, amines and thiols is affected by added COE needs to
be determined at lower temperature.

IrB; (1 equiv)

OH cyclohexane-d;» OBpin
25 °C
(1 equiv, 11 mM) 95%
10
IrB
8 3
=
i IrB2H
£
4
1-hexanol
2
borylated 1-
0
hexanol
0 50 100
time/min

Figure 1.14 Borylation of 1-hexanol in the absence of added COE; IrBs = (dtbpy)(COE)Ir(Bpin)s
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8 IrB3
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s IrB2H
£
! 1-hexanol
2
borylated 1-
’ hexanol
0 50 100
time/min

Figure 1.15 Borylation of 1-hexanol in the presence of added COE (5 equiv); IrBs =
(dtbpy)(COE)Ir(Bpin)s

IrB; (1 equiv)

/\/\/\/\/\/\NH2 /\/\/\/\/\/\NHBpin

cyclohexane-d;,
25°C

(1 equiv, 11 mM) 93%

10

IrB3
4 IrB2H

borylated amine

mmol/L
(o))

o 50 100
time/min

Figure 1.16 Borylation of dodecylamine in the absence of added COE; IrB; =
(dtbpy)(COE)Ir(Bpin)s

14
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Figure 1.17 Borylation of dodecylamine in the presence of added COE (5 equiv); IrBs =
(dtbpy)(COE)Ir(Bpin)s
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Figure 1.18 Borylation of octanethiol in the absence of added COE; IrBs = (dtbpy)(COE)Ir(Bpin)s
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Figure 1.19 Borylation of octanethiol in the presence of added COE (5 equiv); IrBs =
(dtbpy)(COE)Ir(Bpin)s

1.2.3.2 Amide [pKa ~ 24]

Primary alcohol, amine and thiol with electron-donating alkyl chains all react rapidly with
the Ir-trisboryl complex. N-methylbutyramide, on the other hand, reacts more slowly. Unlike the
reactions of primary alcohol, amine and thiol, which occur within 5 min time at room
temperature, the reactions of N-methylbutyramide occur over the course of 24 hours at 50 °C
(Figure 1.20). Similar to the rate of the borylation of primary alcohol, amine and thiol, the rate
of the borylation of N-methylbutyramide is the same in the presence or absence of added COE
(Figure 1.20). Therefore, like for primary alcohol, amine and thiol, it is hypothesized that N-
methylbutyramide borylates by coordination to the Bpin ligand of the iridium trisboryl complex
(not by oxidative addition at the iridium center).
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Figure 1.20 Borylation of N-methylbutyramide in the presence or absence of added COE (5
equiv); IrBs = (dtbpy)(COE)Ir(Bpin)s. pKa of N-methylbutyramide approximated against the
measured value of 25.9 for N-methylacetamide?’.

1.2.4 Reactivity at Iridium
1.2.4.1 Arenes [pKa ~ 37]

The borylation of aryl C—H bonds catalyzed by the iridium trisboryl complex is a reaction
whose regioselectivity is well-established to be dictated by steric control.” This selectivity was
also presented in the 2014 publication by Larsen and Hartwig, wherein a variety of
heteroarenes also demonstrated sterically-driven regioselectivity for borylation.*? Borylation of
five- or six-membered rings preferentially occurs distal from a substituent — a sterically driven
regioselectivity that is less pronounced for five membered rings.

This less pronounced steric control over regioselectivity in five- versus six-membered rings is
delineated in this work in stoichiometric experiments (Figure 1.21). The borylation of tert-butyl
1H-pyrazole-1-carboxylate (boc-pyrazole) and of 2-chloro-4-fluoro-1-methylbenzene exclusively
produce single isomeric products whose installed Bpin have no ortho-substitution (the ortho-
fluoro substituent in 2-(4-chloro-2-fluoro-5-methylphenyl)-4,4,5,5-tetramethyl-1,3,2-
dioxaborolane is of comparable size to that of a hydrogen atom). The C—H bond undergoing
activation for each substrate is approximated to have the same pKa value of 37 (the pKa of boc-
pyrazole was predicted to be 37.1 by the first-principle method by Shen and coworkers?®; the
pKa of 2-(4-chloro-2-fluoro-5-methylphenyl)-4,4,5,5-tetramethyl-1,3,2-dioxaborolane was
approximated as the predicted value of 36.8 for fluorobenzene by the first-principle method by
Shen and coworkers®®). Yet the borylation of 2-chloro-4-fluoro-1-methylbenzene is much slower
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than that of tert-butyl 1H-pyrazole-1-carboxylate (which is borylated within the first 5 minutes).
The steric encumbrance of a neighboring C—H bond of a six membered arene is much greater
than that of a neighboring C—H bond of a five membered arene and is a possible explanation
for the drastic difference in the rate of borylation between the two substrates.

Moreover, the lower rate of borylation for each arene with added COE than without COE
suggests that the mechanism of the borylation of each arene occurs by oxidative addition of the
C—H bond at the iridium center of the iridium trisboryl complex (Figure 1.21).

H_ Boc IrB; (1 equiv) Boc y Boc Heteroaryl:

N ; N Radius: 1.0A - %BV: 99.18%
\ COE (0 or 5 equiv N \
| N ( 9 )= LN | , N  Radius: 2.0A - %BV: 60.94%
H cyclohexoane-dm Y Radius: 3.0A - %BV: 39.19%

H 25 °C Bpin H Radius: 4.0A - %BV: 26.47%
\/ Radius: 5.0A - %BV: 17.30%

(1 equiv, 11 mM) ~63%

. F Radius: 1.0A - %BV: 99.01%
F COE (0 or 5 equiv) F Radius: 2.0A - %BV: 62.42%

cyclohexane-d;» o Radius: 3.0A - %BV: 43.23%
H 25 °C Radius: 4.0A - %BV: 30.39%
cl Cl H Radius: 5.0A - %BV: 21.10%
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10
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borylated 5-mem
arene | sequiv COE

mmol/L
(@)

borylated 6-mem
arene | o equiv COE

borylated 6-mem
o) arene | 5equiv COE
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time/min

Figure 1.21 Difference in the rate of borylation of 5- versus 6-membered arenes of predicted*®
pKa 37, and calculated %buried volume®?; IrBs = (dtbpy)(COE)Ir(Bpin)s

1.2.4.2 m-Xylene [pKa ~ 46]
While the borylation of the C—H bond with a pKa of 37 on six membered aromatic rings

without ortho-substitution progresses gradually at ambient temperature (Figure 1.21), the
borylation of a C—H bond with a pKa of 46 (approximated by the predicted value of 44.7 for
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benzene by the first-principle method by Shen and coworkers'8) on a six-membered aromatic
ring, also without ortho-substitution, does not proceed at all at ambient temperature (Figure
1.22), and exceeds the upper pKa limit for oxidative addition for a C(sp?)—H bond at 25 °C.

\©/ IrB; (1 equiv) \©/
cyclohexane-d;,

25°C, 18 h Bpin

(1 equiv) 0%
Figure 1.22 Borylation of m-xylene; IrBs = (dtbpy)(COE)Ir(Bpin)s

1.2.4.3 Ketones [pKa ~ 27]

The iridium trisboryl complex also reacts with C(sp3)—H bonds. Similar to C—H activation of
C(sp?)—H bonds, C—H activation of C(sp®)—H bonds is sensitive to the steric environment of
the substrate, as demonstrated by reactions of ketones (Figure 1.23). While both 2-
methylheptan-3-one and cyclooctanone have secondary positions alpha to the carbonyl group
(with C—H bonds of pKa values of approximately 27; the pKa of 2-methylheptan-3-one is
approximated by the measured value of 27.1 for pentan-3-one'’; the pKa of cyclooctanone is
approximated against the measured value of 25.8 for cyclopentanone??), the secondary position
of 2-methylheptan-3-one is more sterically congested with access blocked by the adjacent
isopropyl group. As such, 2-methylheptan-3-one does not undergo borylation with the iridium
trisboryl complex at ambient temperature after 18 hours. On the other hand, the secondary
position of cyclooctanone alpha to the carbonyl is less sterically congested. The stoichiometric
reaction of the iridium trisboryl complex with cyclooctanone forms the O—borylated product in
19% yield after 18 hours at ambient temperature (Figures 1.23 & 1.24).

Moreover, after 18 hours at 25 °C, the C(sp?)—H bond of cyclooctanone (pKa ~ 27) borylated
to 19% vyield with the remainder mass balance being cyclooctanone (Figure 1.24). By
comparison, the borylation of the C(sp?)—H bond with a pKa value of 37 in 2-chloro-4-fluoro-1-
methylbenzene yielded 64% of the borylated product under the same conditions (Figure 1.21).
For a given C—H bond, an increased steric environment hinders C—H activation, a lower pKa
value facilitates C—H activation, and increased s-character facilitates C—H activation. As is seen,
these fundamental principles apply to all reactions of C—H bonds.
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e
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25 °C, ovnt
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Figure 1.23 Borylation of C(sp®)—H bonds of pKa ~ 27 [ketones]**?%; IrB3 = (dtbpy)(COE)Ir(Bpin)s
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Figure 1.24 Time course for the borylation of cyclooctanone; IrBs = (dtbpy)(COE)Ir(Bpin)s
1.2.4.4 Ester [pKa ~ 30] & Amide [pKa ~ 35]
These trends in reactivity apply to reactions of ketones (pKa 27)°2° (Figure 1.23), esters

(pKa 30; approximated against the measured value of 29.5 for ethylacetate?!) (Figure 1.25) and
amides (pKa 35; approximated against the measured value of 35 for N,N-diethylacetamide??)
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(Figure 1.25). Neither methyl propionate nor N, N-dimethylpropionamide undergoes borylation
with the iridium trisboryl complex at ambient temperature after 18 hours. Both compounds
contain C—H bonds alpha to the carbonyl with pKa values higher than that of 2-methylheptan-
3-one, which also does not react with the iridium trisboryl complex (IrBs) under the same
conditions (Figure 1.25). The steric environment of the C—H bond alpha to the carbonyl of N,N-
dimethylpropionamide is comparable to that of 2-methylheptan-3-one, and the pKa value is
higher. Therefore, it does not undergo borylation under ambient conditions. The C—H bond
alpha to the carbonyl of methyl propionate is more sterically hindered than that of the C—H
bond of 2-methylheptan-3-one, but the pKa value of the C—H bond is higher. Therefore, it does
not undergo borylation under ambient conditions.

Elevated temperatures showed clearly the difference in reactivity between the alpha C—H
bonds of methyl propionate and N,N-dimethylpropionamide. The reaction at 100 °C for 1 hour
yielded 16% product from beta-borylation of methyl propionate, whereas the same conditions
led to no conversion of N,N-dimethylpropionamide. The lack of borylation at the alpha position
of methyl propionate suggests that the steric properties of that position inhibit the reaction
more than the pKa value of the C(sp3)—H bond. The lack of reaction of N,N-
dimethylpropionamide, even at the beta position, suggests that a pKa value of approximately
>40 prohibits C—H activation of a C(sp®)—H bond by IrBs. By contrast, as exemplified by tert-
butyl 1H-pyrazole-1-carboxylate and 2-chloro-4-fluoro-1-methylbenzene, C(sp?)—H bonds with
the same pKa value do react with IrBs (Figure 1.21).

0 IrB; (1 equiv) Q O

> OMe *+ _
\)kOMe cyclohexane-d; 1): Bpln/\)J\ OMe
25 °C, ovnt P
(no conversion)

(1 equiv)

0 IrB; (1 equiv) \Hok le)
> NMe, * _
\)J\ NMe,  cyclohexane-d;, Boin 2 Bpln/\)k NMe,
25 °C, ovnt P
(no conversion)

(1 equiv)

Figure 1.25 Borylation of C(sp3)—H bonds of pKa ~ 30 & 35;2%22 |rB; = (dtbpy)(COE)Ir(Bpin)s

1.2.4.5 Difference in Selectivity between Catalytic and Stoichiometric Borylations of Methyl
Propionate
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The iridium trisboryl complex undergoes selective borylation of the C—H bond beta to the
carbonyl in methyl propionate (Figure 1.25) by selective C—H activation of the methyl C—H
bond over the methylene C—H bond. Moreover, borylation of the beta C—H bond in methyl
propionate occurs in only 16% vyield after 1 hour at 100 °C, at which point 0% IrBs remains, and
the remaining mass balance is methyl propionate. By contrast, the corresponding catalytic
reaction (whose active catalyst is the iridium trisboryl complex) proceeds more rapidly,
converting 59% methyl propionate to the corresponding alpha borylated compound after 2 days
at 50 °C (Figure 1.26). This selectivity for reaction at the alpha position was not observed in the
corresponding stoichiometric reaction under more stringent conditions. Therefore, while the
iridium trisboryl complex is generated in-situ in the catalytic reaction, the mechanism of
borylation of methyl propionate in the catalytic reaction appears to be different than that of the
corresponding stoichiometric reaction and is at present unknown.

o}
) “Howe
\)J\OMe
[Ir(OMe)(COD)], (2.5 mol%) Bpin
dtbpy (5 mol%) fe)
(0] B,pin, (1 equiv)
X - ~Howe
OMe cyclohexane )

50°C,2d Bpin
(59% conv)

(1 equiv) “
|

| m
LA o

N

e
g &

T T T T T T T T T T T T T
20 28 27 26 25 24 23 22 21 20 19 18 17 1
1 (ppm)

Figure 1.26 Catalytic borylation of methyl propionate [alpha-selective]

To confirm that the iridium trisboryl complex reacts selectively at the beta C—H bond in
methyl propionate, the stoichiometric reaction was conducted at lower temperature (Figure
1.27). After 7 days at 50 °C (for full consumption of the iridium trisboryl complex), the beta
borylated product was formed in 15% vyield (diagnostic peak at 2.27 ppm, Figure 1.27), with the
remaining mass balance (85%) the starting methyl propionate (diagnostic peak at 2.19 ppm,
Figure 1.27).
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Figure 1.27 Stoichiometric borylation of methyl propionate [beta-selective]; IrBs =
(dtbpy)(COE)Ir(Bpin)s

1.2.4.6 Alkyl Bromides [pKa ~ 40]

The pKa of the alpha C(sp3)—H bonds in alkyl bromides is approximated to be 40
(approximated against the measured value of 39 for 1,3-dithiane?’; 1,3-dithiane chosen for the
relative electronegativities between sulfur and bromine). N, N-dimethylpropionamide, which
contains alpha C(sp3)—H bonds with a predicted pKa of 35,22 did not undergo borylation, even
at 100 °C for 1 hour (Figure 1.25). Therefore, it is unsurprising that the alpha C(sp3>)—H bond of
1-bromopropane does not react with IrBs, even at 100 °C for 1 hour (Figure 1.28). By contrast,
when the s-character of a C—H bond is higher, as is that of the C—H bonds in
bromocyclopropane, oxidative addition at the iridium center of the iridium trisboryl complex is
facilitated. For bromocyclopropane, 13% of the beta-borylated product is formed after two days
at 50 °C (Figures 1.28 & 1.29). The C—H bond alpha to bromide is inaccessible due to steric
effects. However, even though the pKa of the C—H bond beta to bromide should be >40,% it
undergoes oxidative addition because of the high s-character in the C—H bond; increased s-
character leads to a stronger carbon-metal bond in the resulting oxidative addition complex
because a C(sp?)—M bond is stronger than a C(sp3)—M bond?%?7. The oxidative addition
complex with the stronger carbon-metal bond would be more stable, and therefore oxidative
addition of the C—H bond with the greater s-character occurs.?3

23



IrB; (1 equiv) Bpin
[}Br > ]:
cyclohexane-d;» Br
25°C,24h
(no conversion)

(1 equiv)
50 °C, 2 d (time course): 13% beta-borylation

IrB; (1 equiv)

Bpin Br
B > /i/ Br /\/
cyclohexane-d;,

Bpin
25°C,24h
(no conversion)

(1 equiv)
100 °C, 1 h: no conversion

Figure 1.28 Borylation of C(sp3)—H bonds of pKa ~ 40;%° IrB3 = (dtbpy)(COE)Ir(Bpin)s
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Figure 1.29 Time course for the borylation of bromocyclopropane at 50 °C; IrB; =
(dtbpy)(COE)Ir(Bpin)s

Similar to the case of methyl propionate, the corresponding catalytic borylation of

bromocyclopropane occurs with a selectivity that is different from that of the stoichiometric
reaction. In contrast to the borylation of the C—H bond beta to bromine from the reaction of
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bromocyclopropane with stoichiometric amounts of IrBs, the borylation of the C—H bond alpha
to bromine occurs in the catalytic reaction of bromocyclopropane with B,pin; catalyzed by the
in-situ generated iridium trisboryl complex (Figures 1.30 — 1.35, characterization by *H-NMR,

13C-NMR, HSQC and DEPT spectroscopy).

[Ir(OMe)(COD)], (2.5 mol%)
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[>—Br > Br *
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Figure 1.30 In-situ *H-NMR spectrum of the catalytic borylation of bromocyclopropane [2 days].
Note: 2-cyclopropyl-4,4,5,5-tetramethyl-1,3,2-dioxaborolane is not observed, as determined by
comparing this spectrum to the published spectrum of the pure boryl bromocyclopropane.?*.
Beta borylated product matches the literature characterization of the known compound.?’ In-

situ sample diluted with cyclohexane-di> for *H-NMR spectroscopic analysis.
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Figure 1.31 In-situ 13C-NMR spectrum of the catalytic borylation of bromocyclopropane. Note:
do not observe 2-cyclopropyl-4,4,5,5-tetramethyl-1,3,2-dioxaborolane when comparing to
literature reference of known compound?*. Beta borylated product matches the literature

characterization of the known compound.? In-situ sample diluted with cyclohexane-d1, for *H-

NMR spectroscopic analysis.
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Figure 1.32 In-situ *H-NMR spectrum of the catalytic borylation of bromocyclopropane [>2
days]. Note: do not observe 2-cyclopropyl-4,4,5,5-tetramethyl-1,3,2-dioxaborolane when
comparing to literature reference of known compound?*. Beta borylated product matches the
literature characterization of the known compound.?® In-situ sample diluted with CDCls for *H-

NMR spectroscopic analysis. Some cyclohexane-di, observed.
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Figure 1.33 In-situ 13C-NMR spectrum of the catalytic borylation of bromocyclopropane [>2
days]. Note: do not observe 2-cyclopropyl-4,4,5,5-tetramethyl-1,3,2-dioxaborolane when
comparing to literature reference of known compound?*. Beta borylated product matches the
literature characterization of the known compound.?’ In-situ sample diluted with CDCls for NMR
spectroscopic analysis. Some cyclohexane-di, observed.
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Figure 1.34 In-situ HSQC spectrum of the catalytic borylation of bromocyclopropane [>2 days].
In-situ sample diluted with CDCls for NMR spectroscopic analysis. Some cyclohexane-di,
observed.

29



[Ir(OMe)(COD)], (2.5 mol%)
dtbpy (5 mol%)

B,pin, (1 equiv) Bpin Bpin
>—DBr gr *t
cyclohexane Br
50 °C,>2d
(100% conv)

(1 equiv) |

W L

N NWA'M’MM;TMHM

LA A e e A S e S S S s
25 24 23 22 21 20 19 8 17 16 15 14 13
1 (ppm)

Figure 1.35 In-situ DEPT spectrum of the catalytic borylation of bromocyclopropane [>2 days].
In-situ sample diluted with CDCl; for NMR spectroscopic analysis. Some cyclohexane-di2
observed.

1.2.4.7 Phenylacetylene [pKa ~ 29]

The s-character of the C(sp)—H bond in phenylacetylene is the highest of the C—H bonds in
the substrates evaluated (Figure 1.36). The reaction of phenylacetylene with the trisboryl
complex IrB3 was conducted at 25 °C. After <5 min, phenylacetylene was fully consumed.
However, the corresponding borylacetylene formed in only 11% yield and is likely generated via
unknown minor decomposition pathways. The main products are two different forms of
Ir(Bpin)n(alkynyl)m. As can be seen in the *H-NMR spectrum, there are two new sets of
phenylacetylene aryl peaks (different from those of free phenylacetylene or those of
borylacetylene) which correspond to two new sets of dtbpy aryl peaks (different from those of
free dtbpy) (Figure 1.36). Furthermore, these new phenylacetylene aryl peaks do not result
from borylation of the phenyl ring. No new hydride peaks are observed. Given that the number
of boryl groups attached to iridium cannot be determined by NMR spectroscopy, these two new
species can only be designated as Ir(Bpin)n(alkynyl)m, with an unknown number of boryl or
alkynyl ligands, and therefore an unknown oxidation state for the metal.

The pKa of the C(sp)—H bond in phenylacetylene?® is 29, which is two units higher than that
of cyclooctanone?® (pKa, = 27) (Figure 1.23). Nevertheless, phenylacetylene reacts within 5
minutes (Figure 1.36), whereas cyclooctanone reactcs slowly (Figure 1.23). The greater s-
character of the C(sp)—H bond in phenylacetylene presumably facilitates reaction at the C—H
bond; increased s-character leads to a stronger carbon-metal bond in the resulting oxidative
addition complex since a C(sp)—M bond is stronger than a C(sp?)—M bond?®27:% which is in
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turn stronger than a C(sp®)—M bond?3. The complex with the stronger carbon-metal bond
would be more stable, and therefore oxidative addition of the C—H bond with the greater s-

character would occur.?® No functionalization of the arene of the acetylene was observed, likely

due to the lower s-character and higher pKa than the values of the C(sp)—H bond of the

acetylene.
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Figure 1.36 Reaction of phenylacetylene containing a C(sp)—H bond of pKa 29,2° t = 5 minutes;

IrBs = (dtbpy)(COE)Ir(Bpin)s
1.2.4.8 Origin of Selectivity for Oxidative Addition
The iridium trisboryl complex selects for oxidative addition of the C—H bonds of greater s-

character, increased acidity, and in sterically uncongested environments.'*'2 These principles
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are already known. The Ir/dtbpy system selectively catalyzes the borylation of aryl C—H bonds
over alkyl C—H bonds,? likely because of the selectivity of the catalyst for C—H bonds of
increased s-character.? In this work, this principle is extended to C(sp)—H bonds which, as
expected, undergo C—H activation faster than C(sp?)—H bonds: while two new
Ir(Bpin)n(alkynyl)m species (which comprise the majority mass balance) are formed within 5
minutes, likely from oxidative addition of the C(sp)—H bond of phenylacetylene, no borylation
of the C(sp?)—H bonds of the phenyl group is observed (Figures 1.36 & 1.37). While alkane
borylation can still take place if the C(sp3)—H bond is of a low pKa and is in a sterically free
environment (cyclooctanone, Figures 1.23 & 1.37), it does not easily occur with Ir/dtbpy, as it
does with Hartwig’s Ir/2-mphen?® or Ir/tmphen??; or Schley’s Ir/2,2'-dipyridylarylmethane°.

And while it is known that the iridium trisboryl complex selects for oxidative addition of C—
H bonds of increased acidity’, here, a greater range of pKa values for both C(sp?)—H and
C(sp®)—H bonds is evaluated (Figure 1.37). And while it is known that ortho substitution on the
arene of a given C—H bond hinders the oxidative addition of that C—H bond,’ here, the
significant steric effect of an ortho C—H bond is demonstrated by the drastic difference in rate
of borylation of boc-pyrazole and 2-chloro-4-fluoro-1-methylbenzene (Figures 1.21 & 1.37). For
carbonyl compounds, C—H activation of the oo C—H bond is hindered by increased substitution
at the o’ atom for ketones, esters and amides (Figures 1.23, 1.25 & 1.37).
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Figure 1.37 Order of reactivity at C—H bond based on s-character, pKa and sterics

1.2.5 Ambident Reactivity: Iridium Versus Bpin Ligand
1.2.5.1 Ethers, Dialkylamines and Thioethers

The previous classes of compounds are proposed to interact with the iridium trisboryl
complex exclusively at either the Bpin ligand or at the iridium center. The following classes of
compounds demonstrate ambident reactivity, and their selectivity for either the Bpin ligand or
the iridium center highlights iridium’s selectivity for soft Lewis bases.

Firstly, while the previous classes of compounds have undergone oxidative addition when
reacting with the iridium center of the iridium trisboryl complex, there is another mode of
reactivity that is demonstrated by the example of dithiane — Lewis base binding to iridium
(Figure 1.38). In the stoichiometric experiment between dithiane and the iridium trisboryl
complex, dithiane displaces COE and binds to iridium to make the complex
(dithiane)(dtbpy)lr(Bpin)s in Figures 1.38 & 1.39. By contrast, dioxane does not bind to iridium
and is used as the internal standard for the stoichiometric reactions. Iridium is more thiophilic
than oxophilic and selects for the softer Lewis base.
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Figure 1.39 'H-NMR spectrum of stoichiometric reaction between (dtbpy)Ir(Bpin)s (1 equiv) and
dithiane (1 equiv) at t = 24 h (same as profile at t = 5 min, see Sl). Major species is
(dithiane)(dtbpy)lr(Bpin)s and minor species is (dithiane)[(dtbpy)Ir(Bpin)s]..
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Moreover, after dithiane binds to iridium, the remaining unbound sulfur atom functions as a
Lewis base to a second iridium trisboryl fragment to form the dinuclear complex
(dithiane)[(dtbpy)Ir(Bpin)s]2 (Figure 1.40).
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Figure 1.40 *H-NMR spectrum of stoichiometric reaction between (dtbpy)Ir(Bpin)s (2 equiv) and
dithiane (1 equiv) at t = 5 min. Major species is (dithiane)[(dtbpy)Ir(Bpin)s]. and minor species is
(dithiane)(dtbpy)Ir(Bpin)s.

1.2.5.2 Dialkylamine [pKa ~ 44]

While dithiane binds to iridium (displacing COE) (Figure 1.39) and dioxane does not (see
Supporting Information), dialkylamines are proposed to bind to both the iridium center and the
Bpin ligand of the iridium trisboryl complex. This ambident reactivity of dialkylamine is
illustrated by the stoichiometric reactions with the iridium trisboryl complex in the absence and
presence of added COE (Figure 1.41). While the standard stoichiometric experiment conducted
without added COE progresses gradually to form the N—borylated product, the corresponding
stoichiometric reaction with an added 5 equivalents of COE is much faster and is complete in 5
minutes (Figure 1.41). An increased concentration of COE results in displaced dialkylamine; this
displacement is observed when comparing the *H-NMR spectrum of the stoichiometric reaction
without added COE at 5 minutes wherein (dihexylamine)(dtbpy)Ir(Bpin)s is seen (Figure 1.42)
versus the 'H-NMR spectrum of the stoichiometric reaction with added COE at 5 minutes,
wherein (dihexylamine)(dtbpy)Ir(Bpin)s is not seen (see Supporting Information).
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Figure 1.41 Time course for the stoichiometric reaction between dihexylamine (pKa ~ 44; pKa
approximated against the measured value of 44 for pyrrolidine'®) and IrBs with and without
added COE; IrBs = (dtbpy)(COE)Ir(Bpin)s
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Figure 1.42 *H-NMR spectrum of stoichiometric reaction between (dtbpy)Ir(Bpin)s and
dihexylamine at t = 5 min. (dihexylamine)(dtbpy)Ir(Bpin)s: the original doublet at 9.47 & 9.46
ppm for the bound dtbpy of (COE)(dtbpy)Ir(Bpin)s shifted downfield and broadened into a
singlet for the bound dtbpy of (dihexylamine)(dtbpy)lr(Bpin)s; and the original triplet at 2.5 ppm
of the alpha proton of the free dialkylamine is now a broad singlet for a bound dialkylamine on
(dihexylamine)(dtbpy)Ir(Bpin)s.

It is proposed that while a primary alkylamine borylates via coordination to the Bpin ligand
(Figures 1.16 & 1.17), a dialkylamine binds to iridium and only coordinates to the Bpin ligand
upon displacement from iridium by a high concentration of COE (Figures 1.41 & 1.42). When
free from binding to iridium, the more electron rich dialkylamine readily borylates in under 5
minutes (Figure 1.41). While octanethiol borylates within 5 minutes, likely via coordination to
the Bpin ligand (Figures 1.18 & 1.19) (Kumar and coworkers have reported the binding of
primary thiols to boron Lewis acids3!), a thioether exhibits binding to iridium to make a complex
that is stable for 18 hours (Figure 1.39). The increased electron density of ethers (as compared
to primary alcohols), however, is still insufficient for dioxane to bind to iridium. Iridium selects
for soft Lewis bases.

1.2.5.3 Phenol, Aniline and Thiophenol
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Figure 1.43 Stoichiometric reactions between IrBs and Ph—XH; IrBs = (dtbpy)(COE)Ir(Bpin)s. pKa
values for phenol??, aniline33 and thiophenol'® are measured values obtained from literature.

An examination of the more electron-poor phenol, aniline and thiophenol, as compared to
ether, dialkylamine and thioether, was also conducted (Figure 1.43). While phenol is more
electron poor than alcohols, it is still proposed to be a functional Lewis base3*, coordinating to
the Bpin ligand of the iridium trisboryl complex, resulting in the formation of the O—borylated
product (Figure 1.43).

The initial rate of the stoichiometric reaction between the iridium trisboryl complex and
aniline with an added 5 equivalents of COE is greater than the initial rate of the corresponding
stoichiometric reaction without added COE (Figure 1.44). Similar to the case with dialkylamine
(Figure 1.41), an increased rate of borylation in the presence of added COE is proposed to
signify an increased concentration of COE displacing the otherwise bound Lewis base (in this
case, aniline®). In contrast to the case with dialkylamine, in which there was a drastic increase
in the rate of borylation with added COE (Figure 1.41), the increase in the rate of borylation
with added COE in the case of aniline is small (Figure 1.44). An increased concentration of COE
displaces bound aniline, and free aniline functions as a poor Lewis base in its coordination to
the Bpin ligand of the iridium trisboryl complex.
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Figure 1.44 Time course for the stoichiometric reaction between aniline and IrBs with and
without added COE; IrBs = (dtbpy)(COE)Ir(Bpin)s

The initial *H-NMR spectrum of the stoichiometric reaction in the absence of added COE
suggests that aniline binds to iridium (Figure 1.45). The 'H-NMR spectrum of the reaction after 5
minutes reveals a shift in the peaks of the iridium trisboryl complex (as most diagnostically
represented by the bound dtbpy ligand peaks) and of aniline (see Supporting Information for
the H-NMR spectrum of free aniline).
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Figure 1.45 'H-NMR spectrum of the stoichiometric reaction between (dtbpy)Ir(Bpin)s (1 equiv)
and aniline (1 equiv) at t =5 min

Lastly, the more electron poor thiophenol (as compared to octanethiol) reacts at the Bpin

ligand of the iridium trisboryl complex by a new mode (Figures 1.46 — 1.48). In contrast to
phenol, which reacts rapidly with IrBs, and aniline, which reacts with IrBs to give 78% of the N—

borylated product after 24 h, thiophenol reacts rapidly at room temperature to form only 50%
yield of PhSBpin (Figures 1.46 — 1.48). The remainder of the thiophenol is present in the new

iridium complex (PhS)(dtbpy)Ir(Bpin).H; (Figures 1.46 — 1.48).
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Figure 1.47 Time course for the stoichiometric reaction between thiophenol and IrBs with
added COE; IrBs = (dtbpy)(COE)Ir(Bpin)s
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Figure 1.48 'H-NMR spectrum of the stoichiometric reaction between (dtbpy)Ir(Bpin)s (1 equiv)
and thiophenol (1 equiv)

1.2.5.4 The Ambident Reactivity of Nitrogen Compounds

Figure 1.49 summarizes the ability of nitrogen compounds to function as Lewis bases to Ir or
Bpin ligand of the iridium trisboryl complex. From these collective compounds, it is clear that
protic nitrogen compounds will borylate at nitrogen, likely via coordination to the Bpin ligand of
the iridium trisboryl complex. Unsurprisingly, nitrogen compounds with electron-rich alkyl
groups readily borylate, whereas those with electron-poor acyl or phenyl groups slowly
borylate.

What is unpredictable is which substituents make a nitrogen compound a functional Lewis
base for binding to the iridium center of the iridium trisboryl complex. That aniline binds to
iridium (as is observed in the *H-NMR spectrum, Figure 1.45), whereas N-methylbutyramide
does not (as is observed in the 'H-NMR spectrum, Supporting Information), is surprising. That
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aniline binds to iridium whereas the primary alkylamine does not (Figures 1.16 & 1.17) likely
stems from the fact that the primary alkylamine is a harder Lewis base than aniline, and iridium
selects for the softer Lewis base. In their evaluation of the Lewis basicity of amines on the
Legault iodonium Lewis acidity scale, Stuart and coworkers determined aniline to have lesser
Lewis basicity than acyclic primary and secondary amines.3® The lesser Lewis basicity of aniline
may correspond to a softer Lewis base which, for the iridium trisboryl complex, would select for
iridium over the Bpin ligand.

That the dialkylamine binds to iridium (as is observed in the 'H-NMR spectrum, Figure 1.42)
whereas the primary alkylamine does not (Figures 1.16 & 1.17) is the most surprising. In their
evaluation of the Lewis basicity of amines using a zinc(ll) Schiff-base complex as reference Lewis
acid, Di Bella and coworkers determined the primary amine, n-propylamine, to be a stronger
Lewis base than the secondary amine, pyrrolidine.3” The lesser Lewis basicity of the secondary
amine (in our case, dihexylamine) may correspond to a softer Lewis base which, for the iridium
trisboryl complex, would select for iridium over the Bpin ligand.

P VN NI N
/\/\/\NH2 H

Bpin v Bpin v

NH,

(0]
/\)LN/
H

Bpin v Bpin v

Figure 1.49 Nitrogen compounds and their ability to function as Lewis bases to Ir or Bpin ligand
of the iridium trisboryl complex

1.2.5.5 3-Methylpyridine

The electron pair in the sp? orbitals of nitrogen atoms also function as Lewis bases binding
to the iridium center of the iridium trisboryl complex.'? The Lewis basicity of this class of
compounds is well established and well represented by the dtbpy-ligated iridium trisboryl
complex itself.

3-Methylpyridine, a representative compound of this class, has been previously studied by
Larsen and Hartwig.'? In this work, initial rates for the borylation of 3-methylpyridine indicated
that the reaction was first-order in the concentration of the catalyst, zero-order in the
concentration of Bzpin;, and zero-order in the concentration of 3-methylpyridine (Figure 1.50).
These results led to the proposed mechanistic cycle shown in Figure 1.51 wherein a 3-
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methylpyridine bound iridium trisboryl complex is the resting state of the catalyst. They propose
that rearrangement of 3-methylpyridine from a nitrogen ligand to a C—H o-complex then allows

oxidative addition (C—H activation).
N
(= atoey Q

B,pin, N, | Bpin
Me ) Complex 17 (05-2.0 mol %) \(TB"'“ ( ~Bp,n
P P B
N THF, 65 °C N 1;'"
16 18
entry [B,pin,] (M) 3-picoline (M) [catalyst] (M) initial rate (M-s")
1 0.50 0.50 0.0025 1.6 + 0.1 X 1076
2 0.50 0.50 0.0050 3.6 +£0.1x 107°
3 0.50 0.50 0.010 7.6 + 0.4 X 107°
4 L5 0.50 0.010 7.9 + 0.3 x 107°
5 0.50 L5 0.010 82+ 03x107°

“Reactions were conducted on a 0.25 mmol scale. The formation of
product 18 was observed by gas chromatography.

Figure 1.50 Initial rates measurements'?; Reprinted (adapted) with permission from J. Am.
Chem. Soc. 2014, 136, 11, 4287-4299. Copyright 2014 American Chemical Society

Me
L 00 m
O N
,. Bpln | .Bpin Resting

v ‘Bpln N' ‘Bpln State
Bpln Bpln

0

|

N

(N,, Bpin Me
,Ir, .

N" | "Bpin \(j

(C) =COE, cop

CE = dtbpy or Mephen

HBpin Bpin N
Turnover-limiting
C-H Activation
. Me
Bapiny =
N
(N, Bpin L7y
N'ép‘i:i N,_Ir{\Bpin
N" YBpin
Bpin

44



Figure 1.51 Proposed mechanism for the borylation of 3-methylpyridine'?; Reprinted (adapted)
with permission from J. Am. Chem. Soc. 2014, 136, 11, 4287-4299. Copyright 2014 American
Chemical Society

Larsen and Hartwig also conducted stoichiometric reactions between 3-methylpyridine and
the COE-capped iridium trisboryl complex, demonstrating that 3-methylpyridine binds to iridium
as a Lewis base and competes with COE (Figure 1.52).1?

@ -
Me K N’
m . <N,,Ir|A\Bpin 1 CN"IIr Bpin

N” N”I Bpin  ThHF.g, NI Bpin
Bpin 8

Bpin

Figure 1.52 K = 1.0; Larsen and Hartwig'?; Reprinted (adapted) with permission from J. Am.
Chem. Soc. 2014, 136, 11, 4287-4299. Copyright 2014 American Chemical Society

Here, stoichiometric reactions between 3-methylpyridine and (COE)(dtbpy)Ir(Bpin)s were
repeated, but in lieu of just initial time points, measurements were taken across an approximate
24-hour time frame (Figures 1.54 & 1.58). Additionally, a comparison between the
stoichiometric experiment with and without added COE was conducted (Figures 1.54 & 1.58).
While both the stoichiometric experiments with and without added COE revealed full formation
of (3-methylpyridine)(dtbpy)Ir(Bpin)s within the first 5 minutes (as can be seen in the *H-NMR
spectrum, Figure 1.55), the fate of these reactions differed across the 24-hour time frame
(Figures 1.54 & 1.58).
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25°C, 24 h Bpin
(1 equiv) 44%

Figure 1.53 Stoichiometric reactions between 3-methylpyridine and IrBs with and without
added COE; IrBs = (dtbpy)(COE)Ir(Bpin)s

For the stoichiometric reaction conducted without added COE, (3-
methylpyridine)(dtbpy)Ir(Bpin)s is formed within the first 5 minutes (Figures 1.54 & 1.55) and is
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stable for 1 hour (Figure 1.54). After 24 hours, however, this complex is completely degraded
(Figures 1.54 & 1.56). The *H-NMR spectrum shows the main reaction components to be
general degradation (many peaks in the aryl region, Figure 1.56) and free dtbpy (45%, Figure
1.56, as compared to the 7% observed in the *H-NMR spectrum taken at 5 minutes, Figure
1.55). Borylated 3-methylpyridine is only present in 8% yield, and free 3-methylpyridine is not
observed at all (Figure 1.56). These results suggest that during the course of 24 hours (3-
methylpyridine)(dtbpy)Ir(Bpin)s has degraded to many new unidentified 3-methylpyridine-
bound iridium species. The remaining mass balance for dtbpy can likely be accounted for by
mono- and bis-borylation of dtbpy (as was reported by Oeschger and Hartwig'®, Figure 1.57,
and by Mkhalid and Marder3?), which in this tH-NMR spectrum would be challenging to identify
since its peaks would overlap with the many decomposition peaks observed in the aryl region
(Figure 1.56).
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Figure 1.54 Time course for the stoichiometric reaction between 3-methylpyridine (1 equiv)
and IrBs (1 equiv); IrBs = (dtbpy)(COE)Ir(Bpin)s
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Figure 1.55 *H-NMR spectrum of the stoichiometric reaction between (COE)(dtbpy)Ir(Bpin)s (1
equiv) and 3-methylpyridine (1 equiv) at t = 5 min; No free 3-methylpyridine is present (the
most obvious absent peak is the original apparent triplet at 6.9 ppm, see Supporting
Information for the *H-NMR spectrum of free 3-methylpyridine) and the Ir-bound 3-
methylpyridine peaks can be clearly identified. The dtbpy ligand peaks for the
(COE)(dtbpy)Ir(Bpin)s are likewise absent. Instead, new dtbpy ligand peaks for the (3-
methylpyridine)(dtbpy)Ir(Bpin)s can be clearly identified.
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Figure 1.57 Catalyst lifetime: Ir-tmphen versus Ir-dtbpy!?; Reprinted (adapted) with permission
from J. Am. Chem. Soc. 2019, 141, 41, 16479-16485. Copyright 2019 American Chemical Society
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(Figure 1.58). After 24 hours, however, this complex has completely degraded (Figure 1.58).
Here, 44% of borylated 3-methylpyridine is formed (Figure 1.58), as compared to the 8% formed
in the corresponding reaction without added COE (Figure 1.54). The iridium bisboryl hydride,
the byproduct of arene borylation® with the iridium trisboryl complex as the borylating agent, is
also present in greater proportion (Figure 1.58) than in the corresponding reaction without
added COE (Figure 1.54). Added COE facilitates the borylation of 3-methylpyridine.

IrB; (1 equiv) N
| N\ COE (5 equiv) /Ej\
cyclohexane-dy, . Z
¥z Yy 28 o0 12 Bpin
(1 equiv, 11 mM) 44%

10
8
N (methylpyridine)IrB
S 6 3
S L y
IrB2H
E 4
5 x a borylated
S methylpyridine
0O &
) 500 1000 1500 2000
time/min

7 17 26 46
10

Figure 1.58 Time course for the stoichiometric reaction between 3-methylpyridine (1 equiv)
and IrBs (1 equiv) in the presence of added COE; IrB; = (dtbpy)(COE)Ir(Bpin)s

1.2.5.6 2-Butyne [pKa ~ 43]

Alkynes are another class of compounds that bind to the sixth coordination site of the
dtbpy-ligated iridium trisboryl complex. All of the aforementioned Lewis bases displaced COE
within the first 5 minutes. By contrast, in the presence of an equimolar amount of 2-butyne,
COE is gradually displaced, culminating in a terminal ratio of (2-butyne)(dtbpy)Ir(Bpin)s to
(COE)(dtbpy)Ir(Bpin)s of 1:5 (Figure 1.59). Furthermore, the alkyne-bound iridium trisboryl
complex makes for a complex that is stable to heating to 100 °C for an hour in which time the
COE-bound iridium trisboryl complex has entirely degraded. Although it is unsurprising that 2-
butyne binds more strongly than does COE and displaces COE, it is surprising that this
displacement is so slow. Collectively, (COE)(dtbpy)Ir(Bpin)s seems kinetically favored whereas (2-
butyne)(dtbpy)Ir(Bpin)s seems thermodynamically favored.
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IrB; (1 equiv)
— »  (2-butyne)lrB; + B3
cyclohexane-d,,
25°C,24h

(1 equiv) 16% 81%

100 °C, 1 h

(2-butyne)IrB;  + B3

18% 0%
Figure 1.59 Stoichiometric reactions between 2-butyne (1 equiv) and IrBs (1 equiv); IrBs =
(dtbpy)(COE)Ir(Bpin)s. The pKa of 2-butyne is approximated to be 43; it is approximated against
the measured value of 44 for propene®.

(2-butyne)(dtbpy)Ir(Bpin)s also has a different geometry than does (COE)(dtbpy)Ir(Bpin)s
(Figure 1.60). COE occupies an axial position on the iridium trisboryl complex as evidenced by
the symmetric peaks of the two pyridine halves of the bidentate dtbpy ligand (Figure 1.60).° By
contrast, 2-butyne appears to occupy an equatorial position on the iridium trisboryl complex as
evidenced by the desymmetrized peaks of the two pyridine halves of the bidentate dtbpy ligand
(Figure 1.60). As the simplest internal alkyne, 2-butyne may be small enough to accommodate
this geometry.
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Figure 1.60 *H-NMR spectrum of the stoichiometric reaction between (dtbpy)Ir(Bpin)s (1 equiv)
and 2-butyne (1 equiv) at t = 24 hours

Repeating the stoichiometric reaction but at an elevated temperature of 50 °C (Figure 1.61)
produced a *H-NMR spectrum showing the same amount of (2-butyne)(dtbpy)Ir(Bpin)s (16%
yield, Figure 1.61) as was formed in the stoichiometric reaction at 25 °C (Figure 1.59). Therefore,
it is reestablished that the maximum vyield of (2-butyne)(dtbpy)lr(Bpin)sis 16%. At 50 °C,
(COE)(dtbpy)Ir(Bpin)s gradually degrades to different unidentified iridium species (Figure 1.61).
The elevated temperature only facilitated a trace amount of borylation at the terminal carbon
(Figure 1.61).
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IrB; (1 equiv) Bpin
— > +  (2-butyne)irBs
cyclohexane-d;» /

50 °C, ovnt

(1 equiv) 0% 16%

T\
Bon  * [

small amount
Figure 1.61 Stoichiometric reaction between 2-butyne (1 equiv) and IrBs (1 equiv) at 50 °C; IrBs
= (dtbpy)(COE)Ir(Bpin)s

1.2.5.7 Comparison of Stoichiometric Reactions with and without Added COE as Assay for Mode
of Reactivity

IrB; (1 equiv)
COE (0 or 5 equiv)

cyclohexane-d;» B
5°C

(1 equiv) S
/

)
Eoc H
||/\//‘N /\/\/\H/\/\/\ p

borylated compound

compound

Figure 1.62 Three motifs for the COE assay?; IrBs = (dtbpy)(COE)Ir(Bpin)s. The approximated
pKa of 33 in DMSO for benzothiophene is approximated against the measured pKa value of 33.5
in THF for benzothiophene3®. The approximated pKa of 38 in DMSO for the C—H bond of 7-
methylindole is approximated against the measured pKa value of 38.1 in THF for 1-
methylindole®. The approximated pKa of 21 in DMSO for the N—H bond of 7-methylindole is
approximated against the measured pKa value of 20.95 in DMSO for indole®.
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Thus far, the comparison between stoichiometric reactions with and without added COE has
been a useful assay for how a compound reacts with the iridium trisboryl complex. When added
COE decreases the rate of borylation, as was seen in the case of boc-pyrazole, the compound is
proposed to undergo oxidative addition with the iridium trisboryl complex (Figure 1.21). When
added COE has no effect on the rate of borylation, as was seen in the case of 1-hexylamine and
N-methylbutyramide, the compound is proposed to coordinate to the Bpin ligand of the iridium
trisboryl complex (Figures 1.16, 1.17, 1.20). When added COE increases the rate of borylation,
as was seen in the case of dihexylamine, the compound exhibits ambident reactivity (Figure
1.41).

When this assay was applied to benzothiophene and 7-methylindole, it was observed that
C—borylation took place within the first 5 minutes regardless of the concentration of COE
(Figures 1.63 — 1.66). The collective assessment of Lewis bases suggests that iridium selects for
soft Lewis bases. The lone pairs on the nitrogen atom of 7-methylindole as well as one of the
lone pairs on the sulfur atom of benzothiophene are delocalized in the extended aromatic
system of the biaryl rings. It is proposed that for these compounds of extended aromatic
delocalization binding to iridium is facile and complete (COE does not compete with this
binding) such that the concentration of COE does not play a role. It is known that
benzothiophene can bind to iridium in several ways: x-S, 1%, %, 1°, and n® (as was examined by
Perez and coworkers in their study of binding modes of thiophene and benzothiophene to N-
heterocyclic carbene iridium complexes)?°. Although it is at present unclear which mode of
binding is taking place, it is proposed that once bound, a rearrangement to a C—H o-complex
takes place which then undergoes oxidative addition.

This proposal is further bolstered by the example of 7-methylindole. In every case examined
thus far, any X—H bond will borylate at the heteroatom via coordination to the Bpin ligand of
the iridium trisboryl complex. 7-methylindole, however, in spite of having an N—H bond,
displays selectivity for the C—H bond (Figures 1.65 & 1.66). Sevov and Hartwig, in their 2014
publication on the iridium-catalyzed hydroamination of unactivated alkenes with indoles, also
provided an example of selectivity for C—H activation over N—H activation.*! Here, it is
proposed that binding of 7-methylindole to iridium, rearrangement to a C—H c-complex, and
oxidative addition should be much faster than nitrogen coordinating to the Bin ligand of the
iridium trisboryl complex.

These compounds are being described as privileged substrates for oxidative addition
because they both presumably exhibit facile binding to iridium as well as possess an activated
C—H bond for oxidative addition (Figure 1.62). By contrast, boc-pyrazole presumably exhibits
competitive binding with COE and has a less activated C—H bond for oxidative addition (one
which is not adjacent to a heteroatom) (Figure 1.62).
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Figure 1.63 Time course for the stoichiometric reaction between benzothiophene (1 equiv)
and IrBs (1 equiv); IrBs = (dtbpy)(COE)Ir(Bpin)s
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benzothiophene
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Figure 1.64 Time course for the stoichiometric reaction between benzothiophene (1 equiv)
and IrBs (1 equiv) with added COE (5 equiv); IrBs = (dtbpy)(COE)Ir(Bpin)s
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Figure 1.65 Time course for the stoichiometric reaction between 7-methylindole (1 equiv)
and IrBs (1 equiv); IrBs = (dtbpy)(COE)Ir(Bpin)s. The minor amount of N—borylated methylindole
(~10%) is proposed to have formed from an error of 1.1 equiv addition of 7-methylindole as
opposed to the intended 1 equiv. It is proposed that the iridium bisboryl hydride is the
borylating agent for the N—borylation of 7-methylindole.

IrB3 (1 equiv)

N COE (5 equiv) ¥
cyclohexane-d;» Bpin
/ 25°C /
(1 equiv, 11 mM) 90%
10
8 IrB3
=
2 6 IrB2H
£
E 4
methylindole
2
borylated
© methylindole
o 50 100
time/min

55



Figure 1.66 Time course for the stoichiometric reaction between 7-methylindole (1 equiv) and
IrBs (1 equiv) with added COE (5 equiv); IrBs = (dtbpy)(COE)Ir(Bpin)s

1.2.5.8 Summary of 1'B-NMR Spectroscopy

Throughout this work, *'B-NMR spectroscopy has been an invaluable tool for the
characterization of borylated compounds. It has provided distinct ranges for different X—B
bonds with clear differentiation based on the electronegativity of the heteroatom (Figure 1.67).
Likewise, *'B-NMR spectroscopy has provided distinct ranges for different C(sp*)—B bonds with
clear differentiation based on the electronegativity of the orbital (Figure 1.67).

By contrast, no iridium complex in this study has been observable by 1!B-NMR spectroscopy
at ambient temperature. The iridium trisboryl complex is reported to exhibit a broad peak in the
11B-NMR spectrum at 34 ppm at ambient temperature.® However, in this study, none of the 1!B-
NMR spectroscopy measurements of the iridium trisboryl complex showed any peak.

)

But

S
I /N/,,.Ilr.\\Bpin
=~N" | “~Bpin
Byt~ = ? Bpin 1
(COE)IrB,
B-NMR
resonance
11B-NMR (ppm)
34 30 29, 28 24 22 21
borylated borylated . borylated borylated
octanethiol arene Hopin hexylamine hexanol Bos
S—B C(sp>)—B H—B N—B O0—B O—B
Lit I borylated
- example phenylacetylene
C(sp3)—B C(sp)—B
N
Me

Figure 1.67 Summary of 1*B-NMR spectroscopy??; IrBs = (dtbpy)(COE)Ir(Bpin)s3

1.2.6 Solutions for Additives which Impede the Catalytic C—H Borylation Reaction
1.2.6.1 Alkyliodide

The stoichiometric reactions probed the mechanism of reactivity of the iridium trisboryl
complex with different classes of organic compounds. These organic compounds mimic
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important functional groups of complex molecules used as substrates in the Ir-catalyzed
borylation reaction. Understanding the mechanism of reactivity of the iridium trisboryl complex
with different organic compounds provides guidance toward solutions to functional groups

which hinder the Ir-catalyzed borylation reaction.

Another means of assessing functional group compatibility of complex molecules is to
conduct a Glorius robustness screen?3 (Figure 1.68). Hamel and coworkers (unpublished work)
adapted the Glorius robustness screen to the Ir-catalyzed borylation reaction (Figures 1.68 &
1.69). The borylation of a variety of arenes was conducted in the presence of different classes of
organic compounds (Figure 1.68). A representative screen is shown in Figure 1.69 wherein
arenes are borylated in the presence of octyliodide. While the borylation of fast reacting arenes
such as 7-methylindole (Ar5) and benzofuran (Ar6) were unaffected by the presence of this
additive, the borylation of the other arenes, including 2-chloro-4-fluoro-1-methylbenzene (Ar2),

was diminished (Figure 1.69).

Ar or —H 1> Ar or
HetAr HetAr

/ additive-based

funci; fragmentation screen

*QQQ lona' group

°§5§§§§5§§ A
ate §

—H + FG-R

—Bpin  robustness?

Figure 1.68 Glorius robustness screen for C—H borylation
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Figure 1.69 Representative Glorius robustness screen result for additive = octyliodide

Alkyliodides in the presence of an organometallic complex can sometimes undergo oxidative
addition via an Sn2 pathway. If this happens faster than the oxidative addition of the arene C—H
bond, then the presence of an alkyliodide could hinder the borylation of the arene. The Sn2
oxidative addition of an alkyliodide would be facilitated by a polar solvent, such as MeTHF used
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in the screens. To test this hypothesis, the borylation of Ar2 in the presence of alkyliodide was
conducted in both cyclohexane and THF (Figure 1.70). Reaction in THF gave 44% conversion of
Ar2 to its borylated product, whereas reaction in cyclohexane gave 87% conversion of Ar2 to its
borylated product. While these results support the hypothesis, corresponding stoichiometric
reactions should be conducted to corroborate these results. For the catalytic reaction, however,
using a nonpolar solvent enables the borylation of Ar2 in the presence of an alkyliodide.

[Ir(OMe)(COD)], (2.5 mol%) Bpin
F dtbpy (5 mol%) E
Bopin, (1 equiv)
,[ j + NN >
! cyclohexane
cl 80 C, ovnt
(87% conv) Cl
Ar2 (1 equiv) (1 equiv)
[Ir(OMe)(COD)], (2.5 mol%) Bpin
F dtbpy (5 mol%) E
N Bopin, (1 equiv)
D N N\ >
! THF
Cl 80 C, ovnt
(44% conv) Cl
Ar2 (1 equiv) (1 equiv)

Figure 1.70 Catalytic borylation of Ar2 in the presence of octyliodide in cyclohexane and in THF
1.2.6.2 Primary Thiol

Hamel and coworkers also found practical solutions to protic compounds interfering with
the Ir-catalyzed borylation of arenes. One solution is to first protect the protic compound by
borylating it with HBpin, then conduct the arene borylation reaction in the presence of the
borylated additive, and then deprotect the borylated additive with 2-Py-MeOH (Figure 1.71).
This solution, however, was not highly effective for primary thiols. The protection of primary
thiols was modestly effective, providing 70 — 80% conversion, but the deprotection did not
proceed (Figure 1.71).
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Bopin, (2 equiv)
HBpin (5 mol%)
Y[Ir(cod)OMe] 5 (1-56 mol%)
dtbpy (1-5 mol%)
octadecane (0.5 equiv) 2-Py-MeOH (4 equiv)
Ar —H Ar —Bpin
2-MeTHF (0.2M) EtOAc

+ .
RX—Bpin 75 °C,18 h t, 30 min RXH

Step 2 = mid-point GC analysis Step 3
Step 1
HBpin (1 equiv)
2-MeTHF (0.6 M)
rt, 1h

RX—-H

Y =vyield of ArBpin (%); A =recovery of RXH (%)

primary thiol
Ar1 Ar4
Y A Y A
After step 2 65 34 55 19
Afterstep 3 69 34 58 23

Figure 1.71 Pre-treatment of protic additive with HBpin

Here, increasing the equivalents of HBpin, as well as the reaction temperature, provided full
conversion of the primary thiol (Figure 1.72). Moreover, leveraging the oxophilicity of boron, the
borylated primary thiol can be deprotected (90% conversion) with a tertiary alcohol at elevated
temperature (Figure 1.72).
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HBpin (10 equiv)

/\/\/\/\SH > /\/\/\/\SBpm
cyclohexane
100 C, ovnt
(100% conversion)
(1 equiv)
P N N in + /W > NN + /§<\
SBpin HO cyclohexane SH BpinO
100 C, ovnt
) (90% conversion)
(1 equiv) (10 equiv)

Figure 1.72 Near full deprotection of borylated thiol with hard nucleophile
1.3 Conclusion

The iridium trisboryl complex has two loci of reactivity. The iridium center is the site of
oxidative addition of C—H bonds of increased acidity, increased s-character, and decreased
steric congestion. It is also a site for the binding of soft Lewis bases of which ones with adjacent
activated C—H bonds presumably subsequently undergo oxidative addition. The Bpin ligand is a
site for the binding of hard Lewis bases of which those with protic X—H bonds subsequently
undergo borylation. Lewis bases intermediate in the hard-soft spectrum display ambident
reactivity, binding at both the iridium center and the Bpin ligand. The fundamental principles of
acidity, s-character, sterics, and Lewis basicity are elaborated upon with the many examples of
classes of compounds to give delineation to specific ranges and structures. Better predictive
power is now in place for the borylation of a new compound as well as for the borylation of a
complex molecule with many sites of functionality.

1.4 Experimental
1.4.1 Background & Control Experiments
(dtbpy)(COE)Ir(Bpin)s [IrBs] Characterization®

[Synthesis]
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In a glovebox, under an inert atmosphere of nitrogen, to a 100-mL round bottom flask
equipped with a stir bar was added bis(1,5-cyclooctadiene)di-p-methoxydiiridium(l) (838 mg,
1.3 mmol). Cyclohexane (80 mL) and cis-cyclooctene (2.2 mL, 16.9 mmol) were added, and the
mixture was stirred for a minimum of 20 minutes until full dissolution of contents to make for a
homogeneous solution. Then, dropwise, HBpin (2.2 mL, 15.2 mmol) was added to the stirred
solution which was further stirred at ambient temperature for an additional hour. 4,4'-di-tert-
butyl-2,2'-dipyridyl (663 mg, 2.5 mmol) was added, and the mixture was stirred inside the
glovebox overnight.

Inside the glovebox, the solution was concentrated as thoroughly as possible. Then, the
opened flask was allowed to sit inside the glovebox overnight to ensure full dryness of the crude
material. Tetramethylsilane was used to suspend the crude which was then poured atop a
fritted funnel. The mixture was vacuum filtered (still inside the glovebox) and rinsed with
tetramethylsilane. In the event that all the material seeps through the frit (the pure compound
can only be well separated from the impurities when it is in high enough yield; impurities
increase the solubility of the pure compound in tetramethylsilane) the crude solution in
tetramethylsilane was allowed to settle inside the glovebox fridge overnight. Then, using a
pipette, the top black solution was removed from the bottom loose bed of yellow solids. The
wet solids were spread around the vial to increase the surface area of this crude material. Then,
tetramethylsilane was used to rinse the solids and the rinse was decanted. This process was
repeated iteratively. In total, 100-mL of tetramethylsilane is needed for purification. The title
compound was isolated as a bright yellow powder (75%).
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[Synthesis]

HBpin > o) B-O
cyclohexane ‘B-0O
100 C, ovnt o

In a glovebox, under an inert atmosphere of nitrogen, to a 4-mL vial equipped with a stir bar
was added HBpin (400 mg, 3 mmol) which was diluted with cyclohexane (650 ulL). The vial was
sealed and allowed to stir at 100 °C for 18 h. The vial was allowed to cool to room temperature.
An aliquot of the reaction mixture was taken and diluted with CsD1, for *H-NMR, *'B-NMR, 3C-
NMR spectroscopy and GCMS analysis.
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-0

[~-1000000

T T T
44 4.2 40 3.8 36 3.4 32 3.0 28 26 24
1 (ppm)

H-NMR

Note: The methyl peaks of BOB and HBpin overlap; BOB and HBpin cannot be

distinguished by 'H-NMR spectroscopy
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13C-NMR
Note: BOB (82.79, 25.01 ppm) can be distinguished from HBpin (83.25, 25.37 ppm) by
13C-NMR spectroscopy. 27.78 ppm belongs to cyclohexane-hi»

Bypin, Characterization

359-b2pin2.10.fid
xdtype CCO8050122 L 600000
»enmr.neo501 None foptjnmrdatajstorage shirleyguo 29
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[~550000

[~500000

[~450000

[~400000

[~350000

[~300000

250000

[~200000

150000

[~100000

50000

[--50000

'H-NMR (cyclohexane)
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13C-NMR (cyclohexane)
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1.4.2 Stoichiometric Experiments: Time Course Analysis & Select Spectra

Procedure
IrB; (1 equiv)
COE (0 or 5 equiv) N
additive > borylated additive
cyclohexane-d;,
25°C
(1 equiv)

In a glovebox, under an inert atmosphere of nitrogen, to a 4-mL vial equipped with a stir bar
was added (dtbpy)Ir(Bpin)s (10 mg, 11 umol) and 2 drops of dioxane stock [46.5 mg (0.5 mmol)
dioxane diluted to 1-mL with a volumetric with cyclohexane] (internal standard; recorded
weight of added stock). Immediately, diluted contents of vial with C¢D12 (500 ul). Immediately
capped vial and let stir gently to make for a homogeneous solution.

To a separate 4-mL vial was added CsD12 (500 ul) into which the additive stock (in
cyclohexane) (10 uL of stock, 11 umol of additive) was directly injected. This second solution
was then transferred to the first 4-mL vial. The vial was stirred for a few seconds and then its
contents were transferred to a J-Young NMR tube which was subsequently sealed with a septum
lined screw cap at which point the time was recorded and designated as t0. *H-NMR and !B-
NMR spectra were acquired throughout time.

Reactivity at Bpin Ligand
[1-hexanol]

IrB; (1 equiv)

OH cyclohexane-d; OBpin
25°C
(1 equiv) 95%
10
IrB
8 3
=
S 6 IrB2H
£
4
1-hexanol
2
o borylated 1-
hexanol
0] 5O 100
time/min
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/\/\/\OH

(1 equiv)

10

mmol/L
(e)]

/\/\/\/\/\/\NH2

(1 equiv)

10

mmol/L
(@)

/\/\/\/\/\/\NHZ

(1 equiv)

IrB; (1 equiv)
COE (5 equiv)

cyclohexane-d;, B
25°C

50 100
time/min

[dodecylamine]

IrB; (1 equiv)

L

cyclohexane-d;, B
25°C

5O 100
time/min

IrB; (1 equiv)
COE (5 equiv)

cyclohexane-d;» B
25°C

75

IrB3
IrB2H
1-hexanol

e borylated 1-
hexanol

IrB3
IrB2H

borylated amine



10

8
= 6
g e B3
= IrB2H
4
borylated amine
2
0 e o 0 @ .
Y 50 100 150
time/min
[octanethiol]
IrB3 (1 equiv)
/\/\/\/\ - /\/\/\/\SB .
SH cyclohexane-d,, pin
25°C
(1 equiv) 89%
10 ® ®
8 ) e IrB3
=
o 6 IrB2H
4 .
octanethiol
2
e borylated
’ octanethiol
o 50 100
time/min
IrB; (1 equiv)
COE (5 equiv)
/\/\/\/\ > /\/\/\/\
S cyclohexane-d;» SBpin
2 o
(1 equiv) 89%
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10 .

5O 100
time/min

[N-methylbutyramide]

IrB3 (1 equiv)

COE (0.5 equiv)

cyclohexane-d,,

25°C

1000 1500

time/min

8
=
5 6
€ o
E 4
2
o]
o]
o
/\)J\N/
H
(1 equiv)
10
®
8 (1 1)
=
> 6
:
4
2
o0
O e
500
(0]
/\)]\N
H
(1 equiv)

IrB3 (1 equiv)
COE (5 equiv)

cyclohexane-d,» o
25°C

77

e IrB3
IrB2H
octanethiol

e borylated
octanethiol

Bpin

12%

e |rB3
IrB2H
amide

e borylated amide

Bpin

7%



10

e, .
8 o]
-
=6 e IrB3
E IrB2H
4 amide
N * borylated amide
o
0O 'ee ®
o] 500 1000 1500
time/min
Reactivity at Ir
[m-xylene]
IrB; (1 equiv)
cyclohexane-d,, o
25°C Bpin
(1 equiv) 0%
10 ‘
8 [ ]
-
= e [rB3
£
£ IrB2H
4 m-xylene
2 e borylated m-xylene
0O ®&e [
o 1000 2000
time/min

[2-methylheptan-3-one]
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Bpin .

o IrB; (1 equiv) o}
> =
\/\)H/ cyclohexane-d, \/\)ﬁ/
25 °C, ovnt
(no conversion)
(1 equiv)
[cyclooctanone]
O OBpin
IrB; (1 equiv)
cyclohexane-d,» -
25 °C, ovnt
(1 equiv) 19%
10
8 cyclooctanone
=
o 6 IrB3
£
. 4
borylated
5 cyclooctanone
IrB2H
o
0 500 1000 1500
time/min

Note: Subsequent heating at 100 °C for 1 hour provided a terminal yield of 32% (0% IrBs).

[methyl propionate]

(0]

0 IrB; (1 equiv) \HL 0
> M +
\AOMG OMe Bpin/\)J\OMe

cyclohexane-d;, .
25 °C, ovnt Bpin

(1 equiv)
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o) IrB3 (1 equiv)

\)J\OMe

Y

cyclohexane-d;»
50°C,7d
(15%)

(1 equiv)

AP

AN o P

(0]

Bpin/\)J\ OMe

T T T T T T T T T T T
255 250 245 240 235 230 225 220 215 210 205
1 (ppm)

[Ir(OMe)(COD)], (2.5 mol%)
dtbpy (5 mol%)

(0] Bopin, (1 equiv)
\)J\OMe cyclohexane o
50°C,2d
(59% conv)
(1 equiv)

80

(0]
“~Hove
Bpin



\)kOMe

“Howe

Bpin

l”Jl ,
R | | W R
T

8

T T T T T T T T T T T T
29 28 27 26 25 24 22 21 20 19 1.8 17 1

'H-NMR spectrum of the terminal profile of the catalytic reaction (in-situ)
Note: catalytic reactions are conducted with catalyst pre-activation whereby [Ir(OMe)(COD)]>,
dtbpy, and B,pin; are stirred together in cyclohexane at 80 °C for 1 h and then cooled to 25 °C
before addition of the substrate (all conducted inside a glovebox) and subsequent reaction at
the designated temperature.

[N,N-dimethylpropionamide]

o)

0 IrB; (1 equiv) \HJ\ 'e)
> NMe, * _ .
\)LNMez cyclohexane-d;» Boin 2 Bpln/\)]\NMeQ
25 °C, ovnt P

(no conversion)
(1 equiv)
Note: Subsequent heating at 100 °C for 1 hour provided a terminal yield of 0% (0% IrBs).

[bromocyclopropane]

IrB3 (1 equiv) Bpin
[>—br .
cyclohexane-dy» Br
25 °C, ovnt
(no conversion)
(1 equiv)
IrB; (1 equiv) Bpin
%Br -
cyclohexane-d,» Br
50 °C, 2d
(13% yield)
(1 equiv)
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10

IrB3
8
= 1-bromocyclopropane
o5 6
£ IrB2H
ro2
E 4
2 borylated 1-
bromocyclopropane
(o) Expon. (IrB3)
o 5OO 1000 1500 2000
time/min
[Ir(OMe)(COD)], (2.5 mol%)
dtbpy (5 mol%)
Bopin, (1 equiv) Bpin
>—Br -
cyclohexane b—Br Bpin
50°C,2d >Z B
(28% conv) L ' 120000
(1 equiv) | ; [ 110000
— “ |
/ I | 100000
) I Ve
: BI" [~90000
Bpin 70000
Br U [~60000

— M MMV -
ko

T !

8 g I--10000

1
.
]
o]
o

T T T T T T T T T T T T T T T T T T T T T T T T T T T T T
30 29 28 27 26 25 24 23 22 21 20 19 18 17 16 15 14 13 12 11 10 09 08 07 06 05 04 03 02
1 (pom)

'H-NMR spectrum of in-situ profile of catalytic reaction [50 °C, 2 d]
Note: catalytic reactions are conducted with catalyst pre-activation whereby [Ir(OMe)(COD)]>,
dtbpy, and B,pin; are stirred together in cyclohexane at 80 °C for 1 h and then cooled to 25 °C
before addition of the substrate (all conducted inside a glovebox) and subsequent reaction at
the designated temperature.
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[Ir(OMe)(CQOD)], (2.5 mol%)

dtbpy (5 mol%)
Bopin, (1 equiv) Bpin
>—Br >
cyclohexane Br
50°C,2d
(28% conv) »
o § 2 600000
(1 equiv) |
Bpin
Br 450000
I>—Br
Bpin
W}Br I

17
11 (ppm)

13C-NMR spectrum of the in-situ profile of catalytic reaction [50 °C, 2 d]
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[Ir(OMe)(COD)], (2.5 mol%)

dtbpy (5 moI"_A)) )
> ar Boping (Tequv) Bpin Unlike previous sample (prior schemes) this
C)éggféeéage s \D_Br 4 sample was taken in CDCI3; preyious
(28% conv) v “ sample was taken in cyclohexane-di2

) 400000
(1 equiv)
350000
300000
D— Bp| n 250000

200000

150000

100000

50000

T T T T T T T T T T T T T T T T T T T T T T
70 65 60 55 50 a5 40 35 3.0 25 20 15 10 05 0.0 -05 -10 15 -20 -25 30 35
1 (oom)

'H-NMR spectrum of the in-situ profile of catalytic reaction [50 °C, >2 d]
Note: full spectrum shows no formation of 2-cyclopropyl-4,4,5,5-tetramethyl-1,3,2-
dioxaborolane (see literature reference for compound below)
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[Ir(OMe)(COD)], (2.5 mol%)

dtbpy (5 moI°_A>) )
> er Bopiny (1equiv) Bpin Unlike previous sample (prior schemes) this
cséc(:)lgréezage j>—|3f sample was taken in CDCI3; previous
(28% conv) sample was taken in cyclohexane-di2
(1 equiv)
Bpin
Br
38 3
kY ! +-400000
Bpln Bpln (200000
Br Br [~100000
A MM Lo

T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T
31 30 29 28 27 26 25 24 23 22 21 20 19 18 17 16 15 14 13 12 11 10 09 08 07 06 05 04 03 02
1 (ppm)

*H-NMR of reaction days later showed disappearance of SM; alpha- & beta-borylated
compounds remain

'H-NMR spectrum of the in-situ profile of catalytic reaction [50 °C, >2 d]
Note: abbreviated spectrum shows alpha and beta borylated compounds
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[Ir(OMe)(COD)], (2.5 mol%)

dtbpy (5 mol%) )
> er Boping (Tequv) Bpin Unlike previous sample (prior schemes) this
°§%"i'ée"zaﬂe j>—|3f sample was taken in CDCI3; previous
(28% conv) sample was taken in cyclohexane-di2

(1 equiv)

800000

83
—te13

"
—um

750000

700000

+es0000

600000

+-ss0000

-s00000

-as0000

-a00000

+-3s0000

300000

250000

-200000

F1s0000

100000

'
50000
o

I--s0000

T T T T T T T T T T T T T T T
8s 80 75 70 65 60 55 50 a5 a0 35 30 25 20 s 10
1 (ppm)

1BC-NMR of reaction days later showed disappearance of SM; alpha- & beta-borylated
compounds remain

13C-NMR spectrum of the in-situ profile of catalytic reaction [50 °C, >2 d]
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[Ir(OMe)(COD)], (2.5 mol%) Boin
dtbpy (5 mol%) P
B,pin, (1 equiv) Bpin Br
>—Br >
cyclohexane
50°C,2d
(28% conv)

(1 equiv)

V'
N

SG-724 hsqe tral2 hsqe16.ser
Speedtype CC08050735

1 (ppm)

T T T T T T
6 15 14 13 12 11

——— ‘D WRY
= D [ WY | e

| )
& 27
[28
29
@ »
o a1

! R i
32 31 3.0 29 17 1

T T T T T T T T T T
28 27 26 25 24 23 22 21 20 19 18
12 (ppm)

HSQC spectrum of the in-situ profile of catalytic reaction [50 °C, >2 d]
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[Ir(OMe)(COD)]; (2.5 mol%)

dtbpy (5 mol%) )
>—er Bopiny (Tequv)  Bpin COSY not useful for identifying alpha
cyé((:)lgléexzage Br  borylation (peaks are too close together)

(28% conv)

,JJU NM
(1 equiv)

$G-724 hsqc trial2 cosy16.ser
Speedtype CC08050735
1.0
0 0
_= 9 L.
= (e
‘é 1.4
16
1.8
2.0
o L. &
24
26
28
@ hso
1 Y
3.2
3.4

T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T
32 31 30 29 28 27 26 25 24 23 22 21 20 19 18 17 16 15 14 13 12 11 10 09 08 07 06 05 04 03
12 (ppm)

COSY spectrum of the in-situ profile of catalytic reaction [50 °C, >2 d]
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[Ir(OMe)(COD)], (2.5 mol%)

dtbpy (5 mol%)
Bopin, (1 equiv) Bpin
>—Br >
cyclohexane Br
50°C,2d
(28% conv)
(1 equiv)

T T T T T T T T T T T T T T T T T T
25 20 15 10 5 o 25 24 23 22 21 2 19 1B 17 % 15 W 13
11 (ppm)

DEPT spectrum of the in-situ profile of catalytic reaction [50 °C, >2 d]
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- | Ve =
)>-"---Bp|n

Br

— e
3.‘2 3!1 (jo 2!9 218 2!7 2!6 2.‘5 2:4 213 Z:Z Z:l ZTD 1:9 1:8 a (l;;m) 1:6 1:5 1{4 1t3 —;IZ Allll l:O 0:9 0!8 0{7 015 OfS nof:a 073 O:Z
Liskey/Hartwig, 10.1021/ja400103p
'H-NMR spectrum of literature reference
Pmm Bpln
Br
1P L 0 T T

T T T
100 60 50 40
f1 (ppm)

Liskey/Hartwig, 10.1021/ja400103p

13C-NMR spectrum of literature reference
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16g A

'H NMR (400 MHz, CDCl5)

L £1U0U

120000

- 19000

- 18000
117000
- 16000
+ 15000
L 14000
+ 13000
+ 12000
111000
- 10000
- 9000
- 8000
7000
16000
L5000
14000
13000
12000

1 1000

= T == --1000

T T T T T T T T T T T T T T T T

5 90 85 80 75 70 65 60 55 50 45 40 35 30 25 20 15 10 05 00 05

1 (anm)’

'H-NMR spectrum of literature reference
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3C NMR (101 MHz, CDCl5)

- 13000C

1 12000C

- 11000C

- 10000C

190000

- 80000

170000

160000

- 50000

140000

L 30000

- 20000

110000

I--10000

00

1% 180 170 160 150 140

130

120

T
110

100
f1 (ppm)

T
90

80

70

60

50

13C-NMR spectrum of literature reference
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[Ir(OMe)(COD)], (2.5 mol%)
dtbpy (5 mol%)
Bopin, (1 equiv) Bpin
>—DBr > ]:
cyclohexane Br
25°C,1d

(1 equiv)

160000
[~150000
140000
130000
120000
[~110000
100000
90000

{~80000

70000

60000

[~50000

40000

30000

[-20000
w w -
o

--10000

T T T T T T T T T T T T T T T T T T T T T T T T T T T T
30 29 28 27 26 25 24 23 22 21 20 19 18 17 16 15 14 13 12 11 10 09 08 07 06 05 04 03
11 (ppm)

'H-NMR spectrum of in-situ terminal profile of catalytic reaction [25 °C, 1 d]
Note: this reaction of milder conditions and lower conversion to borylated compounds also
demonstrates alpha-borylation > beta-borylation

[Ir(OMe)(COD)l, (2.5 mol%) /
322?32‘8 'Eghfv)) Bpin —
|>—Br cyclohexane g W}Br
25°C,1d oty ",

(1 equiv)

\

LA A e S e S A S S S S S
|38 37 36 35 34 33 32 31 30 290 28 27 26 25 24 23 22 21 20 19 18
1 (ppm)

11B-NMR spectrum of in-situ terminal profile of catalytic reaction [25 °C, 1 d]
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121id S

CC08050122 4.8 .

.neo501

neo {edquiv)

19.0 185 8.0 175 170 165 16.0 165 15.0 145 140 135 13.0 125 120 ns 1.0 105 100 95 9.0 85 8.0 75 70

[Ir(OMe)(COD)], (2.5 mol%)
dtbpy (5 mol%)
Bopin, (1 equiv) Bpin
>—DBr >
cyclohexane >—Br
25°C,1d

[~180000

170000

160000

150000

140000

130000

120000

110000

(100000

[~90000

(80000

{70000

[-60000

[~50000

[~40000

130000

{20000

10000

-10000

11 (ppm)

13C-NMR spectrum of in-situ terminal profile of catalytic reaction [25 °C, 1 d]
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[Ir(OMe)(COD)], (2.5 mol%)
dtbpy (5 mol%)
Bopin, (1 equiv) Bpin
>—Br >
cyclohexane W}Br
40°C,1d

(1 equiv)

[~160000
[~150000
[~140000
[~130000
[~120000
[~110000
[~100000
[~90000

[~80000

[~70000

[~60000

[~50000

[~40000

30000
“J M I-20000
L«) w 10000

o

[~-10000

T T T T T T T T T T T T T T T T T T T T T T T T T T T
29 28 27 26 25 24 23 22 21 20 19 1.8 17 16 15 14 13 12 11 10 09 0.8 07 06 05 04 0.3

'H-NMR spectrum of in-situ terminal profile of catalytic reaction [40 °C, 1 d]
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[Ir(OMe)(COD)], (2.5 mol%)

dtbpy (5 mol%)
Bypin, (1 equiv) Bpin
>—Br >
cyclohexane Br
40°C,1d
(1 equiv)

WWMM 120000

M 100000
A st Mo o 0000

W‘.\M
mebw
60000
40000
20000
o
--20000
T T T T T T T T T T T T T T T T T T T T T
38 a7 36 35 ) 33 32 El 30 29 28 27 2 2% 24 23 22 2 20 19 8 17
1 (pom)

11B-NMR spectrum of in-situ terminal profile of catalytic reaction [40 °C, 1 d]

[Ir(OMe)(COD)], (2.5 mol%)
dtbpy (5 mol%)
Bopin, (1 equiv) Bpin

Y

I>—Br

cyclohexane Br
40°C,1d

(1 equiv)

[160000
[~140000
[-120000
[~100000
80000
60000
{40000
{-20000

wwmmwmwww:wm LM”WV’WNJWW WWWWW e e

[--20000

T T T T T T T T T T T T T T T T T T T T T T T T T T T T
200 195 190 185 180 175 170 165 160 155 150 145 140 135 130 125 120 M5 1O 105 100 95 90 85 B0 75 70 65
1 (ppm)

13C-NMR spectrum of in-situ terminal profile of catalytic reaction [40 °C, 1 d]
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[1-bromopropane]

IrB; (1 equiv) Boi Br
pin
B >
N_-Br /\/BI’ or /\/
cyclohexane-d;» Bpin
25 °C, ovnt
(no conversion)
(1 equiv)

Note: Subsequent heating at 100 °C for 1 hour provided a terminal yield of 0% (9% IrBs).

[phenylacetylene]

é IrB; (1 equiv) o}
Ir(B),(alkynyl),, + B%@
cyclohexane-d;» o
2 0,

Y

5°C
. major, 54% o
(1 equiv) minor, 21% 1%
Ambident Reactivity
[dithiane]
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)

C o | -

/N""Ir“‘Bpm
=~N""| ~Bpin
But—<x~" Bpin 1

But

Y
\
v
|
|
free COE
|I'B3 80%
LU J Jk J
r 0 T
it B g S
10'.0 9!5 9!0 8{5 8{0 7}5 7}0 6!5 575 570 4’5 4’0 315 310 2‘5 Z‘O

60
1 (ppm)

1:1 dithiane:IrB3 > (dithiane)lrB3 [major] & (dithiane)(IrB3), [minor]
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Bu', ~u | a0 dwda
=N, | .\Bpin uidg N
Ir \ »
%\'('\'Bpi” udg’ "N>
But— X Bpin 1
S B
) SN /
s .,
(N/, Ire \Bpln
N | Bpin
Bpin
IrB3 free COE

L=

1:2 dithiane:IrB3 > (dithiane)IrB3 [minor] & (dithiane)(IrB3), [major]

[dihexylamine]

IrB; (1 equiv) NN N NN

cyclohexane-dy, Bpin
25 °C

93%

99

a5

a0
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8
| L ]
Té 6 N e IrB3
€, . o IrB2H
° borylated amine
2 ey e
‘ :
o]
0 50 100 150
time/min
Bule == :

P N S PN I /N,,,.Ilr_.‘Bpin Boryl.ated
H =~N" | ~Bpin "¢
| g But—<x~ Bpin )

\
IrB2H
) IrB3
Free amine No free COE
' (5.5 ppm)
; A
§
9‘5 9{0 8‘.5 SIO 7AI5 7A|0 6{5 6’0 5!5 5!0
1 (ppm)
NN I NN
26 24 H

100

2.86

247

Broad peak
would overlap
with peak from

free amine

(which
manifests as a
clear triplet)



mmol/L

mmol/L

H
(1 equiv)
IrB; (1 equiv)
COE (5 equiv) AN NN TN
cyclohexane-dy, Bpin
25°C
98%
10
8
6 e IrB3
4 IrB2H
5 borylated amine
L ® . ®
o
o 50 100 150
time/min
[phenol]
OH OBpin
IrB; (1 equiv)
© cyclohexane-d;, g
25°C
(1 equiv) 95%
10 L .
8
6 e [rB3
IrB2H
4 phenol
2 e borylated phenol
o
o 50 100 150
time/min

101



OH IrB; (1 equiv) OBpin
COE (5 equiv)
cyclohexane-d;, o
25°C
(1 equiv) 98%
L ] L ] L ]
10
8
% 6 e IrB3
= IrB2H
4 phenol
2 * borylated phenol
)
0 50
time/min
[aniline]
NH, NHBpin
IrB3 (1 equiv)
cyclohexane-d;, -
25°C
(1 equiv) 80%
10 o
8 ®
®
=
g o e IrB3
€ IrB2H
4
®
borylated aniline
2 °
o)
0 100 200 300

time/min
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(NI/,_I .wBpin
N""1 Bpin
Bpin

IrB3

SR W

1967
m\«[
108
B0

38
S8

But

)

S\ -
’N,I"| _‘\Bpln

I
=~N""| ~Bpin
- Bpin 1
S —

RS

free COE

1022 -
1737 —

2463~

T T T T T T T T T
9.2 2.0 8.8 8.6 8.4 8.2 8.0 7.8 7.6 7.4 6.8

(&
S

T T
2.6 7.2 7.
1 (ppm)

NH, IrB; (1 equiv)
COE (5 equiv) _
cyclohexane-dy,
25 °C
(1 equiv)
10
L ]
8
= .
S 6
£ .
£
4
L]
2
o
o 50 100 150
time/min
[thiophenol]
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T
6.6

T
6.4

T T T T T T T T T
6.2 6.0 5.8 56 5.4 5.2 5.0 a8 ae

NHBpin

76%

e IrB3
IrB2H

borylated aniline



SH SBpin

IrB; (1 equiv)
cyclohexane-d;» o
25°C

(1 equiv) 49%
10
8 e IrB3
=
S 6 (PhS)IrBxH2
E ®o ¢ L ® ®
. 4
e borylated
5 thiophenol
e . . e IrB2H
0 L o ® . ®
o 50 100 150 200

time/min

Note: Subsequent analysis overnight revealed no change.
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)

S
I /Nll,_llr_\\Bpin
=N | ~Bpin
«. Bpin

But

But

RE from
IrB3(H)(SPh) takes
place to make
PhSBpin but RE
does not occur with
IrB2H2(SPh)

IrB3

™o T T i
I i H : 3

..+/\Bpin
i Bpin
= |
| 7 e
Region comprises
of IrB3, PhS[Ir],
dtbpy, PhSBpin :
7.;5 7.1?I oom) 7.(')5 7.l')0

Me COF

—

5
é

T T T T T T T T T T T T T T T T T T T T T T T T T T T T
94 92 90 88 86 84 82 80 78 76 74 72 70 68 66 64 62 60 58 56 54 52 50 48 46 44 42 40
[aX

10

mmol/L
[e)]

SH

(1 equiv)

5o

IrB3 (1 equiv)

COE (5 equiv)

cyclohex
25°C

100

time/min
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ane-djo

150

200

SBpin

55%

e IrB3
e (PhS)IrBxH2
e borylated

thiophenol
e [rB2H



Note: Subsequent analysis overnight revealed no change.

[3-methylpyridine]

N N

| N IrB; (1 equiv) J|/\j\
loh -dip : =
_ cycozt;x?ge 12 Bpin
(1 equiv) 8%
10
¢ hylpyridine)!
o e (methylpyridine)lr
S 6 B3
£, IrB2H
2 e borylated
0 & methylpyridine
o 500 1000 1500
time/min
®7 ® 22 ® 32 ®n
10
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IS
J /N,,,.Ilr.‘\Bpin

=~N"" | “Bpin Z
sy <" Bpin ]
N
( |
Ve g Bpin
- / ) T P
N~
| "Bpin
Bpin
IrB3

@ free COE

L — [ — T T [ — T
g E 3 H 5 H
10’.0 9?8 9?6 9'4 9?2 9?0 8?8 B'.S B!d 8!2 8!0 7.'8 7.'6'1 (pp:l.‘)d 7.'2 7.'0 6.’3 STG 6?4 6!2 6!0 5?8 5:6 5!4 5!2 570 4.‘8
N IrB3 (1 equiy) N
| X COE (5 equiv) /Ej\
cyclohexane-dy, . %
= Yy Pe o 12 Bpin
(1 equiv) 44%
o
10
8
o e (methylpyridine)IrB
S 6 3
£ - IrB2H
4
> e borylated
methylpyridine
0O @ .
o 50O 1000 1500 2000
time/min
v
ey ® 1 ©26 ® 46

10
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[2-butyne]

IrB; (1 equiv)

— » (2-butyne)irB; + IrB3
cyclohexane-d,»
25 °C, ovnt

(1 equiv) 16% 81%

. 100°C,1h
Grows in slowly

to an ovnt value

of 16%
(2-butyne)irB;  + IrB3

18% 0%

2-butyne

Bu! I \N I )
= ;Ir<Bp|.n
="N" | "Bpin

By~~~ Bpin
. j
2-butyne

! boundtoIr

Asymmetrically

positioned
dtbpy bound to
Ir { No free COE
M | (5.5 ppm) j
JJ Ju LU J J
PO { :

6.0
11 (ppm)

[benzothiophene]
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S IrB; (1 equiv) S
Y/ > Y Bpin
cyclohexane-d;»
25°C

(1 equiv) 98%
® L L °
10
8 e IrB3
=
S 6 IrB2H
£
. L
benzothiophene
2
. . - s e borylated
0 benzothiophene
0 20 40 60

time/min

IrB; (1 equiv)

S COE (5 equiv) 8 B
Y cyclohexane-dy, gy opn
25°C

(1 equiv) 98%
° [ BN J o L
10
8 e IrB3
=
o5 6 IrB2H
£
E 4
benzothiophene
2
o Lot ©c ¢ « borylated
benzothiophene
) 50 100 150

time/min

[methylindole]
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H IrB3 (1 equiv) H
cyclohexane-d,, - Bpin
/ 25°C 7
(1 equiv) 99%
10 e IrB3
8
IrB2H
=
5 6
E methylindole
4
2 . e C--borylated
Y methylindole
0 e N--borylated
o 50 100 150 200 methylindole
time/min
H IrB; (1 equiv) H
N COE (5 equiv) N
cyclohexane-dy, Bpin
Z 25°C /
(1 equiv) 90%
10 o o © °
8 e IrB3
=
2 6 IrB2H
£
E 4
methylindole
2
ch e ’ e borylated
© methylindole
0 50 100
time/min

1.4.3 Stoichiometric Experiments: NMR Analysis of Terminal Time Point (as well as Initial Time
Point for Additives that Bind to Ir)

Reactivity at Bpin Ligand

[1-hexanol]
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/\/\/\OH

IrB3 (1 equiv)

s

o

cyclohexane-d,»
2 o
(1 equiv) 95%
iﬁ“;;;.“’,i::ﬂ“ H§§n7,2°19
120
{100
I-80
[60
4 _ tao
dioxane [
;'; o
1'.9 35 1'4 33
Borylated 1-
hexanol, 3.7 ppm
IrB3
IrB2H J
W L

T e b

3 =8 =

- 88 -
B o 3 : 7 . : 3 : ] 3 3 A : pa

11 (ppm)
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712019

bt A

e
8
|

— 2783

—nm

PN

-neo.11.fid
pe CCO8050735

—3250
—3248

T T T T T T T T T T T T
331 33.0 329 328 327 326 325 324 323 322 321 320

1 (ppm)

1(opm)

[~240000

220000

[~200000

[~180000

160000

[~140000

120000

100000

[~80000

[~60000

40000

20000

-0

{--20000

8222
65.00
3250
3248

3105
2353
14.38

<

T T T T T
150 140 130 120 110

920

[~550000

[~500000

[~450000

400000

[~350000

[~300000

250000

200000

150000

100000

50000

{--50000




13C-NMR

IrB; (1 equiv)

COE (5 equiv)

/\/\/\OH
(1 equiv)

1 starting parameters - HC U6/1//2019
o decoupling

5 °C

dioxane

!

ao.oo—I

cyclohexane-d;
o

[~180

[~160

120

{100

[~80

[-60

40

-0

Bbrylated 1-
hexanol, 3.7 ppm

w IrB2H

523

380

360

[~340

{~320

~300

280

[~260

240

[~220

[~200

180

[~160

140

120

~100

20

-0

f~-20

w-

1 (ppm)

H-NMR
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-567-tt 940pm bnmr. 3. fid 2
 starting parameters - HC 06/17/2019 8 300
decoupling
f-280
f-260
f-240
220
f-200
180
(160
140
F120
100
t-80
60
t-a0
20
Fo
20
f--40
--60
T T T T T T T T T T T T T T T T T T T T T T T T T T
40 3 38 37 3 3 3 33 32 31 30 29 8 27 26 25 24 23 2 21 20 19 1B 7 16 15
1 (ppm
167-neo.11.fid
dtype CC08050735
8 8 834 38 8
S 5 g3 e b
[ I 2RI AN [
cw
8%
88
\ (250000
(200000
(150000
(100000
50000
-0
T T T T T T T T T T
329 328 327 326 325 324 323 322 321 320
1 (ppm)
T T T T T T T T T T T T T T T T T T T T T T T T T T T T
150 145 140 135 130 125 120 M5 110 105 100 95 90 85 80 70 65 60 55 50 45 40 35 30 25 20 15
1 (ppm)

13C-NMR
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[~850000

800000

[~750000

[~700000

[~650000

[~600000

[~550000

[~500000

450000

[~400000

[~350000

[~300000

[~250000

[~200000

150000

100000

[~50000

-0

~-50000




[dodecylamine]

IrB3 (1 equiv)

e

e

f-a

t2

o

/\/\/\/\/\/\ > /\/\/\/\/\/\
NH, > NHBpin
cyclohexane-d;»
(o}
(1 equiv) 25°C
93%
4 starting ?eranelem - HC 06N17/2019
[-60
[~50
dioxane Fa0
30
20
10
[ 3
T o
§ \
2?9 - 2’& 277 26 2‘5 2?4 2.‘3
1 (ppm)
Free Borylated
COE, dodecylamine
IrB3 vinyl
C—H “ IrB2H
! 7 M
8 g ] 2
s 3 : 7 : : : e : b : A =
'H-NMR
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[RRpDR— = .
“ting parameters - HC 06/17/2019 2 E
sugling |

260

240

200

160

Hbpin BOB
20
'H“' WMW Mf VWWUW'MM A\ M\WVW ﬂw‘ wwwi ‘ MM M HV’NU}MW’W\JW%WMW” o
-20
T T T T T T T T T T T T T T T T u T T T T T T
36 35 34 33 32 n 30 20 28 27 % 2 22 2 20 19 8 17 1% 15 %
1 (ppm)
11
B-NMR
595-tt 122pm cnmr.5.fid
(IH) starting parameters - HC 06/17/2019
2 2z 288333883kls% s
B T IHSSISSSRESS S
| | === I |
R
e 1500
1000
500
Fo
T T T T T T T
84 83 82 81 80 79 78
1 (ppm) 1
- I " .‘M \ \
W |
160 180 1a0 130 120 110 100 y o 70 60 50 40 30 20 10

920
1 (ppm)

13C-NMR
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I-19000

I-18000

17000

16000

15000

[-14000

t-13000

12000

11000

10000

9000

I-8000

7000

6000

I-s000

-ao000

3000

I-2000

1000

o

t--1000




IrB; (1 equiv)
COE (5 equiv)

cyclohexane-d;» o
25°C

/\/\/\/\/\/\NHQ

(1 equiv)

o

98%
scouping
80
60
. 40
dioxane -
20
\ 0
3.\
——— T
3.0 29 2.8 27 26 25 24 23
Free fieem
COE, \
vinyl Borylated
C—H dodecylamine
H U IrB2H
NirB3 T4 !
=3 8 2 &
10 5 8 7 & s a 3 o )i 1 ° 2 3 a 5
o

H-NMR

2119

rs - HC 06/17/2019

—244

BOB

o AR s

[-80

{40

-40

[--60

[--80
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11B-NMR

596-tt 501pm cnmr. 3 fid
[1H) starting parameters - HC 06/17/2019

2 83 2
B 8 =
R 2500 | I
i
2000
1500
[-1000
500
Mww o
T T T
2 81 80
1 (ppm)
|
bl Lk I\ ) |
T T r T T T T v T T T T T T T
160 150 140 130 120 110 100 20 80 70 60 50 a0 30 20

f-32000

t-30000

{-28000

{~26000

{~24000

{-22000

20000

18000

16000

{14000

{12000

f-10000

f-8000

f-6000

{-a000

{-2000

[--2000

1 (ppm)

13C-NMR

[octanethiol]

IrB; (1 equiv)

Y

/\/\/\/\
SH cyclohexane-d,,
25°C

(1 equiv)
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[~130

[~120

110

[~100

[-80

[-60

[-50

[0

|: :‘r?n“ﬁ:‘v’:ié 0617/2019 E
spling Y |
1 70
I 60
50
{-40
; _ J "
dioxane
20
=10
s o
P A
A\ 1 (ppm)
\
\ Borylated
IrB3 )
| octanethiol
wa/\'/ IrB2H
B W ... s
Y T i Ly
5 g 3 M
= 2 e o
10 s B s 3 2 i ° 2 3 a 5
11 (ppm)
IH-NMR

s [~280

260

240

220

200

180

160

140

120

[~100

[-80

160

=40

Hbpin BOB Lo

i nmaussmetod g i embi g [

=20

--40

60

% i % e S
11 (ppm)
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IrB; (1 equiv)
COE (5 equiv)

N N -
SH cyclohexane-d;,

(1 equiv)

25°C

_A.fid o - 5
ters - HC 06872019 S v
i
i 60
- 50
J , 1 1
dioxane a0
30
20
IrB3 a,BoryIate‘d
octanethiol
b IrB2H;
Y b f Y
M g 5 g
- 8 e s
0 4 H 7 5 : 3 2 2 3 4 5
11 (ppm)

H-NMR
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3397

T T T T T T T T T T
39 38 37 36 35 34 33 32 31 30

o}

A~y

H

(1 equiv)

T T T T T T T T T T T T T T T T T T T
29 28 27 26 25 24 23 22 21 20 19 18 17 16 15 14 13 12 11 10

11B-NMR

[N-methylbutyramide]

IrB3 (1 equiv) o)

COE (0.5 equiv) /\)J\
> -~
N

cyclohexane-d. o .
y o500 Bpin

121

260

240

220

200

180

160

140

120

~100

o

F-40

~-60




~Lnextday 511pm.1.fid 8583 E 260
ng parameters - HC 06/17/2019 R -
v W 8 583 | o
| i
240
,
_— F200  Loog
— —
—200
150
/ 4 i L 180
dioxane oo
160
140
[-50
1
an 120
-0
3" 100
29 28 \27 26 / 25 24
\ 11 epm) / Feo
\
Borylated N- oo
IrB3 methylbutyramide
40
|
\J 20
b l IrB2H
LAlL -0
i Tty '
5 s 5d I
10 o s 7 © 5 a 3 2 i o 4 2 3 4 5
1(ppm)
'H-NMR
180
160
BOB [
120
100
80
" M ~60
40
20
o
20

122



53G-658-t_nextday 511pm cnmr.3.fid
13C{1H} starting parameters - HC 06/17/2019

38.85
30.49

19.67

8365

~9000

14.30

8000

[~7000

~6000

5000

4000

3000

[~2000

| (1000

40 38 36 34 32 30 28

38.85

—1967

—1430

[~9000

~8000

[~7000

6000

~5000

4000

3000

[~2000

1000

-0

T T T
180 170 160 150 140 130

Note: C=0 (177.1 ppm) too small to be observed in this reaction of low conversion

o}

A~

H

(1 equiv)

T
110

T T T T T T

100
1 (ppm)

13C-NMR

IrB3 (1 equiv) 0
COE (5 equiv)

cyclohexane-d,,

25°C
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-615-nextday 238pm.3.fid 2582 59 2
starting parameters - HC 06/17/2019 SadN J3ds
docouping RN 14
2 583 B I-as0
8 &§ E
| N +aso
400 400
.
350
[ 350
300
/ )
dioxane 2=
300
f~200
150 250
100
I
200
50
1
I
X -0
IrB3 AT & F1s0
e \B \
S5 8
— 77—
28 26 24 22 20 18 16 14 12 10
\ \ 1 (ppm)
"\ "‘“ 100
| Borylated N-
methylbutyramide
50
1
i h IrB2H|
A 0
7 T tr |
3 g B N
e 8 S8 b
; : ; ; T . T T T ; T T . . T
9 8 7 6 5 4 2 1 0 1 2 -3 4 -5
1 (ppm)
1
H-NMR
60
40
[\ BOB Hao
~-20
F-a0
r-60
+-80
~-100
--120
© 38 3 3« 32 30 28 2 24 2 20 18 16 w12 1w 3
1 {ppm)
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-615-nextday 238pm cnmr.4.fid
S{1Hj starting pagafeters - HC 06/17/2019 2
8 8 (3000 5
| g
I
[~2000
[~1000
|
Wv A MW‘WMMMMW ko

T T T T T T T T T T T
40 39 38 37 36 35 34 33 32 31 30
1 (ppm)

196

38.85
=5

T
NS
S
S
S

~1500

1000

~500

T T

F-5000 195

° 1 (ppm)
t-a000 I
F-3000 L1000
{2000
F1000 F-500
o

T T T T T T T T T T T T Lo
255 254 253 252 251 250 249 24.8 247 246 245 244
T

T T T T T
150 148 146 144 142 140
1 (ppm)

T
13.8 136

—2492

—1967

—1430

o -

13000

12000

~11000

10000

~9000

8000

[~7000

~6000

5000

4000

3000

[~2000

1000

~-1000

T T T T T T T T
180 170 160 150 140 130 120 10 100
1 (ppm)

13C-NMR

90 80 70 60

Note: C=0 (177.1 ppm) too small to be observed in this reaction of low conversion

[m-xylene]

IrB; (1 equiv)

cyclohexane-d;, -
25°

C

(1 equiv)

125

Bpin
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I ]

dioxane

ol 1

/ ~50

i

IrB3

U

o

T T T
84 82 80 7.8
1 (ppm)

T
!

76 / 74 72 70 6.8

No borylated m-xylene,

_IrB2H

7.32 ppm

]

012 —

25

15

s

o

13.09 —=
N-828 —

3
©
@

I-DUT-TBOT YUIHM ONMI £ 1Ia
19F starting parameters - HC 06172019
decouping

—2872
—n

Hbpin

5 -6 7 -8 -9

N

BOB

T T T T T
-10 -1 -12 -13 -14

~110

=70

60

20
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[2-methylheptan-3-one]

. Bpin .
0o IrB3 (1 equiv) P (0]
> Pz
cyclohexane-d;»
25 °C, ovnt
(no conversion)
(1 equiv)
;2;;;':::’:;3%%%2%;:019 35 [1000
decoupling 11
i 7 - oo
400
_— / 800
300
y / ] ‘ 700
200
[~600
I 100
w
[~500
o
8 g
2’5 2‘4 2‘3 1‘2 2‘1 2‘0 1 I9 1 Ia 1 ‘7 1 fa 1AI5 1 ‘A 1 1. IZ 1‘1 1'0 OIB 0!8 017 0’6 [~400
1 (ppm)
300
dioxane
[~200
] [~100
IrB3
L B
A o
T L
g g8
10 o s 7 6 5 2 3 2 1 0 4 2 3 a 5
1 (ppm)

H-NMR
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[-180

W‘Wﬂ”\‘wm W’ﬂ;nw oo

iy,

100

[--20

--a0

11B-NMR
Note: The miniature peak around 22 ppm does not correspond to the O—borylated compound
which would also show a *H-NMR resonance in the vinyl region (absent)

T T T T
a0 38 36 34 32 30
1 (ppm)

[cyclooctanone]

O OBpin
IrB; (1 equiv)

h

cyclohexane-d;» -
25 °C, ovnt

(1 equiv) 19%
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1ecoupnng
8

—503
—502

—5.00

IrB3

gs8 34555888
NZ S

, !

dioxane

80.00 —I
2073 —=

N2 oo

O-borylated cyclooctanone

T

1130

1120

=110

I-100

1-90

30

axtday b 6.fid
\arameters - HC 06/17/2019
]

T T
2

o{a =

»

3
1 (ppm)

H-NMR

Hbpin

IrB2H 3

o -1 -2 -3 -4 -5

221

[-280

240

[~160

[~140

120

o

[--20

T T T T T T T
32 3 30 29 28 27 26
1 (ppm)

11B-NMR
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Note: O—borylated cyclooctanone overlaps with BOB impurity

Fust_sieRuay G

-
H) starting parameters - JiC 06/17/2019 23000

28.49

22000

—3153
—10898
—2n
—8250
25.29
T
g

[~21000
[~20000

[~19000
3001

' ' WL

[~18000

[~17000

[~16000

[~15000

14000

[~13000

{~12000

11000

T T T T
315 310 305 300 295 29.0 285 280 275 27.0 265 26.0 255 250
1 (ppm)

[~10000

[~9000

8000

[~7000

[~-200

[~3000

T T T T T
153.0 1525 1520 15156 1561.0 [~2000

1 (ppm)

(~1000

o

[~-1000

t--2000

T T T T T T T
210 200 190 180 170 160 150 140 130 120 110 100 90 80 70 60 50 40 30
1 {ppm)

13C-NMR
Note: 152.00, 30.48, 26.99 ppm peaks also present

{Subsequent heating at 100 °C for 1 hour provided a terminal yield of 32% (0% IrBs)}
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dioxane

5-694-h11018pm.5.fid
1 starting parameters - HC 06/17/2019
odecoupling aa= 288
g3 3z §33 8o
V] 1N £\
1 I~ 7o
15
60
COE,
1o allylic [*
| |
40
e B
N 30
\ L
R A T -0
: \ Lo
5.‘15 5,‘10 5.:)5 5.;)0 4!95 4;0
11 (ppm) Lo
T
™~ N z
™~ 24 23 ﬂz 2 20 \ 1o e 1
1 (ppm)
N
invl O-borylated cyclooctanone
COE, viny
1
*M“U }\ A ‘\.NJJ b l
by T ¥
s 8 3
Q2 8 8
10 9 7 5 4 3 2 1 0 -1 -2 -3 -4
1 (ppm)

H-NMR

Note: doublet at 9.55, 9.54 ppm does not belong to (dtbpy)Ir(Bpin)s (9.47, 9.46 ppm)

Hbpin

180

[~160

[140

120

[~100

T T
28 27 26 25 24 23 22 21 20 19 18 17 16 15
1(ppm)

11B-NMR
Note: O—borylated cyclooctanone overlaps with BOB impurity
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¥4-h11018pm cnmr./.tid
4} starting parameters - HC 06/17/2019
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[~8000

—o27m
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1 (ppm)
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2529
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T T T T T T
210 200 190 180 170 160

0]

\)kOMe

(1 equiv)

T T T T T T
150 140 130 120 10 100 90 80 70 60 50 40
1 (ppm)

13C-NMR

[methyl propionate]

0]

IrB; (1 equiv) 0

> +
OMe Bpin/\/u\ OMe

cyclohexane-d;» .
25 °C, ovnt Bpin
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b SRR ggy [0
o DR 2322
| N4 AN
dioxane Leoo
_J _
J [~400
| |30
1
iy 200
" {~100
U k
—_— —— o
g
3‘8 3‘5 3!4 3‘3 3‘2 31 30 29 2‘8 1‘7 llﬁ 2‘5 y 1'3 2‘2 Z‘D 1.‘9 1.’8 1.‘7 1}5 1.’5 ‘|.I4 1.‘3 1?2 1!1
11 (ppm)
B-borylated methyl '
propionate not
observed, 2.27 ppm
]
] U
! T T
2 g g
T - T T T T T T = T —I T T T T T T
10 9 8 7 6 5 a 3 2 1 -1 -2 -3 -4 -5
1 (ppm)
1H-NMR
160
[~140
120
BOB 100
8o
60
[-40
[-20
o
-20
40 39 38 37 36 35 34 33 32 3 30 29 28 27 26 25 24 23 22 21 20 19 18 17 16
1 (ppm)

11B-NMR
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6/8-t_nextday 503pm cnmr.3.tid
{1H} starting parameters - HC 06/17/2019

—73.12
50.86

b WLW

9.37

T T T T T T T
170 160 150 140 130 120 110 100 80 70 60 50 40 30

13C-NMR
Note: designated peaks are for methyl propionate

(o) IrB; (1 equiv) 0
\)J\OMG cyclohexane-d» Bpin/\)J\OMe
50°C,7d
(15%)

(1 equiv)
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3-733_-h'|'| stgcgagaln.d,lid ane
: zz:glxamas - HC 06172019 N\NP § 55 — 100
il
50
90
45
40 80
35
s [~70
30
- F25 |0
COE,
allylic [*
dioxane o [
10 Lao
A |
|
5
30
ro
2
T T T T T T T [20
- B 235 230 225 220 215 210 205
COE, Vlﬂ’y’l \mppm)
| B-borylated methyl N
MJ Aud ‘ M | propionate
N A | l Lo
! | by
3 g g
10 9 8 ; 6 5 4 3 1 0 1 -I2 3 4 5
1 (ppm)
'H-NMR
160
Hbpin
140
120
BOB
100
-80
[-60
[-40
[-20
-0
--20
I--40

1 (ppm)
11B-NMR
Note: The C—borylated compound is of too small conversion to give an appreciable peak in 1'B-
NMR. It is also not reported in: JACS (2017), 139(8), 3153-3160. The miniature peak around 22
ppm does not correspond to the O—borylated compound which would also show a *H-NMR
resonance in the vinyl region (absent).
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'33-h11628pm again cnmr.6.fid F6000
1H} starting parameters - HC 06/17/2019

F-5500
F1200
F-5000
1000
Lsoo F-as00
600
4000
F-a00
F-as00
200
Lo 3000
[-200 k2500
T T T T T T T T T
179 178 w7 176 175 174 173 172 17
1 (ppm) 2000
F1500
1000
500
W w MM mmm " W“ Mw ” W W ro
F-500
T T T T T T T T T T T T T T T T T T
180 170 160 150 140 130 120 10 100 %0 80 70 60 50 40 30 20 10
1 (ppm)

Note: beta-borylated compound exists in too small yield to be able to be well observed by *3C-
NMR spectroscopy. However, the diagnostic carbonyl C at 174.6 ppm is present and is matched
by literature precedence: JACS (2017), 139(8), 3153-3160 [which does not observe C—Bpin]

[N,N-dimethylpropionamide]

o)

(o) IrB; (1 equiv) \)}\ 0]
> +
\)kNMez NMes Bpin/\)J\ NMe,

cyclohexane-d,» .
25 °C, ovnt Bpin
(no conversion)

(1 equiv)
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350

300

250

150

[~100

-0

ds. 2 fid .
ing paradialers - HC 081772019 88 nees
supling VSN
83 roes |-
1 NV Fa00
f / 300
R 200
[
I
100
|
T ] ro
2 8
T T = T T T T T T T % T T T T u T T T T T T T
30 29 28 27 26 25 24 23 22 21 20 1 18 7 16 15 14 13 1.2 11 1.0
1 (ppm)
dioxane
IrB3
COE, vinyl
- A J;J L_,J
. T b
g 2 3
2 2 q
10 9 8 7 6 5 4 3 1 0 -1 -2 -3 -4 -5
1 (ppm)
1
H-NMR
[-180
[-160
140
120
BOB Lo
[-80
[-60
[-40
[-20
o
T T T T T T T T T T T T T T T T T T T T T T T
40 39 38 37 36 35 34 33 32 3 30 29 28 27 26 25 24 23 22 2 20 19 18
1 (ppm)
11
B-NMR
[bromocyclopropane]
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IrB3 (1 equiv) Bpin
>—2Br >
cyclohexane-d;» D Br
25 °C, ovnt
(no conversion)

(1 equiv)

tarting parameters - HC 06/17/2019
lecoupling

58

s

—268

dioxane

®

268

5

o

B-borylated

] L.__J COE, vinyl

T T T — A f T
32 31 3.0 29 28 27 26
11 fppm)

W bromocyclopropane not
observed, 2.85 ppm

220

[-210

[-190

[-180

170

[~160

[-150

140

[-130

120

110

[~100

90

80.00-J

BOB

T T T T T T T T T T T T T T T T T T T T
40 39 a8 37 6 35 34 33 32 3 30 29 28 27 26 2% 24 23 22 21
1 (ppm)
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[~180

160

140

120
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11B-NMR

90

[-60

[-50

o

IrB3 (1 equiv) Bpin
D—Br >
cyclohexane-d;, Br
50°C,2d
(13% yield)
(1 equiv)
G-707-h6 507p'mg’| .fid oS 3
4 starting parametars - HC 06/17/2019 b s
o decoupling v | §§
i
30
. 25
dioxane
/}’ 20
15
10
1l 5
* Fo
COE, vinyl T 1
£ g
Z;S 2!90 2.‘85 \2.'?10“:’p ,2‘75 2‘70 2‘65 ZéO
B-borylated
, J bromocyclopropane
Wk N }J\J_MJ,
f by T
H HEE
1 6 5 3 3 2 1 0 5 2 3 a
1 (ppm)
'H-NMR
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B
MMMW

.

[-160

[-140

[~120

[~100

o

40

29 28 27 26 25 24 23 22 21 20 19 18

11B-NMR

30
1 (ppm)

[1-bromopropane]

IrB3 (1 equiv) Boin Br
BT > /i/ gr /\(
cyclohexane-dj» Bpin

25 °C, ovnt
(no conversion)

(1 equiv)
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699-t_nextday7 fid 388
tarting p;“gmlars - HC 06172019 Sa0
lecouplind,/ N\
P -aso
385
PR Laoo
N
- -a00
-200
F-as0
! 100
i
300
T Fo
8
@
T T T T T T T T T T T T T T T T T T T T T T
3.3 32 31 3.0 29 28 27 26 25 24 23 22 21 20 9 18 17 16 15 14 13 12 11 1.0
11 (ppm) f-250
dioxane Lo
[~150
|
F100
1
U I
COE, vinyl
L o
f T
2 2 8
e 3 =
T T T T T T T T T T T T T T T T
1 9 8 7 6 5 a 1 [ Bl 2 -3 -4 5
1 (ppm)
[-180
[~160
[~140
[-120
[~100
[-80
[60
[-40
[-20
[0
[--20
T T T T T T T T T T T T T T T T T T T T T T
40 39 38 37 36 35 34 33 32 k1l 28 27 26 25 24 23 22 21 20 19

30 29
11 (ppm)

11B-NMR

{Subsequent heating at 100 °C for 1 hour provided a terminal yield of 0% (9% IrBs)}
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» gecoupsng

947
9.46
324
3.23
3.22
84
83
82
81
80
1,00
99

{

~3z

32

dioxane

i
. COE, vinyl
s ] »

11

[~300

[-280

[~260

0 [-200

[~140

120

[~100

80.00 —=
1543
789 =

156 —

o

[-20

T T T T T T T T T T T T T T
10 9 8 7 6 5 ) 3 2 1 0 -1 -2 -3
1 (ppm)

H-NMR

Hbpin

BOB

[~150

[~100

T T T T T T T T T T T T T T T T T T T T

30
1 (ppm)

11B-NMR

[phenylacetylene]

Note: in the case of phenylacetylene, NMR spectra of t_5 min (first/initial) are provided
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// IrB; (1 equiv) 0
» Ir(B),(alkynyl),, + B%@
cyclohexane-d;» o

5

ra

r3

2

o

25°C
; major, 54%
1 equiv v o
(1 equiv) minor, 21% 1%
3G-662-12 814pm.2.fid 98 [~600
|H starting parameters - HC 06/17/2019 ~RR oa -
Jo decoupling Vi :ﬁ :I
[~650
[~500
[~4!
1
T
5 & 3 —t 3
.|95 7.;0 7.I85 7,IBD 7.‘75 74l70 7.‘65 7.‘50 7..%5 74|50 744'55 |40 7,55 7.:‘{0 r\b 50 7.115 7.;0 7.‘05 7.60 6.!95 6,‘90 84|85 8‘.‘80 6.‘75 &I7D
1 (pprm) 350
30
[~300
B B —_— \ Borylated
ree |
© phenylacetylene 250
dtbpy
10 [~200
150
(~100
50
-0
T AT i )H{ﬂ T T .
$8 83 83 g 3%im 5 : dioxane L eo
T T T T T T T T T T T T T T T T
10 9 8 7 6 5 4 1 0 2 -3 -4 5

3
1{ppm)

H-NMR
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[-160

[~140

b
NWMM‘MWMM‘ 120
Mhﬁv
V

(100

5
E 3

[60

[-40

[20

o

11B-NMR
Note: authentic standard of borylated phenylacetylene shows an !B-NMR peak at 24.33 ppm

which, although faint, can be observed in this spectrum of 11% yield

-662-12 814pm cnmr.4.fid
J{1H} starting parameters - HC 06/17/2019
2 3 8 (6000
T f
s 5 o
: 5 H (5500
53 i F-500
[400 F-5000
f-300
(4500
f-200
8
3 F-500
[1oo 4000
f-a00
o
f-300
T T T T T T 3500
129 128 127 126 125 124 L200
1 (ppm)
(100
(3000
o
[-1oo (2500
k200
T T T T T T T
101.0 1004 1000 995 990 985 980
1 (opm) (2000
(1500
(1000
! F-500
NW“ mmm“ m‘ o
f--500
T T T T T T T T T T T T T T T
170 160 150 140 130 120 110 100 90 80 70 60 50 40 30
1 (ppm)

Note: the low 11% yield of borylated phenylacetylene makes select carbon peaks challenging to
observe including that of C—Bpin (82.66 ppm). However, most of the carbon peaks can be
observed and well match that of the authentic standard
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Ambident Reactivity

)

But | 4
’N""Ir"‘Bp'n s
=~N""| “Bpin [ j
But— = Bpin s

1

[dithiane]

(N""Il .Bpin

r
N*" 1 Bpin
Bpin
free COE
|FB3 8 0%
I M J
EH g : H 3
10'.0 9!5 9!0 8'.5 8'.0 7.'5 7.'0 6!5 6.0 5'5 5'0 475 4?0 315 310 2‘5 Z‘O
1 (ppm)

1:1 dithiane:IrB3 - (dithiane)lrB3 [major] & (dithiane)(IrB3), [minor]
t 24h
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oupling

e I

100

-0

T T T T T T T T T T T

3
1 (ppm)

'H-NMR (t_5 min)

~-60

~-80

~-100

=120

f--140

~-160

=180

--200

--220

F-240

T T T T T T T T T T T T T T T T T
40 39 38 37 36 35 34 33 32 31 30 29 28 27 26 2 24
1 (ppm)

1B-NMR (t_5 min)
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R

A

B8

£

%

adarshastars - HC 06/17/2019 §~ ES ?

3

14.47
679

1952 {
80. oo{
9714 {

T T T T T T T T T T

\H
o
e
IS
o
N
&

3
1 (ppm)

IH-NMR (t_24 h)

40

T T T T T T T T T T T T T
39 38 37 36 35 34 33 32 31 30 29 28 27 26 25 24 23 22 21 20 19 18
1 (ppm)

11B-NMR (t_24 h)
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180

160

140

120

100

o

~-20

f--40

~-60

-0




But | _ uidg
— ,,,Ir\\Bpl.n unda\ ,N)
Bt < N épianln U|d8\ ’IN
u 1
ES]
/ JJ
<N/, Ire \Bpln
N”" 1 Bpin
Bpin
IrB3 free COE
J 193% U

© 8000 =

1:2 dithiane:IrB3 = (dithiane)IrB3 [minor] & (dithiane)(IrB3), [major]
t_5 min
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g parameters - HC 06/17/2019
upling

4220 I

A237{

360

340

320

300

280

260

240

220

200

180

160

140

120

100

one{

80.00 —=

T T T T
2

3
1 (ppm)

'H-NMR (t_5 min)

[isv

160

140

[-120

[-100

[-40

o

T T T T T T T T
33 32 3 30
1(ppm)

11B-NMR (t_5 min)

[dihexylamine]
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H
(1 equiv)
IrB; (1 equiv) NN N N
cyclohexane-dy, Bpin
25°C
93%
But (
u B
/\/\/\N/\’/\/\ I =N,,, |r_\\Bpin BoryllatEd
. amine

H . = [\l/é\,Bpln I Broad peak

| : ) Bu' L would overlap
\N/,,. .\Bpln :

(:IJL\ ) with peak from

N éme{ﬂ \ free amine

\\ p T~ \‘:\\\ — (WhICh

\\ \\\\\ ‘‘‘‘‘‘‘‘ - manifests as a

\. N clear triplet)

AN !
Free amine No free COE
i (5.5 ppm)
! o
H
75 7.|0 G!S SEO 5?5 510 3.0 25
1 (ppm)

'H-NMR (t_5 min)
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400

~350

300

250

200

150

100

-0

1717pm.1.fid 2 g &
g parameters - HC 06/17/2019 = BN
ipling | [
t-a00
o
t-350
F-300
J | ,
t-250
t-200
F150
F-100
t-50
to
T T
1.2 1.0
1 (ppm)
J u*x¢JLA,A ]
f T iy f
°
T T T T T T T T T T T T T
10 9 7 6 5 4 3 1 0 A 2
1 (ppm)
1 .
H-NMR (t_5 min)
Hbpin
T T T T T T T T T T T T T T T T T T T
40 39 38 37 36 35 3 33 32 31 29 28 27 26 2 24 23 19

30
11 (ppm)

11B-NMR (t_5 min)
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85-tt 920pm.4.tid 2

arting parameters - HC 06/17/2019 Py
f 8 25
scoupling | 2
f-20
300 r1s
L osy 10
! f-200 ‘ 5
. W L
(150 | 0
5
T T T T T T T T T T T
105 10.0 95 9.0 85 8.0 75 70 65 6.0 55
F10p 1 (ppm)
f-200
%9 F150
10
o 100
T T T T T
10 9 0.8 07 06 [0 5
1 (ppm)
o
©
T U T T " Lo
3.0 29 2.8 27
1 (ppm)
T T T
175 -18.0 1855
1 (ppm)
A AMN I l Ll
T T‘
~ g o IS
5 s 2 5
S 8 5 s
T T T T T T T T T T T T T T T T T T T T T T T T T T T T
Mmoo 9 8 7 6 a 3 2 o 1 - 3 -4 5 -6 -7 -8 -9 -0 -N -2 -3 -4 -5 -6 -7 -18
1 (ppm)
185-tt 920pm bnmr.5.fid = & 8 » L.
tarting parameters - HC 06/17/2019 s 5 3 & 200
acoupling
150
100
[-50

30 29 28 27 26 25 24 23 22 al 20 19
11 (ppm)
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11B-NMR (t_24 h)

G-585-tt 920pm cnmr.6.tid
3C{1H} starting parameters - HC 06/17/2019
8 5 2 8 Ejige 3
b 3 S s S s

T 1 1T 1o

< 2 3 e (30000

& 8 & &

(25000

(25000

(20000
(20000

(15000

(10000
(15000

(5000
(10000

\lu U L,«w-« ro
T T T T T T T T T T T
33 32 31 30 29 28 27 26 25 24 23
1 (ppm)

(5000

T T T T T T T T T T T T T T
160 150 140 130 120 110 100 90 80 70 60 50 40 30 20
1 (ppm)

13C-NMR (t_24 h)

IrB; (1 equiv)
COE (5 equiv) SN TN
cyclohexane-di, Bpin
25 °C

98%
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320

[~300

[~280

[~260

[~180

[~160

[~140

[~120

[-100

?&%ﬂfﬁiﬁf{!ﬂ HC 06/17/2019 b4 328
Nogegolipling 'S
as o 388 222 Ly
o P - v =
dioxane
f-60 COE' 300
B . allylic
250
. IrB2H Lo /
[~200
30
150
20
IrB3
T ° 50
8
970 965 960 “9(.:;:“') 950 945 940 H ,
T
|§ T T T T
CO E’ 30 25\ "(:.p(')")/ 15 10
vinyl . .
Borylated dihexylamine
b1
f Iy T 1
£ i i 2
B s 7 6 5 4 3 . 2 i 0 H 2 3 4
(ppm)
'H-NMR (t_5 min)
50
BOB
0
--50
=100
® % m 5 . % % m 2 % m B m B @ = m B = & @ w

1(ppm)

11B-NMR (t_5 min)
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320

280

220

180

160

100

60

40

o

=20

593-tt 80 o4
starting wﬁ;i HC 06/17/2019
decoupling | |~
Y, dioxane 300
~
250
1
200
COE, |
[— 150
i a”
) N 100
Borylated dihexylamine j s
H o
2
©
29 28 27 26 25 24 2. 22 21 20 19 1.8f 17 1.6 15 14 13 12 11 1.0 09 0.8
28 58 = 1 (ppm) -
oo aa g
1T 1] oo H
| |
- -2
-1
-0
50 55 -6.0
1 (ppm)
| T 1 T
r !
H s s 3
10 9 8 7 6 5 3 2 ) -2 -3 -5 -6
1 (ppm)

IH-NMR (t_24 h)
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snonr.2id
ters - HC 06/17/2019

2428

217

150
[-100
I-50
I--50
--100
40 39 38 37 36 35 34 33 32 30 29 28 27 26 25 24 22 21 20 19
1 (ppm)
>{1H} starting parameters - HC 06/17/2019
5 g g 3 misr 2
5 g 8 8 32 s
F-30000 [ I
8 8 3 R
§ 8 S (I g
i -25000
20000
-15000
-10000
5000
-0
33 32 31 30 29 28 27 26 25 24
1 (ppm)
Al“‘ ‘\ l . (| ] . N " "
T T T T T T T T T T T T T T
160 150 140 130 120 110 100 90 80 70 60 50 40 30 20
1 (ppm)

13C-NMR (t_24 h)
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[phenol]

OH . OBpin
IrB3 (1 equiv)
cyclohexane-d;» -
25°C
(1 equiv) 95%
e Borylated phenol Loo oo
8 80
. L [-90
-~ |dioxane *
[-60
Lso 80
/ - 40
Lao 70
20
60
10
B £ S
7?7 7.‘6 7!5 7.|4 7.'3 7.'2 7{| 7.I0 6‘9 68 617 6?6 4 614 6?3 6?2 G‘.‘I S!O 519
1 (gpm)
[~40
COE,
Free allylic
dtbpy
COE, Lo
L vinyl IrB2H
PRI N . " w Lol
i T t
10 o s 7 6 5 a 3 . 1 0 3 2 3 a 5
1 (ppm)

'H-NMR (t_5 min)
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Jpm bnmr. 2.fi

fid
rameters - HC 06/17/2019 300

2172

280

260

240

220

200

180

160

140

120

100

f--40

~-80

T T T T T T T T T T T T T T T T T T T T T T T T
40 39 38 37 36 35 34 33 32 31 30 29 28 27 26 25 24 23 22 21 20 19 18 17
1 (ppm)

1B-NMR (t_5 min)
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5-tt 950pm. 2 fid
ting parameters - HC 06/17/2019
oupling

687

Borylated

phenol

—687

254

Free
dtbpy

dioxane

COE,
vinyl

L

6.8 6.7
1 (ppm)

COE,
allylic

N—

8000

6.3

6.2

6.1

6.0

59

5.8

110

100

[-90

[-60

50

-0

Opm bnmr.3.fid
arameters - HC 06/17/2019
)

~

IH-NMR (t_24 h)

T T

3
1 (ppm)

2170

T
33 32 31 30

T T
29 28
1 (ppm)
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260

240
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S$G-576-11617pm.1.fid
H starting parameters - HC 06/17/2019
No decoupling

IrB2H

18

!Freedtbpy 1 J-/L aL

11B-NMR (t_24 h)

OH IrB; (1 equiv) OBpin
COE (5 equiv)

cyclohexane-d;, -
25°C

(1 equiv) 98%

—710
—6.87

dioxane

Borylated phenol

2
°

130"

T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T
96 95 94 93 92 91 90 89 88 87 86 85 84 83 82 81 80 79 7. 770 I 75 74 73 72 71 70 69 68 67 66 65 64 63 62 61 60

1559 —

(ppr'n)

COE,
allylic

569

2

1

o

NS IL

-65
1 (ppm)

59
120

110

[~100

[~90

3.36 =

S
©
©
<4

1 (ppm)

'H-NMR (t_5 min)
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17pm bnmr.2.fid
arameters - HC 06/17/2019
3

280

271

260

240

220

200

180

160

140

120

100

80

60

40

20

T T T T T T T T T T T T T T T T T T T T T T T T
40 39 38 37 36 35 34 33 32 31 30 29 28 27 26 2 24 23 22 21 20 19 18 17
1 (ppm)

1B-NMR (t_5 min)
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SG-576-11 730pm 4 fid
‘IH starting parameters - HC 06/17/2019
No decoupling

IrB2H

L

dioxane

Free dtbpy

L

Borylated phenol

—6.87

320

~300

280

260

&
o

-220

T T T T T T T T T T T T T T T T T
96 95 94 93 92 91 90 89 88 87 86 85 84 83 82 &1 80 79 7 77

COE,
vinyl

T T T T T
g 76 74 73 72 1
fflppm)

COE,
allylic

T
70

T T T T T T T T T T
69 68 67 66 65 64 63 62 61 60

-2

[-1

o

)

55
1 (ppm)

15.37 =T

240 —=

£
180
160
140
120

100

<

2
1 (ppm)

IH-NMR (t_24 h)
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1om bnmr.5.fid
rameters - HC 06/17/2019

2172

40 39 38 37 36 35 34 33 32 31 3 28 27 26 25 24

0 29
1 (ppm)

11B-NMR (t_24 h)
[aniline]

NH,
IrB; (1 equiv)

cyclohexane-d,» o
25°C

(1 equiv)

163

NHBpin

80%

320

300

280

260

240

220

200

180

160

140

120

100

F-20

(--40

60




)

IS
I /N’I"||I'.“Bpin
=~N""| ~Bpin
- Bpin 1

Sy S -

IrB3 \
.LU H l ﬂ /| A | free COE

T L E— T "sl" i T T T
E 3 38 g2 = @ FH 2 2
T T T T T T T T T T T T T T T T T T T T T T T T T
9.6 9.4 9.2 2.0 8.8 86 8.4 8.2 8.0 7.8 7.6 74 7.2 7. 6.8 66 64 6.2 6.0 5.8 56 5.4 5.2 5.0 as ae
1 (ppm)

'H-NMR (t_5 min)
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10-t11209pm.1.fid

o
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Borylated aniline
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.
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11B-NMR (t_24 h)
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11B-NMR (t_24 h)
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11B-NMR (t_24 h)
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- starting parameters - HC 06/17/2019
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11B-NMR (t_5 min)

185

I--60



ing parameters - HC 06/17/2019
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11B-NMR (t_24 h)
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Note: C—Bpin challenging to observe (104.14 ppm)
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Note: C—Bpin challenging to observe (104.14 ppm)

1.4.4 Synthesis of Borylated Additives

General Procedure 1

HBpin (1 equiv)
EtsN (x mol%)
additive > borylated additive
MeCN
y°C

(1 equiv)

In a glovebox, under an inert atmosphere of nitrogen, to a 4-mL vial equipped with a stir bar
was added the additive (in this case, dodecylamine) (140 mg, 0.75 mmol) which was diluted
with an excess of acetonitrile (approximately 1 mL). HBpin (91 mg, 0.75 mmol) was added and
the solution was stirred for 18 h.

General Procedure 2

201



HBpin (10 equiv) .
additive - borylated additive
cyclohexane

100 °C, 18 h

(1 equiv)

In a glovebox, under an inert atmosphere of nitrogen, to a 4-mL vial equipped with a stir bar
was added the additive (in this case, 1-hexanol) (30 mg, 0.3 mmol) which was diluted with
cyclohexane (650 ul). HBpin (0.4 mL, 3 mmol) was added. The vial was sealed and allowed to
stir at 100 °C for 18 h. The vial was allowed to cool to room temperature. The borylated
compound was diluted with CsD1, for *H-NMR, *B-NMR and 3C-NMR spectroscopy.

General Procedure 3

[Ir(OMe)(COD)], (2.5 mol%)
dtbpy (5 mol%)
Bopin, (1 equiv)
additive - borylated additive
cyclohexane
temp, time

(1 equiv)

In a glovebox, under an inert atmosphere of nitrogen, to a 4-mL vial equipped with a stir bar
was added [Ir(OMe)(COD)]2 (10 mg, 0.02 mmol), dtbpy (10 mg, 0.04 mmol) and B;pin; (200 mg,
0.8 mmol). The contents were diluted with cyclohexane (1 mL) and then heated to 80 °C for 1 h
to make for a homogeneous dark red solution. This catalyst solution was cooled to 25 °C inside
the glovebox. Then, to this solution was added the additive (in this case, cyclooctanone) (100
mg, 0.8 mmol). The vial was sealed and then heated at the designated temperature for the
designated amount of time.

Reactivity at Bpin Ligand
[2-(hexyloxy)-4,4,5,5-tetramethyl-1,3,2-dioxaborolane]*?

~"""0Bpin
CAS_2047809-94-7
General Procedure 2
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'H-NMR
Note: 1.19 ppm singlet belongs to BOB impurity and is distinct from the methyls of Bpin on the
product as the singlet at 1.17 ppm
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Note: BOB impurity and product are indistinguishable by 'B-NMR spectroscopy

204



6-pure2.fid L
ype CCO8050735 F-600000 1800000

on

—3250
—3247

65.04
3250
3247
2497
24.85
14.38

F-500000 (1700000

827
— 822
<
—3077
X
2353

[~400000 1600000

[ 300000 F-1500000

[~200000
1400000

[~100000
1300000

-0

1200000

T T T T
33.0 328 326 324 322 320
1 (eom) [~1100000

[~1000000
[~900000
800000
[~700000
[~600000
[~500000
[~400000
[~300000

| [~200000

100000
U T N TUAMANAY f W M W L Ll L W -0

[~-100000

e

T T T T T T T T
80 75 70 65 60 55 50 45 40 35 30 25 20 15
1 (ppm)

13C-NMR
Note: Based on authentic sample of BOB impurity 82.73 ppm and 24.97 ppm belong to BOB
impurity, and 82.27 ppm and 24.85 ppm belong to product

[2-(hexan-3-yloxy)-4,4,5,5-tetramethyl-1,3,2-dioxaborolane]
OBpin

Unknown
General Procedure 2 but with 0.5 equiv HBpin and CsD12 as solvent

205



0D.1.fid o
00 BBFO Broton starting parameters.06/03/22 HC

146
146
121

091

<

2800

2600

2400

2200

7 - — [ [-2000

1800

1600

1400

~1200

~1000

800

600

400

~200

%T

~-200

1206
944{

0.33
9563

T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T
41 40 39 3.8 37 36 35 34 33 32 31 30 29 28 27 26 25 24 23 22 21 20 19 18 17 16 15 14 13 12 11 10 09
1 (ppm)

'H-NMR
Note: the labeled peaks belong to the borylated alcohol. Unlabeled integrated peaks belong to
residual alcohol (characteristic alpha proton around 3.5 ppm shows good separation from that
of the borylated alcohol around 4 ppm). Peaks for residual alcohol and borylated alcohol
overlap around 1.4 ppm, along with residual peaks for CsD12. Peaks for residual alcohol and
borylated alcohol overlap around 0.9 ppm.
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11B-NMR
[4,4,5,5-tetramethyl-2-((3-methylpentan-3-yl)oxy)-1,3,2-dioxaborolane]

'Y

Unknown
General Procedure 2 but with 0.5 equiv HBpin and CsD12 as solvent
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'H-NMR
Note: the labeled peaks belong to the borylated alcohol. Unlabeled integrated peaks belong to
residual alcohol
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11B-NMR

[N-dodecyl-4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-amine]

Unknown
General Procedure 1 at 25 °C. Reaction starts out as a slurry but upon stirring overnight clears
out to a homogeneous solution. An aliquot was taken and diluted with CsD12
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Note: the singlet around 1.8 ppm belongs to MeCN solvent. A minor amount of starting material
can be observed
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[4,4,5,5-tetramethyl-2-(octylthio)-1,3,2-dioxaborolane]

0]

NN B
Unknown
General Procedure 2. Due to instability of product upon concentration instead an aliquot of the
non-concentrated reaction mixture was taken and diluted with CeD15.
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Note: the large peaks around 1.1 ppm are the overlapping Bpin methyls of the product, HBpin
and BOB impurity
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Note: the unlabeled peaks around 83 ppm belong to the quaternary carbons of residual HBpin
and BOB impurity. The unlabeled peaks around 25 ppm belong to the methyl peaks of residual
HBpin and BOB impurity

[N-methyl-N-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)butyramide]

(0]
/\)LN/
Bpin
Unknown
General Procedure 1 with added 1 mol% EtsN and an elevated temp of 120 °C. Aliquot of
reaction mixture was diluted in C¢D12 for NMR spectroscopic analysis
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Note: singlet around 1.8 ppm is MeCN solvent. Unlabeled peak around 1.2 ppm belongs to the

methyls of BOB impurity. Minor residual starting material can be seen
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13C-NMR

Note: the unlabeled peaks around 115 and 1 ppm belong to MeCN solvent. The unlabeled peak

P.10.fid
€Co80!

1e0501 ¥

50122

around 83 ppm belongs to the quaternary carbons of BOB impurity. The methyls of BOB

impurity overlap with those of the product
Reactivity at Ir

[1H-Pyrazole-1-carboxylic acid, 4-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)-, 1,1-

dimethylethyl ester]**
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[2-(3,5-Dimethylphenyl)-4,4,5,5-tetramethyl-1,3,2-dioxaborolane]*6
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CAS_325142-93-6
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Note: C—Bpin is not observable

[(E)-2-(cyclooct-1-en-1-yloxy)-4,4,5,5-tetramethyl-1,3,2-dioxaborolane]

OBpin

Unknown
General Procedure 3 conducted at 50 °C

226

[~3400000

[~3200000

[~3000000

[~2800000

[~2600000

[~2400000

[~2200000

[~2000000

[~1800000

[~1600000

[~1400000

1200000

1000000

[~800000

[~600000

[~400000

[~200000

-0

[~-200000




0.fid
2C08050122
0501 cyclohexane foptjnmrdatafstorage shirleyguo 47 [ s o L 6500000
N N4 [ [
(6000000
(5500000
5000000
X g 3% &
SN N 2 22 2 L0000
I [0 [-4500000
150000 (4000000
[-3500000
{~100000
(3000000
(50000
(2500000
— T [0
Q ] (2000000
T T T T T
215 210 205 200 195
1 (ppm)
(1500000
(1000000
500000
| I
it [ I
o
T r T
8 i S {--500000
T T T T T T T T T T T T T T T T T T T T T T
5.0 48 46 44 42 40 3.8 36 34 30 2.8 26 24 22 20 1.8 16 14 12 10 0.8
1 (ppm)

H-NMR

227



-692-111.tid
sedtype CC08050122
cocnmr.neo501 cyclohexane jopt/nmrdata/storage shirleyguo 47

21.36

[~550000

500000

[~450000

[~400000

350000

[~300000

250000

[~200000

150000

100000

50000

T T T T T T T T T T T T T T T T T T T T T T T T T T
40 39 38 37 36 35 34 33 32 31 30 29 28 27
1 (ppm)

11B-NMR
Note: confirms only O—borylation took place (no C—borylation peak observed). Borylated
compound overlaps with BOB impurity. HBpin impurity observed
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2CC08050122
1rneo91 cyclohexane foptnmidatalsorage shiteyguo 47 3 s 5290 s
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185 150 145 140 135 130 125 120 115 110 105 100 95 90 8 80 75 70 65 60 55 50 45 40 35 30 25 20
1 (ppm)

13C-NMR
Note: confirms no residual cyclooctanone starting material

[methyl 3-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)propanoate]*’

0]
Bpin/\)J\OMe

CAS_1150561-77-5

[N,N-dimethyl-3-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)propanamide]*’

)

BpinA)L NMe,

CAS_134892-18-5

[rel-2-[(1R,2S5)-2-Bromocyclopropyl]-4,4,5,5-tetramethyl-1,3,2-dioxaborolane]*

D “Br
Bpin

CAS_1396215-92-1
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[rel-2-[(1R,2R)-2-Bromocyclopropyl]-4,4,5,5-tetramethyl-1,3,2-dioxaborolane]*®

D—-Br

Bpin’
CAS 1396216-45-7

[(-)-2-(1-Bromopropyl)-4,4,5,5-tetramethyl-1,3,2-dioxaborolane]*

/\(Br

Bpin
CAS_1584694-33-6
Note: (+) CAS_1584694-34-7

[2-(2-Bromo-1-methylethyl)-4,4,5,5-tetramethyl-1,3,2-dioxaborolane]*°

Bpin
)\/ Br

CAS_2176497-16-6

[4,4,5,5-Tetramethyl-2-(phenylethynyl)-1,3,2-dioxaborolane]°?

o

CAS_159087-45-3
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1 (o) 3000000
2000000
i
M (1000000
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F--1000000
Eaia e T
s
g 8 2 F-2000000
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H-NMR
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2433
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[~100000

[~-100000

[~-200000

~-300000

32 %0 2 26 24 2 20 1 1 1w 12 1 & 6 4 2 0
1 (ppm)

11B-NMR
Note: a minor amount of BOB impurity can be seen as a shoulder peak overlapping with the

main peak
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e CC08050122

nr.neog01 44
J

8

7000000

— 8266
25.09

6500000

~1284

—123.
10079

—83.88

129,

[~6000000

5500000

[~5000000

4500000

[~4000000

3500000

[~3000000

2500000

~2000000

[~1500000

1000000

[~500000

~-500000

—TTT— 77— T T T —T 77— T T T T —— T
135 130 125 120 15 110 105 100 95 90 85 80 75 70 65 60 55 50 45 40 35 30 25
1 (ppm)

13C-NMR
Ambident Reactivity
[N,N-dihexyl-4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-amine]

/\/\/\,E\;,p/in\/\/\
Unknown
General Procedure 1 conducted at 25 °C. An aliquot of the terminal reaction mixture was taken
to which a drop of dihexylamine starting material was added. The mixture was diluted with
CeD12
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10 fid 850000
»e CC08050735

1.07

&
;’ (800000
750000
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/// / 600000
550000
~500000
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[~350000
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150000

[~100000

50000

-0

~-50000

T T T T T T T T
8 27 26 25 24 23 22 21 20 19 18 17 16 15 14 13 12 11 10 09
1 (ppm)

'H-NMR
Note: the triplet around 2.5 ppm belongs to the alpha protons of added dihexylamine to show
its resolution with those of borylated dihexylamine. The methyl protons of both dihexylamine
and borylated dihexylamine overlap at 0.83 ppm. Residual MeCN can be seen at around 1.75

ppm
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C08050735

2448

40

26 25 24 23 2 21 20 19 18 17 16 15 14 13 12 11 10
1 (ppm)

11B-NMR
Note: the unlabeled peak around 21 ppm belongs to BOB impurity

235

1100000

[~1000000

900000

[~800000

[~700000

[~600000

[~500000

[~400000

[~300000

[~200000

[~100000

[~-100000




SG-588.12.fid
Speedtype CC08050735

3264

3004

2724
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[~4000000
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F1.5x10

[~2000000
[~1000000
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32 31
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F-1.0x107
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0.0

T
115 10

T
106

T
100 96 90

85

T T
80 75

T T
70 65

T
60 55
1 (ppm)

T
50

13C-NMR

Note: the unlabeled peaks around 1 ppm & 115 ppm belong to residual MeCN. The remaining
unlabeled peaks belong to the added dihexylamine and demonstrate its resolution with the

borylated dihexylamine (labeled peaks)

T T T
45 40 35

30

25

[4,4,5,5-Tetramethyl-2-phenoxy-1,3,2-dioxaborolane]>?

non-concentrated reaction mixture was taken and diluted with CsD12

OBpin

CAS_95770-20-0
General Procedure 2. Due to instability of product upon concentration instead an aliquot of the
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H-NMR
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[~6000000

5000000
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[~3000000

[~2000000

[~1000000

[~-1000000

Note: the unlabeled peak around 1.1 ppm belongs to the methyls of residual HBpin

237



2877
2769
2170
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29
1 (ppm)

11B-NMR
Note: the unlabeled shoulder peak around 21 ppm belongs to BOB impurity
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652121d
Jtype CCO8050735

15475
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83.38
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83.38
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500000

T T T T T T T T T T T T T T T T T T T T T T T T T T T
185 150 145 140 135 130 125 120 115 110 105 100 95 90 8 8 75 70 65 60 55 50 45 40 35 30 25
1 (ppm)

13C-NMR
Note: the unlabeled peaks around 83 ppm belong to the quaternary carbons of residual HBpin
and BOB impurity. The unlabeled peak at 27.78 ppm is cyclohexane solvent. The unlabeled peak
around 25.4 ppm belongs to the methyls of residual HBpin. The methyls of residual BOB
impurity overlap with those of the product at 25.04 ppm

[4,4,5,5-Tetramethyl-N-phenyl-1,3,2-dioxaborolan-2-amine]>3

NHBpin

CAS_857402-61-0
General Procedure 1 but with an added 1 mol% EtsN and an elevated temperature of 120 °C.
Residual solvent was evaporated. To the crude was added a minimal amount of acetonitrile. The
mixture was stirred briefly and then the filtrate decanted. This purification method was
repeated twice more. A sample of the purified crystal was diluted in CgD12.
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H-NMR
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T T T T T T T T T T T T
40 38 36 34 32 30 28
1 (ppm)
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12-filtrate 2.12.fid
itype CC08050122
>enmr.neo5Q cyclohexane opt/nmidata/storage shirlgyggo 7 < .
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8
S
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T T T T T T T T
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160 145 140 136 130 126 120 15 110 108 100 95 90 85 80 75 70 65 60 56 50 45 40 35 30 25 20 15
1 (ppm)

13C-NMR

[4,4,5,5-Tetramethyl-2-(phenylthio)-1,3,2-dioxaborolane]**

SBpin

CAS_1443045-55-3

[3-Methyl-5-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)pyridine]*?

N
/Ej\
Bpin =

CAS_1171891-42-1
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H-NMR

40

35

~-60000

[~-70000

[~-80000

~-90000

[~-100000

[~-110000

[~-120000

~-130000

[~-140000

~-150000

~-160000

[~-170000

[~-180000

~-190000

[~-200000

T T T T T T T T T T T
33 32 31 30
1 (ppm)

243

[~3400000

3200000

3000000

[~2800000

2600000

[~2400000

2200000

[~2000000

~1800000

[~1600000

[~1400000

1200000

1000000

[~800000

[~600000

[~400000

[~200000

-0

[~-200000




SG-640-DPnew12.fid 250000
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1 501 (240000
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T T T T T T T T T T T T T T T T
160 150 140 130 120 10 100 90 80 70 60 50 40 30 20 10
1 (ppm)

13C-NMR
Note: C—Bpin not observed

[2-(2-Butyn-1-yl)-4,4,5,5-tetramethyl-1,3,2-dioxaborolane]>®

—\
Bpin

CAS 2249756-26-9
[2-(1,2-Butadien-1-yl)-4,4,5,5-tetramethyl-1,3,2-dioxaborolane]>®
Bpin
/_—/
CAS 1427165-74-9
[(Benzothiophen-2-yl)boronic acid pinacol ester]>’

S

CAS_376584-76-8
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H-NMR
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SG-641-DPnew.12.fid
Speedtype CC08050122
1 504

34

5 e
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T T T
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T T T T T T T T T T T T T T T T T T T T T T
135 130 125 120 M5 10 105 100 95 90 85 80 75 70 65 60 55 50 45 40 35 30
1 (ppm)

13C-NMR
Note: C—Bpin not observed

[7-Methyl-2-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)-1H-indole]>®

H
N

/ Bpin

CAS_912331-68-1
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11B-NMR
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13C-NMR
1.4.5 NMR Spectroscopy of Additives in Cyclohexane-di2
Reactivity at Bpin Ligand

[1-hexanol]
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'H-NMR
Note: compound overlaps with cyclohexane-di;

[3-hexanol]
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'H-NMR
Note: compound overlaps with cyclohexane-di;

[3-methyl-3-pentanol]
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'H-NMR
Note: compound overlaps with cyclohexane-di;

[dodecylamine]
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'H-NMR (in cyclohexane)
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13C-NMR (in cyclohexane)
Note: for a long aliphatic chain compound some C peaks will overlap

[octanethiol]
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'H-NMR
Note: compound peaks overlap with CsD12

[N-methylbutyramide]
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'H-NMR (in cyclohexane-h12/d12)
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1.4.6 Solutions for Additives which Impede the Catalytic C—H Borylation Reaction
Borylation of Octanethiol
In a glovebox, under an inert atmosphere of nitrogen, to a 4-mL vial equipped with a stir bar
was added octanethiol (50 mg, 0.3 mmol). The vial was diluted with cyclohexane (650 ulL). Then,
pinacolborane (0.4 mL, 3 mmol) was added. The vial was sealed and allowed to stir at 100 °C for

17 h. The reaction was cooled to ambient temperature and then residual solvent was
concentrated down with a Genevac. *H-NMR vyield. Full conversion.
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Deprotection of Borylated Octanethiol
In a glovebox, under an inert atmosphere of nitrogen, to a 4-mL vial equipped with a stir bar
which contained the borylated octanethiol (80 mg, 0.3 mmol) was added 3-methylpentan-3-ol

(300 mg, 3 mmol). Then, cyclohexane (600 ulL) was added. The vial was sealed and allowed to
stir at 100 °C for 19 h. The reaction was cooled to ambient temperature. *H-NMR yield, 90%.
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Catalytic Borylation of Arene 2 in the Presence of Octyliodide in CsD1;

In a glovebox, under an inert atmosphere of nitrogen, to a 4-mL vial equipped with a stir bar
was added bis(1,5-cyclooctadiene)di-u-methoxydiiridium(l) (7 mg, 0.01 mmol, 0.025 equiv),
4,4'-di-tert-butyl-2,2'-dipyridyl (6 mg, 0.02 mmol, 0.055 equiv), and bis(pinacolato)diboron (100
mg, 0.4 mmol, 1 equiv). Then, cyclohexane (2 mL) was added. The vial was sealed and allowed
to stir at 80 °C for > 1 h. The vial was then brought back into the glovebox to let cool to ambient
temperature. This catalyst solution is a homogeneous dark red solution.

In a glovebox, under an inert atmosphere of nitrogen, to a separate 4-mL vial equipped with
a stir bar was added 2-chloro-4-fluoro-1-methylbenzene (60 mg, 0.4 mmol, 1 equiv) and 1-
iodooctane (90 mg, 0.4 mmol, 1 equiv). The catalyst solution was transferred to this vial which
was then sealed and allowed to stir at 80 °C for 19 h. The reaction was cooled to ambient
temperature. 'H-NMR vyield, 87%. Dioxane used as an external standard.
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Catalytic Borylation of Arene 2 in the Presence of Octyliodide in THF-ds

In a glovebox, under an inert atmosphere of nitrogen, to a 4-mL vial equipped with a stir bar
was added bis(1,5-cyclooctadiene)di-u-methoxydiiridium(l) (7 mg, 0.01 mmol, 0.025 equiv),
4,4'-di-tert-butyl-2,2'-dipyridyl (6 mg, 0.02 mmol, 0.055 equiv), and bis(pinacolato)diboron (100
mg, 0.4 mmol, 1 equiv). Then, THF (2 mL) was added. The vial was sealed and allowed to stir at
80 °C for > 1 h. The vial was then brought back into the glovebox to let cool to ambient
temperature. This catalyst solution is a homogeneous dark red solution.

In a glovebox, under an inert atmosphere of nitrogen, to a separate 4-mL vial equipped with
a stir bar was added 2-chloro-4-fluoro-1-methylbenzene (60 mg, 0.4 mmol, 1 equiv) and 1-
iodooctane (90 mg, 0.4 mmol, 1 equiv). The catalyst solution was transferred to this vial which
was then sealed and allowed to stir at 80 °C for 19 h. The reaction was cooled to ambient
temperature. 'H-NMR vyield, 44%. Dioxane used as an external standard.
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2.1 Introduction

The C—H borylation reaction exclusively furnishes boronate ester products. While boronate
esters are highly useful, easily derivatized, synthetic handles there are a select number of
derivatizations which do not perform well with boronate esters and instead select for boronic
acids. A mild and facile bpin deprotection methodology would extend the utility of the C—H
borylation reaction into boronic acid selective derivatizations. Such a deprotection methodology
was published in 2019 by Hinkes and Klein! wherein methylboronic acid is employed (Figure
2.1). Methylboronic acid and its diol ester byproducts are volatile species, remnants of which
are easily removed at the end of the deprotection by simple evaporation.! This facile
purification enables a seamless transition from the boronate ester product of the C—H
borylation reaction to its corresponding boronic acid as a substrate for boronic acid selective
transformations.

OH o) o) E
/

Me~8 {J;lati/g Me~8( i or Me~{ ]@L
. o o o

O
R-B i monophasic

0 transesterification OH

or » R-B

o various solvents, acidic/basic conditions OH
R_B/ :@L
\
(0}

purification by evaporation 19 examples
R = aromatic, aliphatic, peptidic up to 99% yield
Figure 2.1 Deprotection of arylboronic esters to arylboronic acids with methylboronic acid?;
Reprinted (adapted) with permission from Org. Lett. 2019, 21, 9, 3048—-3052. Copyright 2019
American Chemical Society

A survey was taken of synthetically useful transformations that may be boronic acid
selective to determine their efficacy on boronate esters versus their corresponding boronic
acids. Many boronic acid selective reactions of high synthetic value were revealed thereby
expanding the scope of the C—H borylation reaction.

2.2 Results and Discussion
2.2.1 Deprotection
2.2.1.1 Deprotection of Electron Rich Aryl BPin

Of the boronic esters successfully transformed into boronic acids by Hinkes and coworkers,
2-(3,5-dimethylphenyl)-4,4,5,5-tetramethyl-1,3,2-dioxaborolane was not included.! However,
this deprotection of 2-(3,5-dimethylphenyl)-4,4,5,5-tetramethyl-1,3,2-dioxaborolane had been
studied by Murphy and coworkers in their publication on the one-pot synthesis of arylboronic
acids by Ir-catalyzed borylation of arenes (Figure 2.2).2 Murphy and coworkers utilized aqueous
NalOq to afford the corresponding boronic acid in 66% yield. Utilizing methylboronic acid,
however, drastically increased the yield of the boronic acid to 90%, and furthermore, allows for
a facile workup procedure (Figure 2.2).
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Table 1. Conversion of Crude, Isolated Arylboronic Esters to
Arylboronic Acids by Aqueous NalO4*
entry arene product %yield?

Me Me
1 QBpin @—B(QH)Z 66%
Me Me

Table 2. Conversion of Arenes to Arylboronic Acids by C—H
Borylation and Oxidative Hydrolysis®

entry arene product %yield®
Me Me
1 @ OB(OH)Z 54%
Me Me
Bpin B(OH)

MeB(OH), (24 equiv)

1:1 viv 0.1 N HCl/acetone
(90% isolated yield)

(1 equiv)

Workup: evaporation, re-dissolution in water/acetone, evaporation, re-
dissolution in acetone, evaporation

Figure 2.2 Deprotection of 2-(3,5-dimethylphenyl)-4,4,5,5-tetramethyl-1,3,2-dioxaborolane?;
Reprinted (adapted) with permission from Org. Lett. 2007, 9, 5, 757-760. Copyright 2007
American Chemical Society

2.2.1.2 Deprotection of Electron Poor Aryl BPin
Of the boronic esters successfully transformed into boronic acids by Hinkes and coworkers,
2-(4-chlorophenyl)-4,4,5,5-tetramethyl-1,3,2-dioxaborolane was not included.! With

methylboronic acid, the deprotection of 2-(4-chlorophenyl)-4,4,5,5-tetramethyl-1,3,2-
dioxaborolane afforded the corresponding boronic acid in high yield (83%) (Figure 2.3).

C( BPin  MeB(OH), (10 equiv) (j/ BOH).
cl 1:1 viv 0.1 N HCl/acetone cl

(83% isolated yield)

(1 equiv)
Figure 2.3 Deprotection of 2-(4-chlorophenyl)-4,4,5,5-tetramethyl-1,3,2-dioxaborolane

2.2.1.3 Deprotection of Heteroarenes
Lastly, few heteroarenes were included in the work by Hinkes and coworkers.! As

heteroarenes are an important class of compounds for Ir-catalyzed borylations a survey of the
deprotection of heteroarenes with methylboronic acid was taken (Figure 2.4). While most
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heteroarylboronic esters were not stable to this deprotection methodology that of 2-
(benzo[b]thiophen-2-yl)-4,4,5,5-tetramethyl-1,3,2-dioxaborolane (not represented in the work
by Hinkes and coworkers?) was successful affording the corresponding boronic acid in 94% yield.

MeB(OH), (10 equiv)
mein 2 > mB(OH)z
S 1:1 v/v 0.1 N HCl/acetone S

(94% yield)

(1 equiv)

MeB(OH), (10 equiv)
mein : > mB(OH)z
o 1:1 v/v 0.1 N HCl/acetone o)

(1 equiv) * Full conversion
* 2-boronic acid = major product
* Impurities in aryl region get progressively
worse with continued purification (product is
unstable)
Figure 2.4 Deprotection of 2-(benzo[b]thiophen-2-yl)-4,4,5,5-tetramethyl-1,3,2-dioxaborolane
versus that of 2-(benzofuran-2-yl)-4,4,5,5-tetramethyl-1,3,2-dioxaborolane

Bpin MeB(OH), (10 equiv) N\ B(OH),
1:1 viv 0.1 N HCl/acetone

Iz _

N
H
(1 equiv)

Messy aryl region; decomposition

Nj>~B o MeB(OH), (10 equiv) N N}B(QH)
BocN—/ —° 1:1 viv 0.1 N HCl/acetone ~ BocN-/ 2
(40% yield)

(1 equiv)

Remainder is de-boc material

Figure 2.5 Unsuccessful deprotections of heteroarenes

2.2.2 Reactions
2.2.2.1 Catalyst-Free Petasis-Type Reaction: Decarboxylative Coupling of Boronic Acid with
Proline & Salicylaldehyde for the Synthesis of Alkylaminophenols
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In 2018, Kaboudin and coworkers developed the synthesis of alkylaminophenols via a three-
component, catalyst-free decarboxylative coupling of proline with salicylaldehyde and boronic
acids (Figure 2.6).2 This boronic acid specific reaction was tested on both 2-(3,5-
dimethylphenyl)-4,4,5,5-tetramethyl-1,3,2-dioxaborolane and its corresponding boronic acid
(Figure 2.7). While 2-(3,5-dimethylphenyl)-4,4,5,5-tetramethyl-1,3,2-dioxaborolane did
underperform in this Petasis-type reaction when compared to the boronic acid it only did so by
10% still providing a modest 55% vyield of the corresponding alkylaminophenol. Therefore, this
methodology is not boronic acid specific and is indeed tolerant of the designated electron rich
boronic ester. The difference between the boronic ester and the boronic acid is more evident
when this methodology was applied to 2-(4-chlorophenyl)-4,4,5,5-tetramethyl-1,3,2-
dioxaborolane and its corresponding boronic acid. The electron poor boronic ester only
provided 13% yield of the corresponding alkylaminophenol whereas the boronic acid provided a
good yield of 65% of the alkylaminophenol. Therefore, the successful deprotection of 2-(4-
chlorophenyl)-4,4,5,5-tetramethyl-1,3,2-dioxaborolane afforded by methylboronic acid (Figure
2.3) is important because this Petasis-type reaction is boronic acid specific for this electron poor
aryl[B] compound.

1,4-dioxane
QCOzH + @CHO +Ar—B(OH), ———>an® _ N OH

, 2 reflux, 24-36h | f
Ar
1 2

©
prollne <—>\}7O (@) (@)
HCO, N OH N OH
©
salicylaldehyde
4 5A 5B
(o) o N N~ OH
N| 0 ArB(OH), \
Ar
B OH
5C 2

Figure 2.6 Catalyst-free Petasis-type reaction?; Reprinted (adapted) with permission from
Tetrahedron Letters 2018, 59, 1046—1049. Copyright 2018 American Chemical Society
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CHO 0 N OH
@[ + O_/( + AfB] —— >
o H OH

dioxane
H i0c
(1 equiv) (1 equiv) (1 equiv)
Ar[B] 1H-NMR yield
3,5-dimethylphenylboronic acid 65
3,5-dimethylphenylBpin 55
p-Cl-phenylboronic acid 65
p-Cl-phenylBpin 13

Figure 2.7 Catalyst-free Petasis-type reaction as boronic acid selective reaction
2.2.2.2 Rhodium-Catalyzed Asymmetric 1,4-Addition of Arylboronic Acids to Enones

In 1998, Takaya and coworkers developed the rhodium-catalyzed asymmetric 1,4-addition of
arylboronic acids to enones (Figure 2.8).# In this work, boronic acid selectivity was
demonstrated for two substrates (Figure 2.9, green). While 2-(4-chlorophenyl)-4,4,5,5-
tetramethyl-1,3,2-dioxaborolane only provided 10% yield of the corresponding beta-substituted
ketone product the corresponding boronic acid was able to increase that yield to a modest 45%.
Likewise, one equivalent of phenylboronic ester provided 25% yield of the corresponding beta-
substituted ketone product while one equivalent of phenylboronic acid doubled this yield to
50%. Therefore, the successful deprotection of 2-(4-chlorophenyl)-4,4,5,5-tetramethyl-1,3,2-
dioxaborolane (Figure 2.3) and of phenylboronic ester! afforded by methylboronic acid is
important because this rhodium-catalyzed asymmetric 1,4-addition of arylboronic acids to
enones is boronic acid specific for these aryl[B] compounds.

315



o Rh(acac)(C,Hy), (¢}

(83 mol % Rh)
S)-binap (1 eq to Rh
+ PhB(OH), %) p(1eq )
dioxane/H,0O Ph

1a 2m 100 °C (S)-3am
97% ee

Y

"@ @
0~ @‘f’

RB(OH),/H,0

P~thP .
@j @ R = aryl or alkenyl

@ The binaphthylene moiety in (S)-binap is omitted for clarity.
Figure 2.8 Rhodium-catalyzed asymmetric 1,4-addition of arylboronic acids to enones?;
Reprinted (adapted) with permission from J. Am. Chem. Soc. 1998, 120, 22, 5579-5580.
Copyright 1998 American Chemical Society

0 Rh(acac)(CsH,)» (5 mol%) (0]
(S)-binap (5 mol%)
+ Ar[B] >
10:1 v/v dioxane/water
temp, time Ar
(1 equiv) (x equiv)

Ar[B] temp time 32H-NMR

3,5-dimethylphenylboronic acid
3,5-dimethylphenylBpin

65 ovnt 25
65 ovnt 43

Ar[B] equiv. (°C) (h) yield

p-Cl-phenylboronic acid 5 100 3 13
p-Cl-phenylBpin 5 100 3 17
p-Cl-phenylboronic acid 5 65 ovnt 45
p-Cl-phenylBpin 5 65 ovnt 10
phenylboronic acid 5 65 ovnt 8o
phenylBpin 5 65 ovnt 8o
phenylboronic acid 1 65 ovnt 50
phenylBpin 1 65 ovnt 25

1

1
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Figure 2.9 Rhodium-catalyzed asymmetric 1,4-addition of arylboronic acids to enones as boronic
acid selective reaction

2.2.2.3 Chan-Lam

In 2017, en route to the development of a catalytic Chan-Lam, Vantourout and coworkers
described the boronic acid selective nature of the traditional Chan-Lam reaction (Figure 2.10).°
Here, the boronic acid selective nature of the traditional Chan-Lam was also demonstrated for
the electron poor para-chlorophenylboronic ester and acid compounds (Figure 2.11). Therefore,
the successful deprotection of 2-(4-chlorophenyl)-4,4,5,5-tetramethyl-1,3,2-dioxaborolane
(Figure 2.3) afforded by methylboronic acid is important because of the boronic acid selective
nature of the traditional Chan-Lam reaction.

(a) Chan-Lam amination of 11a/11b with alkyl amine 12 O
B(OR), O Cu(OAc), (1 equiv), Et;N (2 equiv) N
N CH.Cl,, air, 4 AMS, RT, 16 h
Ph H Ph

13a
B(OR), = B(OH),: 11a 12 Using 11a: 87% vyield
B(OR),=BPin: 11b (1 equiv) Using 11b: 28% yield

(2 equiv)

(b) Chan-Lam amination of 11a/11b with aryl amine 14

B(OR)2 Cu(OAc), (1 equiv), EtsN (2 equiv) NHPh
PhNH, >
CH,Cl,, air, 4 AMS, RT, 16 h
Ph Ph

15a
B(OR)2 = B(OH)2: 11a 14 Using 11a: 92% yield
B(OR), =BPin: 11b (1 equiv) Using 11b: 16% yield
(2 equiv)

Figure 2.10 Chan-Lam?®; Reprinted (adapted) with permission from J. Am. Chem. Soc. 2017, 139,
13, 4769-4779. Copyright 2017 American Chemical Society
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al Cu(OAc), (1 equiv) Cl
o N
(0, aHS B )

(2 equiv) (1 equiv)

Pdt:ArB(OH)2 =2:1

ol Cu(OAc), (1 equiv) Cl
\@\ HI‘\() EtsN (2 equiv) \©\
+ >
. 4AMS, DCM N
BPin 25'C Q

(2 equiv) (1 equiv)

Pdt:ArBPin = 0.2:1

Figure 2.11 Chan-Lam as boronic acid selective reaction

2.2.2.4 Petasis

In 2010, Mandai and coworkers developed an improved protocol for the Petasis reaction of
2-pyridinecarbaldehydes evaluating a scope of both vinyl and aryl boronic acids.® Here, to
demonstrate that the Petasis reaction is indeed boronic acid selective it was conducted with
both (4-methoxyphenyl)boronic ester and (4-methoxyphenyl)boronic acid (Figure 2.12). The
Petasis reaction with (4-methoxyphenyl)boronic ester did not provide the Petasis product. By
contrast, the Petasis reaction with (4-methoxyphenyl)boronic acid fully converted to the Petasis
product.

0 . (HO),B " NBn,
NSy + Ph7 N7 Ph 4 — 3
| H MeCN |
(full conversion)
(1 equiv) (1 equiv) (1 equiv)
Q PinB NBn,
N Ay + PN PR = S
| H ome MecN
Z 80 C OMe
(1 equiv) (1 equiv) (1 equiv)

Figure 2.12 Petasis as boronic acid selective reaction

318



2.2.2.5 Carbon-Carbon Bond-Forming Reductive Coupling between Boronic Acids &
Tosylhydrazones

In 2009, Barluenga and coworkers developed the metal-free carbon-carbon bond forming
reductive coupling between boronic acids and tosylhydrazones (Figure 2.13).” Here, the boronic
acid selective nature of the reaction was demonstrated in its comparison with the
corresponding boronic ester (Figure 2.14). Therefore, the successful deprotection of
phenylboronic ester® afforded by methylboronic acid is important because of the boronic acid
selective nature of the reductive coupling.

N
1
N
R2: )\ _OH
Ar-B(OH) 14 B=OH -N
2 R AK| 2
Ar
- v
N
NNHTs NNT. N v T
S -
— -Ts 2J\-IB(OH)2 — Z&H
R1 R2 B R1 JJ\ RZ R1 L RZ R Ar R Ar
I Vil Vil
I n
N /
Ar-B(OH) R
. " )
R /\R2 - J\ - OH
R? kB<OH
v |
Ar
Vi

Figure 2.13 Carbon-carbon bond-forming reductive coupling’; Reprinted (adapted) with
permission from Nature Chem 2009, 1, 494-499. Copyright 2009 American Chemical Society

T
N
~-N B(OH), K,COj; (2 equiv) O O
+ >
dioxane, 100 C
(40% yield)

(1 equiv) (2 equiv)

esponding reaction with ArBpin yielded 0% prod

Figure 2.14 Carbon-carbon bond-forming reductive coupling as boronic acid selective reaction
2.3 Conclusion

A few arenes and heteroarenes not in the original publication by Hinkes and Klein were
successfully deprotected and these substrates were utilized to screen for boronic acid selective
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synthetic reactions. Five varied and synthetically valuable reactions were found to be boronic
acid selective. These new substrates and boronic acid selective reactions extend the scope of
utility of the arene C—H borylation reaction. Given the demonstrated ease of purification of the
deprotection reaction, the extension of the arene C—H borylation reaction into these boronic
acid selective reactions should be able to be accomplished via a telescope. Future work would
include demonstration of the telescoping of these reactions as well as expansion of both
substrates available to deprotection and other boronic acid selective reactions.

2.4 Experimental
2.4.1 Deprotections

Deprotection of 2-(3,5-dimethylphenyl)-4,4,5,5-tetramethyl-1,3,2-dioxaborolane with
MeB(OH),

To a 20-mL vial equipped with a stir bar was added 2-(3,5-dimethylphenyl)-4,4,5,5-
tetramethyl-1,3,2-dioxaborolane (586 mg, 2.5 mmol, 1 equiv) and methylboronic acid (3.6 g, 60
mmol, 24 equiv). Then, added a 1:1 v/v 0.1N HCl/acetone solution (10 mL). The vial was sealed
and let stir at ambient temperature for 18 h. A clear homogeneous solution is obtained.

Residual solvents are removed via concentration in a Genevac. Then, iteratively, with a
minimum of two cycles the crude was diluted with an excess of water/acetone and then

concentrated in a Genevac to ensure full removal of residual methylboronic acid.

Yield was measured with *H-NMR spectroscopy against dioxane as an internal standard.
Acetonitrile-ds/D,0 solvents. The title compound was isolated as a white solid, 90%.
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11B-NMR

Deprotection of 2-(4-chlorophenyl)-4,4,5,5-tetramethyl-1,3,2-dioxaborolane with
MeB(OH),

To a 20-mL vial equipped with a stir bar was added 2-(4-chlorophenyl)-4,4,5,5,-tetramethyl-
1,3,2-dioxaborolane (298 mg, 1.25 mmol, 1 equiv) and methylboronic acid (0.75 g, 12.5 mmol,
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10 equiv). Then, added a 1:1 v/v 0.1N HCl/acetone solution (5 mL). The vial was sealed and let
stir at ambient temperature for 18 h. A clear homogeneous solution is obtained.

Residual solvents are removed via concentration in a Genevac. Then, iteratively, with a
minimum of two cycles the crude was diluted with an excess of water/acetone and then
concentrated in a Genevac to ensure full removal of residual methylboronic acid.

Yield was measured with 'H-NMR against dioxane as an internal standard. The title
compound was isolated as a solid, 83%.
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Deprotection of 2-(benzo[b]thiophen-2-yl)-4,4,5,5-tetramethyl-1,3,2-dioxaborolane

To a 20-mL vial equipped with a stir bar was added 2-(benzo[b]thiophen-2-yl)-4,4,5,5,-
tetramethyl-1,3,2-dioxaborolane (91 mg, 0.35 mmol, 1 equiv) and methylboronic acid (0.21 g,
3.5 mmol, 10 equiv). Then, added a 1:1 v/v 0.1N HCl/acetone solution (5 mL). The vial was
sealed and let stir at ambient temperature for 18 h. A clear homogeneous solution is obtained.

Residual solvents are removed via concentration in a Genevac. Then, iteratively, with a
minimum of two cycles the crude was diluted with an excess of water/acetone and then
concentrated in a Genevac to ensure full removal of residual methylboronic acid.

Yield was measured with 'H-NMR against dioxane as an internal standard. The title
compound was isolated as a solid, 94%.
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Deprotection of 2-(benzofuran-2-yl)-4,4,5,5-tetramethyl-1,3,2-dioxaborolane

To a 20-mL vial equipped with a stir bar was added 2-(benzofuran-2-yl)-4,4,5,5,-tetramethyl-
1,3,2-dioxaborolane (305 mg, 1.25 mmol, 1 equiv) and methylboronic acid (0.75 g, 12.5 mmol,
10 equiv). Then, added a 1:1 v/v 0.1N HCl/acetone solution (5 mL). The vial was sealed and let
stir at ambient temperature for 18 h. A homogeneous solution is obtained.

Residual solvents are removed via concentration in a Genevac. Then, iteratively, with a
minimum of two cycles the crude was diluted with an excess of water/acetone and then
concentrated in a Genevac to ensure full removal of residual methylboronic acid.

Initial *H-NMR showed full conversion to the desired product with some minor impurities

present. However, continued purification (as described above) resulted in increased impurities
formation. The title compound is unstable to the purification conditions.
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Deprotection of 7-methyl-2-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)-1H-indole

To a 20-mL vial equipped with a stir bar was added 7-methyl-2-(4,4,5,5,-tetramethyl-1,3,2-
dioxaborolan-2-yl)-1H-indole (321 mg, 1.25 mmol, 1 equiv) and methylboronic acid (0.75 g, 12.5
mmol, 10 equiv). Then, added a 1:1 v/v 0.1N HCl/acetone solution (5 mL). The vial was sealed
and let stir at ambient temperature for 18 h. A homogeneous solution is obtained.

Residual solvents are removed via concentration in a Genevac. Then, iteratively, with a
minimum of two cycles the crude was diluted with an excess of water/acetone and then

concentrated in a Genevac to ensure full removal of residual methylboronic acid.

The resulting *H-NMR shows a messy aryl region (decomposition).
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Deprotection of tert-butyl 4-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)-1H-pyrazole-1-
carboxylate

To a 20-mL vial equipped with a stir bar was added tert-butyl 4-(4,4,5,5,-tetramethyl-1,3,2-
dioxaborolan-2-yl)-1H-pyrazole-1-carboxylate (368 mg, 1.25 mmol, 1 equiv) and methylboronic
acid (0.75 g, 12.5 mmol, 10 equiv). Then, added a 1:1 v/v 0.1N HCl/acetone solution (5 mL). The
vial was sealed and let stir at ambient temperature for 18 h. A heterogeneous mixture with
white solids results.

Residual solvents are removed via concentration in a Genevac. Then, iteratively, with a
minimum of two cycles the crude was diluted with an excess of water/acetone and then

concentrated in a Genevac to ensure full removal of residual methylboronic acid.

Yield was measured with 'H-NMR against dioxane as an internal standard. The title
compound was formed in 40% yield (remainder is de-Boc material).
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2.4.2 Reactions
Catalyst free petasis with 3,5-dimethylphenylboronic acid
To a 4-mL vial equipped with a stir bar was added (3,5-dimethylphenyl)boronic acid (30 mg,
0.2 mmol, 1 equiv), L-proline (25 mg, 0.2 mmol, 1.1 equiv), and 2-hydroxybenzaldehyde (20 mg,
0.2 mmol, 1.1 equiv). The vial was diluted with dioxane (1.6 mL) and the reaction was stirred at

100 °C for 23 h. The vial was cooled to ambient temperature to make for a homogeneous light
orange solution.

'H-NMR yield was measured against trimethoxybenzene as an internal standard, 65%.
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H-NMR

Catalyst free petasis with 2-(3,5-dimethylphenyl)-4,4,5,5-tetramethyl-1,3,2-
dioxaborolane

To a 4-mL vial equipped with a stir bar was added 2-(3,5-dimethylphenyl)-4,4,5,5-
tetramethyl-1,3,2-dioxaborolane (50 mg, 0.2 mmol, 1 equiv), L-proline (25 mg, 0.2 mmol, 1.1
equiv), and 2-hydroxybenzaldehyde (20 mg, 0.2 mmol, 1.1 equiv). The vial was diluted with
dioxane (1.6 mL) and the reaction was stirred at 100 °C for 23 h. The vial was cooled to ambient
temperature to make for a homogeneous light orange solution.

'H-NMR yield was measured against trimethoxybenzene as an internal standard, 55%.
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'H-NMR
Catalyst free petasis with 4-Chlorophenylboronic acid
To a 4-mL vial equipped with a stir bar was added (4-chlorophenyl)boronic acid (30 mg, 0.2
mmol, 1 equiv), L-proline (25 mg, 0.2 mmol, 1.1 equiv), and 2-hydroxybenzaldehyde (20 mg, 0.2
mmol, 1.1 equiv). The vial was diluted with dioxane (1.6 mL) and the reaction was stirred at 100
°C for 23 h. The vial was cooled to ambient temperature to make for a homogeneous light

orange solution.

'H-NMR yield was measured against trimethoxybenzene as an internal standard, 65%.
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H-NMR

To a 4-mL vial equipped with a stir bar was added 2-(4-chlorophenyl)-4,4,5,5-tetramethyl-
1,3,2-dioxaborolane (50 mg, 0.2 mmol, 1 equiv), L-proline (25 mg, 0.2 mmol, 1.1 equiv), and 2-
hydroxybenzaldehyde (20 mg, 0.2 mmol, 1.1 equiv). The vial was diluted with dioxane (1.6 mL)
and the reaction was stirred at 100 °C for 23 h. The vial was cooled to ambient temperature to
make for a homogeneous light orange solution.

'H-NMR yield was measured against trimethoxybenzene as an internal standard, 13%.
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'H-NMR
Rhodium-Catalyzed Asymmetric 1,4-Addition with p-Cl-phenylboronic acid

In a glovebox, under an inert atmosphere of nitrogen, to a 4-mL vial equipped with a stir bar
was added acetylacetonatobis(ethylene) rhodium(l) (5 mg, 0.02 mmol, 0.05 equiv), S-(-)-2,2’-
bis(diphenylphosphino)-1,1’-binaphthalene (0.02 mmol, 0.055 equiv), (4-chlorophenyl)boronic
acid (2 mmol, 5 equiv) and cyclohex-2-en-1-one (0.4 mmol, 1 equiv). The vial was diluted with
dioxane (2 mL) and water (0.2 mL) and the reaction was stirred at 65 °C for 17 h. The vial was
cooled to ambient temperature. The solution was syringe filtered to remove black particulates.

'H-NMR yield was measured against trimethoxybenzene as an internal standard, 45%.
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'H-NMR
Rhodium-Catalyzed Asymmetric 1,4-Addition with p-Cl-phenylBpin

In a glovebox, under an inert atmosphere of nitrogen, to a 4-mL vial equipped with a stir bar
was added acetylacetonatobis(ethylene) rhodium(l) (5 mg, 0.02 mmol, 0.05 equiv), S-(-)-2,2’-
bis(diphenylphosphino)-1,1’-binaphthalene (0.02 mmol, 0.055 equiv), 2-(4-chlorophenyl)-
4,4,5,5-tetramethyl-1,3,2-dioxaborolane (2 mmol, 5 equiv) and cyclohex-2-en-1-one (0.4 mmol,
1 equiv). The vial was diluted with dioxane (2 mL) and water (0.2 mL) and the reaction was
stirred at 65 °C for 17 h. The vial was cooled to ambient temperature. The solution was syringe
filtered to remove black particulates.

'H-NMR yield was measured against trimethoxybenzene as an internal standard, 10%.
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'H-NMR
Rhodium-Catalyzed Asymmetric 1,4-Addition with phenylboronic acid

In a glovebox, under an inert atmosphere of nitrogen, to a 4-mL vial equipped with a stir bar
was added acetylacetonatobis(ethylene) rhodium(l) (5 mg, 0.02 mmol, 0.05 equiv), S-(-)-2,2’-
bis(diphenylphosphino)-1,1’-binaphthalene (0.02 mmol, 0.055 equiv), phenylboronic acid (0.4
mmol, 1 equiv) and cyclohex-2-en-1-one (0.4 mmol, 1 equiv). The vial was diluted with dioxane
(2 mL) and water (0.2 mL) and the reaction was stirred at 65 °C for 18 h. The vial was cooled to
ambient temperature.

'H-NMR yield was measured against trimethoxybenzene as an internal standard, 50%.
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'H-NMR
Rhodium-Catalyzed Asymmetric 1,4-Addition with phenyIBpin

In a glovebox, under an inert atmosphere of nitrogen, to a 4-mL vial equipped with a stir bar
was added acetylacetonatobis(ethylene) rhodium(l) (5 mg, 0.02 mmol, 0.05 equiv), S-(-)-2,2’-
bis(diphenylphosphino)-1,1’-binaphthalene (0.02 mmol, 0.055 equiv), 4,4,5,5-tetramethyl-2-
phenyl-1,3,2-dioxaborolane (0.4 mmol, 1 equiv) and cyclohex-2-en-1-one (0.4 mmol, 1 equiv).
The vial was diluted with dioxane (2 mL) and water (0.2 mL) and the reaction was stirred at 65
°C for 18 h. The vial was cooled to ambient temperature.

'H-NMR yield was measured against trimethoxybenzene as an internal standard, 25%.
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Chan-Lam with Piperidine and p-Cl-phenylboronic acid

To a 4-mL vial equipped with a stir bar was added copper diacetate (70 mg, 0.4 mmol, 1
equiv), triethylamine (0.8 mmol, 2 equiv), piperidine (0.4 mmol, 1 equiv) and (4-
chlorophenyl)boronic acid (0.8 mmol, 2 equiv) and 4 A MS (400 mg). Then, diluted vial with
dichloromethane (2 mL). Loosely capped vial and let stir at ambient temperature for 23 h.
Reaction was filtered.

Product:ArB(OH), = 2:1
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'H-NMR
Chan-Lam with Piperidine and p-Cl-phenylBpin
To a 4-mL vial equipped with a stir bar was added copper diacetate (70 mg, 0.4 mmol, 1
equiv), triethylamine (0.8 mmol, 2 equiv), piperidine (0.4 mmol, 1 equiv) and 2-(4-
chlorophenyl)-4,4,5,5-tetramethyl-1,3,2-dioxaborolane (0.8 mmol, 2 equiv) and 4 A MS (400
mg). Then, diluted vial with dichloromethane (2 mL). Loosely capped vial and let stir at ambient

temperature for 23 h. Reaction was filtered.

Product:ArB(OH), =0.2:1

342



SG-486.10.fid

Speedtype CC08050735
peedtype [~450000

400000
350000
]
[~300000
[~250000

200000

[~150000

[~100000

B WAL -

T T T T T T T T
8.0 75 7.0 6.5 6.0 55 5.0 45 40 35 3.0 25 20 15 1.0
1 (ppm)

H-NMR

o0
102
023
0.22—F

Petasis reaction of 2-pyridinecarbaldehyde with (4-methoxyphenyl)boronic acid

To a 4-mL vial equipped with a stir bar was added picolinaldehyde (0.4 mmol, 1 equiv) and
dibenzylamine (0.4 mmol, 1 equiv). The contents were mixed briefly and then was added (4-
methoxyphenyl)boronic acid (0.4 mmol, 1 equiv). The vial was diluted with acetonitrile (2 mL)
and then was sealed and allowed to stir at 80 °C for 21 h. The vial was cooled to ambient
temperature.

Full conversion to desired product.
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Petasis reaction of 2-pyridinecarbaldehyde with (4-methoxyphenyl)Bpin

To a 4-mL vial equipped with a stir bar was added picolinaldehyde (0.4 mmol, 1 equiv) and
dibenzylamine (0.4 mmol, 1 equiv). The contents were mixed briefly and then was added 2-(4-
methoxyphenyl)-4,4,5,5-tetramethyl-1,3,2-dioxaborolane (0.4 mmol, 1 equiv). The vial was
diluted with acetonitrile (2 mL) and then was sealed and allowed to stir at 80 °C for 21 h. The
vial was cooled to ambient temperature.

No conversion to desired product.
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Reductive Coupling of Tosylhydrazones with Phenylboronic Acid

To a 4-mL vial equipped with a stir bar was added (E)-N’-benzylidene-4-
methylbenzenesulfonohydrazide (0.5 mmol, 1 equiv), potassium carbonate (1.2 mmol, 2 equiv)
and phenylboronic acid (1 mmol, 2 equiv). Then, vial was diluted with dioxane (2 mL) and then
sealed and allowed to stir at 100 °C for 18 h. The vial was cooled to ambient temperature, and
filtered.

'H-NMR yield was measured against trimethoxybenzene as an internal standard, 40%.
Acetone-ds NMR solvent.
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'H-NMR
Reductive Coupling of Tosylhydrazones with PhenylBpin
To a 4-mL vial equipped with a stir bar was added (E)-N’-benzylidene-4-
methylbenzenesulfonohydrazide (0.5 mmol, 1 equiv), potassium carbonate (1.2 mmol, 2 equiv)
and 4,4,5,5-tetramethyl-2-phenyl-1,3,2-dioxaborolane (1 mmol, 2 equiv). Then, vial was diluted
with dioxane (2 mL) and then sealed and allowed to stir at 100 °C for 18 h. The vial was cooled

to ambient temperature, and filtered.

'H-NMR vyield was measured against trimethoxybenzene as an internal standard, 0%.
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