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ABSTRACT
TELESCOPING C-H BORYLATIONS WITH PHOTOREDOX AND
IMIDAZOLYLSULFONATE CHEMISTRY: A WAY TO AVOID HALOAROMATICS AND
POTENTIALLY GENOTOXIC IMPURITIES IN SUZUKI REACTIONS
By

Damith Perera
Cross-coupling reactions are a mainstay of drug candidate synthesis. Owing to this
prominence, the American Chemical Society’s Green Chemistry Institute's Pharmaceutical
Roundtable deemed cross-couplings that avoid halogenated aromatics (C—H activation) as their
top aspirational reaction. To meet this aspiration, we have worked to develop iridium-catalyzed
C—H borylations as a practical approach for directly converting arenes and heterocycles into
nucleophilic cross-coupling partners. This chemistry not only obviates the need for halogens in
the preparation of aryl and heteroarylboronic esters, but with hydrogen gas as the only
stoichiometric byproduct of these chemoselective reactions, we and others have shown that Ir
catalyzed borylations can be combined with other chemical events enabling a multitude of one-
pot processes. Among these telescoped reaction sequences, we established C-H

borylation/oxidations as a novel route to phenols, including phenols that often bear otherwise

difficult to access contra-electronic substitution patterns.

Herein we discuss the development and further advancement of the scope and green
features of this chemistry by performing in situ oxidation of the boron under photoredox
conditions. Furthermore, as phenols can be readily converted to sulfonates, we have expanded
the reach of iridium-catalyzed borylations and use C—H activation to eliminate the need for
halogenated cross-coupling electrophiles. Thus we have developed a one-pot C—H borylation/

photoredox oxidation/ sulfonation sequence. In recognition of the potential safety-genotoxicity



issues related to triflates, mesylates and tosylates this sequence was built so as to enable the
generation of imidazolylsulfonates (ArOSO,Im) as the final cross-coupling electrophile. We also
telescoped sequence that does not conclude with the imidazolylsulfonate formation. Rather the
final aim was the establishment of a one-pot sequence that joins the efficiency of C—H borylation
with the environmentally friendly aspects of photoredox chemistry and the safety features of
imidazolylsulfonates. Namely we have established a one-pot C—H borylation/photoredox

oxidation/ imidazolylsulfonation/ Suzuki coupling sequence.

In the second part of this dissertation, the use of high-throughput experimentation for the
discovery of cheap, readily available catalytic systems, namely bismuth(ll1l) acetate and silver
oxide for selective deborylation of polyborylated substrates will be discussed. Bismuth (I11)
acetate is a safe, inexpensive, and selective facilitator of sequential protodeboronations, which
when used in conjunction with Ir-catalyzed borylations allows access to a diversity of borylated
indoles. The wversatility of combining Ir-catalyzed borylations with Bi(lll)-catalyzed
protodeboronation is demonstrated by selectively converting 6-fluoroindole into products with
Bpin groups at the 4-, 5-, 7-, 2,7-, 4,7-, 3,5-, and 2,4,7- positions and the late-stage
functionalization of sumatriptan. Further elaboration of the reactivity of Bi(OAc); for
heteroarene substrates and Ag,O for arene substrates including deborylation/deuteration studies

are discussed.

Ir-catalyzed C-H borylations of aromatic compounds often allowed achieving the
kinetically favored product. Herein a procedure to achieve reversibility in the catalytic borylation
was studied with excess borylating agents and higher catalyst loads to obtain a novel
thermodynamic borylated product, which cannot be obtained under usual Ir-catalyzed borylation

methods.
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CHAPTER 1. INTRODUCTION
1.1. Ir-catalyzed C—H activation/borylation.

C—H activation/borylation® is a type of C—H activation? method that converts unactivated C—H
bonds to C—B bonds. This transformation is thermodynamically favored and often carried out
with the use of transition metals like Re, Rh, Ru, Ir and Pd.® In 1999, Smith and Iverson reported
the first thermal catalytic aromatic C-H activation/borylation reaction using
Cp*Ir(PMes3)Bpin(H) catalyst in the presence of HBpin, (pin = pinacolate) as boron source at 150
°C with 3 turnovers (Scheme 1.1). While the initial TONs (turn over numbers) were low, this

was the first example of thermal, catalytic C—H activation/borylation of an arene.”

ir—
MesP” @
+ H= B i
20mo|% @—BPm + H,

150°C, 60 h 53% isolated yield

Scheme 1.1: First thermal catalytic borylation of benzene

Development of this process®,® reached a milestone in 2002, when the Smith group introduced
the use of 2 mol % (Ind)Ir(COD) precatalyst in combination with bisphosphine ligands (usually
dppe or dmpe) to affect the borylation of unactivated arenes and heteroarenes with pinacolborane
(HBPin) (Scheme 2).° The optimized process was high yielding, functional group tolerant (alkyl,
halo-, carboxy, alkoxy-, and protected amino), and efficient. The regiochemistry of the reactions
were dictated by sterics and not electronics. As a consequence, 1,3-substituted arenes gave only

5-boryl or meta products, even when both the 1- and 3-substituents were ortho, para directing.



Further, the reactions were inherently clean as they could often be run without solvent and

always occurred with hydrogen being the primary byproduct formed in stoichiometric amounts.

Cl 2 mol % (Ind)Ir(COD) Cl
2 mol % dppe
H > BPin + Hp
2 equiv HBPin
MeO,C Cyclohexane, 100 °C, 25 h MeO,C
95 %

Scheme 1.2: Example of a C—H activation/borylation catalyzed by (Ind)Ir(COD)-dppe.

Hartwig and coworkers later showed that the precatalyst [Ir(OMe)COD], in combination with a
bipyridine ligand 4-4’-di-tert-butyl-2,2’-bipyridine (dtbpy), using bispinacolatodiboron (B,Pin,)
as boron source, could affect borylation reaction at room temperature.” Ever since the early
disclosures of the Smith group in 1999 there has been a significant advancement around the C—H
activation/borylation was reported by Smith,® Hartwig, Ishiyama and Miyaura groups® and
others'®. While most catalysts use Ir, recent work shows that Pt'! and earth-abundant metals®
can be effective in this reaction, and “metal-free” examples have also been developed.™ In many

regards the catalysts complement the Ir chemistry.*?°

The catalytic cycle for Ir catalyzed C-H activation/borylation has been proposed to
operate via a Ir(111)/1r(V) catalytic species as shown in the Scheme 1.3.%% First, the oxidative
addition of B,Pin, or HBPin to an Ir(l) precatalyst species in the presence of a donor ligand,
typically bidentate, generate the active trisboryl Ir(I11) active catalyst. Ir(lI) compounds have been
found to be proficient precatalysts include (Ind)Ir(COD), [Ir(COD)CI], and [Ir(OMe)COD], and
bidentate ligands such as dmpe, dtbpy, or dppe (1,2-bis(diphenylphosphino)ethane) have been
employed. The most commonly used system is [Ir(OMe)COD], with dtbpy, where the active

catalyst is generated in-situ. Oxidative addition of the substrate to the trisboryl Ir(lll)



intermediate gives an Ir(\V) species. As reported by Maleczka, Singleton and Smith, "
experimental and theoretical data suggest that significant proton transfer character exist in the C—
H activation transition state. Reductive elimination of the RBPin product and subsequent
oxdative addition by B,Pin, or HBPIn to the resulting bisboryllr(I11) complex gives an 18e- Ir(V)
intermediate. Reductive elimination of HBPin or H; regenerates the active trisboryl iridium(l11)

catalyst.

Ir precatalyst

HBpin,

I_/IL
. R-H
H-H Efp”E];pin ' Ir precatalyst
Q.;lr/—Bpin 5 . ;
L ! @ " "L = bipyridine or
1 ! | diphospine
i Bpin ! : !
r,_\?pwgpin ay _—Bpin : , B/Ir\"Bpin R = aryl, alkyl, or :
L /||r<Bpin LH_/||r‘Bpin ¢ pin Bpin heteroaryl :
ol_r| I cycle or i [I(OMe)(COD)]y, :
Bpin up to 20,000 TONs | Bpin i [IrCI(COD)]y, or :
| _Bpin Li\l'r/Bpm. ! :
Q.;Ir*Bpin I\\/Bpln ' @ :
. 1 r '
Bpin v{ ! (COD) .
| Bpin ! '
N R '

H—Bpin R—Bpin

Compatible Functional and
Protecting Groups

OR, NRy, aryl and heteroaryl
halides, NH, (2 equiv
boron), OH (2 equiv boron),
silanes, hindered alkynes,
CN, CO,R, C(O)R, C=NR,
C(O)NR5, C(O)NHR,
OC(O)NR,, OSO,Tol,
P(O)(OR)2, OP(O)(OR)z,
PR3, NR3, enamines, Boc,
MIDA, acetals

Incompatible Functional and
Protecting Groups

NO,, NO, alkyl halides,
alkyl sulfonates, some
alkenes, aldehydes,
sulfoxides, unhindered
alkynes, stannanes, FMOC

Compatible Solvents
alkanes, THF, dioxane,

NRj3, NMP alkylethers,
isopropyl acetate

Incompatible/Poor Solvents
H50, alcohols, HNR,
DMSO, CH,Cl,, DMF,

ethyl acetate

Scheme 1.3: Proposed catalytic cycle of Ir-catalyzed C—H activation/borylation.




1.2. Synthetic value of Ir-catalyzed C-H activation/borylation.

Organoboron compounds are privileged synthons for constructing C—C and C—heteroatom bonds
under mild conditions, and development of their synthetic transformations continues to
flourish.**  Synthesis of arylboronates are usually carried either via Grignard or lithiate
formation, reaction with trialkyl borate followed by hydrolytic work up or via direct cross
coupling of halides to the boronate, developed independently by Miyaura and Masuda.'*
Complementary to these methods of synthesis direct Ir catalyzed C-H activation/borylation

provides access to these synthetically valuable compounds without depending on the

accessibility of the corresponding halides or organometallics.

Figure 1.1: Examples of boron-containing drug candidates, and APIs that are prepared by

Suzuki couplings.

[N\ H 0 ﬁ\ Q
N/]\H/N\.)J\N _oH HD—NH NN on
o " oy
“pPh
2

e) Hd
3
bortezomib (Velcade™) dutogliptin
proteosome inhibitor Type 2 diabetes treatment
multiple myeloma

Suzuki
Couplin
cl pling
F
4 5
(*)-streptonigrin crizotninib
antitumor/antibiotic antitumor



Further, complementary to electrophilic aromatic substitution and functional group-directed
metalation chemistries that are governed by electronics, Ir catalyzed C—H activation/borylation
displays a regioselectivity that is mainly directed by sterics, as opposed to electronics. This C—H
activation/borylation, therefore, operates largely outside of the electronic manifold and allows
for the construction of the previously difficult to access arylboronic esters. Moreover, in a
testament to the mildness of these borylations, halogens, esters, alkoxy groups, nitriles, amines,
amides, sterocenters, etc. are well tolerated. The reactions are also highly atom economical with
H, being the only stoichiometric byproduct. It worth noting that some functional groups (ex:

nitro, alkyl halides, aldehydes, sulfoxides etc.) are not tolerated under these catalytic conditions

and further improvements in such regard would to be advantageous (scheme 1.3).8'9’10
OH _ .
Oxidati C-H activation Sonogashira BPin
Q . Oxidation Iborylation coupling
R X
l X X
R _ BPin Rs
Suzqkl BPin amination/
coupling amidation
R X X NRR"
R X
R, BPin
C-S bond
halaogenation X =Cl, Br formation
- S E— e
R x R2=FCl, Br l J X SR.
D
BF 3K B(OH), C-O, C-N bond (N,0)
deuteration formation
- _—
R X R X
oN R X R X
/@\ cyanation
e
R X

Scheme 1.4: Synthetic utility of borylated arenes



Organoboron species are useful building blocks for pharmaceuticals and other compounds of
interest to the biomedical community. Not only organoboron containing drugs have been
developed (2 and 3, see Figure 1),° their use as starting materials for a wide array of
transformations is well established. In particular, the Suzuki-Miyaura coupling of boronic acids
or esters with sp, halides is a common, mild, and versatile method for constructing C—C bonds."’
(See Figure 1 for some recent examples of drug candidates prepared by way of a Suzuki
reaction). These compounds can also be developed further to form carbon oxygen, *® halogen, *°
nitrile, ?°nitrogen’® # aryl®* and other carbon-carbon'’ bonds (Scheme 1.4). In addition to
being able to manipulate the BPin, effort has been placed into pursuing C—halogen couplings
while keeping the BPin intact. A halide containing borylated compounds can be subjected to
Sonogashira coupling, amidation, amination or a C-S bond forming reaction at the halide
position (Scheme 1.4). Further, hydrogen being the only byproduct Ir catalyzed C-H
activation/borylation proceeds with remarkable cleanness and hence is amenable one-pot
transformation. For example one-pot borylation/oxidation,"® borylation/amination® and

borylation/Suzuki®?

reactions were previously reported. Further expansion of these
methodologies and Ir catalyzed C-H activation/borylation/deborylation-deuteration

methodologies with be discussed in the chapter 2,3, and 4.
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CHAPTER 2: TELESCOPING C-H BORYLATIONS WITH PHOTOREDOX AND
IMIDAZOLYLSULFONATE CHEMISTRY: A WAY TO AVOID HALOAROMATICS

AND POTENTIALLY GENOTOXIC IMPURITIES IN SUZUKI REACTIONS

2.1. Introduction

In 2005, the American Chemical Society’s (ACS), Green Chemistry Institute (GCI)1
teamed with several leading global pharmaceutical corporations, namely, AstraZeneca, Eli Lilly,
GlaxoSmithKline, Johnson & Johnson, Merck, Pfizer, and Schering—Plough to form the GCI
Pharmaceutical Roundtable (ACS GCIPR)® to catalyze the implementation of green chemistry
and green engineering in the global pharmaceutical industry. Two years later, Roundtable
chemists published a list of research areas that they deemed key to advancing green drug
discovery, development, and production.® Owing in part to the extensive use of cross-coupling
reactions by the pharmaceutical industry as well as various environmental problems associated
with the production and use of aryl halides, cross-couplings that avoid the use of haloaromatics
(C-H activation) topped their list of aspirational reactions. The Pharmaceutical Roundtable’s
interest in cross-couplings that avoid the preparation of haloaromatics rests in part on the
industry’s reliance on cross-coupling reactions to construct C—C bonds.® For example, it was
found that more than 75% of pharmaceuticals in phase 111 clinical trials, as well as those already
on the market contain at least one aryl or heteroaryl group.® Furthermore, a great number of the
aryl groups, especially phenyls, are incorporated into the active pharmaceutical ingredients
preassembled.®* Recent advances in metal-catalysed crosscoupling reactions to form new C-C

bonds have greatly facilitated the versatility of incorporating aryls for medicinal chemistry.’

There are several methods that have been utilized for the construction of aryl-aryl bonds,

ranging from the classic Ullmann® reaction to cross-couplings such as the Pd-catalyzed Heck,®
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Hiyama,” Kumada-Corriu,® Negishi,” Suzuki-Miyaura,'® Sonogashira,'* and Stille'? reactions.
Recognizing the tremendous impact of cross-couplings in organic synthesis, the 2010 Nobel
Prize in Chemistry was awarded jointly to Richard F. Heck, Ei-ichi Negishi, and Akira Suzuki
“for Palladium-catalyzed cross-couplings in organic synthesis”.”> Amoung these methods, the
Palladium-catalyzed coupling of a boronic acid or ester with an aryl halide or psuedohalide,
termed the Suzuki-Miyaura reaction (Scheme 2.1), has emerged as the method of choice for aryl-

aryl bond formation. The Suzuki reaction, like all Pd-catalyzed cross coupling processes, has a

v

R'

@_ /OR-- (X=1, Br, CI, OTf, OTs)
B L

R YR Catalyst (Pd, Ni, Cu) R R'

Ligand

Scheme 2.1: Suzuki-Miyaura reaction.

sequence where it take place in three main steps: (I) oxidative addition of the aryl halide R*X to a
Pd® complex [Pd’Ln] to afford [R*Pd"X], (1) transmetalation, where this complex then reacts
with the arylboronic acid R?B(OH), to form [R'Pd"R?] and (III) reductive elimination, which

generates the coupling product R'-R? and the Pd° catalyst (Scheme 2.2). *¢
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electrophile

reductive [Pd?] oxidative .- (organic
elimination addition .--" halide/triflate)
R'-R? R1-x
o X =1, Br, Cl, OTf
COUE““? R'-Pd'-R2 R'-[Pd'-X [B] = boron-containing functionality
produc >< [Pd] = ligand-stabilized palladium
transmetalation
[B]-O(base) [BI-RZ.._ nucleophile
"™~ (organoboron
Ox ®O(base) compound)

Scheme 2.2: The Suzuki coupling catalytic cycle.

Today, the Suzuki reaction is routinely applied in high-throughput screening for drug discovery,
in the final steps of convergent natural product syntheses, and in the synthesis of conjugated
organic materials.** This widespread use is mainly due to the mild reaction conditions, making
the Suzuki reaction tolerant of diverse functionalities.’® Furthermore, the stability, ease of
handling, and low toxicity of the organoboron coupling partners make this coupling ideal for the
preparation of highly functionalized molecules that can be used in one-pot strategies.'® Infact, a
recent study on the different reactions used in the pursuit of drug candidates by leading
pharmaceutical industries revealed that the most commonly used reaction in C-C bond
formation was the Suzuki-Miyaura cross-coupling reaction, accounting for 40% of all such

reactions.®

Despite their wide use, Suzuki-Miyaura reactions are not without shortcomings. Of
particular concern is the aryl halide intensive nature of these reactions. Indeed, not only do
halogenated aromatics traditionally serve as Suzuki-Miyaura reaction electrophiles, but they also
routinely serve as starting materials for preparing the corresponding aryl boronates, either via

Grignard or lithiate formation, reaction with a trialkyl borate followed by hydrolytic workup®® or
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via direct cross coupling of halide to the boronate, developed independently by Miyaura and

Masuda (Scheme 1.3).178

R/— BuLi ( or Mg) R B(OR"); R OR"
- MX(OR") OR"

| M = Li or Mg T

cat. Pd(0), B(OR");

Scheme 2.3: Routes for the formation of aryl boronates via aryl halides.

Problems associated with aryl halides range from inherent toxicity issues'® to difficulties often
encountered during their preparation, especially when the sought-after substrates bear
contraelectronic substitution patterns. This point was made by Carey, et al. who in their 2006
analysis of reactions used for pharma’s preparation of 128 drug candidates wrote: “A number
have synthetically challenging substitution patterns and are hence very expensive (or) are often
very difficult to produce. New methods for the synthesis of these difficult substitution patterns

would be welcomed.” *
Developing green Suzuki reactions that avoid the preparation of haloaromatics

Fully cognizant of the problems associated with haloroaromatics and thus the need to “Green

Up” the Suzuki reaction, we approached the problem by:

1. Investigating a new class of non-halogenated Suzuki electrophiles.
2. Advancing our C-H activation approach to boronic esters.

3. Developing a one-pot C-H activation/borylation/Suzuki with imidazolylsulfonates.
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2.2. Investigating a new class of non-halogenated Suzuki electrophiles:

Imidazozylsulfonates as halide free electrophiles

With respect to the electrophile, aryl triflates,®® tosylates®> and mesylates®* have long been
employed as alternatives to aryl halides. However, self-destruction of the cross-coupling
byproduct of these electrophiles tosylic, methanesulfonic, and triflic acids form potential

genotoxic impurities (PGIs) (Scheme 2.4, 2.5).%%

In the presence of water, imidazolesulfonic acid hydrolyzes to produce imidazole and sulfuric
acid eliminating the potential of forming alkyl or aryl genotoxic sulfonates from residual sulfonic
acid. Because of this, Albaneze-Walker and co-workers examined the wuse of
imidazolylsulfonates as alternative electrophilies in palladium-catalyzed coupling reactions

(Scheme 2.6).%

A—O—E—CF ¥ ¥ Aryl-OH 1  O(SOR
r—0-$-CFy Ar—0-$ CH;  Ar—0-8-CH; > AnylOH + O(SO;R),
0 0 0
Ar—OTf Ar—0OTs Ar—OMs

Relative reactivity in cross-coupling : Ar—I| > Ar—Br Ar—OTf >> Ar—Cl > Ar—0Ts~ Ar—OMs

1 9 5 Metal Catalyst _9
Ar-0-8-R + Art-M — Af-A? &+ M* 4 | O-S-R
0 o)
Electrophile Nucleophile I;otenttial_ly
R = p-Tol, CH3, CF3 M = B(OR),, SiR3, enotoxic

MgX,ZnR

Scheme 2.4: Degradation of post-coupling byproducts.
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H,SO,
O:SIZO
H>0
X Metal Catalyst N 2

/\ 1 2 |
Ar-B(OH), — — 2> _  Ar'-Ar? + borates + < D — N
78 \) ! r8(OH: \ 3 \\ Z

Ar—0S0,Im benign
by-product

Relative reactivity in cross-coupling : Ar—0SO,Im ~ Ar—OTf >> Ar—OTs ~ Ar—OMs |

Scheme 2.5: Degradation of imidazolesulfonic acid.

They showed that imidazolylsulfonates act as fully competent electrophilic coupling partners in
Suzuki-Miyaura and Negishi type palladium-mediated couplings.?* Further it was found that
imidazolylsulfonates show several advantages over the traditional C-O electrophiles: They are
greener than aryl triflates, aryl tosylates and mesylates. They show a markedly improved
reactivity over aryl tosylates and mesylates and showed improved stability, handling properties,
and cost over aryl triflates. Additionally, they are phenol derivatives and thus eliminate the need

for haloaromatics

FN
0
SNJ 5 mol% [(dppf)PdCl,] O
o .
+
2 equiv K2C03, CF
B(OH)2  in (0.05 g/mL) DMF 3

CF3 60 °C

Scheme 2.6: Example of imidazolylsulfonates in Suzuki-Miyaura reaction.

A key benefit of phenol-derived electrophiles is the ready accessibility of these substrates and
most notably, oxygenation on the aromatic ring can be used to introduce additional substituents
thus allowing access to a wider substrate scope. 2>?° Several methods were investigated for the

preparation of aryl imidazolylsulfonates. Albaneze-Walker and co-workers showed that (Scheme
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2.7, Method B) was effective for electron-rich phenols?* while later in 2010, Shirbin and co-

workers used (Scheme 2.7, Method A) with electron-poor phenol.?’

SO,Cly,
6 equiv Imidazole
THF, -70 °C to rt

—N
. o //
OH v N/
Method A s’ J
0"y
©~R 0.5 equiv Cs,CO3
I

N7 ON-S-N"XN

= § =

2 equiv

Scheme 2.7: Preparation of aryl imidazolylsulfonates.

In 2010, Shirbin and co-workers developed a protocol allowing for the use of aryl
imidazolylsulfonates in Sonogashira and Hiyama reactions providing environmentally-benign

syntheses of arylacetylenes and biaryls.?’

0
I
OH 4 NON-5-N"y

Ar Ri1
. Cs,CO4, THF C /<
1 \ / 2 3
R Pd
2. 1 mol% A, TBAB 2 o )2

ATB(OH),, KOH Ar = Ph, 71% A. R; = 4-CICgH,, R, = Cl
MeOH/H,0, 110 °C, 24 h N = anaCera. e5s 6Ha Rz

Scheme 2.8: Recent Examples for the use of aryl imidazolylsulfonates in Suzuki reaction.

In 2011 Civicos and co-workers showed that one-pot sulfonation/Suzuki cross-coupling
sequence of 1-naphthol with phenyl- and 4-tolylboronic acids (Scheme 2.8).2% Thus, with
its wide applicability, there have been considerable efforts into improving the use of
imidazolylsulfonates in cross coupling reactions. Subsequent to the Albaneze-Walker
report, examples have been disclosed where imidazolylsulfonate electrophiles were used

successfully in other Suzuki cross-coupling reactions, Buchwald-Hartwig type C—N bond-
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forming reactions?®, C—H arylations®, synthesis of arylphosphonates®, and Sonogashira

and Hiyama cross-coupling reactions (Scheme 2.9).%

0
Aryﬂ—/{ Aryl"-NR,
Al'y|1 H—NR2 Aryl1—PO(OR)2
MeOH
H—PO(OR),
- Aryl'——R
Aryl1—<\] H—<\ yl'—
N \
Aryl'-O-S—N
Aryl>-B(OH), 5 — Aryl?-SiRs
Aryl'-Aryl? < - Aryl'-Aryl?

Scheme 2.9: Current metal-catalyzed cross-couplings employing imidazolylsulfonates
electrophiles

Advancing C-H activation approach to boronic esters.

As for the nucleophile, Ir-catalyzed C—H borylations have proven very effective at the
direct generation of aryl and heteroarylboronic esters from non-halogenated substrates*?
Such reactions operate best with electron deficient arenes and their regiochemical
outcomes are typically driven by sterics and not the electronic nature of preexisting
substituents. This has allowed researchers to access arene substitution patterns that can
be difficult to achieve by way of traditional electrophilc and nucleophilic aromatic
substitutions. More recent work on Ir-catalyzed C—H borylations have focused on the
development of methods that afford ortho borylations, improve reactivity toward electron
rich arenes, and make use of polyborylations to enable access to an ever-growing number

of C—H derived aryl and heteroarylboronates.
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Herein we describe the marriage of Ir-catalyzed C-H borylations with
imidazolylsulfonate chemistry as a means to carry out cross-couplings without the need to
use haloaromatics as either the electrophile or the precursor to the ncleophile.
Furthermore, we report on our efforts to develop a telescoped C—H borylation-oxidation-
imidazolylsulfonate formation-Suzuki coupling sequence.

2.3. Results and Discussion

Our individual experiences with imidazolylsulfonates and Ir-catalyzed C—H borylations had
several points in common. The functional group tolerance of catalytic C—H borylations
combined with hydrogen gas being the only stoichiometric by-product of these reactions has
allowed C-H borylations to be developed into several one-pot protocols including C-H
activation-borylation-Suzuki cross-couplings®** and C-H activation-borylation-oxidations to
generate phenols®*®.  Imidazolylsulfonates are prepared from phenols and as previously
mentioned are good Suzuki coupling partners. Building from these areas of overlap, we set out
to develop protocols that combine the use, and advantages, of imidazolylsulfonates and Ir-
catalyzed C—-H borylations. The initial report by Albaneze-Walker and co-workers** of
imidazolylsulfonate cross couplings demonstrated the use of arylboronic acids as the
nucleophilic partner. Thus we first established conditions to simply couple imidazolylsulfonates
with arylboronic esters.  Initial Suzuki cross-coupling studies were carried out with
imidazolylsulfonate derivatives under conditions, which worked well with arylboronic acids.
The cross-coupling of compounds 2.1 with boronic ester 2.2 was initially performed using
catalyst (dppf)PdCl, and K,CO3 in DMF at 60 °C (Scheme 2.10, 2.3 and 2.4). As depicted in
Scheme 2.10, cross-coupling was successful for an arylboronic ester affording 2.3 and 2.4 with

66% and 68% isolated yield respectively.
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Cl Cl Cl Cl
]
Ar—O—g—N/ﬁ . \©/ 10.0 mol% [(dppf)PdCl,] \©/
(':') \=N

. 2 equiv K,COj3 in DMF (0.05 g/mL)

BPin ! 6 h Ar
2.1a, Ar= 3-CF3CgHs 2.2 60°C, 9-16 2.3,2.4
2.1b, Ar= 1-Napthalene Pure boronic ester o

cl CF3 cl
Cl Cl .!
2.3. 66%, 9h 2.4.68%, 16h

Cl cl
1.5 equiv HBPin 7 @\ O
1.0 mol% :
CI\©/CI [Ir(OMe)(COD)L, cl cl cF
2 mol% dtbpy 10.0 mol%

2mL ) [(dppf)PdCl,]
i CF
2.5 cyclohexane BPin 1.0 equiv, 6 3
60 °C, 4h 2.6 2 equiv K,CO3 . .
then evaporation DMF (0.05 g/ mL) 2.3:_ One Po_t
of volatiles 60 °C, 9h 59% isolated Yield

Scheme 2.10: Cross-coupling of Boronic Esters with Imidazolylsulfonates

Having established that boronic esters are competent coupling partners for imidazolylsulfonates,
we explored a one-pot C—H activation/borylation/Suzuki sequence. We knew from past work
that the spent Ir and other sub-stoichiometric byproducts did not interfere with one-pot C—H
activation/borylation/Suzuki cross-couplings with arylhalides.®** While these earlier results were
encouraging, they did not necessarily assure success with imidazolylsulfonate coupling partners.
Thus, while our overall goal was to eliminate the use of haloaromatics, we thought it best to
establish the applicability of one-pot C-H activation/borylation/Suzuki coupling with
imidazolylsulfonates by employing arenes that had shown to be highly active and selective in
past borylations and that has been used in previous one-pot procedures. For these reasons (and
despite the fact that making polychlorinated biphenyls is not green chemistry!), we chose 1,3-
dichlorobenzene (2.5) as our starting arene (Scheme 2.10). Upon complete borylation of 2.5, the

volatiles were removed in vacuo and K,COjs in DMF along with imidazolylsulfonate 2.7 was
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added to the pot. The reaction mixture was degassed, followed by addition of 10 mol %
(dppf)PdCI,. The reaction mixture was heated to 60 °C and the cross-coupling proceeded under
nitrogen to afford the desired biaryl product 3,5-dichloro-3'-(trifluoromethyl)-1,1'-biphenyl, 2.3
in 59% isolated yield. In practice, the one pot procedure tended to give slightly lower yields
when compared with the ability of an imidazolylsulfonate to serve as an electrophile in the one-
pot Ir-catalyzed borylation/Suzuki confirmed a series of biaryls were generated in this way
(Table 2.1).

As referred to earlier, the regiochemistry of C—H borylations tends to be sterically driven. This
allows for the facile synthesis of meta-disubstituted arylboronic esters when starting with 1,3-
disubstituted arenes. This regioselectivity combined with good chemoselectivity of the entire
process, meant that the biaryls from these one-pot processes were generally formed as a single
product and in good yield. While the electron-withdrawing or donating ability of the arene
substituents do not impact the regiochemical outcome, substituent electronics plays a significant

role in borylation rates. Such rate effects were on display in the one-pot reaction sequences.
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Table 2.1: One-pot C-H Activation/Borylation/Suzuki Coupling of Disubstituted Arenes.

a

0S0,lm
R1 R2
H-BPin R, R, 2100
R1\©/R2 [Ir(OMe)(COD)], “Rs
dtbpy _ 10.0 mol% [(dppf)PdCl,] | N
28 2 mL cyclohexane, BPin 1.0 equiv, 10 X
- 60 °C, 2.9 2 equiv K,CO3, Rs
then evaporation DMF (0.05 g/ mL) 2.11: " One Pot "
of volatiles 60 °C ’
Entry Arene Imidazolylsulfonate Product T (h) Yield (%)b
FsC FaG
" 0S0,lm
o -
FsC FsC
2.8a 2.10a 2.11a
Me 0S0,Im Me,
. O~
o =
2.10
oy en a 21
Me Me
0S0,lm
] O * =
. &
e 2.8¢c 2.10a Me 211¢c
cl 0S0,lm cl
D e v
cl Cl
2.8d Cl 2.10b 2.11d
MeO 0S0,Im MeQ
. ()
0 ‘o
‘e
Cl 2.8e 2.10¢ 2.11e
6 Me,N 0S0,Im MeoN
O o
: o o 0
2.8f 2.10c 2.11f
0S0,lIm MeQ
7.
o .

MeO
MeO 2.8g

2.10c

IR,
2.11g

@Reaction Conditions:

Borylation:

For Entry 1; 1.5 equiv HBPin, 2 mol% [Ir(OMe)(COD)], , 3 mol% dtbpy,

cyclohexane, 60 °C, 1h. For Entry 2; 2.0 equiv HBPin, 3 mol% [Ir(OMe)(COD)], , 6 mol% dtbpy, solvent, 60 °C,
THF, 24 h. For Entry 3; 1.0 equiv B,Piny, 1 mol% [Ir(OMe)(COD)], , 2 mol% TMP, THF, 80 °C, 4 h. For Entry 4;
1.5 equiv HBPin, 1 mol% [Ir(OMe)(COD)], , 2 mol% dtbpy, cyclohexane, 60 °C, 4 h. For Entry 5,6; 1.1 equiv
B,Piny, 1.5 mol% [Ir(OMe)(COD)], , 3 mol% dtbpy, THF, 80 °C, 12 h. . For Entry 7; 1.1 equiv B,Pin,, 1.0 mol%
[I(OMe)(COD)], , 2 mol% TMP, THF, 80 °C, 4 h unless otherwise noted. Suzuki: see the reaction scheme in
Table 1. For Entry 3,5 & 6 used DMF/H,0 (10:1) and for Entry 7 used DMAc/H,0 (10:1) P Isolated yields
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For example, the one-pot process starting with electron deficient 1,3-bis(trifluoromethyl)benzene
2.8a was effective and relatively fast, giving the corresponding biaryl in good yield (Table 2.1,
Entry 1). Tandem coupling of the boronic ester of m-chlorotoluene, 2.8b with
imidazolylsulfonate of naphthalene-2-ol (2.10a) gave the desired chlorobiphenyl in 72% vyield,
but required relatively long borylation and coupling time (Table 2.1, Entry 2). Further for the
Suzuki coupling of m-xylene, 2.8c with imidazolylsulfonate (2.10a) (Table 2.1, Entry 3) the
standard conditions were attempted first, but were only obtained 40% conversion at 60 °C for 40
h. Several modifications to the standard cross-coupling procedure were attempted, and to our
delight addition of water (DMF/H,0O 10:1) with raising the temperature to 80 °C, was resulted
with 82% isolated yield. This modified cross coupling condition was then employed in the cross-
coupling of other electron rich arene intermediates like of 2.8e and 2.8f with imidazolylsulfonate
2.9c to obtain 2.11e and 2.11f cross-coupled product with good yields. Moreover, for entry 7,
1,3-dimethoxybenzene (2.8g), since electron richness of the arene it was more difficult to
borylate than electron poor arenes, the standard borylation conditions with dtbpy (4-4’-di-tert-
butyl-2-2’-bipyridine) as the ligand did not borylate to completion. After changing ligands to
TMP (tetramethylphenanthroline) and raising the temperature to 80 °C, the borylation finally
went to complete conversion as judged by *H NMR. The corresponding cross-coupling was then
carried out with switching the solvent to a combination of DMAc (N,N-dimethylacetamide) and
water (instead of using DMF), raising the temperature to 80 °C from 60 °C and adding a slight
excess of imidazolyl sulfonate (1.2 equivalents) gave improved results, and finally gave
consistent 90% conversions and greater than 70% isolated yields of the product. It appears that
in addition to being sluggish for the borylation, this substrate was also difficult for the Suzuki

coupling. In spite of the difficulties, we proved that optimization of the cross-coupling could
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still result in excellent conversions and isolated yields. Further, it was shown that both electron
deficient and electron rich arenes can undergo borylation/cross-coupling in a one-pot fashion. It
is worth noting that under these conditions, no Pd catalyzed cross-coupling was observed with
the chloro-functionality. This advantage allows generation of substrates that can be further
elaborated.

The facile and flexible construction of aryl heteroaromatics is important owing to their
potential as therapeutics®. Borylation of pyridine gives low to moderate yields of the 3- and 4-
borylated pyridine®, which limits its use in the one-pot coupling. The low yield may be
attributable to partial catalyst deactivation due to coordination of the pyridine nitrogen. Indeed,
when the pyridine nitrogen is sterically encumbered, as in 2,6-dichloropyridine (2.12a) exclusive
4-borylated product was obtained. Despite this, first attempts to use 2,6-dichloropyridine in the
one-pot coupling with the imidazolylsulfonate of naphthalene-2-ol (2.10a) were unsuccessful,
with very sluggish reactivity observed in the cross-coupling®®. Although we had deemed an
anhydrous protocol preferable for future one-pot sequences, our previous Pd-catalyzed cross-
couplings with imidazolylsulfonates responded well to aqueous solvent mixtures. Here too, it
was found that replacing DMF with 3:1 DME: H,0 as the solvent allow for a more efficient

coupling of 2,6-dichloro-4-BPin-pyridine (Table 2.2, Entry 1).
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Table 2.2: One pot C-H Activation/Borylation/Suzuki Coupling of Heteroarenes.?

H-BPin 210/ @
[IOMe)(COD)l, R@O‘Q‘Oz'm
3
- BPi
H dtbpy, solvent C) ™1 10.0 mol% [(dppf)PACI] @
1.0 equiv, 2.10
2.12 :
then evaporation 213 2 equiv K,COg, \\R3
of volatiles DMF (0.05 g/ mL), 60 °C 2.15. " One Pot "
Entry Arene Imidazolylsulfonate Product T (h)®  Yield (%)°
cl cl
1.9 7\ 0S0zIm 7 N\ O
"\ Ny v -
cl cl
2.12a 2.10a 2.15a
CO,Et
H 0SO0,Im
, N HNY
CO,Et
Y/ 2 OO O 16 57
2.12b 2.10a
2.15b
I?oc
0S0,Im N
Boc L 16 67
N 1D
s &
& &
2.12¢c cl
2.10b 2.15¢
M
0S0,Im ° IO 0
/
) Me\ll/\o)_(o Me 20 49
) P
Me Cl
2.12d cl
2.10b 2154
Me
m/\s) 0S0,lm Me s
T PRSI
2.12¢ O
2.15e

2.10a

8Reaction Conditions: Borylation: For Entries 1 and 2; 1.5 equiv HBPin, 3 mol% [Ir(OMe)(COD)]2 , 6 mol%
dtbpy, 60 °C, 1 h THF and 3 h in hexane in respectively. For Entries 3 and 4; 1.5 equiv HBPin, 1.5 mol%
[Ir(OMe)(COD)]2 , 3 mol% dtbpy, 60 °C, cyclohexane, 2 h and 1h respectively, unless otherwise noted.
bSuzuki Time. °Yields represent isolated yields, unless otherwise noted. YSolvent DMF:H20; 3:1 for the Suzuki

coupling.
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2-Subtituted indoles borylate at C7*” and when subjected to our one-pot coupling with
imidazolylsulfonate of naphthalene-2-ol (2.10a) afforded the 7-arylated product, 2.15a in 57%
isolated yield (Table 2, Entry 2). The readily available N-Boc-pyrrole underwent borylation to
give 3-BPin-N-Boc-pyrrole®®, which when reacted crude with the imidazolylsulfonate of 4-
chloronaphthalen-1-ol (2.10b) allowed for the directed synthesis of 15c in 58% overall yield
(Table 2, Entry 3). 2-Acetyl-5-methylfuran could be arylated ortho to the methyl substituent
(49% overall yield)*** while 2-methyl thiophene borylated®® and then arylated at the C5
position in 52% yield.

2.3.1. One-pot C-H activation/borylation/photoredox oxidation:

Having demonstrated the viability of a one-pot C-H activation borylation/Suzuki coupling with
the use of imidazolylsulfonates as the electrophiles, we next set out to explore the possibility of a
one-pot imidazolylsulfonate synthesis that employs crude phenol mixtures generated in a one-pot
C—H activation/borylation/oxidation. Similar to Suzuki work, this chemistry would build from
prior experience, as we had previously established one-pot C—H activation/borylation/oxidation
protocols. In these early examples, aqueous oxone and later H,0,*° were used to oxidize crude
boronates to phenols. These methods work well when the desired end product was the phenol.
However, the salt stream from the spent oxone and the impact aqueous conditions would have on
our long term plan to follow up the oxidation with an in situ imidazolylsulfonate formation.
Furthermore our long-term plan was to combine in situ imidazolylsulfonate formation with the
same-pot Suzuki. That final step also had the potential of being compromised by left over

oxidant acting on the Suzuki boronate.
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1.5 equiv HBPIn, Cl Cl | 2mol% [Ru(bpy)sPFl,
CI\©/CI 1.0 mol% [Ir(OMe)COD], , | 2.0 equiv iPr,EtN, DMF,
3 mol% dtbpy, . air, 26 W Fluorscent bulb, OH
25 2 mL cyclohexane, 60 °C, 4h BPin 94h (82% from 2.4) 216

Scheme 2.11: First example for the C—H activation/borylation/oxidation with photoredox
catalysis.
The above-cited potential incompatibilities with oxone and H,O,, coupled with the general desire
to incorporate new green chemistry into our methods led us to an investigation of photoredox
chemistry as a method for the oxidation of the crude C—H borylation products. Jergensen and
Xiao and co-workers*" showed the possibility of oxidative hydroxylation of aryl boronic acids
using photoredox catalysis with visible light and using oxygen from the atmosphere as an
oxidant. Such an oxidation method is not only environmentally benign, but voided the potential
problems of unreacted oxidant and/or aqueous conditions. While they showed one example of a
boronic ester, the rest of the substrates tested were boronic acids. Moreover, DMF, which we
shown to be a compatible solvent in the one-pot C-H borylation/Suzuki with
imidazolylsulfonate, is a suitable solvent for this chemistry and that the Ru(bpy)sCl, photoredox
catalyst system would be inert through the Suzuki-Miyaura cross-coupling reaction suggested
that we could adapt photoredox oxidation to our one-pot protocol . As before, 1,3-
dichlorobenzene (2.5) was chosen as an initial substrate owing to our knowledge of its
performance in the first generation of our C—H activation/borylation/oxidation chemistry. Thus
our plan was to evaluate these conditions against a sweep of arenes and heteroarenes. We were
please when preliminary results revealed that this photoredox catalysis oxidation method is
compatible with our borylation conditions. As illustrated in Scheme 2.11, photoredox of the
crude boronate from 2.5 under 2 mol % [Ru(bpy)sPFg] catalysis and florescent lighting was

immediately successful giving 82% vyield of 3,5-dichlorphenol (2.16). To the best of our
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knowledge this is the first example of C—H activation/borylation/oxidation using photoredox
catalysis to transform the boronic ester group to a hydroxyl group.

2.3.2. One-pot C-H activation/borylation/photoredox oxidation/imidazolylsulfonate
formation

Although the incorporation of photoredox into this sequence demanded a solvent swap and long
oxidation times, we proceeded to the next goal of converting the crude phenols into their
imidazolylsulfonates. The idea was to follow up the oxidation step with the introduction of 1,1°-
sulfonyldiimidazole and associated reagents into the reaction mixture to generate
imidazolylsulfonates. In doing so, we wanted to employ substrates with electronically varied
functional groups so as to test the reactivity and chemoselectivity of the photoredox oxidations.
Methyl 3-chlorobenzoate was the first substrate explored (Table 2.3).* In tandem fashion, we
subjected Methyl 3-chlorobenzoate to the borylation/photoredox oxidation conditions and then
when simply adding sulfonyl diimidazole and solid Cs,COj3 to the reaction crude enabled the
formation of the corresponding imidazolylsulfonate after heating at 60 °C for 16 hours. The
isolated yield of this one-pot process was 44% yield over the three steps for an average yield of
76% per step. The other substrates that were screened performed as well or better with up to
65% overall yield (i.e. an average of 87% per step) being observed for Entry 3. Not only has the
one-pot process tolerated diverse functionalities but also shown good reactivity towards both
electron rich and poor arenes. Given our earlier described advantage of using aqueous DMAC in
the one-pot C—H borylation/Suzuki sequence, we were pleased that, in addition to DMF, DMAc
was also a suitable solvent for the photoredox and imidazolylsulfonate forming steps. For

example, based on our findings, it appears that whichever amide solvent you use makes little
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difference because the phenol of Methyl 3-chlorobenzoate (2.18a) was isolated in 72% yield
from the reaction in DMAc and 67% yield from the reaction in DMF.

Table 2.3: One-pot C-H Activation/Borylation/Oxidation/Imidazolylsulfonation
of Disubstituted Arenes

0
1. 1 equiv. HBPin or ByPin, RN
1 mol % [I((OMe)COD], N \;/N S N\:/N

R R4 2 mol % dtbpy R R4 ) R
\©/ THF, 60 °C, 1-4 h _ 2 equiv _
2.2 mol % [Ru(bpy)sCly] 0.5 equiv. Cs,CO3

DMF/DMAc, 60 °C, 16 h

R4

2.0 equiv. iProEtN, DMF/DMAC
217 255N,
air, 26 W Fluorscent bulb, 24-72 h OH 0S0,Im
218 219
Entry Arene Imidazolyl Sulfonate Yield?

Cl

OSOslm 44%,

Y

Cl
1b < >

MeOC 5472  MeOL 5495

Me Me
P RTS cl 2.19b
cl cl
30 @ @—osozlm 65%
cl’ 247¢c of 2.19¢
FsC FsC
D O
FaC 2474 FsC  2.10d

@lsolated Yields.
b 1.5 equivalents of HBpin used.
¢1.5 mol % of [I(OMe)COD], and 3 mol % dtbpy were used.
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2.3.3. One-pot C-H borylation/photoredox/oxidation/imidazolylsulfonation/Suzuki

coupling sequence.

Having established the individual reactions needed, we next set out to execute a fully telescoped

one-pot C—H borylation/photoredox oxidation/imidazolylsulfonation/Suzuki coupling sequence.

1.

1.5 equiv HBPin/

1.5 mol% [Ir(OMe)COD],,
3 mol% dtbpy,
cyclohexane, rt, 2h

Fc

Fgc\©/CF3
2.

2 mol% [Ru(bpy)sCly],

NN

\—/

NPON-

\—/

n=0

e}

CF3 F3C CF3
\©/ 2 equiv \©/

2.20 2.0 equiv iProEtN, DMF, OH 0.5 equiv Cs,CO; 0S0;Im
air, 26 W Fluorscent bulb, 2.21 DMF, 80 °C, 8h 2.22
16h Boc
T N
B 10.0 mol% [(dppf)PdCl,]
Boc 1.5 equiv H-BPin N o 2 equiv K:CO3 in DMF 7
EN) 1.5 mol% [Ir(OMe)(COD)], Q 60 °C, 16h
/ 3.0 mol% dtbpy ) Suzuki Coupling
223 cyclohexane, rt, 8h BPin F3C CF;
2.24 2.25
" One Pot "

53% Yield from starting
benzene 2.20

Scheme 2.12: One-pot C-H borylation/photoredox oxidation/ imidazolylsulfonation / Suzuki
coupling sequence.
In tandem fashion, first C-H activation/borylation/oxidation of unactivated arene 1,3-bis-
trifluormethylbenzene, 2.20 was carried out from previously established methodology
comprising photoredox oxidation of the boronic ester that was resulted from Ir catalalyzed C-H
activation/borylation (Scheme 2.12). Then to the crude reaction mixture containing phenol 2.21
in DMF was added 1,1’-sulfonyldiimidazole and Cs,CO3; and heated at 60 °C for 8 hours to
synthesize the imidazolylsulfonate 2.22. The reactions were monitored by GC-MS analysis to
confirm the synthesis of the desired product as well as to check for complete conversion of the
starting crude material. In a separate reaction vessel, the Ir-catalyzed C—H borylation of N-Boc-

pyrrole 2.23 generated boronic ester 2.24 and the volatiles were removed in vacuo. Then the

crude imidazolylsulfonate 2.22, in DMF was added to the unpurified boronic ester 2.24 along
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with K,CO3 .The reaction mixture was degassed, followed by addition of 10 mol % (dppf)PdCl,
and was heated to 60 °C and the cross-coupling proceeded under nitrogen to afford the desired
biaryl product, 2.25 in 53% isolated yield based on the unactivated arene 1,3-bis-
trifluormethylbenzene 2.20. This also represent an average yield of 85% for each step from the
1,3-bis-trifluormethylbenzene.

This telescoped sequences validates our hypotheses that Ir-catalyzed C—H borylations combined
with photoredox chemistry and the employment of imidazolylsulfonates fully allows for cross-
couplings that avoid the use of haloaromatics.

2.4. Conclusion

In conclusion, we have demonstrated that haloaromatics can be avoided entirely in both the
nucleophilic and the electrophilic cross-coupling partners in a C-H borylation/photoredox
oxidation/imidazolylsulfonation/Suzuki coupling sequence. The development of this telescoped
sequence led to a novel use of photoredox chemistry. From a practical standpoint, this approach
eliminates the expense, hazardous waste, and time required for isolation, purification of
intermediate boronic esters, phenols, and imidazolylsulfonates. Lastly, by employing
imidazolylsulfonates the presence of potentially genotoxic byproducts in the final product is

significantly minimized.
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CHAPTER 3. DISCOVERY AND DEVELOPMENT OF NOVEL CATALYTIC

SYSTEMS FOR SELECTIVE PROTODEBORONATION
3.1 Introduction

Catalytic C—H activation/borylation allows for the direct construction of aryl boronic
esters which are very useful synthetic building blocks™? from hydrocarbon feed stocks in a
single step, obviating the need for prior functionalization (e.g. halogenation), pyrophoric
reagents, cryogenic conditions, etc.> Owing to their mild, selective, and atom economical nature,
Ir-catalyzed borylations, can be followed by subsequent chemical events to allow for variety of
direct and one-pot processes. In this way, C—H activation/borylations have been combined with
Suzuki* and other cross-couplings, aminations,” amidations,® etc. In the course of developing
one-pot protocols for Ir-catalyzed C—H borylation and subsequent elaboration of the resulting
organoboronate intermediates, our group recently disclosed Ir-catalyzed borylation/deborylation

method that enables new regiochemical out comes (Scheme 3.1). ’

H monoborylation BP|n diborylation
—_— —_—
H H
BPin H
1.5 mol% [Ir(OMe)(COD)],
MeOH/CH,Cl, (2:1), 55-60 °C

PinB

PinB
Scheme 3.1: Synthesis of monoborylated compounds via deborylation/deborylation

Ir-catalyzed C-H activation/borylations of arenes typically install Bpin with
regioselectivities governed by sterics.® In addition, borylations of arenes and heterocycles occur
under mild conditions and a number of important functional groups are tolerated. As shown in

the Scheme 3.1 multiple borylations followed by selective deborylation of the first installed
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boron with 1.5 mol % catalyst loading of [Ir(OMe)(COD)], in MeOH/CH,CI, at 55-60 °C.
Deborylation of a number of diborylated heterocycles was examined and some of the results are
shown in Table 3.1. For the indole substrates (entries 1-3), diborylation/deborylation affords the
7-borylated products, which have previously been prepared by a relay-directed reaction of N—
silylated indoles, which are in turn prepared in a Ru-catalyzed reaction from the parent indole
and a disilane.® After Ir-catalyzed C—H borylation, the silane deprotection yields the 7-borylated
product. Diborylation/deborylation obviates the need for N-protection/deprotection. Entries 3
and 4 utilize Boc protected compounds and demonstrate that, as is the case for Ir-catalyzed C—H
borylation, Boc protecting groups are compatible with Ir-catalyzed deborylation.
Diborylation/deborylation of 2-halogenated thiophenes provide unique halogenated building
blocks. Synthesis of these compounds by lithiation would not be feasible because halogenated

heteroaryl lithium compounds undergo “halogen dance” rearrangements.'® The fact that 3- or

5-boryalted isomers of 2-halogenated thiophenes can be accessed is a testament to the mild
conditions of these Ir-catalyzed processes. As indicated above the data reflect that the relative
reactivities in deborylation reactions parallel the reactivities of the parent arenes towards
borylation so that in cases where sequential diborylation is observed, the products deborylate
selectively at the position that was the first site of borylation. Due to the mirror in relatives
reactivities of borylation and deborylation a different regioisomeric product is observed than that
of the product of direct C-H borylation. This is a major advantage of this
deborylation/deborylation technique. Also, our group has shown that mild deborylation could be
accomplished in organic solvents, and subsequent deuterodeborylation of these molecules to
produce labeling method with good functional group tolerance, and whose regioselectivity

complements existing methods (Scheme 3.2)
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Table 3.1 Synthesis of monoborylated compounds via deborylation/deborylation’

H monoborylation BF’In diborylation
—_— _—
H H

BPin H
w 1.5 mol% [Ir(OMe)(COD)],
PinB MeOH/CH,CI, (2:1), 55-60 °C PinB
entry diborylated compound product time,? yield
BPi BPin
in H H
N N .
1 p BPin P 0.75 h, 68%
CHg CHs
BPin BPin
N N
BPin 1h, 85%
Y Y
CN CN
BPin BPin
H H
N N
3 _—BPin y 2 h, 58%
NHBoc NHBoc
COgMe COzMe
?oc ?oc
No-N No-N
4 | = | = 4h, 49%
BPin PinB
BPin
Br S BPin Br S
5 \S\_]/ \S\_] 10 h, 80%
PinB PinB
BPin—_S<\_BPin S\,_BPin
69 W w 5h, 58%
NC NC

3Except as where noted reactions were carried out with pure diborylated starting materials. "Time
refers to the deborylation step. One-pot synthesis from starting thiophene. “Monoborylation of
3-cyanothiophene catalyzed by [IrOMe(COD]./dtbpy gives a 1.1:1 ratio of 2- and 5-borylated
isomers.
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BPin

N 1.5 equiv HBpin S
MeO.C. N 1.5 mol% [Ir(OMe)(COD)], A
e [)
2 3 mol% dtbpy MeO,C N
Cl MTBE, r.t., 1.25h
Cl
3.1 3.2
clopidogrel, 56% yield
APl in Plavix™
BPin D
O S
3 mol% [Ir(OMe)(COD)]»
MeO,C N > MeO,C N
CD3;0D/CDCl3
Cl (2:1),55°C, 2.5 h cl
3.1-d,
81% yield

92 % D-incorporation
no change in optical rotation

Scheme 3.2: Borylation/Deuterodeborylation of Clopidogrel

As shown in Scheme 3.2, Ir-catalyzed deuterodeborylation can be achieved at 55 °C in 2:1
CD3;OD/CDCl3; with 92% deuteration at the 5-position of the thiophene ring of clopidogrel, the
active ingredient of Plavix confirming, that the 5-position was the site of borylation. Also
compared to unlabeled clopidogrel, the 5-deuterated clopidogrel showed no loss of optical
rotation. This showcase that the conditions for C-H activation/borylation are sufficiently mild for

late stage of advanced molecules like pharmaceuticals.

Recently, Movassaghi and co-workers™* showed that the 2,7-diborylation of tryptophans,
tryptamines, and 3-alkylindoles could be followed by in situ palladium-catalyzed C2-
protodeboronation to selectively afford the C7-products (Scheme 3.3). From a strategic

perspective borylation/protodeboronation sequence enables a streamlined approach to 7-

70



borylated indoles that are otherwise difficult to access without additional steps and/or
prefunctionalization’” We too had observed selective deborylations of a number of diborylated

heterocycles, including several 2,7-diborylated indoles (Scheme 3.3).’

CO,Me Movassaghi's work:" CO,Me
5 mol % Pd(OAc),
NHCO,R AcOH, 30°C,10h NHCO,R
_829,- =
BRI (72-82%; R Me7>) _ l\} H
CH 33 Our prior work: " H 34
BPin 1.5 mol % [Ir(OMe)(cod)]» BPin
via Ir-catalyzed MeOH/CH,CI,,60 °C, 2 h
CH borylation (58%: R = t-Bu)

Scheme 3.3: Prior art

Though borylation/protodeboronation sequence enables several advantages as discussed this
tactic may not seem "green" owing to the loss of atom economy. Moreover, the use of Ir metal in
theses transformations seems to be less attractive with respect to cost effectiveness. Hence in an
effort to expand borylation/protodeboronation methodology, we directed our studies towards
discovering alternative catalytic systems or attractive additives that are earth abundant, cheap

and mild, while also enhancing selectivity.

3.2. Investigation for novel catalytic systems for protodeboronation of boronic acids and

esters via high-throughput experimentation (HTE) techniques.

3.2.1. Bismuth acetate catalyzed protodeboronation of boronic esters arenes and heteroarenes.
We began our quest for the search of alternative catalytic systems or attractive additives

that are earth abundant and cheap for borylation/protodeboronation by selecting a model

compound as shown in Scheme 3.4. While the regioselectivity of aromatic C—H borylations is

mainly driven by steric effects, C—H acidity is a secondary driver.®* The Ir-catalyzed borylation
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of unprotected indoles such as 3-methylindole first installs a Bpin group at C2 and then upon
further reaction at C7.* The grams scale synthesis of this diborylated product 3.5 is shown in
Scheme 3.4. It should be noted that due to the steric demand, installing the Bpin at C2 position is
challenged in 3-methylindole compared to than that of unsubituted bare indole. Scheme 3.4b
shows the two possible outcomes when 3.5 subjected to protodeboronation. Selective
deborylation at C2 over C7 gives 3.6 and complete deborylation will results in 3.7. In accord
with our previous findings’, the fact that the relative reactivities in Ir-catalyzed deborylation
reactions parallel to the reactivities of the parent arenes towards borylation hinted that in cases
where sequential diborylation is observed, the products would deborylate selectively at the
position that was the first site of borylation. So the deborylation is to follow with regard to the
Bpin moiety: “first Bpin in - first Bpin out”. Moreover, as borylation at C3 substituted indoles
are challenged, we assumed that it will translate into a challenging deborylation. Hence it is safe
to assume that any additives or catalysts that we might discover will provide us a greater
selectivity towards the deborylation of the Bpin at C2.

0.6 equiv HBPin

1.0 equiv B,Pin, CH3
CHs 3.0 mol % [Ir(OMe)COD],
6.0 mol % dtbpy, 60 °C, 12 h, Hexane;
N then another catalysts was added after 6h; H
H Purification by crystalization with MeOH BPIn
50 mmol scale

3.5

White solid

55 % Yield, 10.5 g

CHs 40 equiv MeOH, CHs4 CHj
THF

N—8Pin N + N—BPin

N metg]s and other N N

~H additives from ~H H
BPin predosed 96 BPin H
well plates
3.5 3.6 3.7

Scheme 3.4: Discovery of Bi catalyzed protodeboronations
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Initial forays toward the investigation were propelled by the idea of using High
Throughput Experimentation (HTE), which enables screening of 96-well plates that are pre-
dosed with intriguing metal salts and additives. These pre-dosed plates were comprised with 95
different components that we envisioned would facilitate protodeboronation and also with an
empty well that serves as the control. The metal salts and additives (2 pmol of additives in wells
C03, C05, C12 and from E02 to F02, and 5 umol of the rest of the additives) that were chosen
are displayed in Figure 3.1. The (3-methyl-2,7-bis(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)-
1H-indole) 3.5 (10 umol/reaction) and 1,3,5-tri-tertbutylbenzene (1 pumol/reaction) (used as an
internal standard to quantify the reaction) were dosed together into the reaction vials in THF
(100 pL). Then 40 equiv of MeOH was added to all the reactions. The reactions were then sealed
and stirred at 25 °C for 4h inside the glove box. Then 10 pL of the reactions was measured into a
96-well plate LC block and were diluted with 600 uL of acetonitrile. The 96-well plate LC block
was then sealed with a silicon-rubber storage mat, and the reactions were analyzed using

standard reverse-phase HPLC (see the experimental).

The outcome of the experiment is summarized in Figure 3.2a and 3.2b. As expected, the
control well (A01), which contains no additive, showed no product formation. It is important to
note here that in the course of the HPLC analysis we have observed boronic acid adduct
formation. Further analysis suggested it to be an artifact generated by the hydrolysis of Bpin
moiety during the HPLC run rather than a product formed during the deborylation. Despite the
apparent unreactivity of many metal salts and additives after 4 hours at 25 °C, product 3.6 was
formed in significant quantities with Bi(OTf); Other metal salts of Cu, Ag, Zn, Ga and Sc also

showed some reactivity.
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Figure 3.1: 96 well plate catalyst screen for protodeboronation

CHj 40 equiv MeOH, CHj CHj
THF
A\ BPin N H 4+ N BPin
N metals and other N N
~H additives from ~H H
BPin predosed 96 BPin H
well plates
3.5 3.6 3.7
1 2 3 4 5 6 7 8 9 10 11 12
A Control LiCl NaF NaBr Nal NaCN Na TFA Na TCA NaBF, NaOTs Na2S03 Na,S,03
B Na,SO, KClI CsF CsCl V(acac), CrCl, MnCl, FeCl, FeCl; Fe () acac Fe (lll) acac Co (acac),
. NiBr. . (PPhy) (1,10-phenan)Br.
C Co(acac), NiF, /DMé Ni (I1) acac NiCIz CucCl CucCl, CuBr Cul Cu (Il) (acac) cull 2 Cp,ZrCl
Pd (Cl),dppf Mg Al Cu zn
M Pd(OA P A AgOTf AuCl AuCl
D o(acac) | Pd(OAc), DCM de(dba)s 9.0 90 ue ucls 325 mesh | 200 mesh <75 micron 100 mesh
E Pd black | Mg(OTf), Ca(OTf), Sc(OTf), Zn(OTf), Ga(OTf)y Y(OTH), In(OTHf), Sn () OTf,|  La(OTf), Sm(OTf), Yb(OTf)s
. . . . 2,2-diphenyl
F Hf(OTf), BiOTf; Boron oxide | AIl(OiPr), Ti(OMe), CeCl, ZnCl, K2CO,4 KHCO, KOAc K3PO, ]
ethylamine
proton . . . . 3-phenyl
G 4-phenylpy | oxalic acid BSA citric acid . . Bu,NBr NaBH, PhI(OAc), CAN oxone AIBN
sponge propanoic acid
H BHT 18-Crown-6| 4A, MS diamine | aminoalcohol TPP dppf CataXCium A | X phos salen phenantroline BINOL

Conditions: 10 umol substrate, 100 pL. THF, 40 equiv of each MeOH
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Figure 3.2a: Metal Screen for Deborylation at 25 °C, 4 h (From A1:D12)
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Figure 3.2b: Metal Screen for Deborylation at 25 °C, 4 h (From E1:H12)
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Figure 3.3a: Metal Screen for Deborylation at 40 °C, 16 h (From A1:D12)
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To assess the effect from higher reaction times and temperatures we then extended the
study by heating the platform at 40 °C for 16 hours and then by analyzing the well plate by
previously stated analytical methods (Figure 3.3a and 3.3b). Interestingly upon heating the
reaction progressed well towards the desired product with CuCl, Cu(acac),, Ag,O and with the
triflates of Zn, Ga, and Hf. Remarkably, it was further shown that with regards to Bi(OTf);
despite given more reaction time and heating the amount 3-methylindole (generated from
complete deborylation of 3.5) generated was low comparted to than that of Ag,O which only
showed about 10% of 3.6 at room temperature. Pivotal to the success of this endeavor towards
better and much selective catalyst to replace Ir based catalytic system was the discovery of this
Bi based metal salt. Not only it was active at room temperature but at higher temperatures and
even at longer reaction times it showcased a notable selectivity towards the protodeboronation of
the Bpin at the C2 position of the indole compared to Bpin at C7 position. Additionally, this
result demonstrates that Bi-mediated deborylations still follows the first Bpin in - first Bpin out’

trend that we have previously observed.’

Knowing we have a one good hit, Bi(OTf); for selective deborylation at C2 and few salts
that might work out: we continued our endeavor towards further elaboration of the key metal
salts based on Bi, Ag, Zn, Cu, Sc, Hf, and Fe shown in Figure 3.4. The additives (5 umol) were
dosed into the 96-well reactor vial as solutions or well-stirred slurries in MeOH. Slurries were
dosed using a single-tip pipettor with the sampling tip cut to allow free flow of the slurry. Plates
of these additives were dosed in advance of the reaction, the solvent was removed by evacuation
on a GeneVac and the plates were stored in the glovebox. The (3-methyl-2,7-bis(4,4,5,5-
tetramethyl-1,3,2-dioxaborolan-2-yl)-1H-indole) 3.5 (10 pmol/reaction) and 1,3,5-tri-

tertbutylbenzene (1 pmol/reaction) (used as an internal standard to quantify the reaction) were
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dosed together into the reaction vials in THF (100 pL) for wells from A1:D9 and in DMF (100
uL) for wells E1:H9. Then 40 equiv of MeOH was added to all wells. The reaction wells were
then sealed and the contents stirred at 25 °C for 4 h inside a glove box. Then 10 pL of the
reaction mixtures were measured into 96-well plate liquid-chromatography (LC) block and were
diluted with 600 pL of acetonitrile. The 96-well plate LC block was then sealed with a silicon-
rubber storage mat, and the reactions were analyzed using standard reverse-phase HPLC (see the
experimental). In this study we were envisioning to see how the reactivity changes with respect
to the solvent as well as from the metal. The data obtained from this experiment after statistical
treatments are summarized in Figure 3.5a and 3.5b. We were quite elated to obtain several hits
that proved the hypothesis of selecting catalytic systems based on hits from previous
experimental outcomes. Moreover, these results demonstrate that there is a clear solvent effect.
As shown in Figure 3.5a THF seems to be the favorable solvent overall considering that it has
enhanced the reactivity of many catalytic systems. For example, rare earth metal triflates of Sc,
Ti, Ga, Y and Hf showed no reactivity in DMF, but were active in THF. Like many lanthanide
triflates that promote reaction with their lewis acidic properties, theses triflates showed
diminished activity in coordinating solvents like DMF. Further, CuCl and Cu(MeCN)4PFs, which
showed trace amounts in THF, were more active in DMF probably due to enhance solubility.
With the knowledge of activity towards protodeboronation with Bi(OTf); we investigated other

bismuth salts, like BiCls, Bi(OTf);, Bi(OAC)s, BiF; and BiOCIOs,.
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Figure 3.4: Additional Metal Screen for Deborylation and Solvent Effect.
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Figure 3.5a: Metal Screen for Deborylation at 25 °C, 4 h, THF (From A1:D9)
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Notably, Bi(OAc); resulted with complete conversion of 3.5 with less over deborylation product
3.7, compared to than that of produced from Bi(OTf)s. Bi(OAc)s demonstrated better reactivity
and selectivity towards C2-Bpin deborylation compared to Bi(OTf); (Figure 3.5a) Ag,O
generated about 35% of 3.7 which results from over deborylation. It is evident from the data that
Ag,0 to be more reactive and hence showed poor selectivity, evident from the generation of 3-
Methylindole about twice that was observed from Bi(OTf); and Bi(OAc)s We were delighted to
find out that several catalytic systems to be active for protodeboronation that includes rare earth
metal triflates of Sc, Ti, Ga, Y and Hf which gained the attention in recent years for their
catalytic activities™ and also Ag,0, Bi(OTf);and Bi(OAc)s, It is the goal of this outlook to allay
the aforementioned catalytic systems to a more practical, environmentally friendly (green) and
economical methodology that provides selective protodeboronation in a way similar to the
previously described Ir- and Pd-catalyzed protodeboronations. Considering these factors in mind
we set our eye for Bi(OAc)s. A method that incorporates bismuth would be quite attractive since
bismuth salts are earth abundant, less toxic, and orders of magnitude less expensive than the
corresponding precious metal salts.'® During the course of the studies with 20 mol% Bi(OAc)s in
THF we also observed that whereas the conditions for deboronations with Ir” and Pd® call for an
inert atmosphere, Bi-catalyzed deboronations can be run under air. Based on the above described
HTE studies and given the advantages possess by Bi(OAc)s; we finalized the conditions and
further expand the study towards a broad substrate scope. We chose 3.8 as a starting point given
it was employed prior in deborylations carried out by Ir and Pd based catalysts (Scheme 3.3). We
subjected purified 3.8 to 20 mol % Bi(OAc); in MeOH (127 equiv) and THF at 80 °C (sealed

tube) for 7 h afforded 7-borylated 3.9 in 90% vyield (Scheme 3.5). *’
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COZMG COzMe

NHBoc 20 mol % Bi(OAc)3 NHBoc
N\ 125 equiv MeOH A\
N BPin N H
H THF, 80 °C, 7 h H
BPin (90%) BPin
3.8 3.9

Scheme 3.5: Bi(OACc); catalyzed protodeboronation of 3.8

Examining first 2,7-diborylated indole (3.10), we found that heating this compound with 20 mol
% Bi(OAC)3 and 125 equiv of ACS grade MeOH in THF, afforded the 7-borylated indole (3.18)
in 82% vyield after 17 h (entry 1). Curiously, when we looked to deuterated 3.10, the reaction was

complete (83% isolated yield 87% deuterium incorporation*®*®

) after stirring with 60 equiv of
99.8% CD3OD for 12 h at room temperature (entry 2). A closer look into these differences
revealed that, as we had observed with some of the Ir-catalyzed debornations,’ the grade of
MeOH could significantly impact the reaction rate. For example, protodeboronation of 3.10 was
complete in less than three hours when anhydrous MeOH that came in sealed bottles was
employed. Notably, reactions with either grade of methanol were reproducible. To highlight the
method's relative robustness and economy, we chose to continue our study with the lower grade
methanol.®®  Under  similar  conditions,  2,4,7-triborylated  indole  (3.11)  was
monoprotodeboronated to afford 4,7-diborylated indole (3.19) in 75% yield (entry 3). Attempts at
the selective C2/C7 diprotodeboronation of 3.11 were not successful. In contrast, 2,4,7-
triborylated-6-fluoroindole (3.12) underwent clean diprotodeboronation to afford 3.20 in 80%
yield (entry 4) when the amount of MeOH was increased. Monoprotodeboronation of 3.12 (entry
5) provided further indication that these reactions are in part substrate dependent, as relative to

3.11, trisboylated 3.12 required less time and equivalents of methanol to achieve the selective

deborylation of the Bpin at C2 in similar yields.
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Table 3.2: Bi(OAc); catalyzed protodeboronations

Entry Starting Indole Product Conditions and Yield
1 N_BPin N_h 20 mol % Bi(OAc)s,
H H 125 equiv MeOH,
o a
BB 3.10 BPin 3.18  THF, 80°C, 17 h, 82%
2 N Bpin Np 20 mol % Bi(OAc)s,
H H 40 equiv CD30D,
gpin 10 Bpin - 318-91 THF, 80 °C, 2.5 h, 83%2
BPin BPin
20 mol % Bi(OAc)s,
3 N BPin Ny 125 equiv MeOH,
N N THF, 80 °C, 17 h, 75%?
BPin 3.11 BPin 3.19
BPin BPin
o o
e [T Zpanace
N N )
F 16 H 342 I H 320 THRB80°C 15h, 80%?2
BPin BPin
A A 20 mol % Bi(OAc)s,
5 N BPin N H 60 equiv MeOH,
F o o/ a
H H THF, 80 °C, 5 h, 67%
BPin 312 BPin 521
40 mol % Bi(OAc)s, Ref 7 Ir-catalysis
BPin BPin 375 equiv MeOH, (33:67 3.22:indole)°
THF, 80 °C, 16 h, Modified? Ir-catalysis®
6 N—co,Et N co,Et (64:9:41 3.22:indole:3.14)° 54%7 3.22, 13%" indole
N N
Bpin | 3.14 by o2z
BPin BPin 40 mol % Bi(OAc)s,
500 equiv MeOH Ref 7 Ir-catalysis®
’ . . b
H H (52:5:43 3.23:indole:3.15)°
. 3.15 3.23
BPin H
BPi H .
PinB " 20 mol % Bi(OAc)s, Ref 7 Ir-catalysis®
8 m m 50 equiv MeOH, 66%2 (87:13 3.24:indole)°
F N F N THF, 80 °C, 3 h, 88%°2
3.16 3.24
. , Ref 7 Ir-catalysis®
i o A 40 mol % Bi(OAC), 47%2 (60:40 25:indole)P
P'”Bm \ 500 equiv MeOH, o (PUAL 29
9 THF, 80 °C, 16 h
. N \  80°C, 16,
3.17 Boc 3.25 Boc (no reaction)

%solated yields. PRatio determined by 'H-NMR of the crude reaction mixture. *See Supporting Information for

details.

43 mol % [Ir(OMe)COD],, 40 equiv. MeOH, THF at rt.
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The protodeboronation of 4,7-diborylated-2-carboethoxy-indole 3.14 (entry 6) was
instructive for comparing the synthetic efficiency of Bi vs. Ir-catalyzed deboronations. After 24 h
at 80 °C, diborylatedindole 3.14 and 40 mol % BI(OAc); in MeOH/THF gave
monoprotodeboronated 3.22 as the major product along with fully protodeboronated 2-
carboethoxy-indole and unreacted 3.14 in a 54/9/41 ratio per NMR analysis of the crude reaction
product. Our recently published Ir-mediated conditions of 2 h at 1.5 mol % [Ir(OMe)COD]; in
2:1 MeOH/CH,ClI, at 60 °C,’ performed worse giving the fully protodeboronated 2-carboethoxy-
indole and 3.22 in a ratio of 67:33. However, Ir-catalysis in MeOH/THF (~1:6) at rt reacted best
affording 3.22 in 54% isolated yield along with 13% 2-carboethoxy-indole. 4,7-Diborylated-2-
methyindole 3.15 under the Bi(OAc); conditions also afforded a 52/5/43 mixture of
monoprotodeboronated 3.23 to 2-methylindole to 3.15 respectively. Indole 3.15 was another
substrate where Ir-mediated protodeboronation proved superior, giving a 91/9 mixture of 3.23
and starting material 3.15 with 3.23 being isolated in 74% yield (entry 7). In their own accord
3,5-diborylated indoles (3.16 and 3.17) seems to be interesting and informative. Compound 3.16
was exclusively monoprotodeboronated at C3 by 20 mol % Bi(OACc)s, in MeOH/THF after 3 h at
80 °C, affording 3.24 in 88% vyield (entry 8). Deboronation of 3.16 under our published Ir-
catalyzed protodeboronation conditions proved less selective. With Ir, the crude reaction product
contained 13% of fully deboronated 6-fluoroindole and 3.24 was isolated in 66% yield. Attempts
to optimize Ir-catalyzed deboronation of 3.16 never met with the selectivity observed with

Bi(OAC)3 unless the reaction was stopped prior to complete consumption of starting material.

In contrast to 3.16, Boc-protected 3.17 failed to undergo any deboronation by the action
of Bi(OACc); (entry 9). Indole 3.17 was susceptible to Ir-catalyzed deboronation, but again those

conditions proved too harsh, giving the N-Boc protected 6-fluoroindole as the major product
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(21/79 3.25/N-Boc protected 6-fluoroindole in the crude reaction mixture). The ratio of 3.25/N-
Boc protected 6-fluoroindole improved to 60/40 (47% isolated yield of 3.25) when the

protodeboronation was run with 3 mol % Ir in MeOH/THF at room temperature for 10 h.

20 mol % Bi(OAc)

w

X
Y

BPin 20 equiv NEt3 BPin D
2 equiv DMAP | g";?CH’Ig*E
\\ 20 equiv Boc,O N\ ’ AN
F N MeCN,10h F N 1.5 mol % F N
BPin 90 °C, (80%) BPin BOC  [Ir(OMe)(cod)], BPin Boc
3.21 3.26 | 40 equiv CD30D 3.27

THF, rt, 10 h (78%)

Scheme 3.6: Changing the sequence of protodeboronation

We further investigated the reactivity difference between unprotected and N-Boc-indoles
as shown (Scheme 3.6). 4,7-Diborylated-6-fluoroindole 3.21 was converted to its Boc derivative
(3.26) and then subjected to both the Bi and Ir deboronation conditions. Again, there was no
reaction by Bi(OAc)s. However, under the Ir-catalyzed protodeboronation conditions, using
CD30D as the protic material, afforded the C4 deuterated product 3.27 in 78% yield. This result
demonstrates that the general order of the first boron "on" being the first boron "off" in Ir-
catalyzed deboronations can be altered subsequent to borylation by introducing nearby

functionality that is sterically demanding.

To demonstrate this chemistry in late-stage functionalization, we applied the one-pot
diborylation/deboronation sequence to 5-HT receptor agonist sumatriptan (3.28) (Scheme 5).
Thus indole 3.28 was thus converted to the 2,7-diborylated product. Selective Bi(OAC);

catalyzed deboronation of the crude product was then achieved in 85% vyield by quantitative
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HPLC. However, the highly polar nature of 3.29 coupled with the hydrolytic instability of the

Bpin ester made purification a challenge and the isolated yield of 3.29 was only 28%.

Me,N 2.0 equiv B,Pin, M Me,N
Me 2.5 mol % [Ir(OMe)COD], Hrhe
HN.g 5 mol % d'bpy, 80 °C, 16 h; >
2 A\ > % H
N then 20 mol % Bi(OAc); H
H BPin
MeOH, THF, rt, 12 h
3.28 (85% yield by HPLC, 28% isolated) 3.29

Scheme 3.7: Functionalization of sumatriptan

Although the mechanism of these Bi(OAc); mediated deboronations remains to be
established, the above examples point to an interaction with the indole nitrogen as being
important to achieving selectivity and gaining reactivity. Given Movassaghi and co-workers' Pd-
catalyzed C2 protodeboronation of indoles with HOAc as the proton source,® we questioned if
HOAC, either residual in the Bi(OAC)s or in situ generated, was playing a part in our bismuth-
catalyzed protodeboronations. Towards this end, we examined the reactivity of diborylated 3.12
with 0.6 equiv of HOAc, which would correspond to the theoretical amount of acetic acid
available from 20 mol % of Bi(OAc)s (Scheme 3.8). Under these conditions no protodebornation
was observed. Increasing the amount of HOAC to 40 equiv had no effect as again only starting
3.12 was observed after 5 h at 80 °C. The next set of experiments was performed with free
Bi(OAc); that had been washed with CCl, until the washings showed no HOAc by NMR.
Somewhat surprisingly, HOAc free Bi(OAc); exhibited enhanced reactivity, as washed Bi(OAC);
afforded a 3:1 mixture of 3.21 and 3.20 while the same reaction with unwashed Bi(OAc); gave
no 3.20. While not quantified, it appears that adventitious HOAc lowers the relative reactivity of

the unwashed Bi(OAc)s, perhaps by interfering with a putative Bi/indole nitrogen interaction.
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BPin 20 mol % Bi(OAc);

BPin
or
0.6 equiv HOAc
N—BPin S—H
F N 60 equiv MeOH F N
i THF, 80 °C, 5 h
BPin 3.12 R

Bi(OAc); "free" of HOAc: 90% 3:1 R = Bpin (3.21) / R=H (3.20)
Bi(OAc); used "as is": 67% R = Bpin (3.21)
HOACc used in place of Bi(OAc)3: no reaction

Scheme 3.8: Exploring the potential role of HOACc

In conclusion, bismuth acetate is a safe, shelf stable, inexpensive, and operationally
simple alternative to Ir and Pd for the catalytic protodeboronations of indoles. Whereas the
conditions for deboronations with 1r® and Pd® call for an inert atmosphere, Bi-catalyzed
deboronations can be run under air. Furthermore, while reaction times are dependent on the
grade of methanol employed, solvents need not be distilled or degassed. In general, sequential
deboronations with Bi(OAc)s occur in the same order in which the Bpin groups are installed via
Ir-catalyzed borylation. Relative to related methods, Bi(OAc); tends to offer greater selectivity in
protodeboronations of di- and triborylated indoles. Thus, by tuning the C—H borylation and
deboronation conditions one can access a variety of boron substitution patterns from a single

starting indole.
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3.2.2. Silver oxide catalyzed protodeboronation of boronic esters arenes and heteroarenes.
We have established bismuth acetate as a safe and inexpensive alternative to Ir and Pd as
a facilitator of catalytic deborylations primarily in indole substrates. In addition to Bi(OAC)s,
high throughput screening revealed few other metal salts that facilitates deborylation, including
CuCl and Ag,0. With this knowledge in hand we envisioned to expand this chemistry to other
substrates, to determine the selectivity of protodeboronation and to give the end user grounding
principles to determine the catalytic system that suits him/her based on the substrate class and
selectivity that desired. Efforts were then directed to arrange a set of experiments as showed in

Scheme 3.9.

12 Different catalysts
4 Solvents
6 Different substrates
R-BPin R-H
Condition(per well):
5 mmol each substrate, 5 mmol catalyst
100mL Solvent, 25 °C

BPln

N\ BPi BPin PinB

BPin
3.30 3.31 3.32 3.33 3.34 3.35

Catalyst Control Bi(OAc); [Ir(OMe)COD], Ag,0 Bi(OTf); Ga(ClOJ; HFOTf), Cu(OTf), CuCl Cu(MeCN)PF; Cd{OAc), [Ir(COD)(PCys(py)]

Solvent Row/Col 1 2 3 4 5 6 7 8 9 10 1 12
THF A
NMP B
DMF c
Acetonitrile ]

Scheme 3.9: HTE protodeborynation study on multiple substrates
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The selection of these substrates are worthy of a comment. We anticipated that having the
Bpin group in the aromatic ring side or heteroaromatic ring side with close proximity to the
heteroatom could have an impact on the protodeboronation. Hence, two indoles were selected
3.30 and 3.34 where the Bpin is at 2- position and 4- position. Following the same pattern two
quinolones were selected where Bpin are placed at 3 and 6 positions (3.32 and 3.33). We added
3.35 as reference to observe the reactivity with respect to heterocyclic boronic esters. Our study
was mainly focused on three catalytic systems and their behavior towards the chosen substrates,
Bi(OAc); Ag,0, and [Ir(OMe)(COD)],. The rest of the catalytic systems were employed based
on previous screening data. The additives (5 umol) were dosed into the well reactor vial as
solutions or well-stirred slurries in MeOH. Slurries were dosed using a single-tip pipettor with
the sampling tip cut to allow free flow of the slurry. Plates of these additives were dosed in
advance of the reaction, the solvent was removed by evacuation on a GeneVac and the plates
were stored in a glovebox. Then each starting substrates 3.30-3.35 (5 umol/reaction) and 1,3,5-
tri-tertbutylbenzene (1 umol/reaction) (used as an internal standard to quantify the reaction) were
dosed together into the reaction vials in appropriate solvent (THF, DMF, NMP and ACN: 100
uL). Then 40 equiv of MeOH was added to all the reactions. The reaction wells were then sealed
and stirred at 25 °C for 3.5 h inside a glove box. Then 10 pL of the reaction mixtures were
measured into a 96-well plate LC block and were diluted with 600 uL of acetonitrile. The 96-
well plate LC block was then sealed with a silicon-rubber storage mat, and the reactions were
analyzed using standard reverse-phase HPLC (see the experimental). This analysis generated
substantial amount of data and for the discussion here only important and significant outcomes

are summarized.
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Table 3.3: Protodeboronations of selected heterocyclic boronic esters.

BPin CN
A ) O _ BPin PinB
H N N N _
BPin
3.30 3.31 3.32 3.33 3.34 3.35
% Deborylation of substrates®
Entry Catalyst Solvent 3.30 3.32 3.33 3.34 3.35
1 A2 THF 63
2 B:2 . NMP 28
3 | Cc2 BI(OAC)s DMF | 35
4 D:2 ACN 84
5 A:3 THF 80 20 11
6 B:3 NMP 73 32
7 | ¢z | [MOMe)CODL: hyr 74 29
8 D:3 ACN 89 41 20 20
9 A4 THF 100 100 52 19 100
10 B:4 A0 NMP 81 69 24
11 CA4 92 DMF 89 90 17
12 D:4 ACN 96 100 48 14 75

%0nly %deborylation>10 % are showing here for simplicity.

Pivotal to the success of this experiment is providing conditions to compete each
substrate for deborylation to monitor their relative rates towards each catalyst and condition.
Hence the reactions were stopped prior to complete conversions. Interestingly 2-borylated furan
3.31 reacted much faster compared to the rest of the substrates with all catalytic systems and
those the results are not included in the Table 3.3. Table 3.3 summarizes data for the catalytic
systems that we were very fascinating with and some are worthy a comment. From a glance it is
evident that 2-Bpin indole 3.30 is to be the most reactive and also active towards of Bi(OAC)s
Ag,0, and [Ir(OMe)(COD)].. Moreover, of focus on entries 1, 5 and 9 makes the activity
increased from Bi(OAc); 63% < [Ir(OMe)(COD)], 80% < Ag.O 100% in THF. A striking
difference was noted with the 3.34 4-Bpin Indole, which showed little or no reactivity towards

Bi(OAcC); and with some reactivity for [Ir(OMe)(COD)],, 19% in THF for Ag.O. This indicates
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that protodeboronation to promote by having the Bpin in close proximity to a heteroatom.
Similar observations were made with 3-Bpin quinoline 3.32 and 6-Bpin quinoline 3.33. While
both of these substrates were unresponsive towards Bi(OAc); they showed high reactivity with
silver oxide already100% product was observed for 3.32 and 52% with 3.33 in THF (entry 9).
The percent of deborylation dropped by half (entry 9) in THF with Ag,O when the position of
the Bpin was changed from C3- to C6- in the quinoline ring system, confirming our hypothesis
about having the boron close to heteroatoms for enhanced reactivity. Interestingly, with respect
to the 4-cyanophenylboronic acid pincol ester 3.35 underwent protodeboronation with silver
oxide and not with the other catalysts. We have observed’ previously with prolong reaction time

provided [Ir(OMe)(COD)]. to facilitates the deborylation of 3.35.

It should be noted that there is a solvent effect affiliated with the protodeboronation as
evident from data show in Table 3.3. Particularly, with all three catalysts: Bi(OAc)s, Ag,O, and
[Ir(OMe)(COD)], 2-Bpin indole 3.30 shows more deborylation in THF and acetonitrile
compared to NMP and DMF (entry 1-12). Further, 2-Bpin indole 3.30 showed very similar
activity in THF and acetonitrile with Ag,O, and [Ir(OMe)(COD)], but acetonitrile seems to be
better when it comes to Bi(OAc);. A closer look shows similar solvent trends with other
substrates as well. Markedly, 4-cyanophenylboronic acid pincol ester 3.35 showed more
deborylation in THF (100%, entry 9) and acetonitrile (75%, entry 12) compared to NMP (24%,

entry 10) and DMF (17%, entry 11). A similar tendency was noted with 3.33 and 3.34 as well.

Data affirmed in Table 3.3 has further articulated and showcased in Figure 3.6. It
remarkably showcases that when it comes to Bi(OAC)s as the catalyst of choice, that it will only
work upon 2-Bpin indole and similar class of compounds which we have proven to work well as

detailed in previous section. This data set give you the freedom to choose the catalyst of choice
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based on the substrates we have it at hand. For instance, if we have a 2,7-diborylated indole
substrate, utilizing Ag>O may not be the best choice as it tends to react faster hence diminishing
the selectivity of the deborylation. But, if it is the objective to obtain selective deborylation at 2-

Bpin, look no further, you have hit the jackpot with Bi(OAC)s.

Figure 3.6: Metal Screen for Deborylation of Heteroarene Boronic Esters: 25 °C, 3.5 h, THF.
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_ CN BPin
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. 5 3.32 3.35 | 3.33 3.34
Bi(OAc)3 < [Ir(OMe)COD], < Ag20

Scheme 3.10: Trend in protodeborynation
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To obtain high degrees of deborylation, with lesser concern with selectivity the strategy should
be to use Ag,O. It seems to react with wide variety of substrates while the reactivity of
[Ir(OMe)(COD)]; lies between Ag,0 itself and Bi(OAc);. The above facts can be summarized
and depicted in Scheme 3.10. A general reactivity pattern of Ag> Ir> Bi in deborylating strength
was observed. Previously we have established bismuth acetate as a safe and inexpensive
alternative to Ir as a facilitator of catalytic deborylations and illustreared its usefulness with
variety of indole based substrates.'” Additionally, it is also envisoned to exploit silveroxide, a
cheap alternative to Ir, as a deborylating/deuteration catalyst to afford noval deuterated product.

A description of such a process is presented in the next section.
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3.2.3. Silver oxide catalyzed deuterodeborylation of boronic esters arenes.

Recently, deuterated molecules have captured the attention of the scientific community as
a new class of drug candidates.?*#? Deuterium and tritium isotopic labeled compounds have long
being incorporated as probes for spectroscopy, tools for reaction mechanisms investigation,
pharmacokinetics and enzymology.”® Out of the methods available for the synthesis of such
compounds, traditional deuteration methods such as acid, base or transition metal promoted H/D
exchange methods can suffer from harsh conditions, incomplete deuterium incorporation, or poor
functional group compatibility,®* although some transition metal catalysts exhibit remarkable
activities.” Metal halogen exchange, followed by deuterolysis of the organometallic intermediate
is another method of incorporating a deuterium in an aryl or heteroaryl ring, selectively.?® Also,
metal catalyzed deuterdecarboxylation method have been developed.? But these methods are not
without shortcomings. They require pre-functionalization and limited to ortho deuterations.”®
2128 Our group recently outlined an alternative method for generating deuterated arenes and
heteroarenes.’ Pinacolboronate esters undergo selective deuterodeborylation in THF/D,O (6:1 by

volume) at 80 °C in the presence of 2 mol % [Ir(OMe)(COD)], Scheme 3.11.

2 mol% [Ir(OMe)(COD)],,

Ri | Exr R THFID,O (6:1), 80 °C R | SN
_ >
E=C,N Z
BPin D

Scheme 3.11: Selective deuterodeborylation reactions

The results of deuterodeborylations are given in Table 2. GC analyses indicated clean conversion
to products with lower yields in entries 3 and 4 resulting from loss on isolation. The relative
reactivities in deborylation mirror the reactivities of the parent arenes towards borylation, with

more electron deficient substrates being more reactive.
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Table 3.4: Selective deuterodeborylation reactions

R2 R2
R E RS 2 mol % [Ir(OMe)(cod)], R'" E RS
z | THF/D,0 (6:1), 80 °C z |
X E=C,N X
BPin D
entry arene deuteration product yieldb,
time %D°
cl Cl
1 cl Cl Cl Ci 80%,
2h ~9gd
BPin D
) Cl N _Cl Cl | N -C! 62%
L 2h _ 96
BPin D
F3C Cl FsC Cl o o
3 oh 65%,
>98
BPin D
NC Br NC Br
4 60%,
2h ~08
BPin D
Me,N cl MeoN Cl
5 45h 74%,
96
BPin D
MeO Cl MeO Cl
6 ah 74%,
93
BPin D

®All reactions were run with 2 mmol of organoboronate, [{Ir(OMe)(COD)}] = 0.011 M. scale.
®Isolated yields. “Determined by integration of *C NMR spectra;*~4% 4-deuterated product was
observed due to ~4% 4-borylated isomer in the starting material. *Owing to product volatility,
solvent impurities were present.
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Table 3.5: Deuteration protocol for synthesizing deuterated aromatics with Ag,0.%

R? R?
R'" E R? 20 mol % Ag,0 R E R?
= | 50 equiv MeOD,THF, 80 °C = |
N E=C,N N
BPin D
entry arene deuteration product yield,
time %D°
of Cl
98
BPin D
cl N cl Cl N Cl
2 | X ih | = 40%,2
Pz = 98
BPin D
FsC cl FsC Cl
3 3 o5h 78%,°
' 99
BPin D
NC Br
4 NC Br i 60%.2
97
BPin D
5 MeO cl MeO Cl
2h \©/ 62%,2
96
BPin D
Cl Cl
cl Cl
6 ah 91%,
98
D

BPin

3lsolated yields. Crude yields

During the course our study on alternative catalytic systems for Ir, for protodeboronations we
discovered Ag,0O, which showed remarkable reactivity as compared to [Ir(OMe)(COD)],. As

stipulated in the previous section Ag,O, was active towards variety of substrate classes and
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showed promising deborylations even at room temperature. Further, a general reactivity pattern
of Ag> Ir> Bi in deborylating strength was observed. In a rationale to provide a pragmatic and
economical alternative to Ir based deuterodeborylation we explored Ag,0.?° The borylated arene
(2 mmol) was added 20 mol% Ag,0, 0.1 mL D,0 and 0.5 mL dry THF. The flask was sealed
and heated in an oil bath to 80 °C until the reaction was judged complete by TLC thin plate.
Upon completion, the mixture was filtered through 1 mL silica gel, dried over MgSQO, and
evaporated. Column chromatography (5% ethyl acetate/hexane) afforded the products shown in
Table 3.5. As noted, Ag-catalyzed deborylation can be utilized to isotopically label arenes. The
overall reactions were clean, producing the deuterated arenes as the only aromatic products in
high yields and with greater than 94% deuterium incorporation. Functional groups such as
halogens, nitriles, amines and ethers were tolerated. It is important to note here that the Ag-
catalyzed deborylation do not require an inert environment to set up the reactions as in the case

of Ir-catalyzed deborylation, an added advantage of this novel method.

The Ag-catalyzed deborylations are not limited by substrate electronics. The mild
conditions of Ag-catalyzed deuterodeborylation and deborylations could make applications to
complex substrates. In summary, we have shown that Ag-catalyzed deuterodeborylation can be

utilized to isotopically label unactivated C—H positions of arenes selectively.
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CHAPTER 4. REVERSIBILITY IN Ir-CATALYZED C-H POLYBORYLATION: A

BORONIC ESTER DANCE.
4.1 Introduction

Ir-catalyzed C—H activation/borylation was first reported in 1999. Within two decades this
methodology evolved into a synthetic protocol to install a boron group on a pre-functionalized
benzene or heterocycle.? Ir-catalyzed C—H activation/borylation provides synthetic methodology
for aryl and heteroaromatic substitution patterns that are difficult to achieve through traditional
methods of electrophylic aromatic substitution (EAS) and directed ortho metallation (DoM).
Moreover generating boronic esters by Ir-catalyzed C—H activation/borylation obviates the need
for prior functionalization (e.g. halogenation), pyrophoric reagents, cryogenic conditions, etc.
Earlier studies have characterized many features of this methodology. The Ir-catalyzed C—H
activation/borylation tolerates a wide variety of functionalities pre-installed on the aryl or
heteroaryl substances. As demonstrated experimentally, steric effects govern the regioselectivity
of the Ir-catalyzed C—H activation/borylation in most cases.* For example, 1,3-substituted
benzenes show exclusive borylation at the sterically accessible meta position given the benzene
substituents are sufficiently large to block functionalization of their ortho C—H bonds (Scheme
4.1). For 1,4-substituted benzenes, selective sterically directed C—H borylation can be achieved
when the sterics of the substituents differ significantly. When it comes to monosubstituted
benzene derivatives, borylation regiochemistry can be directed by the directing group effect of

the substituent.
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Scheme 4.1: Regioselecivity in Ir-catalyzed C—H activation/borylation

Our group previously established a directing role associated with BPin group.” When,
benzene was reacted with 1.2 equiv of HBPin in THF in the presence of the Ir catalyst the first
equivalent of borane generates PhBPin in situ, and the remaining 0.2 equiv gives the diborylated
isomers as shown in Scheme 4.2. The reaction was examined at low conversion to avoid skewing
the data by borylation of m-CgH4(BPin),. The para to meta ratio is 1.8:1, significantly greater
than the 1:2 statistical ratios. This translates to a 3.6:1 selectivity for para vs meta borylation
after statistical corrections. While the origins of this selectivity are not entirely clear, it has been
both predicted computationally and proven experimentally that absent overriding steric effects
Ir-catalyzed C—H activation/borylation favors more acidic C—H bonds.” Thus the electron

withdrawing nature of the BPin group may be important in the observed para directing effect.

103



1.2 equiv HBPiIn BPin

1.5 mol % [Ir(OMe)COD], BPin 0.2 equiv BPin
© 3 mol % d'bpy © HBPin @\ .
> -
THF, 25 °C, 9 h BPin BPin
in situ 4.2: 36% 4.3: 64%
generated
41

Scheme 4.2: Directing group effect of Bpin

Recently, a report by Eliseeva and Scott ° revealed the reversibility of Ir-catalyzed aromatic
C—H borylations. Such reversibility could be achieved through the use of a relatively large
amount of catalyst and ligand along with added t -BuOK, and an excess of Bypin,. Heating this
combination of reagents and arene for a prolonged period provided a convenient method to
prepare highly borylated compounds such as 1,3,5,7,9-pentakis(Bpin)corannulene 4.5. (Scheme
4.2) and 1,3,5-tris(Bpin)-benzene 4.10 (Scheme 4.3). This finding is remarkable as under
standard conditions, the direct borylation of corannulene with Bypin,, catalyzed by
[Ir(OMe)COD], in the presence of wvarious bipyridyl ligands produces 1,3,5,7,9-
pentakis(Bpin)corannulene (4.5), as a mixture with the two tetrakis(Bpin)corannulenes (4.6 and
4.7), The observed ratio of 4.5 /4.6 /4.7 was approximately 1:3:1. In this case, the large steric
demand of each Bpin substituent precludes borylation not only in the ortho position on the same

ring but also in the peri position on the adjacent ring (Scheme 4.3).
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Scheme 4.3: Ir-catalyzed C—H polyborylation of Corranulene

It is evident that in the Eliseeva and Scott work the polyborylation was pushed to the
maximum capacity of Bpin’s that could be incorporate into the corannulene. The buildup and
subsequent disappearance of the “wrong” tetrakis(Bpin)-corannulenes 4.6 and 4.7 clearly
indicates that these new conditions provide a kinetically accessible pathway for deborylation of
these isomers back temporarily to the tris(Bpin)corannulene stage, thus, imparting a self-
correction aspect to the synthesis of 4.5. The main focus of Eliseeva and Scott’s study was on the
polyborylation of corannulene and the conditions (ligand, catalyst load, base and solvent) were
accordingly optimized, they did further elaborate the reversibility of the Ir-catalyzed aromatic C—-
H borylation by applying the optimized conditions to benzene and 1,4-bis(Bpin)benzene 4.9
borylation (Scheme 4.4). Here they observed complete conversion of 1,4-bis(Bpin)benzene (4.9)
and benzene to 1,3,5-tris(Bpin)benzene (4.10) under the reversible borylation conditions. By

carrying out these reactions under high catalyst load, higher temperature, excess boron source
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and longer time period that authors deemed “exhaustive borylation”, seems to have resulted with
a new outcome to the typically observed borylation under normal Kinetically controlled

conditions as stated above Scheme 4.2.

3.3 equiv B,yPiny
BPin 20 mol % [Ir(OMe)COD],

40 mol % 4,4'-dmbpy, BPin

10 mol % -BuOK . _
BPin 80 °C, 4 days PinB BPin
4.9 (110/0 yleld ) 410

3.3 equiv B,5Piny
20 mol % [Ir(OMe)COD],
40 mol % 4,4'-dmbpy,
© 10 mol % t-BuOK
80 °C, 4 days PinB BPin
(40% vyield ) 410

BPin

Scheme 4.4: Ir-catalyzed C—H polyborylation of benzene and 1,4-bis(Bpin)benzene

Eliseeva and Scott state that this results could be the operation of a deborylation/reborylation
“self-correction” process that repositions the Bpin substituents until a pattern that accommodates
the maximum number of Bpin substituents is achieved. They further, extended the conditions
that were optimized for the polyborylation of corranulene to the polyborylation of pyrene.
Eliseeva and Scott stated that polyborylation of pyrene also to follow the
deborylation/reborylation “self-correction” process to obtain 2,4,7,9-tetrakis(Bpin)pyrene c4-
isomer 4.12 and none of the 2,4,7,10-tetrakis(Bpin)pyrene m4-isomer of 4.12. The authors did
not investigate the crude product directly after the reaction was finished, but instead followed a
workup procedure including solvent removal and washing of the crude product with methanol,

giving a white solid after filtration, which was almost pure 4.12.
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Scheme 4.5: Ir-catalyzed C—H polyborylation of 4.11

Marder and co-workers’ carried out further investigations in order to determine whether
or not the reaction results in an equilibrium mixture of c4- : m4-isomers. They attempted to
equilibrate pure c4- or m4-isomers (88% pure, vide infra) into a thermodynamic mixture of c4-
and m4-isomers using the same conditions as those shown in Scheme 4.5. However, there was no
change observed in either case; i.e., the c4-isomer was not converted to the m4-isomer, nor was
the m4-isomer converted to the c4-isomer. This showed that the Ir-catalyzed (20 mol %)
borylation of pyrene, at least at the 4- and 9/10-positions, is in fact not reversible, even in the
presence of t-BuOK and large amounts of B,pin,. Thus, they concluded that that the c4- : m4-
isomer ratios are determined by Kinetic selectivity. It should be noted here that Marder and co-

workers did confirm that the borylations of benzene, biphenyl, and corannulene are reversible.
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4.2 Optimization of the Ir-catalyzed C—H polyborylation towards 1,3,5-tris(Bpin)benzene.

Aside from the work described above, there was very little information available on the
polyborylations of other benzene substrates. Eliseeva and Scott described the synthesis of 1,3,5-
tris(Bpin)benzene (4.10) but they never optimized conditions for these substrates or expanded
their studies to broaden the substrate scope or to determine the effect of EWG/EDG substitutions
on reversibility or final regiochemical outcomes. Intrigued by these studies and the questions
these studies evoked, we envisioned to dive deep in to the unchartered territory of polyboration

of benzenes derivatives.

4.2.1. Effect of catalysts/ ligand load, reaction time and temperature on the Ir-catalyzed C-

H polyborylation of 1,4-bis(Bpin)benzene.

To obtain further information regarding the effect of the catalyst/ligand load, temperature
and reaction time for the synthesis of 1,3,5-tris(Bpin)benzene (4.10) from 1,4-bis(Bpin)benzene
(4.9), we designed a set of HTE experiments shown in Figure 4.1. Considering the number of
variables we were changing and also the fact that each of the setups shown had to run at three
different temperatures, we envisioned to set up reactions using stock solutions of reagents. The
reactions were carried out at 0.2 mmol scale of 1,4-bis(Bpin)benzene (4.9) in biotage microwave
vials using THF as the solvent. 1,3,5-Methoxylbenzene, (IS) 0.1 mmol/reaction was used as an
internal standard to quantify the reaction. The reactions were sealed and stirred at 85, 100 and
120 °C for 1 or 2 days after which the reactions were analyzed using standard reverse-phase

HPLC (see the experimental section).
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Figure 4.1: Ir-catalyzed C—H polyborylation of 1,4-bis(Bpin)benzen

5% 10% 20%
[I(OMe)COD], [I(OMe)COD], [I(OMe)COD],

10% 4-4'-dmbpy 20% 4-4'-dmbpy 40% 4-4'-dmbpy

Time 1 2 3

Day 1 A . .
3.3 equiv B,Pin,

BPin 510 or 20 mol % [Ir(OMe)COD],
10, 20 or 40 mol % 4,4'-dmbpy,

BPin

10 mol % t-BuOK
Day 2 B BPin 85, 100, 120 °C, 1 or 2 days

0.2 mmol 4.9, 0.2 mL THF
4.9 4.10

PinB BPin

This experiment yielded several intriguing results and some of the important trends will be
highlighted herein. It was observed that there is a striking effect of the [Ir(OMe)COD], catalyst
and 4,4’ -dimethyl-2,2" -bipyridine (dmbpy) loadings for the synthesis of 1,3,5-tris(Bpin)benzene
(4.10) in THF (Figure 4.2a, 4.2b and 4.2c). Figure 4.2a depicts the HPLC chromatogram of the
reactions with 5 mol % [Ir(OMe)COD], and 10 mol % dmbpy at 120 °C for 1 day. As illustrated,
with 5 mol% [Ir(OMe)COD], none of the expected product (4.10) was observed. Interestingly,
we did observe a new product with a retention time of 1.66 min that showed the same mass as of
the desired product. To our delight we were able to isolate this compound and deduced it to be

the 1,2,4-tris(Bpin)benzene (4.14). Compound 4.14 was isolated in 18% yield (Scheme 4.5).2
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Figure 4.2a: 5 mol% [Ir(OMe)COD],, 10 mol% dmbpy, 120 °C, 1 day

UVzs214] uvzio 51278340

BPin BPin
& IS BPin

Figure 4.2b: 10 mol% [Ir(OMe)COD],, 20 mol% dmbpy, 120 °C, 1 day

BPin
BPin
&) BPin

Peales Rt E‘
P

Areatii1 B
Area 153800763

Figure 4.2¢c: 20 mol% [Ir(OMe)COD],, 40 mol% dmbpy, 120 °C, 1 day

UN208214] uvzio 104220

BPin
a]
PinB BPin
4.10
R¢: 1.78
ol
reszs
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It should be noted here that this observation and the isolation of 1,2,4-tris(Bpin)benzene
(4.14) took us by surprise as to the best of our knowledge an installation of a Bpin ortho to

another Bpin during Ir-catalyzed C—H activation/borylation had never been reported.®

3.3 equiv B,oPin,

BPin 5 mol % [Ir(OMe)COD], BPin
10 mol % 4,4'-dmbpy, BPin
10 mol % ¢-BuOK
BPin 120 ZC’ 1 days BPin
49 (18% yield ) 4.14
R¢: 1.56 R;: 1.66

Scheme 4.6: Ir-catalyzed C—H polyborylation of 1,4-bis(Bpin)benzene

Further analysis of the data obtained for the synthesis of 4.10 with 5 mol % [Ir(OMe)COD], and

10 mol % dmbpy at 120 °C, are summarized in Table 4.1.

Table 4.1: Ir-catalyzed C-H polyborylation of 1,4-bis(Bpin)benzene

Substrates % at each temperature *
85°C 100 °C 120 °C
49 414 | 49 414 | 49 414
Dayl | 75 25 68 32 60 40
Day2 | 86 14 70 30 63 37
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As noted earlier, none of the expected product (4.10) was observed regardless of the increment
of temperature or reaction time. On the other hand, it is evident that the production of 1,2 4-
tris(Bpin)benzene 4.14 increased with increment of the temperature, with yields of 25% at 85 °C
and 40% at 120 °C (Entry 1). Interestingly, yields did not change significantly when the
temperature was increased from 100 °C to 120 °C. Moreover, it was noted that running the

reaction for 2 days was not advantageous (entry 2).

Figure 4.2b depicts the HPLC chromatogram of the reaction run with 10 mol %
[Ir(OMe)COD], and 20 mol % dmbpy at 120 °C for 1 day. Again, as illustrated, none of the
expected product (4.10) was observed. Under these conditions though, the reaction was not clean
and afforded a collection of unidentified products. To our surprise, it is evident that compared to
reactions run with 5 mol % [Ir(OMe)COD)], the amount of 1,2,4-tris(Bpin)benzene 4.14 was also
low. This observation is true for all the other reactions carried out with 10 mol %
[Ir(OMe)COD]; catalyst load. During data analysis we observed that our added internal standard
1,3,5-methoxylbenzene decomposed under higher catalyst loads of Ir. Hence, more quantitative
analysis was not possible. To our delight we observed full conversion of 1,4-bis(Bpin)benzene
(4.9) to 1,3,5-tris(Bpin)benzene (4.10) with 20 mol % [Ir(OMe)COD], and 40 mol % dmbpy
(Figure 4.2c) at 85 °C for 1 day (see experimental section). Interestingly, this observation cut
down the reaction time by 3 days compared what was reported by Scott et.al. In our view, this
represents a significate advantage for the implementation of this methodology to other Ir-
catalyzed C—H polyborylations. Moreover, this result demonstrates that it is necessary to start the
reaction with a higher catalyst load (20 mol % [Ir(OMe)COD],, 40 mol % dmbpy) to even have a
chance of getting to 1,3,5-tris(Bpin)benzene (4.10). It is clear from our observations that in order

to obtain 1,3,5-tris(Bpin)benzene (4.10) that a borylation/deborylation process takes place, as
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Scott et.al. claimed, to install the maximum number of Bpin groups. The formation of 1,2,4-
tris(Bpin)benzene (4.14) at low catalyst load (5 mol % [Ir(OMe)COD],, 10 mol % dmbpy) and
the halting of the reaction so as to stop any forward progress towards 1,3,5-tris(Bpin)benzene
(4.10) even with higher temperatures and longer reaction times raises several questions. Does
1,2,4-tris(Bpin)benzene (4.14) act as an intermediate which undergoes deborylation to yield 1,3-
bis(Bpin)benzene, which could reborylate to give 1,3,5-tris(Bpin)benzene (4.10) or is it immune

to deborylation which leads to the observation at lower catalyst loads.

Further, with regards to the effect of temperature on this reaction as depicted in Figure
4.3, quantitative conversion of 1,4-bis(Bpin)benzene (4.9) to 1,3,5-tris(Bpin)benzene (4.10)
observed even at 85 °C. This suggests that higher temperature like 120 °C to be not

advantageous.

Figure 4.3: (a) 85 °C, (b) 100 °C (c) 120 °C at 20 mol % [Ir(OMe)COD],, 40 mol % dmbpy, 1

day

BPin

PinB

4.10 4.10

d‘ ) - =, ,L . ] ,r

(b) 100 °C (c) 120°C
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4.2.2. Effect of ligand and base on the Ir-catalyzed C-H polyborylation of 1,4-

bis(Bpin)benzene.

Encouraged by this preliminary result, we next investigated whether there is an effect
from the ligand. The selected ligands are shown in Scheme 4.6. We carried out this set of
experiments at two different catalyst loadings (5 mol% Ir dimer and 20 mol % Ir dimer) as we
have previously observed a significant catalyst loading dependence for this transformation. The
reactions were setup in HTE fashion with the use of stock solutions at 0.1 mmol scale with 0.1

mL THF as solvent and the data are summarized in the Table 4.7.

Conditions:
1. 5 mol % [Ir(OMe)COD],
10 mol % Ligand (L1 - L4)

BPin or BPin BPin
2. 20 mol % [Ir(OMe)COD], BPin
40 mol % Ligand (L1 - L4)
PinB BPin
. 3.3 equiv ByPin, BPin
BPin 10 mol % t-BuOK 410 414
4.9 120 °C, 36 h

0.1 mmol 4.9, 0.1 mL THF

M t-Bu t-Bu PPh,
00 - o O
=N N7 =N N7 - N7 PPh,

L1: 4-4'-dmbpy L2: tmp L3: dtbpy L4:dppbz
Scheme 4.7: Effect of ligand on Ir-catalyzed C—H polyborylation of 1,4-bis(Bpin)benzene

The borylation of 4.9 with B,pin,, catalyzed by [Ir(OMe)COD],, shows a strong dependence on
the choice of ligand used. Borylations with 1,2-Bis(diphenylphosphino)benzene (dppbz) in THF
at 120 °C did not give product for any combination of catalyst loadings. Phosphine ligands have
been used in catalytic borylations prior but it is observed that the reactive catalytic system to be

less active than the ones generated in situ with nitrogen chelate ligands.® The effects of the ligand
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were dramatic with 3,4,7,8- tetramethyl-1,10-phenanthroline (tmp) outperforming 4,4'-di-tert-
butyl-2,2"-bipyridine (dtbpy) and dmbpy. With the tmp ligand 65 % and 67 % of 4.10 was
obtained at 5 mol% and 10 mol% Ir catalyst respectively and the higher catalyst load was not
advantageous. If it the objective to obtain 4.14, then the choice of ligand would be dmbpy at 5
mol % Ir catalyst loading. In contrast to dtbpy and dmbpy, the electron rich tmp ligand helps to
generate more active electron-rich catalysts that drive the borytation, which is consistent with

previously observed Ir catalyzed borylation methodologies. ®

Table 4.2: Effect of ligand for Ir-catalyzed C—H polyborylation of 1,4-bis(Bpin)benzene

Yield of 4.10 and 4.14 at each condition ?

(yields determined by HPLC)

Condition 1 Condition 2
5 mol % 20 mol %
[Ir(OMe)COD], [Ir(OMe)COD],
10 mol % Ligand 40 mol % Ligand
(L1-L4) (L1-L4)
Entry | Ligand 4.10 4.14 4.10 4.14
1 L1: dmbpy 0 18 25 9
2 L2: tmp 65 3 67 0
3 L3: dtbpy 0 0 0 5
4 L4: dppbz 0 0 0 0

®Reactions condition 1: 5 mol% [Ir(OMe)COD],, 10 mol % tmp, THF at 120 °C, Reactions

condition 2: 20 mol% [Ir(OMe)COD]5,, 40 mol % tmp, THF at 120 °C,
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One other key part in this transformation of Ir-catalyzed C-H polyborylation of 1,4-
bis(Bpin)benzene is the base. During the course of the studies of polyborylation of corannulene
and pyrene, Eliseeva and Scott ° revealed that there is a ligand specific base dependence for the
reaction. They found out that the dmpby ligand works better in the in the presence of t-BuOK.
But when 5,5"-dmbpy and dtbpy are used as the ligand, added base has little or no effect on the
product distribution. Eliseeva and Scott suggested, the dmbpy ligand may be deprotonated by t-
BuOK and thus become a stronger donor. It is important to note here that the base tmp was not
utilized in the studies of Eliseeva and Scott and hence we were curious to see whether the use of
t-BuOK is really necessary for this transformation. The borytation of 1,4-bis(Bpin)benzene
(4.9) was carried out with 20 mol% [Ir(OMe)COD],, 40 mol% tmp, excess B,pin, at 120 °C in
THF with added t-BuOK and another one with no added t-BuOK. To our surprise almost
quantitate conversions to the product 1,3,5-tris(Bpin)benzene (4.10) was observed in both with
base and without and thus, the added base has no significant effect for this particular
transformation. With the optimized conditions in hand, we then proceed to test the scope of the
Ir-catalyzed C—H polyborylation with respect to other substituted benzene substrates. As shown
in table 4.3, entry 1, 4-Bpin-tert-butylbenzoate (4.15) was subjected to reaction condition A ( 20
mol% [Ir(OMe)COD],, 40 mol % tmp, THF at 120 °C) to obtain 3,5-di(Bpin)tert-butylbenzoate
(4.17) in 60 % isolated yield. Similarly, 4-Bpin-trifluoromethylbenzene (4.18) yielded 3,5-
di(Bpin)-trifluoromethylbenzene (4.19) in 61 % yield (entry 3). These two examples suggest that
as describe earlier that indeed a deborylation/borylation process is taking place in order to
achieve the stable 3, 5-disubstituted boronic ester derivatives. Further, polyboryation of tert-
butylbenzoate (4.16) and o,a,a-trifluorotoluene (4.19) also lead to the stable 3, 5- disubstituted

boronic ester derivatives (entry 2 and entry 4).
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Table 4.3: Ir-catalyzed C-H polyborylation of arenes

Entry Substrate Product Yields?

COztBU
Condition A

~ COztBU
BPin 2 79
415 PinB BPin

) CO,tBu - 4.17

Condition A

-

4.16

CF,4
3 Condition A

N CF3

BPin
4.18 PinB BPin

CF3 4.20
4 J

Condition A

4.19

5 Condition B

S a

421 BPin F . 5. 45
PinB BPin 6.56
F

6 J
BPin
Condition B 4.23
BPin
4.22

Cl Cl
PinB BPin  7.37

~

_—
Condition B
BPin BPin
4.24 4.25

#Yields refer to spectroscopically pure products
Conditon A: 20 mol% [Ir(OMe)COD],, 40 mol % tmp, THF at 120 °C
Conditon B: 5 mol% [Ir(OMe)COD],, 10 mol % tmp, THF at 120 °C
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The Ir-catalyzed C—H activation/borylation is governed by steric effect and when a relatively
large group like -CO,tBu or -CFs3 is incorporated in the benzene ring, adding the incoming Bpin
group ortho to the substitution is very unlikely (Scheme 4.1). In contrast, relatively small groups
like fluorine allow the installation of another Bpin group ortho to the substitution as seen during
the polyborylation of 3-Bpin-fluorobenzene (4.21) and 4-Bpin-fluorobenzene (4.22) (entry 5 and
6). Though it’s not obvious to whether there is a deborylato/borylation process involved in the
entry 6 as the product 2,4,6-tris(Bpin)fluorobenzene (4.23) could be simply resulted from
borylation othro to fluorine group, the polyborylation of 3-Bpin-fluorobenzene (4.21) suggest
otherwise. Moreover, polyborylation of 4-Bpin-chlorobenzene (4.24) (entry 6) was resulted with

2,4,6-tris(Bpin)chlorobenze (4.25).

4.3. Conclusion

In conclusion, we have studied the polyborylation of aromatic arenes. The Ir catalysts facilitate
reactions not only in the forward direction (e.g., borylation) but, inescapably, also in the reverse
direction. In principle, therefore, all arene borylations should eventually lead to exhaustive
borylation, even under the normal borylation conditions, if they are run long enough with an
excess of borylating agent (Le Chatlier’ s principle). The more exothermic the forward reaction,
of course, the slower will be the reverse reaction. We also have found that despite the previous
reports, a catalytic amount of base has no effect on the deborylation of arenes under the
borylation conditions. Further, we have developed a method where it extends the capability of
synthesizing novel boronic ester analogs that are hard or incapable to achieve from typical

borylation conditions.
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'H-NMR, 500 MHz, CDCl,4

CO,tBu
PinB BPin
4.17
] .
I L) T 1 L) L) 1 1 T 1 1 L) ] 1 L L) T 1 ] 1 1
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BBC-NMR, 126 MHz, CDCl,

CO,tBu

PinB BPin
4.17

ppm 210 200 190 180 170 160 150 140 130 120 10 100
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'H-NMR, 500 MHz, CDCl,4

F
PinB BPin
BPin
4.23
| | ~
I 1 ) 1 L 1 1 1 ) 1 ) L 1 1 L L ) 1 — 1 1 I
ppm 9.5 9.0 8.5 8.0 7.5 7.0 6.5 6.0 5.5 5.0 4.5 4.0 3.5 3.0 2.5 2.0 1.5 1.0 0.5 -0.0
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BBC-NMR, 126 MHz, CDCl,

F
PinB BPin
BPin
4.23
ppm 210 200 190 180 170 160 150 140 130 120 110 100
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'H-NMR, 500 MHz, CDCl,4

Cl
PinB BPin

BPin
4.25

ppm 9.5 9.0 8.5 8.0 7.5 7.0 6.5 6.0 5.5 5.0 4.5
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13C-NMR, 126 MHz, CDCl,

Cl
PinB BPin
BPin
4.25
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CHAPTER 5. EXPERIMENTAL

5.1. Experimental details for Chapter 2: Telescoping C—H Borylations with Photoredox and
Imidazolylsulfonate Chemistry

General Materials and Methods

Catalytic reaction mixtures were prepared in a glove box. All reactions were carried out oven-
dried glassware under an N, atmosphere, unless otherwise noted. HBPin was purchased from
Aldrich, and further purified by stirring with PPh; to remove residual BHs3;, and vacuum
transferred at room temperature to give the borane as a clear viscous liquid. All solvents were
reagent grade. Diethyl ether, cyclohexane and tetrahydrofuran (THF) were distilled from
sodium/benzophenone under nitrogen atmosphere before use. Dimethylformamide (DMF) was
treated with calcium hydride, distilled, and stored over freshly activated 4A molecular sieves.
Freeze-pump-thaw method was the preferred technique for solvent degassing. 1,3-
Bis(trifluoromethyl)benzene and 1,3-dichlorobenzene were distilled, dried over 4A sieves, and
vacuum transferred to an air free flask. Unless otherwise specified all the imidazolylsulfonates
used, were prepared by Dr. Jennifer Albaneze-Walker. 4,4'-Di-t-butyl-2,2’-bipyridine (d'bpy)
was purchased from Aldrich. [Ir(OMe)(COD)], was prepared according to literature procedures.
Palladium catalyst PdCl,(dppf) and Ruthenium catalyst Ru(bpy)sCl, were purchased from
Aldrich and used as received. Column chromatography was performed on 60 A silica gel (230
400 mesh). NMR spectra were recorded on Varian spectrometers: Inova-300 (300.11 MHz for
'H and 75.47 MHz for *C and 96.29 MHz for *'B), Varian VXR-500 (499.74 MHz for *H and
125.67 MHz for *C), Varian Unity-500-Plus (499.74 MHz for *H and 125.67 MHz for *C). *H

and **C chemical shifts (in ppm) were referenced to residual solvent signals: CDCls (8 7.24 for

'H and 77.0 for *C) and DMSO-dg (8 2.49 for *H and 39.5 for *C). 'B chemical shifts were
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referenced to neat BF3.Et,O (5 0.0 ppm) as external standard. *°F NMR was referenced to neat
CFCl; as the external standard. Melting points were recorded on a MEL-TEMP® capillary
melting point apparatus and are uncorrected. Low-resolution mass spectra were acquired using
gas chromatography-mass spectrometry (GC-MS) on a HP 5890 series Il GC coupled to a VG
Trio-1 mass spectrometer operated in EI+ mode (70 eV). High-resolution mass spectra were
acquired at the MSU Mass Spectrometry facility using a Waters GCT Premier GC/TOF
instrument (EI, CI), a JEOL HX-110 double-focusing magnetic sector instrument (FAB), or a
Waters QTOF Ultima mass spectrometer (APCI, ESI).

General Procedure for C-H Activation/Borylation (Procedure A).

Unless otherwise specified, all reactions followed this general procedure. The Ir-catalyst was
generated by a modified literature protocol,® where in a glove box, a Schlenk flask, equipped
with a magnetic stirring bar, was charged with the corresponding substrate (1 mmol, 1 equiv).
Two separate test tubes were charged with [Ir(OMe)(COD)], (10 mg, 0.015 mmol, 3 mol % Ir)
and d'bpy (8 mg, 0.03 mmol, 3 mol %). Excess HBPin/B,Pin, (1.0 to 2 equiv) was added to the
[Ir(OMe)(COD)], containing test tube. Solvent (Cyclohexane/THF) (1 mL) was added to the
d'bpy containing test tube in order to dissolve the d'bpy. The d'bpy solution was then mixed with
the [Ir(OMe)(COD)], and HBPin//B,Pin, mixture. After mixing for one minute, the resulting
solution was transferred to the Schlenk flask. Additional solvent (1 mL) was used to wash the
test tubes and the washings were transferred to the Schlenk flask. The flask was stoppered,
brought out of the glove box, and attached to the Schlenk line in a fume hood. The Schlenk flask
was placed under N, and the reaction was carried out at the specified temperature. NOTE, room
temperature borylations were carried out inside the glove box after sealing the Schlenk flask.

Unless otherwise specified, cyclohexane used as the solvent for borylations. The reaction was
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monitored by GC-FID/MS. After completion of the reaction, the volatile materials were removed
on a rotary evaporator.

General Procedure for Suzuki Coupling

Suzuki coupling with pure boronic esters (Procedure B).

A Schlenk flask was charged with imidazolylsulfonate (1 equiv), aryl boronic ester (1 equiv)
and potassium carbonate (2 equiv) in DMF (0.05 g/mL). Then, the reaction mixture was
degassed three times by freeze-pump-thaw degassing method. Next, (dppf)PdCl, catalyst (10
mol%) was added to the Schlenk flask under a nitrogen purge. Finally, the reaction was stirred at
60°C in an oil bath for 16 h and was cooled to room temperature and diluted with EtOAc and
H,0. The layers were separated and aqueous phase was washed with EtOAc (3X). The combined
organic extracts were washed with water (3X), dried (MgSQ,), concentrated and purified by
flash chromatography on silica provided the product.

General Procedure for One-pot C-H acitivation/borylation Suzuki Coupling:

(Procedure C).

The borylation was carried out as given in general procedure for C-H Activation/Borylation.
After completion of the reaction, the volatile materials were removed on a rotary evaporator.
Then, the Schlenk flask was charged with imidazolylsulfonate (1 equiv) and potassium carbonate
(2 equiv) in DMF (0.05 g/mL). The reaction mixture was degassed three times by freeze-pump-
thaw degassing method. Next, (dppf)PdClI, catalyst (10 mol%) was added to the Schlenk flask
under a nitrogen purge. Finally, the reaction was stirred at 60°C in an oil bath for 16 h and was
cooled to room temperature and diluted with EtOAc and H,O. The layers were separated and

aqueous phase was washed with EtOAc (3X). The combined organic extracts were washed with
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water (3X), dried (MgSQO,), and concentrated. Purification by flash chromatography on silica
provided the products listed in Table 1 and Table 2.
Experimental details for one-pot C—H acitivation/borylation Suzuki Coupling products.

Cl CFs

¢ 23
3,5-dichloro-3'-(trifluoromethyl)-1,1'-biphenyl (2.3).
The general procedure B for Suzuki coupling was applied with the following amounts; 3-
Trifluoromethylphenylimidazolesulfonate (292.3 mg, 1 mmol), 2-(3,5-dichlorophenyl)-4,4,5,5-
tetramethyl-1,3,2-dioxaborolane (273.0 mg, 1 mmol), (dppf)PdCl, (73.2 mg, 0.10 mmol),
K,CO3 (276.4 mg, 2 mmol) and DMF (5.5 mL). Suzuki reaction was carried out at 60 °C for 9
h. Column chromatography on silica eluting with a gradient of hexanes to 8:2 hexane/ EtOAc
gave 192.7 mg (66.0 %) of 3,5-dichloro-3'-(trifluoromethyl)-1,1'-biphenyl as a colorless oil. *H
NMR (CDCls, 500 MHz): & 7.38 (t, J = 1.8 Hz, 1H), 7.45 (s, 2H), 7.58-7.55 (m, 1H), 7.66-7.63
(m, 1H), 7.71-7.69 (m, 1H), 7.75 (td, J = 1.6, 0.8 Hz, 1H) ; *C NMR (CDCls, 126 MHz): &
122.81 (d, J = 272.5 Hz), 123.91 (q, J = 3.7 Hz), 125.14 (q, J = 3.7 Hz), 125.74, 127.97, 129.58,
130.37, 131.56 (q, J = 33.5 Hz), 135.60, 139.37, 142.67 (two Sp° C, overlapping with each

other); FT-IR (neat) Fima: 3093, 2917, 1583, 1433, 1211, 1169, 1054, 936, 862, 810; *°F NMR d

-62.4 ; MS m/z (rel. int.) 290 (100), 271 (12), 221 (7), 201 (20), 152 (17).
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1-(3,5-dichlorophenyl)naphthalene (2.4).

The general procedure B with the following amounts; Imidazole-1-sulfonatenapthalene (274.3
mg, 1 mmol), 2-(3,5-dichlorophenyl)-4,4,5,5-tetramethyl-1,3,2-dioxaborolane (273.0 mg, 1
mmol), (dppf)PdCI, (73.2 mg, 0.10 mmol), K,CO;3 ( 276.4 mg, 2 mmol) and DMF (5.5 mL).
Suzuki reaction was carried out at 60 °C for 16 h. Column chromatography on silica eluting
with a gradient of hexanes to 8:2 hexane/ EtOAc gave 370 mg (68.0 %) of 1-(3,5-
dichlorophenyl)naphthalene as a white solid. mp =86 °C. *H NMR (500 MHz, CDCL,): & 7.35
(d, J = 1.3 Hz, 1H), 7.54-7.50 (m, 2H), 7.56 (s, 2H), 7.61 (d, J = 8.5 Hz, 1H), 7.88 (m, 3H), 7.96
(s, 1H). **C NMR (126 MHz, CDCL): & 124.76, 125.80, 126.17, 126.57, 126.63, 127.14, 127.65,
128.28, 128.80, 133.00, 133.41, 135.30, 135.70, 144.04. HRMS (EIl): m/z calculated for

CisH1oClo [M]* 272.0160, found 272.0150.
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3,5-dichloro-3'-(trifluoromethyl)-1,1'-biphenyl (2.7) via one-pot C—H activation/borylation/
Suzuki sequence.
The general procedure for borylations (Procedure A) and one-pot C—H acitivation/borylation
Suzuki coupling (Procedure C) with the following amounts: HBPin (217 pL, 1.5 mmol),
[Ir(OMe)(COD)], (6.6 mg, 0.01 mmol), d'bpy (5.4 mg, 0.02 mmol), 1,3-dichlorobenzene (123
uL, 1.0 mmol), 3-Trifluoromethylphenylimidazolesulfonate (292.3 mg, 1 mmol), (dppf)PdCl,
(73.17 mg, 0.10 mmol), K,CO3 ( 276.4 mg, 2 mmol) and DMF (5.5 mL). Borylation was carried
out at 60 °C for 4 h and Suzuki reaction was run for 9 h at 60 °C. Column chromatography on
silica eluting with a gradient of hexanes to 8:2 hexane/ EtOAc gave 172.0 mg (59.0 %) of 3,5-
dichloro-3'-(trifluoromethyl)-1,1'-biphenyl as a colorless oil. *H NMR (500 MHz, CDCL): &
740 (t, J= 1.9 Hz, 1H), 7.47 (d, J = 1.9 Hz, 2H), 7.61-7.58 (m, 1H), 7.69-7.67 (m, 1H), 7.73-
7.71 (m, 1H), 7.79 (td, J = 1.6, 0.7 Hz, 1H). *C NMR (126 MHz, CDCls): & 123.94 (q, J =
272.4 Hz), 124.13 (q, J = 3.4 Hz), 125.13 (q, J = 3.3 Hz), 125.72, 127.96, 129.57, 130.36, 131.52
(9, J = 32.5 Hz), 135.59, 139.34, 142.64 (two Sp” C, overlapping with each other). FT-IR (neat)
Fimax: 3093, 2917, 1583, 1433, 1211, 1169, 1054, 936, 862, 810; °F NMR -62.5; MS (% rel.

int.): 290 (100), 271 (12), 221 (7), 201 (20), 152 (17).
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2-(3,5-bis(trifluoromethyl)phenyl)naphthalene (2.11a).
The general procedure for borylations (Procedure A) and one-pot C-H acitivation/borylation
Suzuki coupling (Procedure C) with the following amounts: HBPin (217 pL, 1.5 mmol),
[I(OMe)(COD)]; (13.2 mg, 0.02 mmol), dbpy (8.0 mg, 0.03 mmol), 1,3-
Bis(trifluoromethyl)benzene (155 pL, 1.0 mmol), Imidazole-2-sulfonatenapthalene (274.3 mg, 1
mmol), (dppf)PdCl, (73.17 mg, 0.10 mmol), K,CO3 ( 276.4 mg, 2 mmol) and DMF (5.5 mL).
Borylation was carried out at 60 °C for 1 h and Suzuki reaction was run for 16 h at 60 °C.
Column chromatography on silica eluting with a gradient of hexanes to 8:2 hexane/ EtOAc gave
230.0 mg (68.0 %) of 2-(3,5-bis(trifluoromethyl)phenyl)naphthalene as a white solid: mp = 92-
94 °C. H NMR (500 MHz, CDCL): & 7.57-7.52 (m, 2H), 7.70 (dd, J = 8.5, 1.9 Hz, 1H), 7.94-
7.87 (m, 3H), 7.96 (d, J = 8.5 Hz, 1H), 8.05 (s, 1H), 8.13 (s, 2H); *C NMR (CDCl3, 126 MHz) §
120.91 (septet, J = 3.8 Hz), 123.41 (q, J = 272.8 Hz), 124.67, 126.56, 126.89 (d, J = 3.1 Hz),
127.41-127.38 (m), 127.73, 128.35, 129.17, 132.17 (q, J = 33.2 Hz), 133.16, 133.47, 135.40,
143.22; FT-IR (neat) Fimax: 3073, 2930, 1556, 1273, 1126, 1049, 825, 490; F NMR: -63.05;

HRMS (EI): m/z calculated for C1gH1oFs [M]™ 340.0687, found 340.0694.
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2-(3-chloro-5-methylphenyl)naphthalene (2.11b).
The general procedure for borylations (Procedure A) and one-pot C-H acitivation/borylation
Suzuki coupling (Procedure C) with the following amounts: HBPin (290 uL, 2.0 mmol),
[Ir(OMe)(COD)], (19.8 mg, 0.03 mmol), dbpy (16.1mg, 0.06 mmol), 1-chloro-3-
methylbenzene(119 uL, 1.0 mmol), imidazole-2-sulfonatenaphthalene (274.3 mg, 1 mmol),
(dppf)PdCI, (73.17 mg, 0.10 mmol), K,CO3; ( 276.4 mg, 2 mmol) and DMF (5.5 mL).
Borylation was carried out at 60 °C for 24 h in THF as the solvent and Suzuki reaction was run
for 36 h at 60 °C. Column chromatography on silica eluting with a gradient of hexanes to 8:2
hexane/ EtOAc gave 182.0 mg (72.0 %) of 2-(3-chloro-5-methylphenyl)naphthalene as a white
solid: mp = 78-80 °C. 'H NMR (500 MHz, CDCL,): & 2.43 (d, J = 0.6 Hz, 3H), 7.20 (ddd, J =
1.9, 1.4, 0.6 Hz, 1H), 7.40 (td, J = 1.5, 0.7 Hz, 1H), 7.54-7.49 (m, 3H), 7.69 (dd, J = 8.5, 1.9 Hz,
1H), 7.92-7.86 (m, 3H), 8.01 (d, J = 1.5 Hz, 1H); *C NMR (126 MHz, CDCL): § 21.32, 124.55,
125.21, 125.89, 126.14, 126.37, 126.38, 127.61, 127.90, 128.19, 128.49, 132.75, 133.51, 134.40,
137.19, 140.15, 142.66; FT-IR (neat) /imax: 3039, 3026, 2987, 1944, 1511, 1434, 1273, 1158,

1025, 963; HRMS (EI): m/z calculated for C17H13Cl [M]* 252.0706, found 252.0701.
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2-(3,5-dimethylphenyl)naphthalene (2.11c).

The general procedure for borylations (Procedure A) and one-pot C-H acitivation/borylation
Suzuki coupling (Procedure C) with the following amounts: B,Pin, (254 mg, 1.0 mmol),
[Ir(OMe)(COD)], (6.6 mg, 0.01 mmol), TMP (5.7 mg, 0.02 mmol), m-Xylene (123 uL, 1.0
mmol), imidazole-2-sulfonatenaphthalene (274.3 mg, 1 mmol), (dppf)PdCl, (73.17 mg, 0.10
mmol), K,CO3 ( 276.4 mg, 2 mmol) and DMF (5.5 mL)/H,0 (0.5 mL). Borylation was carried
out at 80 °C for 4 h in THF (2 mL) as the solvent and Suzuki reaction was run for 14 h at 80 °C.
Column chromatography on silica eluting with a gradient of hexanes to 8:2 hexane/ EtOAc gave
190.0 mg (82.0 %) of 2-(3,5-dimethylphenyl)naphthalene as a white solid: mp = 64 - 65 °C. H-
NMR (500 MHz, CDCls): § 2.44 (s, 6H), 7.05 (s, 1H), 7.36 (s, 2H), 7.50 (quintetd, J = 7.5, 1.6
Hz, 2H), 7.76 (dd, J = 8.5, 1.8 Hz, 1H), 7.88-7.86 (m, 1H), 7.92-7.90 (m, 2H), 8.04 (d, J = 1.3
Hz, 1H); *C-NMR (126 MHz, CDCls): § 21.61, 125.47, 125.83, 125.87, 125.91, 126.32, 127.75,
128.29, 128.38, 129.14, 132.69, 133.80, 138.49, 138.90, 141.23.; FT-IR (neat) /imax:3056,
3025, 2917, 2851, 1593, 1456, 1272, 820, 750, 699 HRMS (EI): m/z calculated for

CisH1s[M+H]* 233.130, found 233.131.
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1-chloro-4-(3,5-dichlorophenyl)naphthalene (11d).

The general procedure for borylations (Procedure A) and one-pot C—H acitivation/borylation
Suzuki coupling (Procedure C) with the following amounts: HBPin (217 pL, 1.5 mmol),
[Ir(OMe)(COD)] (6.6 mg, 0.01 mmol), d'bpy (5.4 mg, 0.02 mmol), 1,3-dichlorobenzene (123
uL, 1.0 mmol), 1-((4-chloronaphthalen-1-yl)sulfonyl)-1H-imidazole (292.7 mg, 1 mmol),
(dppf)PdCl, (73.17 mg, 0.10 mmol), K;CO3 ( 276.4 mg, 2 mmol) and DMF (5.5 mL).
Borylation was carried out at 60 °C for 4 h and Suzuki reaction was run for 16 h at 60 °C.
Column chromatography on silica eluting with hexanes gave 147.0 mg (48.0 %) of 1-chloro-4-
(3,5-dichlorophenyl)naphthalene as a white solid: mp = 123 °C. *H NMR (500 MHz, CDCL,): &
7.27 (d, J = 7.6 Hz, 1H), 7.33 (d, J = 1.9 Hz, 2H), 7.44 (t, J = 1.9 Hz, 1H), 7.52 (ddd, J = 8.4,
6.9, 1.4 Hz, 1H), 7.64-7.59 (m, 2H), 7.79 (d, J = 8.4 Hz, 1H), 8.35 (d, J = 8.5 Hz, 1H). *C NMR
(126 MHz, CDCL,): 6 124.92, 125.55, 125.81, 126.71, 127.20, 127.31, 127.66, 128.42, 130.87,
132.16, 132.49, 134.90, 136.61, 142.84; FT-IR (neat) Fimax: 3068, 2974, 2736, 1698, 1573, 1464,
1389, 1235, 1130, 943, 896, 479; HRMS (EI): m/z calculated for C16HgCls [M]" 305.9770, found

305.9757.
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1-(3-chloro-5-methoxyphenyl)naphthalene (2.11e).

The general procedure for borylations (Procedure A) and one-pot C—H acitivation/borylation
Suzuki coupling (Procedure C) with the following amounts: B,Pin, (279.4 mg, 1.1 mmol),
[Ir(OMe)(COD)], (9.9 mg, 0.015 mmol), d'bpy (8.0 mg, 0.03 mmol), 3-Chloroanisole (123 puL,
1.0 mmol), imidazole-1-sulfonatenaphthalene (274.3 mg, 1 mmol), (dppf)PdCI, (73.17 mg, 0.10
mmol), K,CO3 ( 276.4 mg, 2 mmol) and DMF (5.5 mL)/H,0 (0.5 mL). Borylation was carried
out at 80 °C for 12 h in THF (2 mL) as the solvent and Suzuki reaction was run for 14 h at 60 °C.
Column chromatography on silica eluting with a gradient of hexanes to 8:2 hexane/ EtOAc gave
198.0 mg (74.0 %) of 1-(3-chloro-5-methoxyphenyl)naphthalene as a viscous oil. *H NMR (500
MHz, CDCls): 8 3.86 (s, 3H), 6.94 (dd, J = 2.3, 1.4 Hz, 1H), 7.00 (t, J = 2.1 Hz, 1H), 7.11 (t, J =
1.6 Hz, 1H), 7.42 (dd, J = 7.0, 1.2 Hz, 1H), 7.47 (ddd, J = 8.3, 6.8, 1.5 Hz, 1H), 7.54-7.50 (m,
2H), 7.93-7.88 (m, 3H); *C NMR (126 MHz, CDCls): § 55.70, 113.28, 114.53, 122.66, 125.39,
125.79, 126.06, 126.44, 126.88, 128.30, 128.45, 131.40, 133.83, 134.77, 138.86, 143.36, 160.20;
FT-IR (neat) fima:2994, 2934, 2831, 1565, 1220, 1048, 798, 774, 693; HRMS (El): m/z

calculated for C;7H13CIO[M+H]" 269.071, found 269.072.
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3-chloro-N,N-dimethyl-5-(naphthalen-1-yl)aniline (2.11f).

The general procedure for borylations (Procedure A) and one-pot C-H acitivation/borylation
Suzuki coupling (Procedure C) with the following amounts: B,Pin, (279.4 mg, 1.1 mmol),
[Ir(OMe)(COD)], (9.9 mg, 0.015 mmol), dbpy (8.0 mg, 0.03 mmol), 3-chloro-N,N-
dimethylaniline (155.6 mg, 1.0 mmol), imidazole-1-sulfonatenaphthalene (274.3 mg, 1 mmol),
(dppf)PdCI, (73.17 mg, 0.10 mmol), K,CO3 ( 276.4 mg, 2 mmol) and DMF (5.5 mL)/H,0 (0.5
mL). Borylation was carried out at 80 °C for 12 h in THF (2 mL) as the solvent and Suzuki
reaction was run for 6 h at 60 °C. Column chromatography on silica eluting with a gradient of
hexanes to 8:2 hexane/ EtOAc gave 174.7 mg (62.0 %) of 3-chloro-N,N-dimethyl-5-(naphthalen-
1-yl)aniline as a viscous oil. 'H NMR (500 MHz, CDCls): & 3.00 (s, 6H), 6.76 (d, J = 32.8 Hz,
2H), 6.86 (s, 1H), 7.44 (ddd, J = 14.5, 7.6, 1.1 Hz, 2H), 7.53-7.48 (m, 2H), 7.86 (d, J = 8.2 Hz,
1H), 7.92 (dd, J = 14.9, 8.2 Hz, 2H); *C NMR (126 MHz, CDCls): & 40.54, 111.06, 112.51,
118.02, 125.37, 125.91, 126.09, 126.19, 126.69, 127.91, 128.32, 131.60, 133.78, 134.79, 139.95,
142.84, 151.23; FT-IR (neat) /imax:3043, 2890, 2802, 1591, 1559, 1487, 1393, 1227, 961, 797,

775,693; HRMS (EI): m/z calculated for C1gH16CIN [M+H]" 282.103, found 282.104.
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1-(3,5-dimethoxyphenyl)naphthalene (2.119).

The general procedure for borylations (Procedure A) and one-pot C-H acitivation/borylation
Suzuki coupling (Procedure C) with the following amounts: B,Pin, (254 mg, 1.1 mmol),
[Ir(OMe)(COD)], (6.6 mg, 0.01 mmol), TMP (5.8 mg, 0.02 mmol), 1,3-dimethoxybenzene (0.12
mL,1.0 mmol), imidazole-1-sulfonatenaphthalene (328.8 mg, 1.2 mmol), (dppf)PdCl, (73.17
mg, 0.10 mmol), K,CO3 ( 276.4 mg, 2 mmol) and DMAc (5.0 mL)/H,O (0.5 mL). Borylation
was carried out at 80 °C for 4 h in THF (2 mL) as the solvent and Suzuki reaction was run for 16
h at 80 °C. Gradient column chromatography on silica eluting with hexanes to 7:3 hexane /
CH,Cl, as eluent gave 190 mg (72.0% vyield) of known compound® 1-(3,5-
dimethoxyphenyl)naphthalene as a colorless oil. *H NMR (500 MHz, CDCls): § 3.91 (s, 6H),
6.67 (t, J = 2.1 Hz 1H), 6.77 (d, J = 2.1 Hz, 2H), 7.55 (m, 4H), 7.93 (d, J = 7.9 Hz, 1H), 7.97 (d,
J = 7.9 Hz, 1H), 8.08 (d, J = 8.5 Hz, 1H). *C NMR (126 MHz, CDCls): § 55.5, 99.6, 108.3,

125.4,125.9, 126.2, 127.9, 128.3, 131.6, 133.8, 140.3, 142.9, 160.7.
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2,6-dichloro-4-(naphthalen-2-yl)pyridine (2.15a).
The general procedure for borylations (Procedure A) and one-pot C—H acitivation/borylation
Suzuki coupling (Procedure C) with the following amounts: HBPin (217 pL, 1.5 mmol),
[Ir(OMe)(COD)], (19.8 mg, 0.03 mmol), d'bpy (16.1mg, 0.06 mmol), 2,6-dichloropyridine (147
mg, 1.0 mmol), Imidazole-2-sulfonatenapthalene (274.3 mg, 1 mmol), (dppf)PdCl, (73.17 mg,
0.10 mmol), K,CO3 ( 276.4 mg, 2 mmol) and DMF (5.5 mL). Borylation was carried out at 60
°C for 1 h in THF as the solvent and Suzuki reaction was run for 16 h at 60 °C. Gradient column
chromatography on silica eluting with 100 % hexanes to 8:2 hexane / EtOAc as eluent gave
115.1 mg (42.0 %) of 2-(3-chloro-5-methylphenyl)naphthalene as a white solid: mp = 144-145
°C. H NMR (500 MHz, CDCly): & 7.58-7.54 (m, 4H), 7.64 (dd, J = 8.5, 1.9 Hz, 1H), 7.92-7.86
(m, 2H), 7.94 (d, J = 8.6 Hz, 1H), 8.05 (dd, J = 1.4, 0.5 Hz, 1H); *C NMR (126 MHz, CDCL): &
120.82, 123.85, 126.95, 127.04, 127.50, 127.72, 128.53, 129.29, 132.75, 133.17, 133.78, 151.01,
153.74; FT-IR (neat) /Aimax: 3046, 2341, 1566, 1531, 1360, 1130, 976, 878, 790; HRMS (ESI):

m/z calculated for C15H1oNCI, [M+H]" 274.0190, found 274.0201.
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Ethyl 7-(naphthalen-2-yl)-1H-indole-2-carboxylate (2.15b).

The general procedure for borylations (Procedure A) and one-pot C-H acitivation/borylation
Suzuki coupling (Procedure C) with the following amounts: HBPin (217 pL, 1.5 mmol),
[Ir(OMe)(COD)]; (19.8 mg, 0.03 mmol), d'bpy (16.1mg, 0.06 mmol), Ethyl indole-2-carboxylate
(189.2 mg, 1.0 mmol), Imidazole-2-sulfonatenapthalene (274.3 mg, 1 mmol), (dppf)PdCl;
(73.17 mg, 0.10 mmol), K,COj3 ( 276.4 mg, 2 mmol) and DMF (5.5 mL). Borylation was carried
out at 60 °C for 3 h in hexane as the solvent and Suzuki reaction was run for 16 h at 60 °C.
Gradient column chromatography on silica eluting with 100 % hexanes to 8:2 hexane / EtOAc as
eluent gave 180 mg (57.0 %) of Ethyl 7-(naphthalen-2-yl)-1H-indole-2-carboxylate as a white
solid: mp = 125 °C. 'H NMR (500 MHz, CDCL): & 1.38 (t, J = 7.1 Hz, 3H), 4.34 (g, J= 7.1 Hz,
2H), 7.31 (t, J = 7.6 Hz, 1H), 7.35 (d, J = 2.1 Hz, 1H), 7.46 (d, J = 7.1 Hz, 1H), 7.58-7.54 (m,
2H), 7.78-7.74 (m, 2H), 7.94-7.91 (m, 2H), 7.99 (d, J = 8.4 Hz, 1H), 8.11 (s, 1H), 9.23 (bs, 1H);
3¢ NMR (126 MHz, CDCl;): & 14.29, 60.96, 109.07, 121.32, 121.81, 125.28, 126.22, 126.24,
126.36, 126.52, 126.84, 127.72, 127.87, 128.03, 128.95, 132.69, 133.64, 135.02, 135.73, 161.81;
FT-IR (neat) Fimax: 3460, 2979, 1701, 1301, 1241, 1202, 1022, 823, 677; HRMS (ESI): m/z

calculated for C1H17,NO, [M+H]" 316.1338, found 316.1339.
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3-(4-chloronaphthyl)-N-Boc-pyrrole (2.15¢).

The general procedure for borylations (Procedure A) and one-pot C-H acitivation/borylation
Suzuki coupling (Procedure C) with the following amounts: HBPin (217 pL, 1.5 mmol),
[Ir(OMe)(COD)], (10.0 mg, 0.015 mmol), d'bpy (8.0 mg, 0.02 mmol), N-Boc-pyrrole (167 pL,
1.0 mmol), 1-((4-chloronaphthalen-1-yl)sulfonyl)-1H-imidazole (292.7 mg, 1 mmol),
(dppf)PdCI, (73.17 mg, 0.10 mmol), K,CO3; ( 276.4 mg, 2 mmol) and DMF (5.5 mL).
Borylation was carried out at 60 °C for 2 h and Suzuki reaction was run for 60 h at 60 °C.
Gradient column chromatography on silica eluting with hexanes to 7:3 hexane / EtOAc as eluent
gave 219.0 mg (67.0 %) of 3-(4-chloronaphthalen)-N-Boc-pyrrole as a slightly yellowish viscous
oil. *H NMR (500 MHz, CDCL): & 1.63 (s, 9H), 6.48 (dd, J = 2.7, 1.3 Hz, 1H), 7.37 (d, J = 7.7
Hz, 2H), 7.43 (s, 1H), 7.53 (t,J = 7.8 Hz, 1H), 7.56 (d, J= 7.7 Hz, 1H), 7.60 (dd, J = 8.0, 7.2 Hz,
1H), 8.23 (d, J = 8.5 Hz, 1H), 8.33 (d, J = 8.4 Hz, 1H). *C NMR (126 MHz, CDCL,): & 27.99,
83.98, 114.07, 118.63, 120.22, 124.71, 125.73, 125.82, 126.39, 126.67, 126.81, 130.92, 130.94,
132.56, 132.83, 148.77; FT-IR (neat) /imax: 3015, 2945, 1732, 1586, 1421, 1368, 1215, 1159,

890, 707; MS (% rel. int.): 227 (100), 191 (24), 165 (20), 151 (1), 96 (4), 83 (6), 63 (4).
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1-(4-(4-chloronaphthalen-1-yl)-5-methylfuran-2-yl)ethanone (2.15d).

The general procedure for borylations (Procedure A) and one-pot C—H acitivation/borylation
Suzuki coupling (Procedure C) with the following amounts: HBPin (217 pL, 1.5 mmol),
[Ir(OMe)(COD)], (10.0 mg, 0.015 mmol), d'bpy (8.0 mg, 0.02 mmol), 2-acetyl-5-methylfuran
(116 pL, 1.0 mmol) and. , 1-((4-chloronaphthalen-1-yl)sulfonyl)-1H-imidazole (292.7 mg, 1
mmol), (dppf)PdCl, (73.17 mg, 0.10 mmol), K,COs3 ( 276.4 mg, 2 mmol) and DMF (5.5 mL).
Borylation was carried out at 60 °C for 1 h in cyclohexane (2 mL) and Suzuki reaction was run
for 20 h at 60 °C. Gradient column chromatography on silica eluting with hexanes to 7:3 hexane
/ EtOAC as eluent gave 139.5 mg (49.0 %) of 1-(4-(4-chloronaphthalen-1-yl)-5-methylfuran-2-
yl)ethanone as a colorless oil. *H NMR (500 MHz, CDCL): & 2.29 (s, 2H), 2.49 (s, 2H), 7.25 (d,
J=0.5Hz, 1H), 7.27 (d, J= 7.6 Hz, 1H), 7.54 (m, J = 1.2 Hz, 1H), 7.60 (d, J = 7.6 Hz, 1H), 7.63
(m, J = 1.3 Hz, 1H), 7.77 (dd, J = 8.4, 0.6 Hz, 1H), 8.34 (m, J = 0.6 Hz, 1H). °C NMR (126
MHz, CDCL): 6 13.15, 26.07, 121.32, 122.13, 125.26, 125.93, 126.08, 127.44, 127.46, 127.66,
129.59, 131.25, 132.47, 133.21, 151.04, 155.25, 186.52; FT-IR (neat) /imax: 3128, 2923, 2853,
1587, 1334, 1212, 1128, 1021, 957, 801, 610; HRMS (El): m/z calculated for C17H130,Cl [M]*,

284.0604 found 284.0616.
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2-methyl-5-(naphthalen-1-yl)thiophene (2.15d).

The general procedure for borylations (Procedure A) and one-pot C-H acitivation/borylation
Suzuki coupling (Procedure C) with the following amounts: HBPin (217 pL, 1.5 mmol),
[Ir(OMe)(COD)]; (6.6 mg, 0.01 mmol), d'bpy (8.0 mg, 0.02 mmol), 2-acetyl-5-methylfuran (116
pL, 1.0 mmol) and. , 1-((4-chloronaphthalen-1-yl)sulfonyl)-1H-imidazole (292.7 mg, 1 mmol),
(dppf)PACI, (73.17 mg, 0.10 mmol), K,CO3 ( 276.4 mg, 2 mmol) and DMF (5.5 mL)/ H,O (0.5
mL). Borylation was carried out at 25 °C for 1 h in cyclohexane (2 mL) and Suzuki reaction was
run for 6 h at 60 °C. Gradient column chromatography on silica eluting with hexanes to 7:3
hexane/ EtOAc as eluent gave 139.5 mg (62.0 %) of 2-methyl-5-(naphthalen-1-yl)thiophene as a
colorless oil of known compound®. *H NMR (500 MHz, CDCL): 8 2.60 (s, 3H), 6.86 (t, J = 1.0
Hz, 1H), 7.06 (d, J = 2.4 Hz, 1H), 7.51 (quintet, J = 7.1 Hz, 3H), 7.57 (d, J = 7.0 Hz, 1H), 7.85
(d, J = 8.1 Hz, 1H), 7.91 (t, ] = 4.1 Hz, 1H), 8.32-8.30 (m, 1H). *C NMR (126 MHz, CDCL): §
15.48, 125.39, 125.63, 125.98, 126.05, 126.43, 127.38, 128.04, 128.20, 128.42, 131.93, 132.93,

133.99, 139.52, 140.31.
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Experimental details for one-pot C-H activation/borylation/oxidation routes to
imidazolylsulfonates and their direct incorporation into the one-pot borylation/Suzuki
couplings.

General Procedure for C-H Activation/Borylation/Oxidation with Photoredox Catalysis
(Procedure D).

First, the general procedure for C—H Activation/Borylation (Procedure A) was applied to the
unactivated arene or heteroarene with relevant amounts. After completion of the reaction, the
volatile materials were removed on a rotary evaporator. To a mixture of crude boronic ester
(approximately 1 mmol, usually a dark orange or brown gel-like liquid or a solid),
Ru(bpy)sCl,*6H,0 (15.0 mg, 0.02 mmol) in DMF (10.0 mL) was added iPr,NEt ( 350 uL, 2.0
mmol). The solution was stirred at room temperature adjacent to a 26-W compact fluorescent
light bulb in open to air (without bubbling air). After boronic ester was completely consumed
(monitored by GC-FID/MS and TLC analysis), the resulting crude phenol was used in next step
without any purification.

General Procedure for Synthesis of Aryl Imidazolylsulfonates (Procedure E).

The flask containing the phenol substrate was charged with N-N’-sulfonyldiimidazole
(396.4 mg, 2 mmol) and Cs,CO;3 (162.9 mg, 0.5 mmol) in THF (0.05 g/mL). The reaction was
stirred at room temperature (or at the specific temperature reported) and monitored by GC-
FID/MS or TLC. After starting phenol was completely consumed the resulting crude
imidazolylsulfonates was used in next step after removing the excess solvent in vacuo, without

any purification.
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Note: To obtain the purified imidazolylsulfonates following procedure has been used.

The reaction solution was concentrated and EtOAc was added and cooled to 0 °C and
saturated aqueous NH4Cl was added. The layers were separated and the aqueous layer was
washed with EtOAc (3 X). The combined organic extracts were washed with water (2X),
followed by brine (1 X), dried (Mg,SO,), and concentrated onto celite and purification by flash

chromatography.

Experimental details for the C-H activation/borylation/oxidation with photoredox
catalysis.

Preparation of 3,5-Dichlorophenol, 2.16:

1.5 equiv HBPIn, Cl Cl | 2mol% [Ru(bpy)sPFgl, cl cl
CI\©/C| 1.0 mol% [Ir(OMe)COD]s,, \©/ 2.0 equiv iPryEtN, DMF,
3 mol% dtbpy, . air, 26 W Fluorscent bulb, OH
24 2 mL cyclohexane, 60 °C, 4h BPin 94h (82% from 2.4) 216

The general borylation procedure A was applied with the following amounts: HBPin (217 uL,
1.5 mmol), [Ir(OMe)(COD)], (6.6 mg, 0.01 mmol), dbpy (5.4 mg, 0.02 mmol), 1,3-
dichlorobenzene (123 uL, 1.0 mmol) and cyclohexane (2 mL). Borylation was carried out at 60
°C for 4 h. After completion of the reaction, the volatile materials were removed on a rotary
evaporator. Then the general procedure E, photoredox catalyzed oxidation conditions were
applied to the crude boronic ester with following amounts: Ru(bpy)sPFs (16.5 mg, 0.02 mmol),
iProNEt ( 350 pL, 2.0 mmol) and dry DMF (10.0 mL). Note: The Ru(bpy)sPF¢ (provided by Ms.
Daniela Rotondo, McCusker Group) catalyst was used instead of Ru(bpy);Cl,*6H,0. The
reaction was monitored by GC-MS/FID and once it was completed, the reaction mixture was
cooled to 0 °Cand quenched carefully by aqueous solution of HCI (10%, 10 mL). The resultant
mixture was extracted with Et,O (3 x 10 mL). The combined organic layers were washed with

brine (2 x 20 mL) and dried over Mg,SO,. After removal of the solvent in vacuum, the residue
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was purified by FC (silica gel, EtOACc:PE = 1:5) to give the desired product 25 (134 mg, 82 %)
as a colorless solid: mp = 66-68 °C (Aldrich 67-69 °C). *H NMR (500 MHz, CDCL,): & 4.90 (s,
1H), 6.74 (d, J = 1.7 Hz, 2H), 6.94 (t, J = 1.8 Hz, 1H). *C-NMR (126 MHz, CDCls): & 114.53,
121.41, 135.47, 156.42.

Synthesis of Imidazolylsulfonates™

1. 1 equiv. B,Pin,
1 mol % [Ir(OMe)COD],

2 mol % dtb Cl CO,Me
cl COMe THF, 60 °C. 3 h 28\ 2 equiv. s0pm, ¢! COzMe
\©/ 2.2 mol % [Ru(bpy)3Cl,] 0.5 equiv. Cs,CO4
2.0 equiv. iPryEtN, DMACc DMAc, 60 °C, 16 h
air, 26 W Fluorescent bulb, 48 h OH 080zlm

2.17a 2.18a 2.19a
Methyl 3-(((1H-imidazol-1-yl)sulfonyl)oxy)-5-chlorobenzoate (2.19a): The general borylation
Procedure 5A was applied with the following amounts: B,Pin; (254 mg, 1 mmol, 1 equiv.),
[Ir(OMe)(COD)], (6.6 mg, 0.01 mmol, 1 mol %), dtbpy (5.4 mg, 0.02 mmol, 2 mol %), methyl
3-chlorobenzoate (0.12 mL, 1.0 mmol) and THF (2 mL). Borylation was carried out for 3 h at 60
°C. After completion of the reaction, the volatile materials were removed on a rotary evaporator.
Crude boronic ester was transferred to a 100 mL round-bottom flask with the use of DMAc (10
mL), followed by addition of Ru(bpy)sCl,*6H,0 (15.0 mg, 0.02 mmol, 2 mol %), and iProNEt
(0.35 mL, 2.0 mmol, 2 equiv.). The solution was stirred at room temperature below a 26-W
compact fluorescent light bulb open to air (without bubbling air). The reaction was monitored by
GC-MS/FID and once it was completed (48 h), the crude reaction mixture was charged with N-
N’-sulfonyldiimidazole (297.3 mg, 1.5 mmol, 1.5 equiv.) and Cs,CO3 (162.9 mg, 0.5 mmol, 0.5
equiv.) and stirred at 60 °C for 16 h. The reaction was cooled to room temperature and diluted
with EtOAc and H,O. The layers were separated and aqueous phase was washed with EtOAc (3x

at 50 mL each). The combined organic extracts were washed with water (3x at 250 mL) and then
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brine (100 mL), dried over MgSQ,, and concentrated to obtain the methyl 3-(((1H-imidazol-1-
yl)sulfonyl)oxy)-5-chlorobenzoate. After removal of the solvent in vacuo, the residue was
purified by FC (silica gel, hexanes:CH,CI, = 1:1) to give the desired product (140 mg, 44%) as a
white solid (mp = 60-62 °C). 'H NMR (500 MHz, CDCls): 6 3.91 (s, 3H), 7.18 (m, 1H), 7.20 (s,
1H), 7.31 (d, J = 1.2 Hz, 1H), 7.48 (d, J = 1.2 Hz, 1H), 7.78 (s, 1H), 8.01 (s, 1H). *C-NMR (126
MHz, CDCls): 6 53.0, 118.2, 120.8, 126.1, 130.0, 131.8, 133.6, 136.0, 137.4, 148.8, 163.9. IR:
3127, 1731, 1294 cm.™ HRMS (EI) m/z 316.998 [M+1]*; calculated [M+1]"* for C1;HeCIN,05S*

316.992.

1. 2.5 equiv. HBPin
1 mol % [Ir(OMe)COD],

2 mol % dtb cl CH cl CH
Cl CH:  THF, 60 °C,p2y4 h *| 2 equiv. SO,Im, *
\©/ 2.2 mol % [Ru(bpy)3sCly] 0.5 equiv. Cs,CO3
2.0 equiv. iProEtN, DMF DMF, 60 °C, 16 h
air, 26 W Fluorescent bulb, 80 h OH 0SQOIm

217b 2.18b 2.19b

3-chloro-5-methylphenyl 1H-imidazole-1-sulfonate (2.19b): The general borylation Procedure
5A was applied with the following amounts: HBPin (0.29 mL, 2.5 mmol, 2.5 equiv.),
[Ir(OMe)(COD)]; (6.6 mg, 0.01 mmol, 1 mol %), dtbpy (5.4 mg, 0.02 mmol, 2 mol %), 3-
chlorotoluene (0.12 mL, 1.0 mmol), and THF (2 mL). Borylation was carried out for 24 h at 60
°C. After completion of the reaction, the volatile materials were removed on a rotary evaporator.
Crude boronic ester was transferred to a 100 mL round-bottom flask with the use of DMF (10
mL), followed by addition of Ru(bpy)sCl,*6H,0 (15.0 mg, 0.02 mmol, 2 mol %), and iPr,NEt
(0.35 mL, 2.0 mmol, 2 equiv.). The solution was stirred at room temperature below a 26-W
compact fluorescent light bulb open to air (without bubbling air). The reaction was monitored by

GC-MS/FID and once it was completed (80 h), the crude reaction mixture was charged with N-
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N’-sulfonyldiimidazole (396 mg, 2 mmol, 2 equiv.) and Cs,CO3; (162.9 mg, 0.5 mmol, 0.5
equiv.) and stirred at 60 °C for 16 h. The reaction then was cooled to room temperature and
diluted with EtOAc and H,O. The layers were separated and aqueous phase was washed with
EtOAc (3x at 50 mL each). The combined organic extracts were washed with water (3x at 250
mL) and then brine (100 mL), dried over MgSQO,, and concentrated to obtain the 3-chloro-5-
methylphenyl 1H-imidazole-1-sulfonate. After removal of the solvent in vacuo, the residue was
purified by FC (silica gel, hexanes:CH,Cl, = 1:1) to give the desired product (120 mg, 44%) as a
viscous oil. *H NMR (500 MHz, CDCls): & 2.31 (s, 3H), 6.61 (s, 1H), 6.80 (s, 1H), 7.17 (s, 1H),
7.19 (s, 1H), 7.31 (s, 1H), 7.78 (s, 1H). *C-NMR (126 MHz, CDCl5): 6 21.0, 118.3, 119.0,
120.1, 129.6, 131.4, 135.1, 137.5, 142.1, 148.8. IR: 3131, 2926, 1605, 1580 cm.” HRMS (ED

m/z 273.008 [M+1]"; calculated [M+1]" for C1oHgCIN,03S™ 273.002.

1. 2 equiv. HBPiIn
1 mol % [Ir(OMe)COD],

2 mol % dtb cl cl
Cl Cl THF, 60 °c,p4yh 2 equiv. SO5Im, ¢ “
\©/ 2.2 mol % [Ru(bpy);Cl5] 0.5 equiv. Cs,CO;
2.0 equiv. iPr,EtN, DMF DMF, 60 °C, 16 h
air, 26 W Fluorescent bulb, 72 h OH 0S0Im

217c 2.18c 219c

3,5-dichlorophenyl 1H-imidazole-1-sulfonate (2.19c¢): The general borylation Procedure 5A
was applied with the following amounts: HBPin (0.219 mL, 2 mmol, 2 equiv.),
[Ir(OMe)(COD)]; (6.6 mg, 0.01 mmol, 1 mol %), dtbpy (5.8 mg, 0.02 mmol, 2 mol %), 1,3-
dichlorobenzene (0.12 mL, 1.0 mmol), and THF (2 mL). Borylation was carried out for 4 h at 60
°C. After completion of the reaction, the volatile materials were removed on a rotary evaporator.
Crude boronic ester was transferred to a 100 mL round-bottom flask with the use of DMF (10

mL), followed by addition of Ru(bpy)s;Cl,*6H,0 (15.0 mg, 0.02 mmol, 2 mol %), and iPr,NEt
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(0.35 mL, 2.0 mmol, 2 equiv.). The solution was stirred at room temperature below a 26-W
compact fluorescent light bulb open to air (without bubbling air). The reaction was monitored by
GC-MS/FID and once it was completed (72 h), the crude reaction mixture was charged with N-
N’-sulfonyldiimidazole (396 mg, 2 mmol, 2 equiv.) and Cs,CO3; (162.9 mg, 0.5 mmol, 0.5
equiv.) and stirred at 60 °C for 16 h. The reaction was then cooled to room temperature and
diluted with EtOAc and H,O. The layers were separated and aqueous phase was washed with
EtOAc (3x at 50 mL each). The combined organic extracts were washed with water (3x at 250
mL) and then brine (100 mL), dried over MgSO4, and concentrated to obtain the 3,5-
dichlorophenyl 1H-imidazole-1-sulfonate. After removal of the solvent in vacuo, the residue was
purified by FC (silica gel, hexanes:CH,Cl, = 1:1) to give the desired product (190 mg, 65%) as a
viscous oil. *H NMR (500 MHz, CDCls): & 6.87 (s, 1H), 6.87 (s, 1H), 7.18 (s, 1H), 7.29 (s, 1H),
7.34 (s, 1H), 7.80 (s, 1H). *C NMR (126 MHz, CDCls): & 118.2, 120.6, 129.2, 131.8, 136.2,
137.4, 148.9. IR: 3131, 3091, 1583, 1433 cm.™ HRMS (El) m/z 292.953 [M+1]"; calculated

['\/|'|':|.]+ for CgHgC|2N203S+ 292.948.

1. 1.5 equiv. HBPin
1 mol % [Ir(OMe)COD],

2 mol % dtb FsC CF F F
F3C CF3 THF, 68 °C’p1yh 3 3 2 equiv. SO,Im, € CFs
2. 2 mol % [Ru(bpy)3Cl,] 0.5 equiv. Cs,CO4
2.0 equiv. iProEtN, DMF DMF, 60 °C, 24 h
air, 26 W Fluorescent bulb, 24 h OoH 0S0OzIm

217d 2.18d 2.19d

3,5-bis(trifluoromethyl)phenyl 1H-imidazole-1-sulfonate (2.19d): The general borylation
Procedure 5A was applied with the following amounts: HBPin (0.217 mL, 1.5 mmol, 1.5 equiv.),
[Ir(OMe)(COD)]. (6.6 mg, 0.01 mmol, 1 mol %), dtbpy (5.4 mg, 0.02 mmol, 2 mol %), methyl

3-chlorobenzoate (0.12 mL, 1.0 mmol), and THF (2 mL). Borylation was carried out for 1 h at 60
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°C. After completion of the reaction, the volatile materials were removed on a rotary evaporator.
Crude boronic ester was transferred to a 100 mL round-bottom flask with the use of DMF (10
mL), followed by addition of Ru(bpy)sCl,*6H,0 (15.0 mg, 0.02 mmol, 2 mol %), and iProNEt
(0.35 mL, 2.0 mmol, 2 equiv.). The solution was stirred at room temperature below a 26-W
compact fluorescent light bulb open to air (without bubbling air). The reaction was monitored by
GC-MS/FID and once it was completed (24 h), the crude reaction mixture was charged with N-
N’-sulfonyldiimidazole (396 mg, 2 mmol, 2 equiv.) and Cs,CO3; (162.9 mg, 0.5 mmol, 0.5
equiv.) and stirred at 60 °C for 24 h. The reaction was then cooled to room temperature and
diluted with EtOAc and H,O. The layers were separated and aqueous phase was washed with
EtOAc (3x at 50 mL each). The combined organic extracts were washed with water (3x at 250
mL) and then brine (100 mL), dried over MgSO4, and concentrated to obtain the 3,5-
bis(trifluoromethyl)phenyl 1H-imidazole-1-sulfonate. After removal of the solvent in vacuo, the
residue was purified by FC (silica gel, hexanes: CH,Cl, = 1:1) to give the desired product (200
mg, 56%) as a viscous oil. *H NMR (500 MHz, CDCls): & 7.23 (s, 1H), 7.32 (s, 1H), 7.43 (s,
2H), 7.81 (d, J = 7.8 Hz, 1H), 7.92 (d, J = 16.1 Hz, 1H). *C NMR (126 MHz, CDCls): & 118.2,
120.9, 122.5 (m), 123.1, 132.0, 134.1 (q, J = 42 Hz), 137.3, 149.0. *°F NMR (471 MHz, CDCls):
8 -63.3. IR: 3135, 3101, 1441, 1363 cm.* HRMS (EI) m/z 361.005 [M]*; calculated for

C11HsFsN203S™ 361.000.
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Experimental details for one-pot synthesis of 3-(3,5-bis(trifluoromethyl)phenyl)-N-Boc-

pyrrole.
Q
1. 1.5 equiv HBPin/ A SN=S-NT
1.5 mol% [If(OMe)CODI,, N\;/ RN
3 mol% dtbpy, F5C CF; 0 FsC CF3
F3C\©/CF3 cyclohexane, rt, 2h \©/ 2 equiv
2. 2 mol% [Ru(bpy)sCls], _
2.20 2.0 equiv iPr,EtN, DMF, OH 0.5 equiv Cs,C03 0SOzIm
air, 26 W Fluorscent bulb, 2.21 DMF, 60 °C, 8h 2.22
16h Boc
/ N
. . Boc 10.0 mol% [(dppf)PdClI,] _
Boc 1.5 equiv H-BPin N 2 equiv K,COj3 in DMF
N 1.5 mol% [Ir(OMe)(COD)], | 60 °C, 16h
I / -~
E/) 3.0 mol% dtbpy ) Suzuki Coupling
2.93 cyclohexane, rt, 8h BPin F3C CF3
2.24 2.25
" One Pot "

53% Yield from starting
benzene 2.20

preparation of 3,5-bis(trifluoromethyl)phenylimidazolesulfonate, 2.22:

0n=0

1. 1.5 equiv HBPin/ N;\N_ —N&N
1.5 mol% [Ir(OMe)COD]5,, ) 0o\
3 mol% dtbpy, FsC CF; o FsC CFs
F3C\©/CF3 cyclohexane, rt, 2h 2 equiv
2. 2 mol% [Ru(bpy)sCly], )
2.0 equiv iPryEtN, DMF, OH 0.5 equiv Cs,C0O3 0SOzIm
2.20 i g DMF, 60 °C, 8h
air, 26 W Fluorscent bulb, 2.21 ) ) 2.22
16h

The general borylation procedure A was applied with the following amounts: HBPin (217 uL,
1.5 mmol), [Ir(OMe)(COD)], (10.0 mg, 0.15 mmol), d'bpy (8.0 mg, 0.03 mmol), 1,3-
Bis(trifluoromethyl)benzene, 2.20 (155 pL, 1.0 mmol) and cyclohexane (2 mL). Borylation was
carried out for 2 h. The reaction was monitored by GC-MS and TLC. After completion of the
reaction, the volatile materials were removed on a rotary evaporator. Crude boronic ester was
transferred to a 100 mL round-bottom flask with the use of DMF (10 mL), followed by addition
of Ru(bpy)sCl,*6H,0O (15.0 mg, 0.02 mmol, 2 mol %), and iPr,NEt (0.35 mL, 2.0 mmol, 2
equiv.). The reaction was carried out at room temperature adjacent to a 26-W compact

fluorescent light bulb in open to air for 16 h, to obtain the crude phenol 2.21. Next, the crude
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reaction mixture was charged with N-N’-sulfonyldiimidazole (396.4 mg, 2 mmol) and Cs,CO3
(162.9 mg, 0.5 mmol) as given in procedure E and stirred at 60 °C to obtain the 3,5-
bis(trifluoromethyl)phenylimidazolesulfonate 2.22 (reaction was monitored by GC-MS/FID).

The crude material was used in next step, Suzuki reaction, without any purification.

preparation of 3-(3,5-bis(trifluoromethyl)phenyl)-N-Boc-pyrrole, 2.20:

F3C CF3
0S0,Im
2.22
Boc
f N
, . Boc 10.0 mol% [(dppf)PdCl,] P
Boc 1.5 equiv H-BPin N 2 equiv K,CO3 in DMF
N 1.5 mol% [Ir(OMe)(COD)], | 60 °C, 16h
| - Y
L/) 3.0 mol% dtbpy ) Suzuki Coupling
2.23 cyclohexane, rt, 8h BPin FsC CF3
2.24 2.25
" One Pot "

53% Yield from starting
benzene 2.20

The general procedure for borylations (Procedure A) with the following amounts was followed:
HBPin (217 pL, 1.5 mmol), [Ir(OMe)(COD)], (10.0 mg, 0.15 mmol), d'bpy (8.0 mg, 0.03
mmol), N-Boc-pyrrole, 2.23 (167 uL, 1.0 mmol) and cyclohexane (2 mL). Borylation of 2.23
was carried out at room temperature for 8 h. After completion of the reaction, the volatile
materials were removed on a rotary evaporator. Then the one-pot C-H acitivation/borylation
Suzuki coupling (Procedure C) was applied to with the following amounts: (dppf)PdCl, (73.17
mg, 0.10 mmol) and K,;COs;( 276.4 mg, 2 mmol). DMF from the previous reaction was used to
transfer the crude 3,5- bis(trifluoromethyl)phenylimidazolesulfonate 2.22 to the Schlenk flask

that contain the crude borylated material, 2.24. (Note that the same DMF solvent is using from
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previous two steps, without an addition of any new solvent) Suzuki reaction was carried out at 60
°C for 16 h (the reaction was monitored by GC-MS/FID). Then crude material after the
subsequent work up was subjected to a gradient column chromatography on silica eluting with
hexanes to 7:3 hexane / EtOAc as eluent gave 201.0 mg (53.0 %) of 3-(3,5-
bis(trifluoromethyl)phenyl)-N-Boc-pyrrole as a slightly yellowish viscous oil. *H NMR (500
MHz, CDCls): & 1.62 (s, 9H), 6.55 (dd, J = 3.3, 1.8 Hz, 1H), 7.32 (dd, J = 3.1, 2.2 Hz, 1H), 7.59
(s, 1H), 7.69 (s, 1H), 7.89 (s, 2H). *C NMR (126 MHz, CDCL): & 27.96, 84.65, 109.83, 117.08,
119.85 (septet, J = 3.8 Hz), 121.74, 123.40 (q, J = 272.7 Hz), 125.21, 125.23, 131.99 (q, J = 33.1
Hz), 136.60, 148.38.; IR (neat) /imax: 2979, 2931, 1747, 1563, 1490, 1375, 1291, 1143, 1066,
973, 855, 780; F NMR: -63.2 ; HRMS (ESI): m/z calculated for Ci7HigFsNO; [M+H]*

380.1085, found 380.1084.
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5.2. Experimental details for Chapter 3: Discovery and Development of Novel Catalytic
Systems for Selective Protodeboronation

General Materials and Methods

Unless otherwise stated, the reported yields refer to chromatograph-ically and spectroscopically
pure compounds. Pinacolborane (HBpin) and B,pin, were generously supplied by BoroPharm,
Inc. and used as received.  Bis(7*-1,5-cyclooctadiene)-di-p-methoxy-diiridium(l)
([Ir(OMe)(cod)],), was prepared per a literature procedures.® 4,4'-Di-t-butyl-2,2"-bipyridine
(dtbpy) was purchased from Aldrich. IrClz+(H,0), was purchased from Pressure Chemical Co.
2,7-Bis(Bpin)-N-Boc-L-tryptophan methyl ester was prepared according to a literature
procedure.? All borylated starting substrates were purified by column chromatography prior to
use. For all Ir-catalyzed reactions, tetrahydrofuran (THF) was obtained from a dry still packed
with activated alumina and degassed before use. For all Bi-catalyzed deboronations, THF was
reagent grade and used as received. Acetonitrile (MeCN), triethylamine (NEt;3), and
dichloromethane (DCM) were reagent grade. Silica gel was (230-400 Mesh).

Reactions were monitored by thin layer chromatography on precoated silica gel plates (Merck),
using UV light or phosphomolybdic acid stain for visualization. Column chromatography was
performed on 60 A silica gel (230-400 mesh). NMR spectra were recorded on Varian VXR-500,
Varian Unity-500-Plus (499.74 MHz for *H and 125.67 MHz for *C) and Bruker 500 (500.13
MHz for *H and 125.77 MHz for **C) spectrometer. *H and **C chemical shifts (in ppm) were
referenced to the residual protonated or natural abundance solvent signals.® 'B spectra were
recorded at 160.32 MHz. All coupling constants are apparent J values measured at the indicated
field strengths. Melting points are uncorrected. High-resolution mass spectrum was acquired at

the MSU Mass Spectrometry facility using a Waters GCT Premier GC/TOF instrument (in ESI
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mode) (Waters Milford, MA) and at Merck (Rahway, NJ) using a Waters Xevo G2 QTof
instrument (in ESI mode). Low-resolution mass spectra were performed at the Molecular
Metabolism and Disease Collaborative Mass Spectrometry Core facility at MSU on a Thermo
Scientific LTQ-Orbitap Velos using the lon Trap analyzer in positive ionization mode by nano-
ESI. HPLC assays were carried out using a C-18 reversed-phase column eluted with 0.1% H3PO,
(ag) and acetonitrile (ACN) monitoring the compounds at 210 nm and 320 nm.

General procedures

General borylation procedure with [Ir(OMe)(COD)], and d'bpy.

In a glove box, a 20 mL reaction vial, equipped with a magnetic stirring bar, was charged with
the substrate. Two separate test tubes were charged with [Ir(OMe)(COD)], (1 mol% Ir) and
dopy (1 mol%). THF (2 x 200 pL) was added to the d'bpy containing test tube in order to
dissolve the dtbpy. The dtbpy solution was then mixed with the [Ir(OMe)(COD)], and HBpin
(2.8 x Ir mol %). After mixing for one minute, the resulting solution was transferred to the
reaction vial. Additional THF (3 x 200 uL) was used to wash the test tubes and the washings
were transferred to the reaction vial. The reaction vial was sealed, brought out of the glove box
and the reaction was carried out at the specified temperature. After completion of the reaction,
the mixture was passed through a silica plug to remove the dark brown red color. After further
elution with DCM, the volatile materials were removed by rotary evaporation. The crude
material was further purified by column chromatography.

General deboronation procedure with Bi(OAc); and MeOH. A reaction vial equipped with a
magnetic stirring bar was charged with substrate and Bi(OAc)s (20 mol %). The described
MeOH and THF solvent mixture was added to the vial. The reaction vial was sealed and the

reaction was carried out at the 80 °C. After completion of the reaction as judged by TLC, the
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crude mixture was passed through a plug of celite and washed three times by ethyl acetate. After
the volatile materials were removed by rotary evaporation the crude material was purified by
column chromatography.

General deboronation procedure with [Ir(OMe)(COD)], and MeOH.* A Schlenk flask
equipped with a magnetic stirring bar was charged with substrate (1.0 mmol, 1.0 equiv) and
[Ir(OMe)(COD)], (10 mg, 0.015 mmol, 3 mol % Ir). The Schlenk flask was then evacuated and
backfilled with nitrogen (this sequence was carried out two times). The solvent mixture
(methanol/dichloromethane 2:1, 5 mL) was degassed by a freeze-pump-thaw method then added
to the Schlenk flask and flushed under nitrogen twice as mentioned previously. The Schlenk flask
was sealed and the reaction was carried out at the 60 °C. After completion of the reaction as
judged by TLC, the volatile materials were removed by rotary evaporation. The crude material
was purified by column chromatography.

High-throughput Experimentation (HTE) Equipment, Materials and Methods:

Parallel synthesis was accomplished in an MBraun glove-box operating with a constant N,-purge
(oxygen typically <5 ppm). The experimental design was accomplished using Accelrys Library
Studio. Screening reactions were carried out in Wheaton 250 pL vials (31 mm height x 5 mm
diameter) in a 96-well plate aluminum reactor block with aluminum spacers (equipment
available from Analytical Sales and Services). Liquid chemicals were dosed using multi-channel
or single-channel pipettors. Solid chemicals were dosed as solutions or slurries in appropriate
solvents. Undesired addition solvent was removed using a GeneVac system located inside the
glovebox.The reactions were heated and stirred on a heating block with a tumble-stirrer (V&P
Scientific) using 1.32 mm diameter x 1.57 mm length parylene stir bars. The tumble stirring

mechanism helps to insure uniform stirring throughout the 96-well plate.
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The reactions were sealed in the 96-well plate during reaction. Below each reactor vial in the
aluminum 96-well plate was a 0.062 mm thick silicon-rubber gasket. Directly above the glass
vial reactor tops was a Teflon perfluoroalkoxy copolymer resin sealing gasket and above that,
two more 0.062 mm thick silicon-rubber gaskets. The entire assembly was compressed between
an aluminum top and the reactor base with 9 evenly- placed screws.

HTE Experiment 1. Deborylation reaction using the additive plate with substrate 3.5 (3-
methyl-2,7-bis(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)-1H-indole).

Preperation of (3-methyl-2,7-bis(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)-1H-indole), 3.5.

0.6 equiv HBPin

1.0 equiv B,yPin, CHs
CHs 3.0 mol % [Ir(OMe)COD],
6.0 mol % dtbpy, 60 °C, 12 h, Hexane; )
N then another catalysts was added after 6h; N
H Purification by crystalization with MeOH BPIn
50 mmol scale

3.5

White solid

55 % Yield, 10.5g

In a glove box, a 40 mL reaction vial, equipped with a magnetic stirring bar, was charged
with 3-methylindole (6.5 g, 50 mmol, 1 equiv) and B,Pin, (12.7 g, 50 mmol, 1 equiv). Two
separate test tubes were charged with [Ir(OMe)(COD)], (1 g, 1.5 mmol, 6 mol % Ir) and d'bpy
(805.2 mg, 3 mmol, 6 mol %). HBpin (4.34 mL, 0.56 mmol, 0.6 equiv) was added to the
[Ir(OMe)(COD)]; test tube. Hexane was added to the d'bpy containing test tube in order to
dissolve the d'bpy. The d'bpy solution was then mixed with the [Ir(OMe)(COD)], and HBpin
mixture. After mixing for 1 min, the resulting solution was transferred to the vial containing the
indole substrate. Additional hexane (50 mL) was used to wash the test tubes and the washings
were transferred to the vial. The vial was well sealed and stirred at 60 °C. After 6 h, another load
of catalyst was added to drive the reaction to completion and the reaction was stirred for 12 h.

After complete conversion of 3-methylindole the reaction mixture was passed through a silica
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plug to remove the dark brown red color. After further elution with DCM, the volatile materials
were removed by rotary evaporation. The crude residue was purified by crystallization with
methanol. Indole 3.5 was isolated as a white solid (10.5 g, 55%, mp 163°C). Spectroscopic data
is consistent with literature reports. *H NMR and **C NMR match for the reported values. *H
NMR (400 MHz, CDCly): § 1.39 (s, 12H), 1.42 (s, 12H), 7.13-7.09 (m, 2H), 7.71 (dd, J = 7.0,
1.2 Hz, 1H), 7.79 (dt, J = 7.9, 1.0 Hz, 1H), 9.35 (s, 1H); *C-NMR (101 MHz, CDCI3): & 24.98,
25.14,76.84, 77.16, 77.48, 83.97, 84.15, 113.97, 119.46, 125.27, 127.45, 131.41, 143.29.

10 mmol of 3.5

CHs; 40 equiv MeOH, CHs CHj CHj
N _gpin 00wt THF @*H + N—BPin 4 @*H
N N N
BPin H ?ﬁ:t;lljéi?ji?vngo;ler well BPin H H ” H H
3.5 3.6 3.7 3.5a

Preparation of Additive plates (Procedure A).

The following procedure is representative of the HTE reactions run in the chapter 3. The
additives (0.5 pmol of additives in wells C03, C05, C12 and from E02 to F02, and 1.25 pmol of
the rest of the additives) were dosed into the 96-well reactor vial as solutions or well-stirred
slurries (10 or 25 pL of 0.05 M) in toluene or tetrahydrofuran (THF) depending upon the
solubility of the additive. Slurries were dosed using a single-tip pipettor with the sampling tip cut
to allow free flow of the slurry. Plates of these additives were dosed in advance of the reaction,
the solvent was removed by evacuation on the GeneVac and the plates were stored in the
glovebox.

Additive plate screening.

A parylene stir-bar was added to each vial of the additive plates. Then the (3-methyl-2,7-
bis(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)-1H-indole) 3.5 (10 umol/reaction) and 1,3,5-tri-

tertbutylbenzene (1 umol/reaction) (used as an internal standard to quantify the reaction) were
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dosed together into the reaction vials in THF (100 pL). Then 40 equiv of MeOH was added to all
the reactions. The reactions were then sealed and stirred at 25 °C for 4h. Then 10 uL of the
reactions was measured into 96-well plate LC block and were diluted with 600 uL of acetonitrile.
The 96-well plate LC block was then sealed with a silicon-rubber storage mat, and the reactions

were analyzed using standard reverse-phase Agilent HPLC (see methods above).
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10 mmol of 3.5

B(OH),_1 and B(OH),_2 are observed in the HPLC assays
CH ; CH CH
$ 40 equiv MeOH, 8 cHs ’ They are adducts generated during the assay conditions:
N\ ) 100 pL THF N\ N\ N\
BPin H + BPin + H CH
N N N 3 CH3
H 0.5-1.25 mmol H H H
BPin metal/additive per well BPin H H N\ BPin + A\ B(OH),
3.5 3.6 3.7 3.5a H H
B(OH,) BPin
1 2 3 4 5 6 7 8 9 10 11 12
A Control LiCl NaF NaBr Nal NaCN Na TFA Na TCA NaBF, NaOTs Na2S03 Na,S,03
B Na,SO, KClI CsF CsCl V(acac), CrCl, MnCl, FeCl, FeCl; Fe () acac Fe (lll) acac Co (acac),
. NiBr, . (PPhy) (1,10-phenan)Br,
(0% Co(acac NiF Ni (Il) acac CucCl CucCl CuBr Cul Cu (Il) (acac Cp,zrCl
(acac)s 2 IDME h NiCl, 2 (I (acac) cull b
Pd (Cl),dppf Mg Al Cu zn
D Mo(acac) | Pd(OAc Pd,(dba Ag,O AgOTf AuCl AuCl
(acac) (OAC), DCM (dba)s 9 g $ 325 mesh | 200 mesh <75 micron 100 mesh
E Pd black | Mg(OTf), Ca(OTf), Sc(OTf), Zn(OTf), Ga(OTf)y Y(OTH), In(OTHf), Sn () OTf,|  La(OTf), Sm(OTf), Yb(OTf)s
. . . . 2,2-diphenyl
F Hf(OTf), BiOTf; Boron oxide | AIl(OiPr), Ti(OMe), CeCl, ZnCl, K2CO,4 KHCO, KOAc K3PO, ethylamine
roton 3-phenyl
P 4-phenylpy | oxalic acid BSA citric acid P ] v ) Bu,NBr NaBH, PhI(OAc), CAN oxone AIBN
sponge propanoic acid
H BHT 18-Crown-6| 4A, MS diamine | aminoalcohol TPP dppf CataXCium A | X phos salen phenantroline BINOL

The Additive plate, designed for rapid improvement of difficult chemistry transformations, has 95-different practical additives and

one control reaction (Note: B(OH),_1 and B(OH),_2 are observed in the HPLC assays

They are adducts generated during the assay conditions)
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Table 5.1: Tabulated quantitative HPLC data for metal screen for deborylation at 25 °C, 4 h.

%

%

Well Additive % of 3.6 | % of 3.6a | % of 3.5a B(OH), 1 | B(OH), 2 % of 3.5
A:l Control 0 1.1 0 6.6 1.7 90.6
A:2 LiCl 0 1 0 6.4 1.6 91
A:3 NaF 0 1.1 0 6.3 1.6 91
A4 NaBr 0 1.1 0 6.4 1.7 90.9
A5 Nal 0 1.1 0 6.8 1.7 90.5
A6 NaCN 0 1.5 0 12.9 3.6 82
A7 NaTFA 0 1.2 0 7.2 1.8 89.8
A:8 NaTCA 0 1.1 0 7.7 1.9 89.4
A:9 NaBF, 0 0 0 7.4 2.5 90.1
A:10 NaOTs 0 1.1 0 7.1 1.8 90
A:ll Na,SO3 0 1.1 0 1.8 90.2
A:12 Na,S,03 0 1.1 0 1.8 90.1
B:1 Na,SO4 0 1.1 0 7.1 1.8 90
B:2 KCI 0 1.2 0 7.1 1.8 89.9
B:3 CsF 0 1.4 0 9.6 3.5 85.4
B:4 CsCl 0 1.1 0 7.1 1.9 89.9
B:5 V(acac); 0 1.1 0 7.1 1.9 89.9
B:6 CrCl, 0 0 0 7.1 1.8 91.1
B:7 MnCl, 0 1.2 0 7.6 1.9 89.4
B:8 FeCl, 0 1.2 0 7.2 1.8 89.8
B:9 FeCls 0 1.2 0 7.1 1.8 90
B:10 Fe (I1) acac 0 1.1 0 6.8 2.1 90
B:11 Fe (I11) acac 0 1.1 0 6.8 1.8 90.3
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Table 5.1 (cont’d)

B:12 Co (acac); 0 1.1 0 7.2 1.8 89.9
C:1 Co(acac)s 0 1.1 0 7.3 2.2 89.4
C:2 NiF; 0 1.1 0 7.4 1.9 89.6
C:3 NiBr,, DME adduct 0 1.1 0 7.3 1.8 89.8
C4 Ni (I1) acac 0 1.1 0 7.2 1.9 89.8
C5 (Bis-triphenylphosphine) NiCl, 0 1.9 0 7 1.8 89.3
C:6 CuCl 10.7 0 0 5.8 1.6 81.9
C:7 CuCl, 0 0.9 0 7.5 1.8 89.8
C:8 CuBr 2.5 1.5 0 6.3 1.8 88

C:9 Cul 0 0.9 0 6.6 1.8 90.7
C:10 Cu (I1) (acac) 10.8 0 0 59 1.6 81.7
C:11 | Dibromo(1,10-phenanthroline)Cu(ll) 0 1.1 0 6.8 1.8 90.3
C:12 Bis(cyclopentadienyl)ZrCl, 0 0 0 7.1 1.8 91.1
D:1 Mo(acac) 0 0.9 0 7.4 3.1 88.6
D:2 Pd(OAcC), NA NA NA NA NA NA
D:3 Dichloro DPPF Pd (I1), DCM adduct 0 0.8 0 13.9 1.6 83.6
D:4 Pd,(dba)s 0 0 9.9 3.3 85.8
D:5 Ag,0 15.8 0 0 5.8 1.6 76.9
D:6 AgQOTT 1.7 1.6 0 6.3 1.8 88.7
D:7 AuCl 0 1.1 0 7.1 1.8 90

D:8 AuCl; 0 0.9 0 6.8 1.9 90.4
D:9 Mg, powder, 325 mesh 0 1.1 0 7.2 1.8 90

D:10 Al powder, 200 mesh 0 1.1 0 7 1.8 90.1
D:11 Copper powder, <75 micron 0 0.9 0 6.6 1.8 90.6
D:12 Zn powder, 100 mesh 0 1 0 7.3 2.7 88.9

164




Table 5.1 (cont’d)

E:l Pd black 0 1.2 0 7.3 2.9 88.7
E:2 Mg(OTf), 0 1.1 0 8 2.1 88.8
E:3 Ca(OTf), 0 1.2 0 7.3 1.9 89.7
E:4 Sc(OTf)3 3.3 0 0 7.6 2.3 86.8
E:5 Zn(OTf), 10.9 0 0 6 1.6 81.6
E:6 Ga(OTf); 13.2 0 0 5.7 15 79.6
E:7 Y(OTf)3 0 1 0 6.9 1.9 90.2
E:8 In(OTHf); 6.2 0 0 6.2 1.8 85.8
E:9 Sn (1) OTf, 5 0 0 7 2.7 85.3
E:10 La(OTf); 0 1.1 0 7.5 1.9 89.5
E:11 Sm(OTf)3 0 1.1 0 7.4 1.9 89.5
E:12 Yb(OTf)3 0 0.7 0 6.8 1.8 90.7
F:1 Hf(OTf); 59 1.1 6.1 1.8 85.1
F:2 BiOTf; 52.9 5.8 3.7 0 37.6
F:3 Boron oxide 0 1.5 0 12.6 2.9 82.9
F:4 Al(QiPr)3 0 1.3 0 7.6 1.9 89.1
F:5 Ti(OMe), 0 0 0 7.2 2 90.8
F:6 CeCls 0 1.2 0 7.8 2.1 89
F:7 ZnCl, 0 0.8 0 7 2 90.2
F:8 K2CO3 0 1.7 0 13.1 5.2 80
F:9 KHCO; 0 1.5 0 10.5 3.7 84.3
F:10 KOACc 0 1.6 0 17 13.5 67.9
F:11 K3PO, 0 1.1 0 12.9 5.2 80.8
F:12 2,2-diphenylethylamine 0 1.4 0 8.5 3.5 86.6
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Table 5.1 (cont’d)

G:1 proton sponge 0 1.2 0 7.2 19 89.7
G:2 4-phenylpyridine 0 1.3 0 7.2 1.9 89.6
G:3 oxalic acid 4.4 0 0 6.9 2.6 86.2
G4 BSA 1.3 1.3 0 6.6 2.4 88.4
G5 citric acid 0 0.9 0 7.8 3.1 88.3
G:6 3-phenylpropanoic acid 0 1.1 0 7.4 2.6 88.9
G:7 Bu;NBr 0 1.1 0 7.2 1.8 90

G:8 NaBH,4 0 1.3 0 10 2.6 86.2
G:9 PhI(OAC); 0 0 0 11.8 3.2 85

G:10 CAN 0 1 0 6.3 1.7 90.9
G:11 oxone 0 1.1 0 6.9 19 90.1
G:12 AIBN 0 1.1 0 6.8 1.7 90.4
H:1 BHT 0 1.1 0 6.8 1.7 90.4
H:2 18-Crown-6 0 1 0 6.8 1.8 90.4
H:3 4A, MS, activated 0 1.3 0 7.3 1.8 89.6
H:4 diamine 0 1.2 0 8.2 4.3 86.3
H:5 aminoalcohol 0 1.1 0 7.9 3.2 87.9
H:6 TPP 0 1.1 0 6.6 1.7 90.6
H:7 dppf 0 1.4 0 6.7 1.8 90

H:8 CataXCium A 0 1.7 0 8.2 3.8 86.3
H:9 X phos 0 1 0 5.8 1.5 91.7
H:10 salen 0 1.1 0 7 1.7 90.1
H:11 phenantroline 0 1.1 0 6.8 1.8 90.3
H:12 BINOL 0 1.1 0 6.5 1.9 90.5
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Table 5.2: Tabulated quantitative HPLC data for metal screen for deborylation at 40 °C, 16 h.

%

%

Well Additive % of 3.6 | % of 3.6a | % of 3.5a B(OH), 1 | B(OH), 2 3.50%
Al Control 0.0 0.5 0.0 3.3 1.0 95.3
A2 LiCl 0.0 1.3 0.0 7.7 2.4 88.6
A3 NaF 0.0 1.7 0.0 9.2 2.8 86.3
A4 NaBr 0.0 1.1 0.0 6.2 1.8 90.9
A5 Nal 0.0 0.8 0.0 4.9 1.6 92.6
A6 NaCN 0.0 1.5 0.0 10.1 3.4 84.9
A7 NaTFA 0.0 0.6 0.0 4.2 1.4 93.8
A8 NaTCA 0.0 0.8 0.0 6.3 1.9 90.9
A9 NaBF, 0.0 0.0 0.0 6.1 1.8 921
A:10 NaOTs 0.0 0.9 0.0 6.2 2.0 90.9
All Na,SO3 0.0 1.1 0.0 6.3 1.9 90.6
Al2 Na,S;03 0.0 1.0 0.0 6.3 1.8 90.8
B:1 Na;SO4 0.0 1.0 0.0 6.3 1.8 90.8
B:2 KCI 0.0 1.1 0.0 6.6 2.0 90.3
B:3 CsF 0.0 1.1 0.0 9.6 3.0 86.3
B:4 CsClI 0.0 1.1 0.0 6.5 2.0 90.4
B:5 V(acac), 0.0 1.1 0.0 6.7 2.2 90.0
B:6 CrCl, 0.0 0.0 0.0 6.8 2.2 911
B:7 MnCl; 0.0 0.0 0.0 6.8 2.2 91.0
B:8 FeCl, 0.0 0.0 0.0 6.7 2.3 91.1

167




Table 5.2 (cont’d)

B:9 FeCls 0.0 1.0 0.0 6.8 2.3 89.9
B:10 Fe (11) acac 0.0 0.0 0.0 6.5 2.2 91.3
B:11 Fe (111) acac 0.0 0.0 0.0 6.5 2.2 91.3
B:12 Co (acac); 0.0 0.0 0.0 6.7 2.2 91.1
C1 Co(acac)s 0.0 0.0 0.0 6.7 2.2 91.1
C:2 NiF; 0.0 0.0 0.0 6.4 1.9 91.7
C:3 NiBr,, DME adduct 0.0 0.0 0.0 6.8 2.1 91.1
C4 Ni (1) acac 0.0 0.0 0.0 7.1 2.4 90.5
C5 (Bis-triphenylphosphine) NiCl, 0.0 0.0 0.0 6.4 2.2 91.4
C:6 CuCl 100.0 0.0 0.0 0.0 0.0 0.0
C:7 CuCl, 6.1 0.0 0.0 7.6 0.0 86.2
C:8 CuBr 23.2 0.0 0.0 4.5 0.0 72.3
C:9 Cul 0.0 0.0 0.0 6.2 1.8 92.0
C:10 Cu (I1) (acac) 100.0 0.0 0.0 0.0 0.0 0.0
C:11 Dibromo(1,10-phenanthroline)Cu(ll) 0.0 0.0 0.0 6.4 2.0 915
C:12 Bis(cyclopentadienyl)ZrCl, 0.0 0.0 0.0 7.0 2.3 90.7
D:1 Mo(acac) 0.0 0.0 0.0 7.3 2.6 90.1
D:2 Pd(OAC); NA NA NA NA NA NA
D:3 Dichloro DPPF Pd (I1), DCM adduct 0.0 1.0 0.0 9.4 2.1 87.6
D:4 Pd,(dba)s 0.0 0.9 0.0 5.9 1.7 914
D:5 Ag,0 72.2 0.0 27.8 0.0 0.0 0.0
D:6 AgOTf 10.0 0.0 0.0 5.8 1.6 82.6
D:7 AuCl 0.0 1.2 0.0 6.8 2.0 90.0
D:8 AuCl; 0.0 0.0 0.0 6.6 1.8 91.6
D:9 Mg, powder, 325 mesh 0.0 1.1 0.0 7.2 2.4 89.2
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Table 5.2 (cont’d)

D:10 Al powder, 200 mesh 0.0 1.0 0.0 6.8 2.0 90.1
D:11 Copper powder, <75 micron 0.0 0.0 0.0 6.8 1.9 91.4
D:12 Zn powder, 100 mesh 5.5 0.0 0.0 7.4 2.6 84.5
E:l Pd black 0.0 1.1 0.0 6.8 2.0 90.1
E:2 Mg(OTf), 0.0 1.5 0.0 6.6 1.8 90.1
E:3 Ca(OTf), 0.0 1.1 0.0 7.5 2.4 89.0
E:4 Sc(OTH)3 4.8 0.0 0.0 7.0 1.8 86.4
E:5 Zn(OTf), 88.0 0.0 12.0 0.0 0.0 0.0
E:6 Ga(OTf)3 100.0 0.0 0.0 0.0 0.0 0.0
E:7 Y (OTf)3 1.7 0.0 0.0 6.7 2.3 89.3
E:8 In(OTf)3 11.8 0.0 2.3 59 1.6 78.5
E:9 Sn (1) OTf, 21.3 0.0 0.0 6.0 2.1 70.6
E:10 La(OTf); 0.0 0.9 0.0 7.7 2.8 88.6
E:11 Sm(OTHf); 0.0 0.0 0.0 7.8 2.9 89.3
E:12 Yb(OTf); 5.2 0.0 0.0 6.5 1.8 86.5
F:1 Hf(OTf)3 69.2 0.0 6.6 0.0 0.0 24.2
F:2 BiOTf3 68.6 0.0 314 0.0 0.0 0.0
F:3 Boron oxide 1.3 1.9 0.0 7.8 5.9 83.1
F:4 Al(OIiPr)3 0.0 1.3 0.0 7.0 2.5 89.2
F:5 Ti(OMe), 0.0 1.1 0.0 6.7 2.3 89.8
F:6 CeCls 0.0 0.8 0.0 7.6 2.8 88.7
F:7 ZnCl, 7.9 0.0 0.0 6.6 1.7 83.7
F:8 K2CO3 0.0 1.5 0.0 154 8.2 74.9
F:9 KHCO3 0.0 1.0 0.0 11.7 4.6 82.8
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Table 5.2 (cont’d)

F:10 KOAc 0.0 1.5 0.0 17.5 15.3 65.7
F:11 K3PO4 0.0 1.3 0.0 13.7 6.2 78.7
F:12 2,2-diphenylethylamine 0.0 1.2 0.0 9.1 3.9 85.9
G:1 proton sponge 0.0 1.1 0.0 7.1 2.3 89.4
G:2 4-phenylpyridine 0.0 1.1 0.0 6.9 2.1 89.9
G:3 oxalic acid 21.0 0.0 2.4 6.2 1.9 68.5
G:4 BSA 3.7 0.0 0.0 6.5 1.8 88.0
G5 citric acid 4.0 0.0 0.0 6.9 2.0 87.2
G:6 3-phenylpropanoic acid 0.0 1.2 0.0 7.4 2.0 89.4
G:7 BusNBr 0.0 1.1 0.0 8.1 2.8 88.0
G:8 NaBH,4 0.0 1.3 0.0 11.9 3.9 83.0
G:9 PhI(OAC);, 0.0 1.5 0.0 10.8 3.3 84.3
G:10 CAN 0.0 0.8 0.0 6.5 1.7 90.9
G:11 oxone 0.0 1.1 0.0 11.6 2.6 84.7
G:12 AIBN 0.0 1.0 0.0 6.7 2.0 90.3
H:1 BHT 0.0 1.7 0.0 6.9 2.1 89.4
H:2 18-Crown-6 0.0 1.0 0.0 7.5 2.4 89.0
H:3 4A, MS, activated 0.0 1.2 0.0 7.7 2.7 88.4
H:4 diamine 0.0 1.2 0.0 9.2 4.1 85.5
H:5 aminoalcohol 0.0 1.3 0.0 8.7 2.8 87.2
H:6 TPP 0.0 1.0 0.0 6.8 2.1 90.1
H:7 dppf 0.0 1.3 0.0 6.8 2.4 89.5
H:8 CataXCium A 0.0 1.8 0.0 10.4 4.5 83.3
H:9 X phos 0.0 1.0 0.0 6.1 2.0 91.0
H:10 salen 0.0 1.5 0.0 10.9 3.6 84.0
H:11 phenantroline 0.0 1.2 0.0 8.0 2.5 88.4
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Table 5.2 (cont’d)

H:12

BINOL

00 | 13

|

0.0

7.2

2.2

89.3
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Metal Screen for Deborylation at 25 °C, 4h (From A1:D12)
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Metal Screen for Deborylation at 40 °C, 16h (From A1:D12)
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HTE Experiment 2: Deborylation reaction using the modified additive plate with substrate

3.5 (3-methyl-2,7-bis(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)-1H-indole) .

10 mmol of 3.5
CHs 40 equiv MeOH, CHs CHj CHs
100 pL THF
@f\&spm - @*H + N—8Pin 4 @*H
N N N
H 0.5 - 1.25 mmol i N H
BPin metal/additive per well BPin H H
3.5 3.6 3.7 3.5a

Preparation of additive plates with new screening additives.

As given in the general procedure A, the additives ( 5 pmol of additives per well) were dosed
into the 96-well reactor vial as solutions or well-stirred slurries (30 uL of 0.166 M) in MeOH.
Slurries were dosed using a single-tip pipettor with the sampling tip cut to allow free flow of the
slurry. Plates of these additives were dosed in advance of the reaction, the solvent was removed
by evacuation on the GeneVac and the plates were stored in the glovebox. In this way 4 additives
plates were produced. (Which contain two sets of Metal salts as shown Figure S4)

Additive plate screening.

A parylene stir-bar was added to each vial of the additive plates. Then the (3-methyl-2,7-
bis(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)-1H-indole) 5 (10 pumol/reaction) and 1,3,5-tri-
tertbutylbenzene (1 pumol/reaction) (used as an internal standard to quantify the reaction) were
dosed together into the reaction vials in THF (100 pL) and the solvent was removed by
evacuation on the GeneVac. Then THF (100 pL) was added for wells from A1 — D9 followed by
DMF (100 uL) for wells E1 — H9. Finally 40 equiv of MeOH was added to all the reactions. The
reactions were then sealed and stirred at 25 °C for 4h. Then 10 uL of the reactions was measured
into 96-well plate LC block and were diluted with 600 uL of acetonitrile. The 96-well plate LC
block was then sealed with a silicon-rubber storage mat, and the reactions were analyzed using

standard reverse-phase Agilent HPLC (see methods above).
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I & m m O O O >

1 2 3 4 5 6 7 8 9 10 11 12
control Sc(OTRH3 cpTiOTH2|  TicI3 vCi3 Fe(OTRH2 Fe(NO3)3 CoCl2 Co(NO3)2 Ni(OTh)2 CuCl CuCl2
Cu(OTH2  |Cu(MeCN)4 PF6| Zn(OTH2 | Ga(OTH3 | Ga(ClO4)3 Y(OTH)3 YCI3 zrci RuCI3 PdBr2 Agz0 AgOTt
(NBu4N)2Ag214 |  Cd(OAc)2 | cd(Cio4)2 InCI3 IN(OTN3 snCi2 Sn(OTRH2 SbF3 HICI4 H(OTRH4 w(C0)® PbCI2
BiCI3 B(OTH3 Bi(NO3)3 | Bi(OAc)3 BiF3 BIOCIO4 SB(OAC)3 | Ce(OTRH4 | Oxalic Acid
control Sc(0TH3 cp.TiOTH2|  TICI3 vCi3 Fe(OTN2 Fe(NO3)3 CoCl2 Co(NO3)2 Ni(OTR2 cucl cuci2
Cu(@Th2  |Cu(MeCN) PF6| Zn(OTh2 | Ga(@TN3 | Ga(Cloa)s Y(OTN)3 YCI3 ZrCla RuCI3 PdBr2 Ag20 AgOTf
(NBu4N)2Ag2l4|  Cd(OAc)2 Cd(Cl04)2 InCI3 In(OTAH3 snci2 Sn(OThH2 SbF3 HfCI4 HI(OTN4 W(CO)6 PbCI2
BiCI3 Bi(QTAH3 Bi(NO3)3 | Bi(OAc)3 BiF3 BIOCIO4 Sb(OAC)3 | Ce(OTRH4 | OxalicAcid

The Additive plate with new metal salts.
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Table 5.3: Tabulated quantitative HPLC data for metal screen for deborylation at 25 °C, 4 h.

for HTE 2 experiment:

176

%

Location Additive % 0f3.6 | %35a | B(OH), isomers % 3.5
Al Control 1.3 0.0 22.8 75.9
A2 Sc(OTf); 85.0 15.0 0.0 0.0
A:3 Cp,Ti(OTf), 64.8 0.0 6.8 28.4
A4 TiCl3 1.1 0.0 21.6 77.4
A5 VCl; 0.0 0.0 8.1 91.9
A6 Fe(OTf), 1.6 0.0 7.0 91.4
A7 Fe(NO3); 1.9 0.0 6.1 92.0
A:8 CoCl, 1.6 0.0 12.6 85.8
A:9 Co(NO3), 1.6 0.0 15.0 83.5
A:10 Ni(OTf), 1.1 0.0 9.0 89.9
A:ll CuCl 6.6 0.0 7.6 85.8
A:l2 CuCl, 0.0 0.0 1.9 98.1
B:1 Cu(OTf), 12.4 0.0 1.8 85.8
B:2 Cu(MeCN)4 PFs 30.8 0.0 5.1 64.0
B:3 Zn(OTf), 0.0 0.0 2.2 97.8
B:4 Ga(OTf)3 90.6 9.4 0.0 0.0
B:5 Ga(ClO4)3 84.9 15.1 0.0 0.0
B:6 Y(OTf); 74.7 7.2 0.0 18.1
B:7 YCl; 0.0 0.0 8.8 91.2
B:8 ZrCly 4.5 0.0 7.4 88.2
B:9 RuCls 1.5 0.0 9.1 89.4
B:10 PdBr, 0.8 0.0 7.6 91.5
B:11 Ag,0 66.6 33.4 0.0 0.0
B:12 AgOTf 1.4 0.0 10.4 88.2
C1 (nBu4N)2Ag2I4 1.1 0.0 85 90.4
C:2 Cd(OAc), 10.6 0.0 8.7 80.7
C:3 Cd(ClO4) 0.6 0.0 9.3 90.1
C:4 InCl3; 2.1 0.0 7.7 90.2
C:5 In(OTf); 10.9 0.0 9.0 80.0
C:6 SnCl, 0.6 0.0 7.7 91.6
C:7 Sn(OTf), 25.4 0.0 7.6 67.0
C:8 SbF; 7.0 0.0 7.6 85.5
C:9 HfCl, 3.2 0.0 8.3 88.5
C:10 Hf(OTf), 83.3 8.9 0.0 7.8
C:11 W(CO)s 0.0 0.0 8.6 91.4
C:12 PbCl; 1.3 0.0 10.9 87.8




Table 5.3 (cont’d)

D:1 BiCl; 0.9 0.0 9.6 89.5
D:2 Bi(OTf)3 77.1 16.6 0.0 6.3
D:3 Bi(NO3)3 2.0 0.0 8.1 89.9
D:4 Bi(OAC)3 89.0 11.0 0.0 0.0
D:5 BiF; 1.5 0.0 7.1 91.4
D:6 BiOCIO4 38.0 0.0 6.8 55.2
D:7 Sb(OAC)3 0.9 0.0 7.8 91.3
D:8 Ce(OTH), 3.4 0.0 7.8 88.8
D:9 Oxalic Acid 9.4 0.0 9.1 81.5
E:l Control 1.4 0.0 9.8 88.8
E:2 Sc(OTH)3 1.6 0.0 13.8 84.6
E:3 Cp,Ti(OTf), 1.8 0.0 9.2 89.0
E:4 TiCls 1.4 0.0 9.4 89.2
E:5 VCl; 1.0 0.0 8.0 91.0
E:6 Fe(OTf), 1.1 0.0 8.6 90.3
E:7 Fe(NO3)3 1.1 0.0 8.1 90.8
E:8 CoCl, 1.3 0.0 8.4 90.3
E:9 Co(NO3), 1.2 0.0 9.5 89.3
E:10 Ni(OTf), 1.2 0.0 8.1 90.8
E:11 CuCl 100.0 0.0 0.0 0.0
E:12 CuCl, 1.9 0.0 9.0 89.1
F:1 Cu(OTf), 1.4 0.0 9.2 89.4
F:2 Cu(MeCN)4 PFg 70.7 0.0 0.0 29.3
F:3 Zn(OTf), 1.0 0.0 2.0 97.0
F:4 Ga(OTf); 0.0 0.0 2.1 97.9
F:5 Ga(ClOy)3 0.0 0.0 2.2 97.8
F:6 Y (OTf)3 0.0 0.0 2.5 97.5
F:.7 YCl; 1.2 0.0 2.3 96.5
F:8 ZrCly 0.0 0.0 4.5 95.5
F:9 RuCl3 1.0 0.0 9.2 89.8
F:10 PdBr, 0.9 0.0 8.3 90.8
F:11 Ag,0 50.5 0.0 8.3 41.2
F:12 AgOTf 1.1 0.0 15.8 83.2
G:1 (nBu4N)2Ag2I4 1.2 0.0 14.5 84.3
G:2 Cd(OAc), 39.9 0.0 9.0 51.1
G:3 Cd(CIOy), 1.5 0.0 13.1 85.4
G4 InCl; 1.6 0.0 12.8 85.5
G5 In(OTf)3 6.6 0.0 13.4 80.0
G6 SnCl, 5.1 0.0 13.4 81.5
G:7 Sn(OTf), 3.7 0.0 13.2 83.1
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Table 5.3 (cont’d)

G:8 SbF; 6.0 0.0 13.8 80.1
G:9 HfCl, 1.3 0.0 15.6 83.1
G:10 Hf(OTf), 1.1 0.0 15.1 83.7
G:11 W(CO)s 0.0 0.0 13.1 86.9
G:12 PbCl, 0.8 0.0 14.3 84.9
H:1 BiCl; 0.8 0.0 12.7 86.6
H:2 Bi(OTf)3 30.5 0.0 7.9 61.5
H:3 Bi(NO3)3 7.7 0.0 13.4 78.9
H:4 Bi(OAC)3 65.3 0.0 4.3 30.4
H:5 BiF; 0.8 0.0 11.3 87.9
H:6 BiOCIO4 52.2 0.0 55 42.2
H:7 Sb(OAC)3 1.0 0.0 11.5 87.5
H:8 Ce(OTf), 1.6 0.0 11.7 86.7
H:9 Oxalic Acid 9.5 0.0 12.0 78.5
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Experimental Details and Spectroscopic Data®

The experimental data are reported: (a) Shen, F.; Tyagarajan, S.; Perera, D.; Krska, S. W.;
Maligres, P. E.; Smith, M. R., lll; Maleczka, R. E., Jr.; Org. Lett. 2016, 18, 1554-1557. (b) Shen,
F. carried out the experiments and also reported as Shen, F. Discovery and the Development of
Bismuth Salt Mediated Catalytic Deborylation and Allied Studies. MSc. Thesis, Michigan State
University, East Lansing, 2015.

7-Bpin-Boc-L-tryptophan methyl ester (3.8) via Scheme 3.5.

CO,Me COyMe
NHBoc 20 mol % Bi(OAc); NHBoc
N\ 125 equiv MeOH A\
N BPin N H
H THF, 80 °C, 7 h H
BPin (90%) BPin
3.8 3.9

The general Bi-catalyzed deboronation procedure was applied to 2,7-bis(Bpin)-Boc-L-tryptophan
methyl ester 3.8 (39 mg, 0.068 mmol) and Bi(OAc); (5.3 mg, 0.0137 mmol, 20 mol%) with a
MeOH /THF solvent mixture (0.34 mL / 0.27 mL) at 80 °C for 7 h. The crude material was
concentrated and purified by column chromatography (20% ethyl acetate/hexanes) on silica gel.
The product (2) was isolated as white solid (27 mg, 90%, mp 177 °C). *H NMR (CDs0D, 500
MHz) § 9.13 (br s, 1 H), 7.67 (d, J = 7.8 Hz, 1 H), 7.64 (d, J = 6.8 Hz, 1 H), 7.13 (t, J = 7.6 Hz, 1
H), 7.06 (s, 1 H), 5.06 (d, J = 7.8, 1 H), 4.64 (m, 1 H), 3.67 (s, 3 H), 3.31 (d, J = 4.9, 2 H), 1.43
(s, 9), 1.39 (s, 12 H); *C NMR (CD3sOD, 125 MHz) § 172.7, 155.2, 141.3, 129.5, 126.6, 122.7,
122.3,119.1, 109.6, 83.8, 79.7, 54.2, 52.2, 28.3, 27.9, 25.0. The spectral data were in accordance

with literature values.*
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Deboronation Details for Table 3.2

Table 2, entry 1. 7-Bpin-indole (3.18).

BPin
The general Bi-catalyzed deboronation procedure was applied to 2,7-bis(Bpin)-indole 3.10 (36.9
mg, 0.1 mmol, 1 equiv) and Bi(OAc)s (7.72 mg, 0.02 mmol, 20 mol%) with a solvent mixture of
MeOH /THF (0.5 mL /0.4 mL) at 80 °C for 17 h. The crude material was concentrated and
purified by column chromatography (5% ethyl acetate/hexanes) on silica gel. Indole 3.18 was
isolated as a white solid (20 mg, 82%). *H NMR (CDCls, 500 MHz): § 9.25 (br s, 1 H), 7.79 (d, J
=7.9Hz, 1 H),7.68(d,J=7.0Hz 1H),7.28 (dd, J = 2.8, 2.8 Hz, 1 H), 7.15 (dd, J = 7.5, 7.5
Hz, 1 H), 6.57 (dd, J = 2.8, 2.8 Hz, 1 H), 1.41 (s, 12 H, 4 CH; of Bpin); *C NMR (CDCl;,125
MHz): § 141.0 (C), 129.2 (CH), 126.8 (C), 124.2 (CH), 124.0 (CH), 119.3 (CH), 102.0 (CH),
83.8 (2 C), 25.0 (4 CHs of Bpin); *'B NMR (CDCls, 160 MHz): 30.8. The spectral data were in
accordance with literature values.”
Table 2, entry 2. 7-Bpin-indole-2d (3.18-d,).
N D
BPin ” 3.18-d
A vial equipped with a magnetic stirring bar was charged with 2,7-bis(Bpin)-indole 3.10 (185
mg, 0.5 mmol, 1 equiv) and Bi(OAc); (38.6 mg, 0.1 mmol, 0.2 equiv). A solvent mixture of
CD30D (810 pL, 20 mmol, 40 equiv) and THF (2 mL) was added to the vial. The vial was sealed
and the reaction was carried out at rt. After completion of the reaction as judged by TLC, the
crude material was passed through a plug of celite. The celite was washed three times with ethyl

acetate. After the volatiles were removed by a rotary evaporation, the crude material was purified

by column chromatography (5% ethyl acetate/hexanes) on silica gel. Indole 3.18-d; was isolated
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as a white solid (101 mg, 83%, mp 87-88 °C). *H NMR (CDCls, 500 MHz) & 9.31 (br s, 1 H),
7.84 (d,J=7.8Hz, 1 H), 7.74 (d, J = 6.9 Hz, 1 H), 7.31 (t, J = 2.9 Hz, 0.13 H), 7.20 (t, J = 7.8
Hz, 1 H), 6.61 (d, J = 2.0 Hz, 1 H); *C NMR (CDCls,125 MHz): § 140.9, 129.2, 126.7, 124.2,
123.9 (t, J = 25.8 Hz), 119.2, 101.9, 101.7, 83.8 (2 C), 25.0 (4 CHj of Bpin); !B NMR (CDCls,

160 MHz): 31.2; FT-IR (neat) 7imax: 3457, 2977, 1592, 1503, 1367, 1314, 1130, 978, 845, 805,

753, 678 cm™; LRMS (ESI): m/z calculated for Ci4H:sDBNO, [M+H]+ 245.15, found 245.1.

Percent deuterium incorporation (based on quantitative *H NMR): 92%

Table 2, entry 3. 4,7-Bis(Bpin)-indole (3.19).

BPin
N—H
N

H

BPin 3.19
The general Bi-catalyzed deboronation procedure was applied to 2,4,7-tri(Bpin)-indole 3.11 (100
mg, 0.2 mmol, 1 equiv) and Bi(OAc)s (15.4 mg, 0.04 mmol, 20 mol%) with a solvent mixture of
MeOH /THF (1 mL /0.8 mL) at 80 °C for 17 h. The crude material was concentrated and purified
by column chromatography (5% ethyl acetate/hexanes) on silica gel. Indole 3.19 was isolated as
a white solid (55.4 mg, 75%, mp 225°C). *H NMR (CDCls, 500 MHz) § 9.24 (br s, 1 H), 7.64 (d,
J=7.3Hz,1H),7.63(d, J=7.3Hz, 1H),7.31(dd, J=5.4,29 Hz, 1 H), 7.03 (dd, J = 4.9, 2.9
Hz, 1 H), 1.40 (d, J = 2.5 Hz, 24 H, 8 CHs of Bpin); *C NMR (CDCls, 125 MHz) § 140.3, 131.5,
128.2, 126.9, 124.4, 103.9, 83.9 (2 C), 83.4 (2 C), 25.0 (8 CHj3 of Bpin); *B NMR (CDCls, 160

MHz): & 31.6; FT-IR (neat) Fimac 3426, 2978, 1400, 1325, 1137, 1067, 968, 856 cm™; LRMS

(ESI): m/z calculated for C,oH30B2NO4 [M+H]+ 370.23, found 370.3.

Table 2, entry 4. 4-Bpin-6-fluoro-indole (3.20).
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BPin

S—H
N

F H

H

3.20

The general Bi-catalyzed deboronation procedure was applied to 2,4,7-tri(Bpin)-6-fluoroindole
3.12 (513 mg, 1 mmol, 1 equiv) and Bi(OAc)s (77.2 mg, 0.2 mmol, 20 mol%) with a solvent
mixture of MeOH /THF (10 mL /4 mL) at 80 °C for 15 h. The crude material was concentrated
and purified by column (10% ethyl acetate/hexanes) on silica gel. Indole 3.20 was isolated as
white solid (205 mg, 80%, mp 114°C). *H NMR (CDCls, 500 MHz) & 8.27 (br s, 1 H), 7.46 (dd,
J=10.3,2.5Hz, 1 H), 7.18 (dd, J = 2.9, 2.9 Hz, 1 H), 7.14 (dd, J = 9.3, 1.5 Hz, 1 H), 7.07 (dd, J
=2.5,2.5Hz, 1 H), 1.43 (s, 12 H, 4 CH; of Bpin); *C NMR (CDCls;,125 MHz): § 159.3 (d, J =
237.0 Hz), 135.3 (d, J = 11.5 Hz), 129.1, 125.1 (d, J = 3.8 Hz), 115.3 (d, J = 22.9 Hz), 104.3,
100.3 (d, J = 25.8 Hz), 83.7 (2 C), 24.9 (4 CH; of Bpin); B NMR (CDCls, 160 MHz): 31.3; FT-

IR (neat) Fimax: 3344, 2979, 1612, 1384, 1264, 1137, 1064, 966, 849, 782, 682 cm™; LRMS

(ESI): m/z calculated for C14H1sBFNO, [M+H]+ 261.13, found 262.1.

Table 2, entry 5. 4,7-Bis(Bpin)-6-fluoro-indole (3.21).
BPin

S—H
N
F H
BPin

3.21

The general Bi-catalyzed deboronation procedure was applied to 2,4,7-tri(Bpin)-6-fluoroindole
3.12 (513 mg, 1 mmol, 1 equiv) and Bi(OAc); (77.2 mg, 0.2 mmol, 20 mol%) with a solvent
mixture of MeOH /THF (2.5 mL /4 mL) at 80 °C for 5 h. The crude material was concentrated
and purified by column (5% ethyl acetate/hexanes) on silica gel. Indole 3.21 was isolated as

white solid (259 mg, 67%, mp 185°C). *H NMR (CDCls, 500 MHz) & 9.34 (br s, 1 H), 7.33 (d, J

= 10.3 Hz, 1 H), 7.27 (dd, J = 2.9, 2.0 Hz, 1 H), 6.98 (dd, J = 2.9, 2.0 Hz, 1 H), 1.42 (s, 12 H, 4
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CH; of Bpin), 1.39 (s, 12 H, 4 CH3 of Bpin); 3C NMR (CDCls, 125 MHz): & 164.3 (d, J = 246.0
Hz), 140.4, 128.1, 124.6 (d, J = 3.8 Hz), 114.9 (d, J = 25.8 Hz), 103.9, 83.9 (2 C), 83.8 (2 C),

25.0 (8 CHs of Bpin); !B NMR (CDCls, 160 MHz): 30.4; FT-IR (neat) Aima: 3125, 2923, 1559,
1401, 1256, 1139, 1063, 853 cm™; LRMS (ESI): m/z calculated for CyoHooB,FNO, [M+H]+

387.22, found 388.3.

Table 2, entry 6 (Ir). 4-Bpin-2-carboethoxy-indole (3.22).
BPin

N—co,Et
N
A 3.22

The deboronation step was carried out neat with 4,7-bis(Bpin)-2-ethyl ester-indole 3.14 (220.5
mg, 0.5 mmol), [Ir(OMe)(COD)], (10 mg, 0.015 mmol, 6 mol % Ir) in MeOH (800 uL, 20
mmol, 40 equiv) and THF (5 mL) at rt for 12 h and worked up as described in the general Ir-
catalyzed deboronation procedure. The crude material consisting of a 3:1 mixture of 3.22 and 2-
ethylesterindole was concentrated by rotary evaporation and purified by column chromatography
(5% ethylacetate/hexanes) on silica gel. Indole 3.22 was isolated as a white solid (85 mg, 54%,
mp 139 °C) along with 2-ethylesterindole (12 mg, 13%). For 3.22: *H NMR (CDCls;, 500 MHz) &
9.14 (brs, 1 H), 7.70 (m, 1 H), 7.68 (dd, J = 6.9, 1.0 Hz, 1 H), 7.54 (d, J = 8.3 Hz, 1 H), 7.34 (dd,
J=8.3,7.3Hz, 1 H), 4.45(q, J = 6.9 Hz, 2 H, CH,CHs), 1.45 (t, J = 7.3 Hz, 3 H, CH,CHy), 1.41
(s, 12 H, 4 CH; of Bpin); *C NMR (CDCls, 125 MHz) § 162.3 (C=0), 136.2, 131.7, 129.0,
127.6, 124.6 (C), 114.8, 110.5, 83.6 (2 C), 61.0 (CH,), 24.9 (4 CHj; of Bpin), 14.4 (CH,); 'B

NMR (CDClIs, 160 MHz): 5 30.8; FT-IR (neat) /Fimax: 3331, 2979, 1686, 1521, 1250, 1146, 1022,
980, 852, 769, 681 cm™; LRMS (ESI): m/z calculated for C17H23BNO, [M+H]+ 316.16, found

316.2.
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Table 2, entry 7 (Ir). 4-Bpin-2-methyl-indole (3.23).
BPin

N Me
N
N 3.23

The deborylation step was carried out neat with 4,7-Bpin-2-methylindole 3.15 (38 mg, 0.1 mmol,
1 equiv), [Ir(OMe)(COD)]2 (1 mg, 0.0015 mmol, 3 mol % Ir) in MeOH and DCM (2:1, 0.5 mL)
at 60 °C for 2 h and worked up as described in the general Ir-catalyzed deboronation procedure.
The crude material was purified by silica gel chromatography (5% ethyl acetate/hexanes) on
silica gel to afford 3.23 as a white solid (20 mg, 74%, mp 157-160 °C). *H NMR (CDCls, 500
MHz) 5 7.88 (brs, 1 H), 7.58 (d, J= 6.9 Hz, 1 H), 7.38 (d, J = 7.8 Hz, 1 H), 7.11 (t, J = 7.8 Hz, 1
H), 6.71 (s, 1 H), 2.47 (s, 3 H), 1.39 (s, 12 H, 4 CHj of Bpin); *C NMR (CDCls, 125 MHz) &
135.7, 135.4, 133.9, 127.6, 120.3, 113.0, 102.4, 83.3 (C), 25.0 (4 CH; of Bpin), 13.8 (CHs); 'B
NMR (CDCls, 160 MHz): 6 30.9; FT-IR (neat) 7imax: 3436, 2976, 1549, 1371, 1269, 1130, 1064,
973, 858, 637 cm™; LRMS (ESI): m/z calculated for C1sH2:BNO, [M+H]* 258.16, found 258.2.

Table 2, entry 8 (Bi). 5-Bpin-6-fluoro-indole (3.24).

The general Bi-catalyzed deboronation procedure was applied to 3,5-bis(Bpin)-6-fluoro-indole
3.16 (77 mg, 0.2 mmol, 1 equiv) and Bi(OAc);z (15.4 mg, 0.04 mmol, 20 mol%) with a solvent
mixture of MeOH /THF (0.8 mL /0.4 mL) at 80 °C for 3 h. The crude material was concentrated
and purified by column (5% ethyl acetate/hexanes) on silica gel. Indole 3.24 was isolated as a
white solid (46 mg, 88%, mp 159-162°C). *H NMR (CDCls, 500 MHz) & 8.18 (br s, 1 H), 8.05
(d, J =5.4 Hz, 1 H), 7.17 (dd, J = 3.4, 2.5 Hz, 1 H), 7.04 (d, J = 10.3 Hz, 1 H), 6.53 (dd, J = 2.5

Hz, 1.0 H), 1.38 (s, 12 H, 4 CHj3 of Bpin): *C NMR (CDCls, 125 MHz) 5 164.1 (d, J = 242 Hz),

184



138.2 (d, J = 13.4 Hz), 129.6 (d, J = 10.5 Hz), 128.3, 124.7 (d, J = 3.8 Hz), 103.1, 97.1 (d, J =
29.6 Hz), 83.5 (2 C), 24.8 (4 CHj3 of Bpin); 1'B NMR (CDCls, 160 MHz): 30.7; FT-IR (neat) 7
ma. MY LRMS (ESI): m/z calculated for C14H1sBFNO, [M+H]" 261.13, found 262.1.

Table 2, entry 8 (Ir). 5-Bpin-6-fluoro-indole (3.24).

The deboronation step was carried out neat with 3,5-bis(Bpin)-6-fluoro-indole 3.16 (193 mg, 0.5
mmol, 1 equiv), [Ir(OMe)(COD)], (5 mg, 0.0075 mmol, 3 mol % Ir) in MeOH and DCM (2:1,
2.5 mL) at 60 °C for 2 h and worked up as described in the general Ir-catalyzed deboronation
procedure. The crude material was purified by silica gel chromatography (30% ethyl
acetate/hexanes) on silica gel to afford 3.24 as white solid (86 mg, 66%).

Table 2, entry 9 (Ir). 5-Bpin-N-Boc-indole (3.25).

3.25 Boc
The deborylation step was carried out neat with 3,5-bis(Bpin)-N-Boc-indole 3.17 (195 mg, 0.4
mmol), [Ir(OMe)(COD)], (8 mg, 0.012 mmol, 6 mol % Ir) in MeOH (800 uL, 20 mmol, 50
equiv) and THF (4 mL) at rt for 10 h and worked up as described in the general Ir-catalyzed
deboronation procedure. The crude material was concentrated by by rotary evaporation and
purified by column chromatography (5% ethyl acetate/hexanes) on silica gel. Indole 3.25 was
isolated as a colorless oil (67 mg, 47%).*H NMR (CDCls, 500 MHz) & 7.93 (d, J = 5.9 Hz, 1 H),
7.82 (brd, J=8.3 Hz, 1 H), 7.53 (d, J = 2.9 Hz, 1 H), 6.53 (d, J = 3.9 Hz, 1 H), 1.66 (s, 9 H, 3
CH; of Boc), 1.38 (s, 12 H, 4 CH; of Bpin); *C NMR (CDCls, 125 MHz) & 165.1 (d, J = 244
Hz), 149.4, 129.1 (d, J = 9.5 Hz), 126.6, 126.2 (d, J = 3.8 Hz), 107.2, 102.2 (d, J = 31.5 Hz),

84.1 (C), 83.7 (2 C), 28.1 (3 CH; of Boc), 24.8 (4 CH; of Bpin); B NMR (CDCls, 160 MHz2):
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30.1; FT-IR (neat) /imax: 3443, 2979, 1737, 1622, 1446, 1359, 1257, 1143, 1085, 959, 860, 732

cm™; LRMS (ESI): m/z calculated for C1gH6BFNO, [M+H]+ 362.19, found 362.3.
Preparation of 4,7-bis(Bpin)-6-fluoro-N-Boc-indole (3.26) via Scheme 3.6.

20 mol % Bi(OAc)3

AV
oY

BPin 20 equiv NEt3 BPin D
2 equiv DMAP | lz\sﬂoe?ch:E
AN 20 equiv Boc,0 AN ’ AN
_— >
F N MeCN,10h F N 1.5 mol % F N
BPin 90 °C, (80%) BPin BoC  [Ir(OMe)(cod)], BPin Boc
3.21 3.26 | 40 equiv CD30D 3.27

THF, rt, 10 h (78%)
A round bottom flask equipped with a magnetic stirring bar, a condenser, and an additional
funnel was charged with 4,7-bis(Bpin)-6-fluoro-indole 3.21 (217 mg, 0.56 mmol, 1 equiv).
MeCN (1 mL) and NEt; (1.6 mL, 11.2 mmol, 20 equiv) were injected into the flask. The
resulting mixture was heated at 80 °C for 30 min. DMAP (137 mg, 1.12 mmol, 2 equiv) and
Boc,0 (2.4 g, 11.2 mmol, 20 equiv) were weighted together in a vial and diluted with MeCN (1
mL). The resulting mixture was stirred at rt until it became a yellow homogenous solution. This
solution was then introduced into an addition funnel and allowed flow at the rate of 1 drop per 2
min to the round bottom flask. Upon complete addition the reaction mixture was refluxed at 80
°C for 10 h. At that time the reaction was judged to be complete by TLC. After being
concentrated by rotary evaporation the crude material was purified by column chromatography
(5% acetone/heptane) on silica gel. Boc-Indole 3.26 was isolated as white solid (250 mg, 80%,
mp 158 °C). *H NMR (CDCls, 500 MHz) & 7.41 (d, J = 3.4 Hz, 1 H), 7.37 (d, J = 9.8 Hz, 1 H),
7.01 (d, J = 3.9 Hz, 1 H), 1.62 (s, 9 H, 3 CHs of Bpin), 1.45 (s, 12 H, 4 CHs of Bpin), 1.37 (s, 12
H, 4 CHs of Bpin); *C NMR (CDCls,125 MHz): § 163.6 (d, J = 237 Hz), 150.1, 136.7, 131.0,
125.0 (d, J = 3.8 Hz), 117.2 (d, J = 25.8 Hz), 109.6, 84.0 (2 C), 83.9 (C), 83.8 (2 C), 28.2 (3 CH3

of Boc), 25.6 (4 CHs of Bpin), 25.0 (4 CH; of Bpin); *'B NMR (CDCls, 160 MHz): 29.1; FT-IR
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(neat) Fimax: 3422, 2979, 1723, 1540, 1458, 1039, 1233, 1145, 935, 852, 769, 668 cm™; LRMS

(ESI): m/z calculated for CzsH37B2FNOg [M+H]+ 488.27, found 488.2.

Preparation of 7-Bpin-6-fluoro-N-Boc-indole-4-d (3.27) via Scheme 3.6.

The deborylation step was carried out neat with 4,7-bis(Bpin)-6-fluoro-N-Boc-indole 3.26 (76
mg, 0.156 mmol, 1 equiv) and [Ir(OMe)(COD)], (0.78 mg, 0.0012 mmol, 1.5 mol % Ir) in
CD30D (253 uL, 6.24 mmol, 40 equiv) and THF (253 pL) at rt for 10 h and worked up as
described in the general Ir-catalyzed deboronation procedure. The crude material was
concentrated by rotary evaporation and purified by column chromatography (10% ethyl
acetate/hexanes) on silica gel. Deuterated indole 3.27 was isolated as a colorless oil (44 mg,
78%). *H NMR (CDCls, 500 MHz) & 7.44 (dd, J = 8.8, 5.9 Hz, 0.16 H), 7.40 (d, J = 3.4 Hz, 1 H),
6.94 (d, J = 9.3 Hz, 1 H), 6.49 (d, J = 3.4 Hz, 1 H), 1.63 (s, 9 H, 3 CH; of Boc), 1.46 (s, 12 H, 4
CHjs of Bpin); *C NMR (CDCls, 125 MHz): § 164.1 (d, J = 237 Hz), 150.0, 125.8, 125.0 (d, J =
3.8 Hz), 110.7 (d, J = 27.7 Hz), 107.7, 84.0 (3 C), 28.2 (3 CH; of Boc), 25.6 (4 CH3 of Bpin);
1B NMR (CDCls, 160 MHz): 28.4; FT-IR (neat) Fima: 3439, 2978, 1724, 1601, 1541, 1353,

1257, 1151, 1093, 984, 854, 736, 613 cm™; LRMS (ESI): m/z calculated for C1oH,sDBFNO,
[M+H]+ 363.19, found 363.2. Percent deuterium incorporation (based on quantitative ‘H NMR):

84%.

187



Preparation of 1-(3-(2-(dimethylamino)ethyl)-7-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-
yD)-1H-indol-5-yl)-N-methylmethanesulfonamide (3.29) via Scheme 3.7.

2.0 equiv B,Pin, Me,N

MezN Me
Me 2.5 mol % [Ir(OMe)COD], Hil
HN‘s 5 mol % d'bpy, 80 °C, 16 h; s N
7\ \ O// \\O H

[O}N©) N N
b then 20 mol % Bi(OAc)3 H

MeOH, THF, rt, 12 h BPin

3.28 (85% yield by HPLC, 28% isolated) 3.29

In a glove box a 20 mL vial equipped with a magnetic stirring bar was charged with sumatriptan
3.28 (200 mg, 0.677 mmol, 1 equiv) and B,pin; (344 mg, 1.354 mmol, 2 equiv). A separate vial
was charged with [Ir(OMe)(COD)], (11.2 mg, 0.017 mmol, 5.0 mol % Ir) and dtbpy (9.1 mg,
0.034 mmol, 5.0 mol %). THF (1 mL) was added to the vial containing dtbpy, and after mixing
for 1 min the resulting solution was transferred to the vial containing the sumatriptan substrate.
Additional THF (5 mL) was used to wash, and the washings were transferred to the sumatriptan
substrate vial which was then sealed and stirred at 80°C. After 16 h, the reaction mixture was
cooled to room temperature and removed from the glove box. Poly(styrene)-bound bipyridine
(70 mg, Sigma-Aldrich; 100-200 mesh, 1.0-2.0 mmol/g loading) was added to the reaction
mixture, and the solution was stirred for 30 minutes. The mixture was filtered and concentrated
under reduced pressure to give the crude 2,7-bis(Bpin)-sumatriptan. To the above crude 2,7-
bis(Bpin)-sumatriptan, Bi(OAc); (53.2 mg, 0.135 mmol, 0.2 equiv) and a solvent mixture of
CH3OH (1.64 mL, 40.6 mmol, 60 equiv) and THF (5.2 mL) were added. The vial was sealed and
heated to 50 °C for 12 hours. The reaction mixture was cooled to room temperature, filtered, and
the volatile materials were removed by rotary evaporation. The solution yield was determined by
quantitative HPLC to be 85% compared to a pure reference standard. The crude material was
purified by supercritical fluid chromatography (SFC) under isocratic conditions (Chiral ID,

21x250cm, 25% IPA + 0.2% Diethylamine/CO,, 70mL/min, 35 °C, 100 Bar, 220nm, ~15mg/mL
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in MeCN). After evaporation of solvents from the pure fractions, 3.29 was isolated as a solid (80
mg, 28%). 'H NMR (DMSO-dg, 500 MHz): 6 10.00 (s, 1 H), 7.65 (s, 1 H), 7.44 (s, 1 H), 7.16 (s,
1H),6.80(q,J=5.3Hz,1H),4.37(s,2H),281(t,J=78Hz,2H), 254 (d, J=4.8 Hz, 3 H),
2.49 (m, 2 H), 2.21 (s, 6 H), 1.35 (s, 12 H). *C NMR (DMSO-ds, 126 MHz): & 140.4, 131.7,
127.3, 124.9, 124.3, 120.0, 113.1, 84.1, 60.5, 56.8, 45.6, 29.4, 25.2, 23.5. "B NMR (DMSO-,
160 MHz): & 20.0. HRMS (ESI-TOF): m/z calculated for CyoH33BN304S [M+H]" 422.2289,
found 422.2296.

HTE Experiment 4. Study of relative rate of Deborylation of substituted Heteroarenes and

conditions that effect.

12 Different catalysts
4 Solvents
6 Different substrates
R-BPin R-H
Condition(per well):
5 mmol each substrate, 5 mmol catalyst
100mL Solvent, 25 °C

BPin CN
(@) BPin PinB
N _ —Z
H N N N
BPin
3.30 3.31 3.32 3.33 3.34 3.35

Preparation of Additive plates with new screening additives.

As given in the general procedure A, the additives (5 umol of additives per well) were dosed into
the 96-well reactor vial as solutions or well-stirred slurries (30 pL of 0.166 M) in MeOH.
Slurries were dosed using a single-tip pipettor with the sampling tip cut to allow free flow of the
slurry. Plates of these additives were dosed in advance of the reaction, the solvent was removed
by evacuation on the GeneVac and the plates were stored in the glovebox. In this way 4 additives

plates were produced.
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Additive plate screening.

A parylene stir-bar was added to each vial of the additive plates. Then the 3-(4,4,5,5-tetramethyl-
1,3,2-dioxaborolan-2-yl)quinoline 12, 6-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)quinoline
13, 2-(furan-2-yl)-4,4,55-tetramethyl-1,3,2-dioxaborolane 14, 2-(4,4,5,5-tetramethyl-1,3,2-
dioxaborolan-2-yl)-1H-indole 15, 4-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)-1H-indole 16,
4-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)benzonitrile 11 (5 umol/reaction) and 1,3,5-tri-
tertbutylbenzene (0.5 umol/reaction) (used as an internal standard to quantify the reaction) were
dosed together into the reaction vials in THF (100 uL) and the solvent was removed by
evacuation on the GeneVac. Then THF (100 uL), NMP (100 puL), DMF (100 puL) and MeCN
(100 uL) was added for wells from Al — A12, B1 — B12, C1- C12 and to D1 —D2 respectively. .
Finally 40 equiv of MeOH was added to all the reactions. The reactions were then sealed and
stirred at 30 °C for 2h. Then 10 pL of the reactions was measured into 96-well plate LC block
and were diluted with 600 uL of acetonitrile. The 96-well plate LC block was then sealed with a
silicon-rubber storage mat, and the reactions were analyzed using standard reverse-phase Agilent

HPLC (see methods above).

Catalyst Control Bi(OAc)3 [I(OMe)COD], Ag20  Bi(OTf)3 Ga(ClO4)3 Hf(OTfi4 Cu(OTfl2 CuCl  Cu(MeCN)4 PF6 Cd(OAc)2 [Ir(COD)PCy3(py)]

Solvent Row/Col 1 2 3 4 5 6 T 8 9 10 " 12
THF A
NMP B
DMF [
Acetonitrile D
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Protodeboronations of selected heterocyclic boronic esters.

BPin CN
. 0 BPin PinB
N P Z N
H N N H
BPin
3.30 3.31 3.32 3.33 3.34 3.35
% Deborylation of substrates®
Entry Catalyst Solvent 3.30 3.32 3.33 3.34 3.35
1 A2 THF 63
2 B:2 . NMP 28
- Bi(OAC);3
3 C:2 DMF 35
4 D:2 ACN 84
5 A3 THF 80 20 11
6 B:3 NMP 73 32
=1 [I(OMe)COD],
7 C:3 DMF 74 29
8 D:3 ACN 89 41 20 20
9 A4 THF 100 100 52 19 100
10 B:4 NMP 81 69 24
: Ag0
11 C4 DMF 89 90 17
12 D:4 ACN 96 100 48 14 75
Rate constant calculations : At 25 C, 3.5 hrs
PhCNBpin In-2-Bpin In-4-Bpin Qu-3-Bpin Qu-6-Bpin
Solvent % conversion } kobs / 10-4 S-1 | % conversion | kobs /10-5 8-1 % conversion } kobs / 10-5 8-1 | % conversion | kobs / 10-5 8-1
A2 THF 62.59 7.80
o | BloAR  Ipwe s 357
D:2 Acetonitrile 83.74 10.44
A3 THF 79.73 12.70 20.24 1.79
B3 . . L .
cs | roMecoDl: | e 7581 1060 2e3 o
D:3 A itrile 100.00 NA 40.80 4.16
Al THF 100.00 NA 100.00 NA 100.00 NA 52.3050417 3.18
B4 Ag20 NMP 23.88 1.10 80.60 13.00 68.61 9.20 4.88408963 0.54
C4 DMF 16.76 1.56 89.07 17.60 90.44 18.60
D4 Acetonitrile 74.59 2.28 95.61 24.80 100.00 NA 48.1237691 2.86
AS THF 5.08 0.41
B:5 i NMP E .
cs | mioms DivF 525 so7
D:5 Acetonitrile 88.73 1.73
In-2-Bpin Including the area of In-B(OH)2 | In - Indole NA -No Starting Material
Qu-6-Bpin Including the area of Qu-B(OH)Z} Qu - Quinoline kobs -Rate Constant at 25 C

Represent no or less than 10% conversions
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General Procedure for Preparation of Deuterated Aromatics®

To 1 mmol borylated arene were added 20 mol% Ag,0, 0.1 mL D,0 and 0.5 mL dry THF. Then
flask was sealed and heated in an oil bath to 80 °C until the reaction was judged complete by
TLC thin plate. Upon completion, the mixture was filtered through 1 mL silica gel, dried over
MgSO, and evaporated. Column chromatography (5% ethyl acetate/hexane) afforded the
product.

1,2,3-Trichlorobenzene-5-d.

Cl
Cl Cl

D
The deuteration step was then carried out at 80 °C for 1 h as described in the general procedure,
after which the crude material was purified with a silica gel chromatography to afford 100 mg of
the deuterated compound (55%) as a white solid. *H NMR (500 MHz, CDCls): & 7.36 (t, "H-D =
1.1 Hz). The spectral data were in accordance with literature.”
2,6-Dichloropyridene-4-d.

Cl N.__ClI

N

=

D
The deuteration step was then carried out at 80 °C for 1 h as described in the general procedure,
after which the crude material was purified with a silica gel chromatography to afford 58 mg of
the deuterated compound (40%) as a white solid. *H NMR (500 MHz, CDCl3): & 7.25 (t, "H-D =

1.1 Hz). The spectral data were in accordance with literature. *
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3-Chlorobenzotrifluoride-5-d.

D
The deuteration step was then carried out at 80 °C for 2.5 h as described in the general
procedure, after which the crude material was purified with a silica gel chromatography to afford
111 mg of the deuterated compound (78%) as a colorless oil. *H NMR (300 MHz, CDCls): &

7.60 (br, 1 H), 7.54-7.48 (m, 2 H). The spectral data were in accordance with literature.*

3-Bromobenzonitrile-5-d.

NC\©/Br

D
The deuteration step was then carried out at 80 °C for 3 h as described in the general procedure,
after which the crude material was purified with a silica gel chromatography to afford 109 mg of
the deuterated compound (60%) as a white solid. *H NMR (500 MHz, CDCls): § 7.78 (t, J = 1.6

Hz, 1 H), 7.73 (br, 1 H), 7.59 (br, 1 H). The spectral data were in accordance with literature.’

3-Chloroanisole-5-d.

Meo\©/Cl

D
The deuteration step was then carried out at 80 °C for 2 h and worked up as described in the
general procedure, after which the crude material was purified with a silica gel chromatography

to afford 89 mg of the deuterated compound (62%) as a colorless oil. *H NMR (300 MHz,
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CDCI3): 6 6.91 (br, 1 H), 6.88 (t, J =2.3 Hz, 1 H), 6.77 (br, 1 H), 3.78 (s, 3 H). The spectral data
were in accordance with literature.*

1,2-Dichlorobenzene-4-d.
Cl
©/CI
D
The deuteration step was then carried out at 80 °C for 3 h and worked up as described in the
general procedure, after which the crude material was afford 135 mg of the deuterated compound

(91%) as a colorless oil. 1H NMR (300 MHz, CDCI3): 6 7.41-7.44 (m, 2 H), 7.16-7.20 (m, 1 H).

The spectral data were in accordance with literature.*
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5.3. Experimental details for Chapter 4: Reversibility in Ir-Catalyzed C-H Polyborylation:
A Boronic Ester Dance.

General Materials and Methods

Unless otherwise stated, the reported yields refer to chromatograph-ically and spectroscopically
pure compounds. All reactions were conducted in a nitrogen filled glove-box. All the solvents
were used as received from Sigma-Aldrich (Sure/SealTM) and were stored in the glove-box. All
other commercially available materials were used as received. Bis(7*-1,5-cyclooctadiene)-di-p-
methoxy-diiridium(l) ([Ir(OMe)(cod)],), Pinacolborane (HBpin), B,pin, and 4,4'-Di-t-butyl-2,2’'-
bipyridine (dtbpy) were purchased from Aldrich. All borylated starting substrates were purified
by column chromatography prior to use. Reactions were monitored by thin layer chromatography
on precoated silica gel plates (Merck), using UV light or phosphomolybdic acid stain for
visualization. Column chromatography was performed on 60 A silica gel (230400 mesh). NMR
spectra were recorded on Varian VXR-500, Varian Unity-500-Plus (499.74 MHz for 'H and
125.67 MHz for *C) and Bruker 500 (500.13 MHz for *H and 125.77 MHz for 3C)
spectrometer. *H and “*C chemical shifts (in ppm) were referenced to the residual protonated or
natural abundance solvent signals.® *'B spectra were recorded at 160.32 MHz. All coupling
constants are apparent J values measured at the indicated field strengths. Melting points are
uncorrected. High-resolution mass spectrum was acquired at the MSU Mass Spectrometry
facility using a Waters GCT Premier GC/TOF instrument (in ESI mode) (Waters Milford, MA)
and at Merck (Rahway, NJ) using a Waters Xevo G2 QTof instrument (in ESI mode). Low-
resolution mass spectra were performed at the Molecular Metabolism and Disease Collaborative
Mass Spectrometry Core facility at MSU on a Thermo Scientific LTQ-Orbitap Velos using the

lon Trap analyzer in positive ionization mode by nano-ESI. HPLC assays were carried out using
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a C-18 reversed-phase column eluted with 0.1% H3;PO, (aq) and acetonitrile (ACN) monitoring
the compounds at 210 nm and 320 nm.

General Procedures for Screening Ir-catalyzed C—H polyborylation Conditions.

All reactions were conducted in a nitrogen filled glove-box. All other commercially available
materials were used as received. Reactions for high through-put screening were conducted in
either 8 x 30 mm borosilicate glass shell vials arranged in 96 well metal blocks (Symyx) with
magnetic stirring or in Biotage microwave reaction vials (2-5 mL). Materials were dispensed to
the vials whenever possible as solutions in the reaction solvent, otherwise in suitable solvents (in
which the material was soluble in) via micro pippetters followed by evaporation of the solvent in
vacuuo in a GenevacTM centrifugal evaporator in the glove box. The reactions that were set up
in borosilicate glass shell vials were heated via the metal 96 well blocks after sealing with a
perfluoroelastomeric backed metal top plate screwed to the metal block. The reactions that were
setup in biotage vials were heated in a metal block. Analysis was accomplished by reversed
phase HPLC (Zorbax Eclipse Plus C18, 1.8 micron, 4.6 x 50 mm column eluted with 0.1% aq
H3PO,4 and acetonitrile) using an internal standard such as dodecahydrotriphenylene to facilitate

quantitative HPLC solution assay yield determination.
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Effect of catalysts/ ligand load, reaction time and temperature on the Ir-catalyzed C-H
polyborylation of 1,4-bis(Bpin)benzene

. 3.3 equiv B,Pin,
BPIn 510 or 20 mol % [Ir(OMe)COD],

BPin
10, 20 or 40 mol % 4,4'-dmbpy,
10 mol % t-BuOK _ )
BPIn 85,100, 120 °C, 1 or 2 days PinB BPIn
0.2 mmol 4.9, 0.2 mL THF
4.9 410
Loading
10% 20%

S% [IOMe)CODL2  ome)cop],  [IrOMe)COD];

10% 4-4'-dmbpy 20% 4-4'-dmbpy 40% 4-4'-dmbpy

Time 1 5 3

Day 1 A _ _
3.3 equiv B,yPin,

BPin 510 or 20 mol % [Ir(OMe)COD],

BPin
10, 20 or 40 mol % 4,4'-dmbpy,
10 mol % ¢-BuOK . )
Day 2 B BPIN 85, 100, 120 °C, 1 or 2 days il Er
0.2 mmol 4.9, 0.2 mL THF
4.9 4.10

A reactor heating block consist of Biotage microwave reaction vials equipped with a magnetic
stir bar arrayed in a 4x4 reaction plate, 3 columns labeled 1-3 and 2 rows labeled A-B. In a
nitrogen filled glovebox, 125 uL of a solution containing 10 umol [Ir(OMe)COD], (0.08 M stock
solution) in THF was added to each well across column 1 (wells Al and B1) via micro pipette.
Smilarly, 250 pL of a solution containing 20 umol [Ir(OMe)COD], (0.08 M stock solution) in

THF were added to each well across column 2 (wells A2 and B2) and 500 pL of a solution
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containing 40 umol of [Ir(OMe)COD]; to each well across column 3 (wells A3 and B3). To the
reaction wells Al and B1, 125 uL of stock solution containing 10 umol 4-4’-dmbpy ligand (0.16
M stock solution) in THF were added. Similarly, 250 uL of stock solution containing 20 umol 4-
4’-dmbpy ligand (0.16 M stock solution) for A2-B2 and 500 pL of stock solution containing 40
umol 4-4’-dmbpy ligand (0.16 M stock solution) to A3-B3 were added. In to a vial 1,4-
bis(Bpin)benzene (2.97 g, 9 mmol), t-BuOK (100.1 mg, 0.9 mmol), B,Pin, (7.54 g, 27.7 mmol)
and 1,3,5-trimethoxybenzene (4.5 mmol, 756.8 mg) were measured and the content was diluted
upto 60 mL with THF to make a stock soultion of 0.15 M 1,4-bis(Bpin)benzene, 0.015 M t-
BuOK, 0.495 M B,Pin, and 0.075 M 1,3,5-trimethoxybenzene (4.5 mmol, 756.8 mg). Then 1.33
mL of this sloution mixture was introduced to all the vials across column 1-3 and rows A-B to
add 0.2 mmol 1,4-bis(Bpin)benzene, 0.02 mmol t-BuOK, 0.66 mmol B,Pin, and 1 mmol 1,3,5-
trimethoxybenzene. Then solvent was removed using a GeneVac system located inside the
glovebox and 0.2 mL of THF was added across the plate. The vials were sealed and then heated
at 85 °C for 1-2days. Two tother plates exactly similar to one decribed was made according to
the above mention method and was heated at 100 °C and 120 °C for 1-2 days. After desired
reaction time the content was analyzed by reversed phase HPLC (Zorbax Eclipse Plus C18, 1.8
micron, 4.6 x 50 mm column eluted with 0.1% aq H3PO,4 and acetonitrile).

Details for Ir-catalyzed C—H polyborylation of 1,4-bis(Bpin)benzene (Scheme 4.5):

BPin
BPin

BPin
4.14

The reaction well Al from the reaction time 120 °C was passed through a silica plug. After

further elution with DCM, the volatile materials were removed by rotary evaporation. The crude
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material was purified by column chromatography (gradient from 100% Hexane to 40% ethyl
acetate/hexanes) on silica gel. The 1,2,4-tris(Bpin)benzene (4.14) was isolated in 18 % isolated
yield (16 mg, white solid). The isolated product of 1,2,4-tris(Bpin)benzene contained 10%
impurity of 1,4 bis(Bpin)benzene. The spectral data were in accordance with literature values.’

'H-NMR (500 MHz, CDCl3): § 1.33 (s, 12H), 1.36 (d, J = 1.5 Hz, 24H), 7.62 (dd, J = 7.4, 0.2
Hz, 1H), 7.80 (dd, J = 7.4, 1.2 Hz, 1H), 8.08 (s, 1H); *C-NMR (126 MHz, CDCls): & 25.18,

83.65, 83.85, 83.98, 84.05, 132.63, 135.55, 139.70.

Day 1 Al A2 A3
5 mol % [Ir(OMe)COD],, 10 mol % [Ir(OMe)COD),, 20 mol % [Ir(OMe)COD|,,
10 mol % dmbpy 20 mol % dmbpy 40 mol % dmbpy
BPin BPin o BPin BPin o BPin
BPin BPin
° PinB BPin
8¢ BPin BPin BPin 4.10
49 414 4.14 - Ry 178
R,: 156 Ry 166 Ry 166 ‘ =
100°C
= . Ve T el s - o
120 °C n |
JLT . L S Jt : JLJ_L-__ T | 5 R

HPLC chromatograms of the reactions (A1-A3 at 80, 100 and 120 °C)
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Day 2

B1

5 mol % [I(OMe)CODY,,

10 mol % dmbpy

85°C .

BPin

BPin

100 °C

B2
10 mol % [Ir(OMe)COD],,

20 mol % dmbpy

BPin

BPin

BPin

B3

20 mol % [Ir(OMe)COD],,

40 mol % dmbpy

BPin

120 °C

FE;!
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Effect of ligand and base on the Ir-catalyzed C—H polyborylation of 1,4-bis(Bpin)benzene:

Conditions:
1. 5 mol % [Ir(OMe)COD],
10 mol % Ligand (L1 - L4)

BPin . BPin BPin .
2. 20 mol % [Ir(OMe)COD], o
40 mol % Ligand (L1 - L4)
PinB BPin
. 3.3 equiv B,Pin, BPin
BPin 10 mol % t-BuOK 4.10 4.4
4.9 120 °C, 36 h '

0.1 mmol 4.9, 0.1 mL THF
_ _ t-Bu t-Bu PPh,
aSwIEaSe Sl aTe BN e
L1: 4-4'-dmbpy L2: tmp L3: dtbpy L4:dppbz

First, 1 mL glass vials equipped with a micro-magnetic stir bar, arrayed in a 4x4 reaction plate, 2
columns labeled 1-2 and 4 rows labeled A-D. In a nitrogen filled glovebox, 100 uL of a solution
containing 10 pmol 1,4-bis(Bpin)benzene (0.01 M stock solution) in THF, 50 uL of a solution
containing 33 pumol B,Pin, (0.66 M stock solution) in THF and 50 uL of a solution containing 1
umol t-BuOK (0.02 M stock solution) in THF were added to all the wells via micro pipette. Then
solvent was removed using a GeneVac system located inside the glovebox. Next, 25 uL of a
solution containing 0.5 pmol [Ir(OMe)COD]; (0.02 M stock solution) in THF was added to each
well across column 1 (wells A1-D1) and 100 pL of a solution containing 2 pmol of
[Ir(OMe)COD];, to each well across column 2 (wells A2-D2). To the reaction wells A1-D1
across the column, 25 pL of solution containing 1 pmol ligand and to wells A2-D2 across the
column 100 puL of solution containing 4 umol ligand (0.04 M stock solution, wells A1, A2: 4’-
dmbpy ligand, wells B1, B2: TMP ligand, wells C1, C2: dtbpy ligand and wells D1, D2: dppbz
ligand ) in THF were added. Then solvent was removed using a GeneVac system located inside
the glovebox and 100 pL of THF was added across the plate. The vials were sealed and then

heated at 120 °C for 36 hours. After desired reaction time the content was analyzed by reversed
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phase HPLC (Zorbax Eclipse Plus C18, 1.8 micron, 4.6 x 50 mm column eluted with 0.1% aq
H3PO,4 and acetonitrile).

Effect of ligand for Ir-catalyzed C—H polyborylation of 1,4-bis(Bpin)benzene

Yield of 4.10 and 4.14 at each condition ?

(yields determined by HPLC)

Condition 1 Condition 2
5 mol % 20 mol %
[Ir(OMe)COD], [Ir(OMe)COD],
10 mol % Ligand 40 mol % Ligand
(L1-1L4) (L1-1L4)
Entry | Ligand 4.10 4.14 4.10 4.14
1 L1: dmbpy 0 18 25 9
2 L2: tmp 65 3 67 0
3 L3: dtbpy 0 0 0 5
4 L4: dppbz 0 0 0 0
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General procedures for Ir-catalyzed C-H polyborylation

General Ir-catalyzed C-H polyborylation procedure: Condition A, 20 mol%
[Ir(OMe)(COD)], and 40 mol% TMP ligand.

In a glove box, Biotage microwave reaction vial, equipped with a magnetic stirring bar, was
charged with [Ir(OMe)(COD)], (20 mol% ) and TMP (40 mol%). Then, THF (200 uL) was
added to the vial and was stirred for few minutes. Next, B,Pin, (3.3 mmol) was added to the vial
along with another 200 puL of THF. The the reaction mixture was then charged with starting
material (1 mmol). Additional THF (600 uL) was added to the reaction vial. Then the vial was
sealed, brought out of the glove box and the reaction was carried out at desired temperature for
16 h. After completion of the reaction, the mixture was passed through a silica plug. After further
elution with DCM, the volatile materials were removed by rotary evaporation. The crude
material was purified by column chromatography (gradient from 100% Hexane to 40% ethyl
acetate/hexanes) on silica gel.

General Ir-catalyzed C-H polyborylation procedure: Condition B, 5 mol%
[Ir(OMe)(COD)], and 10 mol% TMP ligand.

In a glove box, Biotage microwave reaction vial, equipped with a magnetic stirring bar, was
charged with [Ir(OMe)(COD)]. (5 mol% ) and TMP (10 mol%). Then, THF (200 pL) was added
to the vial and was stirred for few minutes. Next, B,Pin, (3.3 mmol) was added to the vial along
with another 200 pL of THF. The the reaction mixture was then charged with starting material (1
mmol). Additional THF (600 pL) was added to the reaction vial. Then the vial was sealed,
brought out of the glove box and the reaction was carried out at desired temperature for 16 h.
After completion of the reaction, the mixture was passed through a silica plug. After further

elution with DCM, the volatile materials were removed by rotary evaporation. The crude

203



material was purified by column chromatography (gradient from 100% Hexane to 40% ethyl
acetate/hexanes) on silica gel.

Effect of base for Ir-catalyzed C—H polyborylation of 1,4-bis(Bpin)benzene.

Inside the glove box two reactions were set up following general procedure with condition A.
First reaction was set up with [Ir(OMe)(COD)], (26.5 mg, 0.04 mmol, 20 mol% ), TMP (18.9
mg, 0.08 mmol, 40 mol%), B,Pin, (167 mg, 0.66 mmol) and t-BuOK (2.2 mg, 0.02 mmol).
Then, THF (200 pL) was added to the vial and was heated for 16 h. For the second reaction
similar procedure was carried out without adding the base t-BuOK. The reactions were
monitored after 16 h by HPLC and the chromatograms are shown below and quantitative
conversions to 4.10 were observed.

BPin
with t-BuOK

without t-BuOK ™ BPin

Ir-catalyzed C-H polyborylation details for Table 4.8:

CO,tBu

PinB BPin
417

In a glove box, Biotage microwave reaction vial, equipped with a magnetic stirring bar, was
charged with [Ir(OMe)(COD)], (132.6 mg, 0.2 mmol, 20 mol% ) and TMP (94.5 mg, 0.4 mmol,

40 mol%). Then, THF (200 pL) was added to the vial and was stirred for few minutes. Next,
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B,Pin, (838.2 mg, 3.3 mmol) was added to the vial along with another 200 puL of THF. The the
reaction mixture was then charged with 4-Bpin-tert-butylbenzoate (304.18 mg, 1 mmol).
Additional THF (600 pL) was added to the reaction vial. Then the vial was sealed, brought out of
the glove box and the reaction was carried out at 80 °C for 16 h. After completion of the
reaction, the mixture was passed through a silica plug. After further elution with DCM, the
volatile materials were removed by rotary evaporation. The crude material was purified by
column chromatography (gradient from 100% Hexane to 40% ethyl acetate/hexanes) on silica
gel. The 3,5-di(Bpin)tert-butylbenzoate (4.17) was isolated in 60 % isolated yield (261 mg).
Smilar procedure was carried out with the starting material tert-butylbenzoate (178.23 mg, 1
mmol) to obtain 3,5-di(Bpin)tert-butylbenzoate (4.17) in 79 % isolated yield (amorphous solid,
340 mg). *H-NMR (500 MHz, CDCls): § 1.33 (s, 24H), 1.59 (s, 9H), 8.38 (t, J = 1.2 Hz, 1H),

8.47 (d, J = 1.3 Hz, 2H); *C-NMR (126 MHz, CDCls): & 25.00, 28.35, 81.08, 84.09, 130.93,

+
138.48, 145.06, 166.12; LCMS (ESI): m/z calculated for C;H34B,0s [M-CH3] 416.25, found

416.20.

CF3

PinB BPin
4.20

In a glove box, Biotage microwave reaction vial, equipped with a magnetic stirring bar, was
charged with [Ir(OMe)(COD)], (132.6 mg, 0.2 mmol, 20 mol% ) and TMP (94.5 mg, 0.4 mmol,
40 mol%). Then, THF (200 pL) was added to the vial and was stirred for few minutes. Next,
B,Pin, (838.2 mg, 3.3 mmol) was added to the vial along with another 200 pL of THF. The the
reaction mixture was then charged with 4-Bpin-trifluoromethylbenzene (272.1 mg, 1 mmol).
Additional THF (600 pL) was added to the reaction vial. Then the vial was sealed, brought out of

the glove box and the reaction was carried out at 120 °C for 16 h. After completion of the
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reaction, the mixture was passed through a silica plug. After further elution with DCM, the
volatile materials were removed by rotary evaporation. The crude material was purified by
column chromatography (gradient from 100% Hexane to 40% ethyl acetate/hexanes) on silica
gel. The 3,5-di(Bpin)-trifluoromethylbenzene (4.20) was isolated in 61 % isolated yield (230
mg) Smilar procedure was carried out with the starting material a,o,a-trifluorotoluene (146.1 mg,
122 pL, 1 mmol) to obtain 3,5-di(Bpin)-trifluoromethylbenzene (4.20) in 58 % isolated yield
(white solid, 243 mg). The spectral data were in accordance with literature values.* *H-NMR
(500 MHz, CDCls): & 1.33 (s, 24H), 8.13 (s, 2H), 8.41 (s, 1H); *C-NMR (126 MHz, CDCly):

144.5, 134.1 (q, 3Jor = 3.5 Hz), 129.6 (g, 2Jo.r = 32 Hz), 124.5 (g, YJe.r = 271 Hz), 84.3, 24.9

ppm.

PinB BPin

BPin
4.23

In a glove box, Biotage microwave reaction vial, equipped with a magnetic stirring bar, was
charged with [Ir(OMe)(COD)]. (33.1 mg, 0.05 mmol, 5 mol% ) and TMP (23.6 mg, 0.1 mmol,
10 mol%). Then, THF (200 pL) was added to the vial and was stirred for few minutes. Next,
B,Pin, (838.2 mg, 3.3 mmol) was added to the vial along with another 200 puL of THF. The the
reaction mixture was then charged with 4-Bpin-fluorobenzene (222.1 mg, 1 mmol). Additional
THF (600 pL) was added to the reaction vial. Then the vial was sealed, brought out of the glove
box and the reaction was carried out at 80 °C for 16 h. After completion of the reaction, the
mixture was passed through a silica plug. After further elution with DCM, the volatile materials

were removed by rotary evaporation. The crude material was purified by column
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chromatography (gradient from 100% Hexane to 40% ethyl acetate/hexanes) on silica gel. The
2,4,6-tris(Bpin)fluorobenzene (4.23) was isolated in 56 % isolated yield (264 mg). Smilar
procedure was carried out with the starting material 3-Bpin-fluorobenzene (222.1 mg, 1 mmol)
to obtain 2,4,6-tris(Bpin)fluorobenzene (4.23) in 45 % isolated yield (white solid, mp 282-284
°C, 214 mg). *H-NMR (500 MHz, CDCls): & 1.33 (s, 12H), 1.33 (s, 24H), 8.28 (d, J = 6.4 Hz,
2H)’; ®*C-NMR (126 MHz, CDCl3): & 24.99, 25.01, 83.93, 83.98, 147.25 (d, J = 9.1 Hz), 173.95

(d, J = 259.5 Hz); 'B-NMR (160 MHz, CDCl5): 5 31.02; HRMS (ESI): m/z calculated for

C2aHasB3FOs [M+H]" 475.3009, found 475.3026.

Cl
PinB BPin

BPin
4.25

In a glove box, Biotage microwave reaction vial, equipped with a magnetic stirring bar, was
charged with [Ir(OMe)(COD)], (33.1 mg, 0.05 mmol, 5 mol%) and TMP (23.6 mg, 0.1 mmol, 10
mol%). Then, THF (200 pL) was added to the vial and was stirred for few minutes. Next, B,Pin,
(838.2 mg, 3.3 mmol) was added to the vial along with another 200 pL of THF. The the reaction
mixture was then charged with 4-Bpin-chlorobenzene (238.52 mg, 1 mmol). Additional THF
(600 pL) was added to the reaction vial. Then the vial was sealed, brought out of the glove box
and the reaction was carried out at 120 °C for 16 h. After completion of the reaction, the mixture
was passed through a silica plug. After further elution with DCM, the volatile materials were
removed by rotary evaporation. The crude material was purified by column chromatography
(gradient from 100% Hexane to 40% ethyl acetate/hexanes) on silica gel. The 2,4,6-

tris(Bpin)chlorobenze (4.25) was isolated in 60 % isolated yield (white solid, mp 270-272 °C,
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261 mg). *H-NMR (500 MHz, CDCls): & 1.32 (s, 12H), 1.35 (s, 24H), 8.06 (s, 2H); *C-NMR

(126 MHz, CDCls): & 24.95, 24.98, 84.04, 84.21, 144.17, 147.37; 'B-NMR (160 MHz, CDCly):

+
& 31.32; HRMS (ESI): m/z calculated for C14H1sDBNO, [M+H] 491.2714, found 491.2740.
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