CHAPTER 1

Introduction

1.1 Significance of Fluorine

Due to its highest electronegativity, fluorine is a privileged functional motif in
pharmaceutical, agrochemical, and materials science.' Currently, approximately 20% of
all pharmaceuticals include at least one fluorine atom, and this is even higher for
agrochemicals (~30%) (Scheme 1.1).>° In materials science, fluorocarbon based
polymers represent a multibillion industry with increasing demand and continuous

growth.”*

Scheme 1.1 Representative Examples of Pharmaceuticals (and their annual sales

in 2011), and Agrochemical Featuring Aryl-F and CF; Motifs.
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In the design of pharmaceuticals and agrochemicals, incorporation of fluorine into
a lead organic molecule enables the tuning of its biological properties.' For example, due
to their electron withdrawing properties, fluorine or trifluoromethyl motifs lower the
susceptibility of surrounding functionalities to cytochrome P450 enzymatic oxidation.
Additionally, they can be used to directly block sites vulnerable to oxidation. A number
of studies have also shown a direct impact of F upon the binding affinity and selectivity
of biologically active molecules."” Several examples of top selling pharmaceuticals

featuring F and/or CF; groups are shown in Scheme 1.1.

Although fluorine is the 13" most abundant element in earth’s crust, it is only
found in mineral form, which hinders its uptake in biological systems. As such, synthetic
methods are needed to access the organofluorine compounds. To date, nucleophilic
substitution is one of the most common ways to access C—F bonds.” However, the high
solvation energy of the fluoride ion in aqueous media results in a tightly bound hydration
shell of water molecules, resulting in poor nucleophilicity. Meticulous exclusion of water
can expose the naked fluoride as a strong nucleophile. However, the high basicity of

anhydrous fluoride can limit its functional group tolerance.

1.2 Organic Synthetic Methods for Organofluorine Molecules

Conventionally, two strategies have been used for the synthesis of aryl-F and CF;
containing molecules: the functional group conversion method and the building-block
method. In the functional group conversion method, a starting C—H or C—X (X = halide,
OH, etc...) bond in a molecule reacts with a highly reactive fluorinating reagent, such as
elemental fluorine (F,), hydrogen fluoride (HF), or inorganic fluoride (SbFs).®” These
transformations are straightforward and have ideal atom economy. However, this strategy
suffers from several drawbacks. First, the reactive nature of these fluorinating reagents
render them incompatible with the majority of functional groups, which limits the
substrate scope to simple molecules. Second, chemo- or regio-selectivity cannot be
controlled during these processes. Finally, the handling of these highly reactive and

hazard reagents requires special apparatus and skills, which hinders their application on a



laboratory scale. Despite all of the difficulties mentioned above, the low cost of the

fluorinating reagents made this the most attractive strategy for industrial operations.

Two of the most commonly used aromatic fluorination methods are the Balz-
Schiemann reaction® and the Halex process.’ The Balz-Schiemann reaction is a two-step
functional group conversion method that converts aniline to aryl fluorides via diazonium
fluoroborates as reaction intermediates (Scheme 1.2). The Halex process is a halogen
exchange reaction that generates electron poor aryl-F from aryl-Cl through nucleophilic
aromatic substitution (Scheme 1.3). Additionally, nucleophilic fluorination of
diaryliodonium substrates has been demonstrated under thermal conditions, albeit with

low reactivity and selectivity.

Scheme 1.2 Balz-Schiemann Reaction
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On the industrial scale, trifluoromethylated arenes are mainly produced by the
Swarts reaction, which was developed in 1892.7 This transformation involves a two-step
conversion of toluene derivatives to benzotrifluorides via: (1) radical chlorination
followed by (2) nucleophilic substitution with an inorganic fluoride (e.g. SbF;) or

anhydrous hydrogen fluoride (Scheme 1.5).’



Scheme 1.5 Swarts Reaction
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The employment of highly reactive reagents and harsh conditions limits the

substrate scope of this methodology to simple arenes. The two-step transformation is not
straightforward or atom economical. Besides, the generation of six times as much
chlorine waste as the desired product is undoubtedly costly. Thus, the development of
mild and flexible alternative methods for the installation of F and CF; groups, particularly

at late stages in the synthesis of complex molecules, is highly desirable.

Besides constructing a CF; unit from several single fluorination steps, the
development of strategies that transfer CF; as a “package” has become a field of
interest.”” A wide variety of CF;3 reagents have been developed, and can be classified into

three groups, including nucleophilic, electrophilic, and radical CF3 precursors.

A second strategy to construct an organofluorine compound is to start from a
commercial F— or CFs—containing simple building block as the core structure, and add the
remaining parts around it. However, this method is strictly limited by the available

chemical catalogues.

1.3 Transition Metal Based Methods for Ar—F and Ar—CF; Bond Formation

Aryl-F and aryl-CF; bonds are two of the strongest bonds known. Therefore, the
formation of these motifs should be thermodynamically favorable. However, the high
activation barriers for the aryl-F and aryl-CF; coupling render them kinetically
inaccessible. A perfect solution to address these thermodynamically feasible but
kinetically difficult transformations is the employment of a catalyst. In theory, a catalyst,
such as transition metal, could be tuned by its surrounding ligands or oxidation state, to
efficiently lower the activation barrier, and thereby access these bonds under mild
conditions. Indeed, over the past decade, transition metal catalyzed/mediated aromatic

fluorination'® and trifluoromethylation™ have become fields of great research interest.



1.3.1. Transition Metal Based Aromatic Trifluoromethylation

Copper is the most widely studied catalyst for transition metal catalyzed/mediated

191112 1y a pioneering report by McLoughlin and

aromatic trifluoromethylation reactions.
co-workers, benzotrifluoride was generated by reacting iodobenzene and CF;l in the
presence of copper at 150 °C."> An in situ generated CuCF; was proposed to be the
reactive intermediate. Since this initial report, many groups have expanded the CF;
sources used for this reaction to those that are much easier to handle, such as TMSCFs.
The substrate scope has also been extended to sterically hindered, and heterocyclic

systems. In several examples, the less reactive bromo-substituted aromatic could be

converted to a CF3 group as well.

Scheme 1.6 First Cu-Mediated Aryl-CF; Coupling via CuCF3 Intermediate
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A major advance in the area of Cu-promoted trifluoromethylation was made in
2008, when Vicic reported the first example of an isolable, crystallographically

12> This complex, which is supported by an N-

characterized Cu'-CF; complex.
heterocyclic carbene ligand, was shown to react with aryl iodides under mild conditions
(25 °C, 112 h) to liberate trifluoromethylated products (Scheme 1.7). While related Cu-

10,11,12,13

mediated trifluoromethylations were known prior to this report, these previous

systems generally involved ill-defined “Cu-CF3” intermediates.

Scheme 1.7 Reaction of First Well-Defined Cu—CF; Complex with Aryl Iodide
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A final significant advance in the field of Cu-based trifluoromethylation was a
report by Amii in 2009."* This work demonstrated the first copper catalyzed
trifluoromethylation of aryl iodides. As shown in Scheme 1.8, 1,10-phenanthroline
(phen) was used as a supporting ligand for Cu in conjunction with TMSCF;3 as the CF;
source. A variety of electron deficient aryl iodides underwent trifluoromethylation under

these conditions.

Scheme 1.8 First Cu-Catalyzed Trifluoromethylation of Arl
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One of the limitations of current Cu-catalyzed/mediated trifluoromethylation of
aryl iodides is their poor reactivity with electron rich substrates. Recently, Gooflen and
co-workers prepared potassium (trifluoromethyl)trimethoxyborate from the reaction of
TMSCF;, KF, and B(OMe); (Scheme 1.9).'*° This new nucleophilic CF; reagent is an
easy to handle crystalline solid and allows efficient conversion of electron-rich aryl

iodides to aryl-CF; products.

Scheme 1.9 Cu-Catalyzed Aryl-CF; Coupling with KB(OMe);CF;

KF
-TMSF OMe K+
MezSi-CF; + B(OMe); ﬁ MeO—I?—CFS
, I
24-48 h OMe
20 mol% Cul
I OMe K+ CF —
X - o X 3
R + MeO—é—CF3 20 mol% phen _ R—— N\ / &
= OMe DMSO ~ N N=
60°C, 16 h Phen

Aryl boronic acids and their derivatives have become an important class of
substrates for Cu-catalyzed aromatic trifluoromethylation. Aryl boronic acids undergo

facile transmetallation to form the Cu(aryl) intermediates under mild reaction conditions.



Moreover, aryl boronic acids can be easily prepared from aryl-halides, aryl triflates, or
directly from aryl C—H bonds through Ir catalyzed borylation reactions. Notably, one pot

trifluoromethylation of arenes or bromoarenes via cross-coupling of in situ formed aryl—

BPin and Cu—CF; complexes has been reported by Hartwig and Shen.!!128

Scheme 1.10 Cu-Based Fluorination of Ar—H or Ar—Br via Ar—BPin Intermediates
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Scheme 1.11 Cu-Based Fluorination of Arylboronic Acids using “CF;"” or “CF3
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Cu-catalyzed/mediated trifluoromethylation of aromatic boronic acids has been

reported using nucleophilic (TMSCFj)' !¢t h1LI2

11f,12d,e

and electrophilic CF; reagents (Togni

or Umemoto’s reagents). These transformations are generally believe to proceed



via nucleophilic or electrophilic transfer of the CF; group onto the Cu center,
respectively. Although these transformations do not require harsh reaction conditions and
have shown broad generality, the high cost of the exotic CF; reagents undoubtedly limits
their application on a large scale. As such, a challenge of current Cu-based
trifluoromethylation methods is the development of mild and versatile protocols that
employ cost effective CF; precursors. Advances in this area are described in Chapter 2

of this thesis.

Another major difficulty associated with Cu-catalyzed trifluoromethylation of aryl
boronic acids is the generation of protodeboronated products. Most reported boronic acid
trifluoromethylation protocols employ inert atmosphere conditions and dry solvents to
minimize the formation of these unwanted side products. However, even under these
meticulously controlled conditions, significant quantities (2-10%) of protodeboronated
products are commonly observed and are very challenging to separate from the desired
aryl-CFs products. Therefore, the development of a practical trifluoromethylation
protocol that is easy to setup, enables simple product isolation, and precludes formation
of protodeboronated side products is highly desirable. Advances in this area are

described in Chapter 2 of this thesis.

Palladium catalyzed cross-couplings have found broad application in aryl C—C
bond formation. As shown in Scheme 1.12, in theory, Pd-catalyzed aromatic
trifluoromethylation reactions should be able to proceed through the following steps: (i)
initial formation of Pd(aryl) complexes via oxidative addition, C—H activation or
transmetallation, (ii) transmetallation of a CF3; group to Pd to form an Pd(aryl)(CF3)
intermediate, and (iii) reductive elimination of the aryl-CF; product from Pd(aryl)(CF3).
However, the realization of this proposed catalytic cycle is hindered by the challenging

reductive elimination of aryl-CF; from Pd".



Scheme 1.12 Pd-Catalyzed Arene Trifluoromethylation via a Pd”"" Mechanistic Pathway
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Tremendous effort has been directed at addressing this challenge.
example, in 2006, Grushin demonstrated that (Xantphos)Pd(Ph)(CF;) undergoes
stoichiometric Ph—CF; bond-forming reductive elimination to release trifluorotoluene
under relatively mild conditions (80 °C, 3 h, Scheme 1.13).'** This was the first reported
example of selective aryl-CF; coupling from a Pd center. The properties of the Xantphos
ligand, particularly its large bite angle, were hypothesized to play an important role in

this novel transformation.

Scheme 1.13 Aryl-CF; Coupling from (Xantphos)Pd(Ph)(CF3)
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More recently, Buchwald demonstrated a second example of aryl-CF; coupling
from Pd" using Brettphos,'>® which had been shown to facilitate other difficult reductive
eliminations from Pd (Scheme 1.14). Notably, further development of this model system

led to the first Pd-catalyzed trifluoromethylation of aryl chlorides using TESCF3.



Scheme 1.14 Pd-Catalyzed Trifluoromethylation of Aryl Chlorides
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Both Grushin and Buchwald’s ligand approaches represent significant advances in

Pd-catalyzed trifluoromethylation reactions via Pd”"

catalytic cycles. However, the
requirement of these expensive ligands and high temperatures still limits their widespread
application. An alternative approach to address aryl-CF3 coupling from Pd could be
synthetically valuable and could offer the potential for achieving complementary

reactivity. Advances in this area are described in Chapter 4 of this thesis.

Most Cu- and Pd-based trifluoromethylation have focused on transforming
prefunctionalized substrates to the trifluoromethylated products. While a few reports
demonstrated Pd-catalyzed selective C—H trifluoromethylation, current methods still have
significant limitations. The conversion of trifluoromethylating reagents to a more reactive
intermediate that can engage in direct C—H trifluoromethylation of non-prefunctionalized
substrates represents a desirable alternative approach. Advances in this area are

described in Chapter 3 of this thesis.

1.3.2. Transition Metal Based Aromatic Fluorination:

Research towards aryl-F bond formation has largely focused on using palladium

16,17,18,19,20

and silver as catalysts. More recently, copper, an earth abundant first row

transition metal has become an attractive alternative toward aryl-F coupling.*"***’

10



Pd-catalyzed aromatic fluorination can be achieved through a Pd”" or Pd"™"V
mechanistic cycle. Similar to the aryl-CFs coupling, the challenge associated with Pd
catalyzed aromatic fluorination is the aryl-F bond-forming reductive elimination step
from Pd(aryl)(F).

The first aryl C—F bond-forming reductive elimination from (L)Pd"(Ar)(F)
compound was demonstrated by Buchwald and co-workers (Scheme 1.15)."”° A bulky
phosphorus ligand, ‘BuBrettPhos, played a key role in inducing the desired aryl-F
coupling. Further development based on this initial success lead to the first and only Pd-

catalyzed conversion of aryl triflates to arylfluorides using Brettphos as a ligand.'*

Scheme 1.15 Pd-Catalyzed Fluorination of Aryl Chlorides
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In 2006, our group reported the first Pd-catalyzed selective fluorination of aryl C—
H bonds using an N-fluoropyridinium oxidant as an electrophilic fluorinating reagent
(Scheme 1.16). In order to control the regioselectivity, a nitrogen-based directing group
was attached to the aryl ring. While bonded to the Pd, this directing motif positions a
specific C—H bond close to the Pd center, thus affording selective functionalization. A
proposed catalytic cycle of this transformation is shown in Scheme 1.18. More recently,
related reports by Yu’s group extended the applicable directing groups to triflamide and
even N-arylamides (Scheme 1.17). In particular, the N-arylamide auxiliary could be
easily converted to other functional groups, such as carboxylic acids, as a handle for

further functionalization.

11



Scheme 1.16 Pyridine Directed Pd-Catalyzed C—H Fluorination Reaction
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Scheme 1.17 N—Arylamide Directed Pd-Catalyzed C—H Fluorination Reaction
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Scheme 1.18 Pd-Catalyzed Arene Fluorination via a Pd""Y Mechanistic Pathway
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Our group and others have isolated and characterized several Pd"(aryl)(F)
complexes.'® Detailed mechanistic investigations of aryl-F coupling from these species
have afforded useful information that could be applicable to the development of novel
fluorination reactions via related high valent Pd(aryl)(F) intermediates.

In 2008, Ritter and co-workers reported a fluorination of aryl boronic acids via
stoichiometric Pd(aryl) complexes using an electrophilic F* oxidant. The authors
suggested that fluorination was achieved via aryl-F reductive elimination from
Pd" (aryl)(F) intermediates.'®" More recently, the mechanism of these aryl-F couplings
was systematically studied.'™® Reductive elimination from a cationic Pd" (aryl)(F) was
proposed to be the rate-determining step. The ancilliary pyridyl-sulfonamide ligand was
believed to be crucial for the aryl-F coupling, likely due to its coordination mode and

electronic contribution to Pd. Based on these mechanistic insights, a late stage

12



fluorination of positron emission tomography (PET) tracers via this strategy has been

reported.'®

Scheme 1.19 Aryl-F Coupling from Ritter’s Pd"" (aryl)(F) Complex
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More recently, our group reported the synthesis of a stable Pd" (Ar)(F).(FHF)
complex that undergoes aryl-F bond formation in the presence of “F™ sources.'® Unlike
the example reported by Ritter, this Pd" (aryl)(F) complex includes an aryl ligand that is
not part of a chelate. Therefore, it provides an ideal model for the development of novel

methods for Pd-catalyzed fluorination of aryl-X (X = H, halide, OTf, B, Sn, Si, etc...)

Scheme 1.20 Aryl-F Coupling from Sanford’s Pd" (aryl)(F) Complex
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Silver mediated fluorination of aryl stannanes was first developed by Ritter and

co-workers.”* Reactions of aryl stannanes, 2 equivalents of AgOTf, and Selectfluor (an

electrophilic fluorinating reagent) afforded the corresponding aryl-fluorides at room

13



20a

temperature in 20 min.”" This strategy has been successfully applied to the late-stage

20¢ and PET tracers.>* The mechanism of this

fluorination of complex molecules
transformation was proposed to involve the oxidation of an in situ formed (Aryl-
Ag)(AgOTf) adduct with Selectfluor, followed by reductive elimination from a high
oxidation state Ag(aryl)(F) intermediate (Scheme 1.21). However, no direct mechanistic
evidence has been demonstrated. Further optimization of the reaction conditions afforded
a silver catalyzed fluorination of aryl stannanes using 5 mol% of Ag,O as catalyst
(Scheme 1.22).%° More recently, silver mediated fluorinations of less toxic substrates,

such as aryl boronic acids®” and aryl silanes,”*® have been developed.

Scheme 1.21 Proposed Mechanism of Silver-Catalyzed Fluorination of Aryl Stannanes
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Scheme 1.22 Silver-Catalyzed Fluorination of Aryl Stannanes
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Over the last 3 years, copper mediated fluorination has become a rapidly

developing field of research.”'*>*

The low cost of copper compared to other noble
metals mentioned earlier renders it an attractive alternative. However, early development
of copper mediated transformations has been limited by the difficulties of design and

characterization of stable Cu(aryl)(F) intermediates. Tremendous efforts have focused on

14



studies of poorly controlled and largely undefined Cu—F mediated fluorinations. For
example, a patent by Grushin described the fluorination of haloarenes by CuF,/TMEDA;

however, few details were provided (Scheme 1.23).'

Scheme 1.23 Fluorination of Aryl iodide by CuF,/TMEDA
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I 2) 180 °C, 130 min F
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In a seminal report published in 2011, Ribas and co-workers reported the first

proof-of-concept example of aryl-F bond forming reductive elimination from a

I

macrocyclic aryl-Cu complex at room temperature (Scheme 1.24). This is the first

1II 22,

example of facile aryl-F coupling from a well-defined Cu (aryl)(X) intermediate .
Inspired by this initial discovery, Hartwig and co-workers extended the substrate scope of
this transformation by developing a Cu-mediated conversion of aryl iodides to aryl

fluorides via a putative arylcopper(III) fluoride intermediate (Scheme 1.25).>

However,
this method still suffers from several disadvantages. Expensive fluoride source (AgF) and
excess amounts of substrates were required for achieving high yields. Moreover, the
harsh conditions required (140 °C) and the strong basicity of fluoride limit the functional

group tolerance of this method.

Scheme 1.24 Aryl Fluoride Bond Formation from Cu'(aryl)(X)
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Despite recent advances in the field of Cu-mediated aromatic fluorination, current
methods are conducted under high temperatures that limited their substrate scope to
simple arenes. Therefore, the development of a practical Cu-based fluorination protocol
that is applicable to a broad range of substrates under mild reaction conditions is highly

desirable. Advances in this area are described in Chapter 5 of this thesis.
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CHAPTER 2

Cu-Based Trifluoromethylation of Arylboronic Acids with
CF; Radicals

2.1 Background

Trifluoromethyl substituents are widely prevalent in pharmaceuticals and
agrochemicals.' As such, the development of mild and versatile synthetic methods for
generating carbon—CF; bonds has become a field of intense interest. Over the past three
years, a variety of Pd*® and Cu*’-based cross-coupling-type protocols have been
developed for the trifluoromethylation of aryl halides, aryl boronic acids, and aromatic
carbon—hydrogen bonds. As exemplified in Scheme 2.1, these transformations typically
involve “CF; P43t op “CE;™34554¢ reaoents, and are believed to proceed via

nucleophilic or electrophilic transfer of the CF; group to the metal center.

Scheme 2.1. Cu/Pd-Based Trifluoromethylation of Ar—X

[Cu] or [Pd]
IICF3—II

N

X = Hal, B, H [Cu] or [Pd]
"CF3+" /

Despite these important advances, most current strategies for aryl-CF; cross-
coupling suffer from the relatively high cost of most of the CF; /CF;" reagents (e.g., S-

(trifluoromethyl)thiophenium salts,****! Togni’s reagent,”™**¢ or TESCF3),”™* limited
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functional group tolerance in the presence of these highly nucleophilic/electrophilic

3¢,5a,b 2b,3a,b,4d

reagents, and the requirement for high temperatures in some systems.

Scheme 2.2. Cost of Several Representative CF5~, CF;" and CF3* Reagents

CF; OoTf
$48,523/mol $23,000/mol

CF3™ TESCF, TMSCF,

$11,700/mol $2,200/mol
(@] (0]

S PN

CFje: CF,l g
F3C” "O~ Na* F3C~ O~ Na*

$ 980/mol $ 1,685/mol $ 103/mol

One attractive approach to begin to address these limitations would be to access
alternative and potentially complementary mechanistic manifolds. We reasoned that a
CF5e pathway, instead of CF;™ or CF;" strategies, would be particularly interesting, since
CF; radical is a neutral and kinetically more reactive CF; source.

CF; radical-based aromatic C—H trifluoromethylation approaches have been
demonstrated in the literature previously. However, these methods generally require
inconvenient electrochemical or photochemical activation procedures,’ or utilize
potentially explosive reagents, like peroxides, at elevated temperatures.’” An additional
challenge associated with traditional trifluoromethylations with CFse is poor site
selectivity and limited substrate scope. For example, while reaction of bis(trifluoroacetyl)
peroxide with electron rich arenes afforded the trifluoromethylated products in good
yields (Scheme 2.3, eq 1), significantly diminished reactivity was observed for electron-
poor substrates (Scheme 2.3, eq 2).” In both cases, the regio-selectivity of

trifluoromethylation was controlled only by the substitution pattern on the substrates.
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Scheme 2.3. Examples of Traditional Trifluoromethylations with CF3e
(e} OMe

OMe
v+ FC TO\OJ\ CF, > . ©; M)
o 70 °C b CF;
CFCI,CF,CI
1.5 equiv 1 equiv 69%
a:b:c=4:1:17
O Cl
Cl
- RO O e, - @E @
o 70 °C b CF;
CFCI,CF,CI
1.5 equiv 1 equiv 18%

a:b:c=26:1:23

2.2 Design Plan

Our proposed mechanistic manifold requires mild and readily available sources of
CFse. Gratifyingly, a survey of the literature revealed several procedures that afford CFse
under mild, neutral conditions from commercially available and relatively inexpensive
reagents (Scheme 2.1). For example, CF;l is a readily available chemical that is
significantly less expensive than many common trifluoromethylating reagents (Scheme
2.1). Despite these advantages, it has not been employed previously in transition metal-
catalyzed cross-coupling reactions. We reasoned that this might be due to the relatively
low kinetic reactivity of CFsl with transition metal aryl/alkyl complexes. However, we
noted several recent reports by MacMillan demonstrating the conversion of CFsl into
more reactive CFze under mild conditions through visible light irradiation in the presence
of Ru(bpy)s>", a commercial photocatalyst, and a reductant (Scheme 2.4).® For example,
enantioselective radical o-trifluoromethylation of various aldehydes was achieved by

merging CF;+ generation with organocatalysis (Scheme 2.5)."

Scheme 2.4. Transfer of CF;I to CF3e via Ru-Catalyzed Photocatalysis

CF3° + I~ CF3|
Ru(bpy)s?* Ru(bpy)s*
MacMillan
visible
light
1e
Ru(bpy)s?**
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Scheme 2.5. Enantioselective Trifluoromethylation of Aldehydes by CF3e via Photoredox

Organocatalysis

\ o]
[Ru(bpy)s2* NK
o visible light Bu= S P Q
H)H + CF,4l N H)Kr CF,
i talyst \
R amine catalys \‘ R‘ \\’ ‘CFS R
R

MacMillan also reported an elegant study of radical trifluoromethylation of a

broad range of unactivated arenes and heteroarenes under mild condition using CF;SO,Cl
and Ru(phen);”" as CFie precursor.” Compared to the previously employed CFsl,
CF3S0,Cl undergoes more facile SET with Ru(phen);*"", resulting in a CF3SO,Cl anion
that then readily collapses to release CFse. Moreover, the competitive aryl iodination, an
unproductive direct coupling of the arene with I+ resulting from the homolysis of CFs—I,

1s avoided.

Scheme 2.6. Trifluoromethylation of Arenes and Heteroarenes via Ru-Catalyzed

Photocatalysis
o cat. Ru(phe)z?*
A~ i visible light _~_CF;
R— | + FsC-S—Cl — RLC |
k\x MeCN, 23 °C N
X
arene
or
heteroarene

In addition to using a Ru photocatalysis system to generate CFse, several recent
reports have shown that the combination of NaSO,CF3 (Langlois’ reagent) and tert-butyl
hydroperoxide (TBHP) generates trifluoromethyl radicals at room temperature in the
presence of ambient air/moisture.'™" Recently, this in situ generated CFse has been
shown to react with electron-rich arenes and heterocycles to afford mixtures of isomeric

C—H trifluoromethylation products (Scheme 2.7)."
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Scheme 2.7 Trifluoromethylation of Heteroarenes with CF3¢ Derived from NaSO,CF3

and TBHP
A BUOOH A~ CFs
R— | + CF3SO.Na » R— |
k\x DCM:H,0 (2.5:1) I\\x
heteroarene 23 °C

An important challenge associated with developing selective trifluoromethylation
reactions using CFse is the issue of site selectivity, since CFse can effect C-H
trifluoromethylation via radical aromatic substitution (see more discussions in Chapter
3). Thus, a key challenge for this approach is to identify a system in which reaction of
CF3» with a metal catalyst is faster than the competing uncatalyzed C-H
trifluoromethylation. We selected Cu-based catalysts to achieve this goal based on the
fact that: (1) they are susceptible to rapid le oxidation reactions, and (2) prior work has
demonstrated Cu-based trifluoromethylation under conditions much milder than that
using other transition-metals, such as Pd, Ni, and Pt.

In this chapter, we discuss the design and development of two
trifluoromethylation protocols based on this new mechanistic design, namely combining
Cu-based cross-coupling with CF3e to achieve mild and versatile trifluoromethylation
methods (Scheme 2.8). The first half of the chapter discusses our efforts to combined Cu-
catalyzed trifluoromethylation of aryl boronic acids with the generation of CF3e using
CFL, Ru(bpy)s>", and visible light.'> Further development of this system revealed a much
more practical Cu-mediated method for the trifluoromethylation of boronic acids that

uses NaSO,CF3/TBHP as the CFs¢ precursor."

Scheme 2.8. Cu-Mediated Trifluoromethylation of Aryl Boronic Acids using CF3 Radical

CFs| NaSO,CF
cat. Ru(bpy)s2* aSOCF,
by TBHP

(a) (b)
e e

B(OH), (Cu] -~ CFs3
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2.3  Merging Cu-Catalyzed Cross-Coupling and CFz* from Ru-Catalyzed
Photocatalysis

Our initial investigation of the proposed mechanistic manifold focused on the
merger of visible light photocatalysis (to generate CFs¢) with Cu catalysis (to generate

reactive Cu—aryl species) (Scheme 2.9).°

Scheme 2.9. Proposed New Pathway for Radical Trifluoromethylation of Boronic Acids
via Cu/Ru Visible Light Photocatalysis

=+

CF,l CFye
Ru(bpy)s* Ru(bpy)s®*
. B(OH), A CFs
MacMillan o R ~ | cat. [Cul  R— |
. ? N
this work

1e” .

Ru(bpy)s?*

Reaction Optimization: We choose 1,1’-biphenyl-4-ylboronic acid (substrate 1)
for initial studies because its reactivity with CF;" or CF5 reagents has been previously
demonstrated, and the corresponding CF3-containing product 1a is a non-volatile, easy to
handle solid. We were delighted to find that Cu/Ru photocatalysis using CF;I as the
trifluoromethylating reagent provided product 1a in modest to excellent yields under a
number of conditions (Table 2.1). The addition of base (to promote transmetalation)
proved to be essential. Evaluation of a variety of different bases revealed that K,COs
afforded a significant increase in yield. Copper(I) catalysts generally performed better
than Cu" salts, and the highest yield of 1a (76%) was obtained with CuOAc. The optimal
conditions were as follows: 1 equiv of boronic acid 1, 5 equiv of CF3l, 1 equiv of K,COs,
20 mol % of CuOAc, and 1 mol % of Ru(bpy);Cl,-6H,O with irradiation from two 26 W
household light bulbs. The major side product was 4-iodo-1,1’-biphenyl (formed in 9%

yield under the optimal conditions).
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Table 2.1. Optimization of Reaction Between 1 and CF,1

20 mol % [Cu]
1 mol % Ru(bpy)3Cly*6H,0
B(OH), 1 equiv base CF;
26 W light bulb O
+ CFsl >
DMF O
60°C, 12 h (1a)
Entry [Cu] Base Yield
1 Cu(OTf), KoCOg 14%
2 [Cu(OTf)]o*CgHg K,COg 28%
3 Cul K,COg 34%
4 Cu K2003 40%
5 CU(OAC)2 K2003 68%
6 CuOAc KQCO3 76%
7 CuOAc NaOAc 34%
8 CuOAc KF 50%
9 CuOAc - 6%

[ General conditions: substrate (0.05 mmol, 1 equiv), CFs;I (5 equiv), [Cu] (0.2 equiv),
Ru(bpy);Cl,*6H,0 (0.01 equiv), base (1 equiv), DMF (0.17 M in substrate), 60 °C, 12 h, 26 W
compact fluorescent light bulb. '’F NMR yield.

This Cu/Ru-catalyzed coupling between 1 and CFsl is practical and easily
scalable. The reaction in Table 2.1, entry 6 was performed on a 0.05 mmol scale and
provided 76% yield as determined by '"F NMR spectroscopy and GCMS. Nearly
identical isolated yields were obtained on both 1 and 5 mmol scales (72% and 70%
isolated yields, respectively).

A variety of control reactions were conducted to establish the role of each
component of the reaction mixture. As shown in Table 2.2, when CuOAc,
Ru(bpy);Cl,:6H,0 or light was excluded under otherwise identical conditions, <3% yield
of 1a was obtained. These results clearly indicate the necessity of all three components to
achieve high yields under these conditions, consistent with the major pathway to la
proceeding via dual Ru/Cu catalysis (vide infra). The iodinated side product 4-iodo-1,1°-

biphenyl was also subjected to the reaction conditions to establish whether it is an
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intermediate in the boronic acid trifluoromethylation process (Scheme 2.10). Only 2% of
the aryl-CF3 product was formed, strongly suggesting that the major pathway to 1a does

not involve an iodinated intermediate.

Table 2.2. Control Reactions for Radical Trifluoromethylation of Boronic Acids via

Cu/Ru Visible Light Photocatalysis

20 mol % CuOAc
1 mol % Ru(bpy)3Cly*6H,0

B(OH), 1 equiv K,COg CF;3
26 W light bulb
+ CFsl >

DMF
O 60 °C, 12h O

U (1a)

Conditions Yield
None 76%
No light 1%
No Ru 3%
No Cu 3%

Scheme 2.10. Control Reaction with 4-Iodo-1,1’-biphenyl

20 mol % CuOAc
1 mol % Ru(bpy);Cly*6H,0

| 1 equiv K,CO4 CF;
O 26 W light bulb O
+ CFyl >
C o C
60 °C, 12h (1a)

2%

Finally, the reactivity of boronic acid substrate 1 was investigated under
conditions reported by MacMillan and Baran to promote C-H trifluoromethylation

*' Tn both cases, <2% of 1a was observed

reactions via in situ generation of CFje.
(Scheme 2.11). These results indicate that 1a is not formed by the direct reaction of CF3e

with the boronic acid.
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Scheme 2.11. Investigations of the Reactivity of 1a toward Radical Trifluoromethylation

under MacMillan and Baran’s Conditions

B(OH), cat. Ru(phe);2* CF,
0 visible light
+ F3C _ESB_CI - O

MeCN, 23 °C
1) (1a)

B(OH), CFs
1{
‘ + CF,S0,Na BuOOH - ‘
DCM:H,0 (2.5:1)
23°C

(1)

(1a)

Substrate Scope: This transformation was next applied to a variety of different
aryl- and heteroaryl boronic acid derivatives. Representative examples are shown in
Scheme 2.12 and were selected to highlight not only the broad scope but also the
limitations of this method.'"* Aromatic boronic acids bearing both electron-donating (z-
butyl, methoxy) as well as electron-withdrawing (cyano, trifluoromethyl, fluoro, methyl
ester) substituents underwent trifluoromethylation in high yields. A variety of different
potentially reactive functional groups (aromatic alcohols, ketones, aldehydes, esters, and
amides) were well-tolerated. A boronic acid embedded in the estrone framework
underwent trifluoromethylation to generate 22a in 80% isolated yield. Most remarkably,
4-iodo-phenylboronic acid underwent selective trifluoromethylation to form 7a, leaving
the aryl iodide intact for subsequent functionalization. This demonstrates the
complementarity of this method to many other Cu-catalyzed trifluoromethylation

w3630 Burthermore, it provides additional evidence against the possibility of

protocols.
aryl iodide intermediates in this transformation.

The use of sterically hindered substrates such as I-naphthyl and 2.4,6-
trimethylphenyl boronic acid is typically challenging for copper-mediated cross-coupling
reactions.’”” As shown in Scheme 2.12, similar effects are seen in the current
transformation, with products 9a and 10a being formed in modest yields (46% and 39%,
respectively). In these cases, competing protodeboronation was problematic, and the

major side product was naphthalene or mesitylene, respectively.
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Heteroaromatic substrates are of particular relevance to the pharmaceutical and
agrochemical industries due to the prevalence of heteroarenes in biologically active
compounds.'® Boronic acids derived from pyridine, quinoline, furan, and thiophene all
underwent trifluoromethylation in modest to good yields. In some of these cases
modification of the catalyst loading and/or reaction temperature was required to achieve
optimal yield. Importantly, in all of these substrates, trifluoromethylation of the boronic
acid moiety out-competed uncatalyzed C—H trifluoromethylation of the heterocycle with
CF3e. Thus, this method provides an attractive route for the site-selective installation of
CF; substituents into these scaffolds.

Control reactions (without Cu, Ru, or visible-light) were conducted for all the
substrates shown in Scheme 2.12 to ensure that each reaction component is required for
this trifluoromethylation protocol. As shown in Table 2.3, when Cu was excluded from
the reaction, only small amount of trifluoromethylated products (0-6%) were formed.
Larger background reactions were observed for benzofuran and thiophene boronic acids
(23 and 17%, respectively). In both cases, protodeboronation is the major reaction
pathway. We believe the background reactions are a result of direct reactions of CFse
with these reactive heterocycles. When Ru catalyst and/or light are excluded, small
amounts of CFs¢ could be generated from thermal homolytic cleavage of the CF;—I bond,

resulting in the aryl-CF; products.
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Scheme 2.12. Substrate Scope for Cu/Ru-Catalyzed Trifluoromethylation of

Boronic Acids™
20 mol % CuOAc
1 mol % Ru(bpy)3Cly*6H,0
1 equiv K,CO3

26 W light bulb
Aryl—B(OH), + CF3l > Aryl—CF;
DMF
60 °C, 12h
CF,
O ©/c[=3 /©/CF3 CF;
O MeO
(1a) 70% (2a) 70%! (3a) 84%[0 (4a) 72%
/©/CF3 CF3 CF3 CF3
F,C NC”~ i I~ : F~ :
(5a) 64%[°] (6a) 65% (7a) 64% (8a) 93%!"!
O CF, CF3
CF
‘ CF; /@; 8 OY@ Oﬁ
H
(9a) 46% (10a) 39%!c-dl (11a) 64% (12a) 63%!°!
CF
o} |
AN P HO N _
H o)
(13a) 60% (14a) 68% (15a) 40%le] (16a) 64%P-cd]
MeO N Ny o 0
| Vs )~ CFs
2 CF, Z > CF,
(17a) 66%!P! (18a) 67% (19a) 48%[P-cnl (20a) 56%!e!

S\ -CF
W

(21a) 54%Pi (22a) 80%!!

() General conditions: substrate (1 equiv), CFsI (5 equiv), [Cu] (0.2 equiv), Ru(bpy);ClL*6H,0
(0.01 equiv), K,CO; (1 equiv), DMF (0.17 M in substrate), 60 °C, 12 h, 26 W compact
fluorescent light bulb; Isolated yield (>95% purity). ™ "’F NMR yield. 0.5 equiv of CuOAc. 1!
Isolated as a 1:1 mixture with inseparable protodeboronated product. ' 0.1 equiv of CuOAc. !
Isolated as a 10:1 mixture with inseparable protodeboronated product. ¥ 3 equiv of CFsl. ™
Reaction run at 70 °C. " Reaction run at 40 °C." 0.05 equiv of CuOAc.
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Table 2.3. Control Reactions for Cu/Ru-Catalyzed Trifluoromethylation of

Boronic Acids™

Without Without Without
Cucat Rucat light

CF3
1 O 80% 3% 3% 1%
O (1a)

Entry Product Yield

CF3
2 ©/ 70% 5% 0% 0%
(2a)
CF;
3 /©/ 84% 5% 1% 0%
MeO

CF3
4 >(©/ 86% 2% 1% 3%
(4a)
CF3
5° /©/ 64% 2% 1% 2%
FaC

(5a)
CF3
6 O 84% 1% 22% 2%
NC
(6a)
CFs3
7 |/© 73% 2% 13% 8%
(7a)
CF,
8 FO 93% 1% 20% 4%
(8a)
O CF5
9 O 57% 6% 2% 0%
(9a)
CFs
10° 45% 4% 4% 0%
10a
(10a) CF,
1 Oj/@ 70% 4% 14% 0%
(11a)
CFs
120 Oy@ 74% 4% 5% 2%

H (12a)
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Without Without Without
Cucat Rucat light

o CF,
13 /©/ 67% 4% 5% 1%

Entry Product Yield

N
H  (13a)
14 /0\(©/ 86% 4% 15% 2%
O (14a)
CF,
15° /©/ 50% 3% 1% 0%
HO
(15a)
b,d A CF3 o, o, o, o,
16 | 64% 2% 21% 3%
N~
(16a)
MeO N\
17 | 66% 2% 10% 1%
Z > CF,
(17a)
N
~
18 P 70% 5% 34% 13%
F
(18a)  °
O _CF;
19¢.e N\ / 48% 7% 2% 0%
(19a)
0
20°f ) —CFs  72% 23% 15% 1%
(20a)
219 54% 17% 7% 0%
22b 87% 0% 29% 1%

(22a)

@) General conditions: substrate (0.05 mmol, 1 equiv), CF;l (5 equiv), [Cu] (0.2
equiv), Ru(bpy);Cl,*6H,O (0.01 equiv), K,CO; (1 equiv), DMF (0.17 M in
substrate), 60 °C, 12 h, 26 W compact fluorescent light bulb. ’F NMR yield. ™
0.5 equiv of CuOAc. [ 0.1 equiv of CuOAc. ! 3 equiv of CF;l. ') Reaction run
at 70 °C. " Reaction run at 40 °C. €1 0.05 equiv of CuOAc.
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Related conditions could also be applied to analogous perfluoroalkylation
reactions. This is a significant advantage of the current method, since perfluoroalkyl
analogues of other common trifluoromethylating reagents (e.g., R3SiCF;, §-
(trifluoromethyl)thiophenium salts, or Togni’s reagent) are expensive and/or not
commercially available. As shown in Scheme 2.13, perfluorobutyl and perfluorodecyl
iodides react with 1 to afford products 1b and 1c¢ in good yields under the Cu/Ru

catalyzed conditions.

Scheme 2.13. Perfluoroalkylation of 1 Catalyzed by Cu/Ru™

50-100 mol% [Cu]
1 mol % Ru(bpy)gclg'GHZO

B(OH), 1 equiv K,CO,4 Re
O 26 W light bulb O
+ RFl >
C >, C
) 60 °C, 12h

(1b) Rg = C4Fg, 67%P
(1¢) Rg = CygF oy, 71%°

(] General conditions: substrate (1 equiv), CuOAc (0.5-1 equiv) Ru(bpy)sCl,*6H,0 (0.01 equiv),
K,COs; (1 equiv), DMF (0.17 M in substrate), 60 °C, 12 h, 26 W compact fluorescent light bulb;
Isolated yield. ™ 5 equiv of C4Fol, 0.5 equiv of CuOAc. ! 1.2 equiv of CyFl, 1 equiv of
CuOAc.

Proposed Reaction Mechanism: While a detailed mechanistic picture of this
transformation remains to be elucidated, a possible set of catalytic cycles is shown in
Scheme 2.14. In this sequence, photoexcitation of Ru(bpy)s>" to Ru(bpy)s> * is followed
by le reduction by Cu' to generate Ru(bpy); " and Cu"."” Reduction of CF;I by Ru(bpy);”
then affords CF3e. Notably, the available reduction potential data indicates that both of
these reactions should be thermodynamically favorable.'®'**° The CF3¢ could then react
with Cu" to generate a Cu'(CF;) intermediate. Subsequent base-promoted
transmetalation between Cu" and the aryl boronic acid would afford Cu"'(aryl)(CF3),
which could undergo aryl-CF; bond-forming reductive elimination to release the organic

product and regenerate the Cu' catalyst.”!
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Scheme 2.14. Possible Mechanism for Cu/Ru-Catalyzed Trifluoromethylation of Boronic

Acids
|
RF. + 1~ RFI
Ru(bpy)s* Ru(bpy)s*
RF.
CU“X2
visible .
light () (i
Ru(bpy)s?**
Cu'X X,Cull_R,
(iv) (i) Aryl-B(OH),
~Re
R—Aryl Xcu'

Aryl  B(OH),(X)

2.4 Practical Cu-Mediated Trifluoromethylation of Arylboronic Acids with
NaSOZCF3/TBHP

The successful development of a Cu-catalyzed trifluoromethylation of aryl
boronic acids with CFl in the presence of a photocatalyst and visible light demonstrated
the feasibility of achieving selective aryl-CF; bond formation by merging CF3¢ with a
Cu-aryl intermediate.'” The high selectivity and mild conditions associated with this
process led us to consider more practical sources of CF3e for Cu-mediated boronic acid
trifluoromethylation. In particular, we are intrigued by a recent report by Baran and
coworkers showing that the combination of NaSO,CF; (Langlois’ reagent) and TBHP
generates trifluoromethyl radicals at room temperature in the presence of ambient
air/moisture.'*""!

We reasoned that in the presence of a Cu salt, the CFs¢ generated from NaSO,CF;
and TBHP could instead be harnessed to achieve site selective trifluoromethylation of a
boronic acid (Scheme 2.15). The second half of this chapter demonstrates the feasibility

of this approach and the development of a general, mild, and highly practical protocol for

Cu-mediated trifluoromethylation of Aryl-B(OH), with NaSO,CF; and TBHP."

33



Scheme 2.15. Cu-Mediated Trifluoromethylation with NaSO,CF3;/TBHP
cat. CuOAc, Ru(bpy)z2*

Fsl
(@ \
R | R— |
NS NS
[Cu]

NaSO,CF,, BuOOH

(b) this work

Reaction Optimization: Based on the work described above, we started by
exploring the Cu-mediated reaction of [1,1'-biphenyl]-4-ylboronic acid (1) with
NaSO,CF; and TBHP in the presence of 20 mol % of CuOAc. The initial reactions are
performed at room temperature in DCM/H,0, the same conditions reported by Baran and
co-workers. Gratifyingly, the desired trifluoromethylated product (1a) was formed in
18% yield. The yield increased to 47% in the presence of 1 equiv of CuOAc. This is
particularly interesting in light of our earlier discovery showing that there is no direct C—
H trifluoromethylation between l1a and CFse (generated by NaSO,CFs;/TBHP) in the
absence of Cu (Scheme 2.11).

Optimization of solvent (as shown in Table 2.4) showed that the use of a 5:5:4
mixture of MeOH, DCM and H,O resulted in an increase of yield to 71%. Furthermore,
an extensive evaluation of copper salts revealed that CuCl provides 80% yield of 1a on a

0.05 mmol scale (Table 2.5, entry 14).
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Table 2.4. Solvent Screen for Cu-Mediated Trifluoromethylation of 1 with

NaSO,CF;/TBHP!?HP]
NaSO,CF;

B(OH), BuOOH CF;
O CuOAc O
—_—
O Solvent O
23°C

(1) (1a)

Entry Solvent Yield of 1a
1 ‘BuOH 14%
2 DMA 17%
3 THF 18%
4 MeCN 19%
5 Ethyl acetate 21%
6 EtOH 22%
7 DCM 33%
8 Hexane 41%
9 Nitrobenzene 41%
10 Acetone 45%
11 Benzene 46%
12 MeOH 62%

13! MeOH/DCM 71%

(2] General conditions: substrate 1 (1 equiv, 0.05 mmol), CuOAc (1 equiv), NaSO,CF; (3 equiv),
TBHP (5 equiv) in 0.2 mL solvent and 0.08 mL H,O at 23 °C for 12 h. ™ Yields determined by
"F NMR analysis. ' Solvent ratio = 1:1.

There are several important features of this protocol that highlight its practicality.
First, the reactions are all set up on the bench top at room temperature, without any
purification of commercial solvents/reagents. Second, protodeboronation is not observed
under these conditions, and the only detectable by-product is 4-hydroxybiphenyl. Third,

the reaction scales well, proceeding in 85% isolated yield on 0.5 mmol scale.
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Table 2.5. Copper Salt Screen for Cu-Mediated Trifluoromethylation of 1 with

NaSO,CF;/TBHP!?HP]
NaSO,CF;

B(OH), 'BUOOH CF,
St s
—_—
O MeOH/DCM/H,0 O
23°C

) (1a)

Entry [Cu] Yield of 1a
1 CuO 0%
2 Cu(OTH), 4%
3 Cul 6%
4 Cu(TFA), 6%
5 (MeCN)4CuPFg 15%
6 (MeCN)4CuBF4 18%
7 Cu(OH), 24%
8 [CuOTf]*1/2C¢Hs 31%
9 Cu(OAc), 55%
10 Cu,0O 45%
11 Cu 67%
12 CuBr 70%
13 CuOAc 71%
14 Cu(Cl 80%

(] General conditions: substrate 1 (1 equiv, 0.05 mmol), [Cu] (1 equiv), NaSO,CF5 (3 equiv),
TBHP (5 equiv) in DCM/MeOH/H,O (5:5:4 ratio) at 23 °C for 12 h. ™ Yields determined by "°F
NMR analysis.

While electron-neutral and rich boronic acids showed excellent reactivity under
the optimal conditions from Scheme 2.16 (vide infra), several electron deficient
derivatives did not. For example, (4-cyanophenyl)boronic acid (6) reacted to afford 6a in
only 36% yield. In collaboration with Stefan Kiinzi, I began to optimize the reaction
conditions for electron deficient substrates (Table 2.6). We reasoned that the lower yields
might be due to slower transmetallation of the electron deficient boronic acid. Consistent
with this proposal, the addition of 1 equiv of NaHCO; (which is expected to accelerate

transmetallation) led to an increase in yield to 46%. Further evaluation of different Cu
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sources showed that the substitution of CuCl with (MeCN)4CuPFs resulted in the best
yield of 6a (59%).

Table 2.6. Optimization for Electron Poor Boronic Acids™!"’

NaSO,CF;/BuOOH
B(OH), Cu salt, Base CF,
NC/©/ Solvent, 23 °C ~ NC/©/
(6) (6a)

entry copper salt base yield
1° CuCl - 36%
2¢ CuCl NaHCO, 46%
3¢ (MeCN),CuPF, - 42%
4% (MeCN),CuPF, - 38%
5¢ (MeCN),CuPF, NaHCO, 49%
6 (MeCN),CuPF, NaHCO, 59%

(@ General conditions: substrate 6 (1 equiv, 0.05 mmol), [Cu] (1 equiv), base (1 equiv), NaSO,CF;
(3 equiv), TBHP (5 equiv) at 23 °C for 12 h. ™ Yields determined by "F NMR analysis.
Solvent = MeOH/DCM/H,0 (5:5:4 ratio). (¥ Solvent = MeOH. !4 equiv TBHP.

Substrate Scope: With these two sets of conditions in hand, we next explored the
full substrate scope of Cu-mediated trifluoromethylation with NaSO,CF; and TBHP. As
shown in Scheme 2.16, arenes bearing electron-donating alkyl, alkoxy, or phenoxy
substituents reacted in excellent yield under the CuCl-mediated conditions (conditions a).
Trifluoromethylation of electron deficient substrates (eg, cyano, trifluoromethyl, and
carbonyl-substituted aryl boronic acids) afforded the desired products in good to
excellent yield in the presence of (MeCN),CuPFs and NaHCO; (conditions b).*””
Interestingly, the reaction of (4-iodophenyl)boronic acid resulted in exclusive
trifluoromethylation of the C—B bond, leaving the C-I linkage intact. Sterically hindered
boronic acid derivatives, which are generally challenging substrates for Cu-mediated
cross-couplings,'® afforded good to excellent yields in this transformation (cf, products
10a, 24a, 25a, 29a and 31a). Moreover, the reaction is compatible with diverse functional
groups, including enolizable ketones, esters, amides, and phenols. Finally, heteroaryl
boronic acids based on pyridine, quinoline, thiophene and furan afforded moderate to
excellent yield. Notably, trifluoromethylation of the C—B bond outcompeted free radical

C—H trifluoromethylation in all of these substrates.
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Scheme 2.16. Substrate Scope of Copper-Mediated Trifluoromethylation of Aryl
Boronic Acids with NaSO,CF3/TBHP!®
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(2] Reaction conditions: substrate (1 equiv, 0.5 mmol), CuCl (1 equiv), NaSO,CF; (3 equiv),
TBHP (5 equiv) in DCM/MeOH/H,0O (5:5:4 ratio) at 23 °C for 12 h. ] Reaction conditions:
substrate (1 equiv), (MeCN),CuPF¢ (1 equiv), NaSO,CF; (3 equiv), NaHCO; (1 equiv), TBHP (4
equiv) in MeOH at 23 °C for 12 h. “/Isolated yield. ' Yields determined by '°’F NMR analysis.
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Control reactions (without Cu added) were performed for all the substrates listed
on Table 2.7. Only trace amounts (<2%) of the CF; containing product were observed in
most cases. 2-(Trifluoromethyl)benzofuran was obtained in 5% yield in this control

reaction.

Table 2.7. Reaction of Aryl-B(OH), with NaSO,CF;/TBHP'®!

Substrate Yield Substrate Yield

B(OH),
<1%*? ® ( 5%?
O @)

B(OH),
©/ <1%2 UB(OH 0%P

B(OH),

(28)
B(OH), | N ©
/©/ <2%P 2 B(OH), <2%*
(29)
o/b ©/\/>78 OH o,a
@EJ\ B(OH), <1% <1%
(18) (30)

(@] Reaction conditions: substrate (1 equiv, 0.05 mmol), NaSO,CF; (3 equiv), and TBHP (5 equiv)
in DCM/MeOH/H,0 at 23 °C for 12 h. ! Reaction conditions: substrate (1 equiv, 0.05 mmol),
NaSO,CF; (3 equiv), NaHCO; (1 equiv), and TBHP (4 equiv) in MeOH at 23 °C for 12 h.
Yields determined by '°F NMR analysis.

As noted above, most previously reported boronic acid trifluoromethylation
protocols require inert atmosphere conditions and dry solvents. Even under these
controlled conditions, significant quantities (2-10%) of protodeboronated products are
commonly observed and are very challenging to separate/purify from the desired Aryl—
CF3 products. In contrast, all of the trifluoromethylation reactions in Scheme 2.16 were
insensitive to ambient air/moisture and were set up on the benchtop without purification
of commercial reagents and/or solvents. Despite the presence of water, protodeboronation

of the boronic acid was not detected under these conditions. This makes product isolation
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extremely straightforward, as the major side-product (the corresponding hydroxylated

arene) is readily removable by extraction or column chromatography.

2.5 Conclusions

In summary, this chapter describes the development of two mild and versatile Cu-
based trifluoromethylation methods using CFse precursors. Our Cu/Ru-catalyzed
trifluoromethylation/perfluoroalkylation of aryl boronic acids takes advantage of visible
light photoredox catalysis to generate Rpe under mild conditions and merges it with
copper-catalyzed aryl boronic acid functionalization.'”” This combination enabled a
method for the trifluoromethylation of a wide variety of aromatic and heteroaromatic
substrates bearing many common functional groups. Most importantly, this
transformation ~ demonstrates  the  feasibility = of achieving  Cu-catalyzed
trifluoromethylation via a radical pathway. Furthermore, it represents a new example of
combining organometallic and photoredox catalysis to achieve synthetically useful
organic transformations.”

Based on that initial proof-of-concept discovery, we developed a highly practical
copper-mediated trifluoromethylation of a variety of aryl and heteroaryl boronic acids
with CFse, which is generated in situ from NaSO,CF; and TBHP." These reactions are
easy to set up under ambient conditions, and product purification is similarly
straightforward. Both protocols represent significant synthetic advances for the selective

preparation of trifluoromethylated compounds.
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2.6 Subsequent Developments and Outlook

Since the initial publication of our work, the combination of transition metal
catalysis and trifluoromethyl radicals has been utilized by a number of others for
accessing trifluoromethyl-substituted aromatics and alkenes. For example, soon after we
reported the Cu-mediated aromatic trifluoromethylation of aryl boronic acids with
NaSO,CF; and TBHP, a closely related transformation was reported by Beller (Scheme
2.17).** Beller and co-workers evaluated a wide variety of Pd and Cu catalysts under
radical trifluoromethylation reaction conditions. Extensive screening led to the initial
discovery of Cu-mediated trifluoromethylation of aryl boronic acids with NaSO,CF; and
TBHP. For example, 22% 1-methoxy-4-(trifluoromethyl)benzene was obtained using 20
mol % of Cu(OAc),. Several additives, including imidazole, 2,4,6-collidine, and NH4Cl,
were empirically identified to improve the yields of this transformation. The most
dramatic increase in yield came from increasing the amount of the trifluoromethylating
reagent and oxidant (to 7 equiv of NaSO,CF; and 16.1 equiv of TBHP). A relatively
limited set of electronically varied arylboronic acids were subjected to the Cu-catalyzed
trifluoromethylation conditions and afforded modest to good yields (with 1-4 turnovers of
the Cu catalyst). Heterocyclic boronic acids (of dibenzofuran, benzofuran and Boc-
protected indole) led to modest yields of the corresponding trifluoromethylated products
(34-63%). Despite the advantage of using just 20 mol % of Cu catalyst, the requirement
for superstoichiometric quantities of the more expensive CF; reagent and the low
efficiency could limit the application of this catalytic trifluoromethylation reaction.
Notably, several electronically various vinylboronic acids were also examined under the
Beller’s trifluoromethylation conditions and CF;-substituted alkenes were obtained in
good yields. In most cases, (E)-alkenes was formed with high selectivity. The origin of
this selectivity was attributed to the higher stability of (£)-alkenes compared to the Z

1Somers.
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Scheme 2.17. Beller’s Example of Cu-Catalyzed Trifluoromethylation of Aryl-
and Vinylboronic Acids with CF3e Derived from NaSO,CFs;/TBHP

_~~_B(OH), 20 mol% Cu(OAc), _~_ CF3
R— | 0.24 equiv imidazole R |
N 2 equiv 2,4,6-collidine N
2.5 equiv NH,CI
or + NaSO,CF; + BuOOH - or

DCM/H,0

B(OH), CF3
\ o \
R_@/\/ 23°C,6h R_©/\/

Efforts towards combining transition metal catalysis and CFs* and CF,He have
proven successful in the context of copper and iron-catalyzed decarboxylative
trifluoromethylation and difluoromethylation of a,B-unsaturated carboxylic acids using
NaSO,CF; and Zn(SO,CF,H), (Scheme 2.18). Prior to this work, trifluoromethyl-
substituted (E)-alkenes had typically been prepared via the reaction of expensive “CF;"

5d,e,24 SR -
©** and borates,” vinyl iodides,”’ vinyl

or “CF;” reagents with vinyl boronic acids
sulfonates,” o,p-unsaturated carboxylic acids,” or alkynes.”® The use of bench stable,
and cost effective NaSO,CF; and Zn(SO,CF;H), reagents led to the development of
convenient and practical alternatives to afford tri- and difluoromethy-substituted (E)-

alkenes.

Scheme 2.18. Cu- and Fe-Catalyzed Decarboxylative Tri- and Difluoromethylation of
a,B-Unsaturated Carboxylic Acids with NaSO,CF; and Zn(SO,CF,H),

10 mol% FeSO,4+7H,0 10 mol% CuSO,4*5H,0
@ CFH  7n(SO,CF,H),//BUOOH @/\/COOH NaSO,CF4/BuOOH @ CF,
R- - R- R-
DCM/H,0 DCM/H,0
50 °C 50 °C

The activation of CF3 precursors via photoredox catalysis has also become an
increasingly important strategy for C—CF3; bond formation. For example, recently, Akita
and co-workers revealed the oxytrifluoromethylation of alkenes using Umemoto’s
reagent in the presence of a photocatalyst and light (Scheme 2.19).>' This radical
transformation is efficient toward activated alkenes, such as styryl substrates and
electron-rich alkenes, and is compatible with a broad range of O nucleophiles, such as

alcohols and carboxylic acids. The efficient generation of trifluoromethyl radical is

42



critical for achieving high efficiency under mild conditions (2-4 hours, at room
temperature). Recently, Buchwald and co-workers reported a Cu-catalyzed
intramolecular oxytrifluoromethylation of unactivated alkenes using Togni’s “CF;"
reagent (Scheme 2.20).°% Slightly higher temperature (55 °C) is required for high

efficiency. A radical mechanism is also proposed for this transformation.

Scheme 2.19. Photoredox Oxytrifluoromethylation of Alkenes with CF3e

OR
R2 0.5 mol% [fac-Ir(ppy)s] R2 -
+ ROH + > R
R‘J\/FP Rﬁ

i " OBF, Blue LEDs or sunlight
Fs 23°C, 2-4 h s

Scheme 2.20. Intramolecular Oxytrifluoromethylation of Unactivated Alkenes

i(\%/\ ll O
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... _OH S &
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OH MeCN, 55 °C
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Another example of applying CFse derived from Ru-catalyzed photocatalysis to a
trifluoromethylation reaction was recently realized in the content of synthesizing CFs-
substituted alkenes from vinyltrifluoroborates (Scheme 2.21).>* A wide variety of vinyl
borates, including heteroaryl groups like thiophene, pyridine, quinoline and
benzothiazole, were successfully converted to the CFs—containing products. The
combination of Togni’s reagent and [Ru(bpy);](PFs). proved to be superior to the

previous Ir/Umemoto system for this transformation.
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Scheme 2.21. Photoredox Trifluoromethylation of Vinyltrifluoroborates with CF3e

CF;
[ 5 mol% [Ru(bpy)s](PFs)
3 6)2
R/\/BF3K + o > R CFs
MeOH, 23 °C, 5 h
Blue LEDs

Most recently, Gouverneur and co-workers reported a visible-light induced
hydrotrifluoromethylation of unactivated alkenes using the Umemoto reagent in the
presence of a Ru photocatalyst (Scheme 2.22). Postulating that the net fluoroform
addition could be achieved by addition of CF; radical, followed by H atom extraction
from a separate reducing agent, the authors explored the reactions of unactivated alkenes
in the presence of reducing agents under photocatalysis conditions. Again, the use of the
Umemoto reagent precluded atom transfer radical addition (addition of CF3, and I to
alkenes) that is typically observed with CFsl, and as well as oxytrifluoromethylation
(addition of CF;, and O nucleophile to alkenes) that is typically seen with the Togni

reagents.

Scheme 2.22. Photoredox Trifluoromethylation of Vinyltrifluoroborates with CF3e

5 mol% [Ru(bpy)s]Cl>
. visible light H
RO F > R)V CF,

i; oTH MeOH, 23 °C, 24 h
3

Trifluoroacetate salts, such as NaTFA and KTFA, are easy to handle, white
crystalline powders that are considerably less costly than most commonly used
trifluoromethylating reagents. In fact, their cost is even lower than fluoroform (CF;H),*
the most atom economical reagent for installing a CF; motif. Despite these significant
advantages, the current state of the art for decarboxylative trifluoromethylation using
trifluoroacetate salts involves generating “CF5 ™ via heating the substrates at >150 °C in
the presence of super-stoichiometric amounts of Cu.*” In 2010, Vicic reported the first
decarboxylative trifluoromethylation of aryl halides using a well-defined (NHC)Cu(TFA)
complex.*! However, no enhanced reactivity was observed compared to the conventional

“ligandless” Cu(TFA) complex.”™" In a very exciting recent report from Li and Duan,
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the first Cu-catalyzed decarboxylative trifluoromethylation of aryl iodides with NaTFA
was achieved. In this system, Ag,O was used as a catalytic promoter.”” A broad range of
substrates bearing electron withdrawing and even electron donating substituents
underwent trifluoromethylation in good yields at 130 °C. The authors proposed that the
activation energy for the decarboxylation of NaTFA to generate AgCF; in situ was lower

than that for the formation of CuCFs.

Scheme 2.23. Cu-Assisted Decarboxylative Trifluoromethylation using (NHC)Cu(TFA)

and NaTFA
FsC
o~ N =0 -~ CF3 N
R— | - [>—Cu—0 — R—— | + [>—Cu—|
x N 160 °C N
-CO,
cat. Cu
_ [ 0 20 mol% Ag,0 -~ CFs
Rl L - a2
XN F;C~ "O~ Na* AN

DMF, 130 °C, 15 h

Trifluoroacetates have also been successfully used as a CF3* precursor under
oxidative conditions. Several studies have reported the radical trifluoromethylation of
aromatic molecules via Kolbe electrolysis with NaTFA.*® Moreover, TiO, has been
successfully used to induce the generation of CF3* from AgTFA under photochemical
conditions.”” The oxidation of trifluoroacetate by TiO, afforded the trifluoroacetate
radical, which liberates CF3* upon CO; elimination. The subsequent reaction of arenes
and heteroarenes with CF3e then forms the corresponding products in moderate to good
yields. However, high efficiency was only achieved using a super-stoichiometric quantity
of TiO; in conjunction with irradiation from a Hg lamp, which severely limits its
application. Finally, XeF, has also been successfully used as an oxidant for the

generation of trifluoromethyl radical from TFA.>® Intriguingly, both the photolytic and
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the chemically induced oxidative trifluoromethylations were performed at room

temperature!

Scheme 2.24. Radical Arene Trifluoromethylation by the Oxidation of AgTFA or TFA
8 equiv TiO,

_ o 0.4 equiv CF3CO,H -~ CFs
R | + I Ag - R |
X FsC O hv, CH5CN N
23°C,24h (10-50%)
_ O 1-2 equiv XeF, y CF,
N . G - RLZ |
X Fs€~ O CH,Cl,, 23 °C, 2 h XN
(33-72%)

As mentioned above, while trifluoroacetate is an ideal CF3;™ precursor, the high
activation barrier for the decarboxylation of CF;CO, generally requires high
temperatures, which limits its broad application. On the contrary, radical
trifluoromethylation of organic substrates using trifluoroacetates could be a viable
pathway, since the preformed TFA radical should be more kinetically reactive towards
decarboxylation and release of CF3e. Future work could focus on the development of a
chemical and/or photochemical systems that induce the facile formation of CF;CO;e
under mild conditions. Efficient reactivity between the CFse generated from
trifluoroacetates and organic substrates, and/or a combination of CF3* with previously
developed transition-metal-catalyzed cross-coupling strategies should generate robust

protocols that are highly desirable in the industrial sector.

2.7 Experimental Procedures and Characterization Data

General Procedures

NMR spectra were obtained on a Varian vamrs 700 (699.76 MHz for 'H; 175.95 MHz
for °C; 658.43 for '°F), Varian vamrs 500 (500.10 MHz for 'H; 125.75 MHz for "°C,
470.56 MHz for '°F), Varian Inova 500 (499.90 MHz for 'H; 125.70 MHz for °C), or a
Varian MR400 (400.52 MHz for 'H; 100.71 for °C, 376.87 MHz for '°F) spectrometer.
'H and "C chemical shifts are reported in parts per million (ppm) relative to TMS, with
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the residual solvent peak used as an internal reference. '’F NMR spectra are referenced
based on the internal standard 1,3,5-trifluorobenzene, which appears at —107.40 ppm.
Multiplicities are reported as follows: singlet (s), doublet (d), doublet of doublets (dd),
doublet of doublets of doublets (ddd), doublet of triplets (dt), triplet (t), triplet of doublets
(td), triplet of triplets (tt), quartet (q), quintet (quin), multiplet (m), and broad resonance
(br). Melting points were determined with a Mel-Temp 3.0, a Laboratory Devices Inc,
USA instrument, and are uncorrected. HRMS data were obtained on a Micromass
AutoSpec Ultima Magnetic Sector mass spectrometer. GCMS analysis was performed on
a Shimadzu GCMS-QP2010 plus gas chromatograph mass spectrometer. The products
were separated on a 30 m length by 0.25 mm id, RESTEK XTI-5 column coated with a
0.25 um film. Helium was employed as the carrier gas, with a constant column flow of
1.5 mL/min. The injector temperature was held constant at 250 °C. Kugelrohr distillations

were performed on a Buchi Glass Oven B-580 Kugelrohr.

Materials and Methods.

CuOAc, (MeCN)4CuPFs, and CuCl were obtained from Strem Chemical. Aryl boronic
acids were obtained from Frontier Scientific. 1,3,5-Trifluorobenzene, 4-
(trifluoromethyl)benzonitrile, and iodobenzotrifluoride were obtained from Oakwood
Products. 4-Fluorobenzotrifluoride and 4-(trifluoromethyl)pyridine were obtained from
Matrix Scientific. Trifluorotoluene was obtained from Acros. Potassium carbonate was
obtained from Fisher Scientific. CF3SO,Na, and 4-(trifluoromethyl)anisole were obtained
from SynQuest Laboratories. Ru(bpy);Cl,*6H,O, Ru(phen);Cl,, CF3;SOCl, 1,4-
bis(trifluoromethyl)benzene, 4-(trifluoromethyl)phenol, estrone and dry DMF, DMA,
DMSO, 1,4-dioxane, diglyme and NMP were obtained from Sigma Aldrich. NaHCO;
was obtained from Fisher Scientific. CF3;SO,;Na was obtained from Matrix Scientific.
TBHP (70% aqueous solution) was obtained from Alfa Aesar.

For the Cu/Ru-Catalyzed trifluoromethylation system (Section 2.3), all syntheses were
conducted using standard Schlenk techniques or in a nitrogen atmosphere glovebox
unless otherwise stated. For the Cu-Mediated radical trifluoromethylation using
NaSO,CF;/TBHP (Section 2.4), all syntheses were conducted on the benchtop without

purification of commercial reagents and/or solvents. Copper(I) salts were removed from
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the glovebox approximately once every two weeks and stored in N, flushed vials on the

bench top.

Experimental Details.

Preparation of CF;I Stock Solution:

DMF (20 mL) was added to a Schlenk graduated cylinder under nitrogen (see picture
below for apparatus). The vessel and solvent were weighed. Next, CF;I was bubbled
through the DMF solution using a long needle until the total volume of the solution
reached approximately 25 mL. The vessel was sealed weighed again. The concentration
of the CFsl stock solution was then calculated based on the mass of CF;l added and the

total volume of the solution.

Figure 2.1. Schlenk Graduated Cylinder with CF;I Stock Solution

Reactivity of Aryl Boronic Acid under MacMillan’s Reaction Conditions’
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In a glovebox, substrate 1 (9.9 mg, 0.05 mmol, 1 equiv), Ru(phen);Cl, (0.36 mg, 0.0005
mmol, 0.01 equiv), and K,HPO,4 (26.1 mg, 0.15 mmol, 3 equiv) were weighed into a 4
mL vial. MeCN (0.4 mL) was added. The vial was fitted with a screw cap containing a
silicone septum and removed from the glove box. The CF3SO,Cl (10.64 pL, 2 equiv) was
added by syringe, and the vial was sealed with parafilm and placed in a water bath at
room temperature with two 26 W compact fluorescent light bulbs (one on either side of
the vial approximately 5 cm away). The reaction mixture was allowed to stir for 24 h.
The reaction was quenched with water (1 mL) and extracted with ethyl acetate (2 x 1 mL)
and CH)Cl, (1 x 1 mL). The combined organic layers were dried over MgSQOs. 1,3,5-
trifluorobenzene and naphthalene (0.05 mmol, 1 equiv) were added as internal standards,
and the reaction was analyzed by 'H NMR and '"F NMR spectroscopy. The starting
material 1 was recovered in nearly quantitative yield, and trifluoromethylated product 1a

was formed in less than 2% yield.

Reactivity of Aryl Boronic Acid under Baran’s Reaction Conditions"'

To a solution of substrate 1 (49.5 mg, 0.25 mmol, 1.0 equiv) and sodium
trifluoromethylsulfinate (117 mg, 0.75 mmol, 3.0 equiv) in dichloromethane (1 mL) and
water (0.4 mL) at 0 °C was slowly added tert-butylhydroperoxide (70% solution in water,
0.17 mL, 1.25 mmol, 5.0 equiv) with vigorous stirring. The reaction was warmed to room
temperature and stirred for 24 h. The resulting solution was partitioned between
dichloromethane (2 mL) and saturated sodium bicarbonate (2 mL). The organic layer was
separated, and the aqueous layer was extracted with dichloromethane (3 % 2 mL). The
combined organic layers were dried over MgSOy. 1,3,5-trifluorobenzene and naphthalene
(0.25 mmol, 1 equiv) were added as internal standards, and the reaction was analyzed by
PF NMR spectroscopy and GCMS. No trifluoromethylated product was observed. 4-
Hydroxybiphenyl was formed in 75% yield.

Synthesis and Characterization of Products in Scheme 2.10

Standard Procedure for Trifluoromethylation of Aryl Boronic Acids

In a glovebox, the boronic acid substrate 1 (0.25 mmol, 1 equiv), CuOAc (6 mg, 0.05
mmol, 0.2 equiv), Ru(bpy);Cl,*6H,0 (1.85 mg, 0.0025 mmol, 0.01 equiv), and K,COs3
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(35 mg, 0.25 mmol, 1 equiv) were weighed into a 20 mL vial. CFsI (1.25 mmol, 5 equiv)
was added to the reaction vial as a stock solution in DMF. Additional DMF was added to
make the total volume 1.5 mL. The vial was sealed with a Teflon-lined cap, removed
from the glove box, and placed in an oil bath at 60 °C with two 26 W compact
fluorescent light bulbs (one on either side of the vial approximately 5 cm away). The
reaction mixture was allowed to stir for 12 h. The resulting red solution was cooled to
room temperature. 1,3,5-Trifluorobenzene (0.25 mmol, 1 equiv) was added as an internal
standard, and the reaction was analyzed by '’F NMR spectroscopy. GCMS analysis was
performed on a Shimadzu GCMS-QP2010 plus gas chromatograph mass spectrometer.
The products were separated on a 30 m length by 0.25 mm id, RESTEK XTI-5 column
coated with a 0.25 um film. Helium was employed as the carrier gas, with a constant
column flow of 1.5 mL/min. The injector temperature was held constant at 250 °C. The
GC oven temperature program was as follows: 40 °C hold 6 min, ramp 15 °C/min to 250

°C, and hold for 3 min.

CF3| The reaction was performed on a 0.25 mmol scale using the
O standard procedure. The trifluoromethylated product la was
O formed in 80% yield. The product showed a '°F NMR signal at

(1a)
—62.4 ppm in DCE (lit. -62.4 ppm in CDCl3).>® The identity of

the product was further confirmed by GCMS analysis, where the product peak was

observed at 15.28 min.

This reaction of substrate 1 was also conducted on a 5 mmol scale. For the 5 mmol scale
reaction, substrate 1 (0.99 g, 5 mmol, 1 equiv), CuOAc (122 mg, 1 mmol, 0.2 equiv),
K»COs (0.69 g, 5 mmol, 1 equiv), Ru(bpy);Cl,*6H,0 (37.4 mg, 0.05 mmol, 0.01 equiv),
CFsl (25 mmol, 5 equiv) and DMF (30 mL) were used. The reaction was conducted in a
250 mL round bottom flask, and the yield was determined to be 82% by '"F NMR
spectroscopy. The reaction mixture was then diluted with Et,O (50 mL), and the resulting
mixture was washed with water (3 x 50 mL) and brine (1 x 50 mL) and then dried over
magnesium sulfate. The solvent was removed by rotary evaporation, and the product was

purified by column chromatography on silica gel using pentane as the eluent. Compound
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1a was obtained as white crystalline solid (776 mg, 70% yield, mp = 64.0-64.4 °C). The
'H, °C and ""F NMR spectroscopic data were identical to that reported previously in the

literature.’

oF The reaction was performed on a 0.25 mmol scale using the standard
3

©/ procedure. The '"F NMR spectral data for 2a matched that of an
authentic sample (Acros, s, —62.3 ppm). The trifluoromethylated product

(2a)

was formed in 70% yield. The identity of the product was further
confirmed by GCMS analysis, where the product peak was observed at 3.64 min.

The reaction was performed on a 0.25 mmol scale using the

CF3 | standard procedure. The '°F NMR spectral data for 3a matched that
Me0/©/ of an authentic sample (SynQuest Labs, s, —61.0 ppm). The
trifluoromethylated product was formed in 84% yield. The identity

of the product was further confirmed by GCMS analysis, where the product peak was

observed at 10.28 min.

The reaction was performed on a 0.25 mmol scale using the

standard procedure. The trifluoromethylated product 4a was
formed in 86% yield. The product showed a '’F NMR signal at —
(4a) 61.8 ppm in DCE (lit. =62.2 ppm in CDCl3).* The identity of the

product was further confirmed by GCMS analysis, where the product peak was observed

at 11.30 min.

This reaction of substrate 4 was also conducted on a 1 mmol scale. For the 1 mmol scale
reaction, substrate 4 (178 mg, 1 mmol, 1 equiv), CuOAc (24 mg, 0.2 mmol, 0.2 equiv),
K,COs (138 mg, 1 mmol, 1 equiv), Ru(bpy);Cl,*6H,0 (7.4 mg, 0.01 mmol, 0.01 equiv),
CFsl (5 mmol, 5 equiv) and DMF (6 mL) were used. The reaction was conducted in a 25
mL round bottom flask. The reaction mixture was then diluted with Et,O (40 mL), and

the resulting mixture was washed with water (2 x 40 mL), saturated aqueous CaCl, (1 x
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40 mL), and brine (1 x 40 mL) and then dried over magnesium sulfate. The solvent was
removed by rotary evaporation at 0 °C, and the product was purified by Kugelrohr
distillation at 80 °C at 10 mm Hg. The isolated product 4a (145 mg, 72% yield) was 96%
pure, and contained traces (4%) of the corresponding protodeboronation byproduct tert-
butylbenzene, which was not easily separable by chromatography on silica gel. The 'H,
BC and "”F NMR spectroscopic data were identical to that reported previously in the

literature.*

The reaction was performed on a 0.25 mmol scale using 50 mol %

CF
/©/ ’ of CuOAc (15 mg, 0.125 mmol, 0.5 equiv) under otherwise
FsC identical conditions to the standard procedure. The "F NMR

spectral data for Sa matched that of an authentic sample (Aldrich,

s, —62.8 ppm). The trifluoromethylated product was formed in 64% yield. The identity of
the product was further confirmed by GCMS analysis, where the product peak was

observed at 3.56 min.

CF3| The reaction was performed on a 0.25 mmol scale using the standard
N C/©/ procedure. The "F NMR spectral data for 6a matched that of an

(6a) authentic sample (Oakwood, s, —63.1 ppm). The trifluoromethylated

product was formed in 84% yield. The identity of the product was further confirmed by
GCMS analysis, where the product peak was observed at 10.37 min.

This reaction of substrate 6 was also conducted on a 1 mmol scale. For the 1 mmol scale
reaction, substrate 6 (147 mg, 1 mmol, 1 equiv), CuOAc (24 mg, 0.2 mmol, 0.2 equiv),
K,COs (138 mg, 1 mmol, 1 equiv), Ru(bpy);Cl,*6H,0 (7.4 mg, 0.01 mmol, 0.01 equiv),
CFsl (5 mmol, 5 equiv) and DMF (6 mL) were used. The reaction was conducted in a 25
mL round bottom flask. The reaction mixture was then diluted with Et,O (40 mL), and
the resulting mixture was washed with water (2 x 40 mL), saturated aqueous CaCl, (1 x
40 mL), and brine (1 x 40 mL) and then dried over magnesium sulfate. The solvent was
removed by rotary evaporation at 0 °C, and the product was purified by Kugelrohr
distillation at 90 °C at 10 mm Hg. The isolated product 6a (112 mg, 65% yield) was 97%
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pure, and contained traces (3%) of the corresponding protodeboronation byproduct
benzonitrile. If necessary, the protodeboronation product can be completely removed by
subsequent column chromatographic purification on silica gel using 2% diethyl ether in
pentane as the eluent. After this second purification, compound 6a was obtained as a
white solid (89 mg, 52% yield). The 'H, >C and ""F NMR spectroscopic data were

identical to the authentic sample.

oF The reaction was performed on a 0.25 mmol scale using the standard
3

O procedure. The '"F NMR spectral data for 7a matched that of an
I authentic sample (Oakwood, s, —62.5 ppm). The trifluoromethylated

(7a)

product was formed in 73% yield. The identity of the product was
further confirmed by GCMS analysis, where the product peak was observed at 11.49 min.

This reaction of substrate 7 was also conducted on a 1 mmol scale. For the 1 mmol scale
reaction, substrate 7 (248 mg, 1 mmol, 1 equiv), CuOAc (24 mg, 0.2 mmol, 0.2 equiv),
K,COs (138 mg, 1 mmol, 1 equiv), Ru(bpy);Cl,*6H,0 (7.4 mg, 0.01 mmol, 0.01 equiv),
CFsl (5 mmol, 5 equiv) and DMF (6 mL) were used. The reaction was conducted in a 25
mL round bottom flask. The reaction mixture was then diluted with Et,O (40 mL), and
the resulting mixture was washed with water (2 x 40 mL), saturated aqueous CaCl, (1 x
40 mL), and brine (1 x 40 mL) and then dried over magnesium sulfate. The solvent was
removed by rotary evaporation at 0 °C, and the product was purified by Kugelrohr
distillation at 100 °C at 10 mm Hg. The isolated product 7a (174 mg, 64% yield) was
96% pure, and contained traces (4%) of the corresponding protodeboronation byproduct
iodobenzene, which was not easily separable by chromatography on silica gel. The 'H,

C and "F NMR spectroscopic data were identical to the authentic sample.

The reaction was performed on a 0.25 mmol scale using the standard
CF

O/ ’ procedure. The 'F NMR spectral data for 8a matched that of an

F authentic sample (Matrix Scientific, s, 3F, —61.6 ppm; m, 1F, —107.5

ppm). The trifluoromethylated product was formed in 93% yield. The
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identity of the product was further confirmed by GCMS analysis, where the product peak

was observed at 3.42 min.

The reaction was performed on a 0.25 mmol scale using the standard
O CF, procedure. The trifluoromethylated product 9a was formed in 57%

O yield. The product showed a '’F NMR signal at —59.3 ppm in DCE
(lit. =59.72 ppm in CDCl).>® The identity of the product was further

(9a)

confirmed by GCMS analysis, where the product peak was observed
at 13.51 min.

This reaction of substrate 9 was also conducted on a 1 mmol scale. For the 1 mmol scale
reaction, substrate 9 (172 mg, 1 mmol, 1 equiv), CuOAc (24 mg, 0.2 mmol, 0.2 equiv),
K,COs (138 mg, 1 mmol, 1 equiv), Ru(bpy);Cl,*6H,0 (7.4 mg, 0.01 mmol, 0.01 equiv),
CFsl (5 mmol, 5 equiv) and DMF (6 mL) were used. The reaction was conducted in a 25
mL round bottom flask. The reaction mixture was then diluted with Et,O (40 mL), and
the resulting mixture was washed with water (2 x 40 mL), saturated aqueous CaCl, (1 x
40 mL), and brine (1 x 40 mL) and then dried over magnesium sulfate. The solvent was
removed by rotary evaporation at 0 °C, and the product was purified by Kugelrohr
distillation at 120 °C at 10 mm Hg. Compound 9a was obtained as a 5:1 mixture with the
protodeboronation product naphthalene (103 mg in total, 46% yield for 9a). Subsequent
purification of this sample by column chromatography on silica gel using pentane as the
eluent afforded 9a was obtained as a pure clear liquid (79 mg, 40% yield). The 'H, °C
and "F NMR spectroscopic data were identical to that reported previously in the

literature.>

The reaction was performed on a 0.25 mmol scale using 50 mol % of
CF3| CuOAc (15 mg, 0.125 mmol, 0.5 equiv) under otherwise identical
conditions to the standard procedure. The trifluoromethylated product
(10a) 10a was formed in 45% yield. The product showed a '°’F NMR signal
at —53.2 ppm in DCE (lit. —=55.0 ppm in CDCl3).”>’ The identity of the product was

further confirmed by GCMS analysis, where the product peak was observed at 11.45 min.
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This reaction of substrate 10 was also conducted on a 1 mmol scale. For the 1 mmol scale
reaction, substrate 10 (164 mg, 1 mmol, 1 equiv), CuOAc (60 mg, 0.5 mmol, 0.5 equiv),
K,COs (138 mg, 1 mmol, 1 equiv), Ru(bpy);Cl,*6H,0 (7.4 mg, 0.01 mmol, 0.01 equiv),
CFsl (5 mmol, 5 equiv) and DMF (6 mL) were used. The reaction was conducted in a 25
mL round bottom flask. The reaction mixture was then diluted with Et,O (40 mL), and
the resulting mixture was washed with water (2 x 40 mL), saturated aqueous CaCl, (1 x
40 mL), and brine (1 x 40 mL) and then dried over magnesium sulfate. The solvent was
removed by rotary evaporation at 0 °C, and the product was purified by Kugelrohr
distillation at 90 °C at 10 mm Hg. Compound 10a was obtained as a 1:1 mixture with the
inseparable protodeboronation product mesitylene as a clear liquid (119 mg in total, 39%
yield for 10a). The 'H, °C and ""F NMR spectroscopic data were identical to that

reported previously in the literature.’

The reaction was performed on a 0.25 mmol scale using the
CF
° | standard procedure. The trifluoromethylated product 11a was
formed in 70% yield. The product showed a "’F NMR signal at —

(11a) 62.7 ppm in DCE (lit. =63.0 ppm in CDCl;).* The identity of the

product was further confirmed by GCMS analysis, where the product peak was observed

at 11.68 min.

This reaction of substrate 11 was also conducted on a 1 mmol scale. For the 1 mmol scale
reaction, substrate 11 (164 mg, 1 mmol, 1 equiv), CuOAc (24 mg, 0.2 mmol, 0.2 equiv),
K,COs (138 mg, 1 mmol, 1 equiv), Ru(bpy);Cl,*6H,0 (7.4 mg, 0.01 mmol, 0.01 equiv),
CFsl (5 mmol, 5 equiv) and DMF (6 mL) were used. The reaction was conducted in a 25
mL round bottom flask. The reaction mixture was then diluted with Et,O (40 mL), and
the resulting mixture was washed with water (2 x 40 mL), saturated aqueous CaCl, (1 x
40 mL), and brine (1 x 40 mL) and then dried over magnesium sulfate. The solvent was
removed by rotary evaporation at 0 °C, and the product was purified by Kugelrohr
distillation at 100 °C at 10 mm Hg. The isolated product 11a (120.0 mg, 64% yield) was

95% pure, and contained traces (5%) of the corresponding protodeboronation byproduct
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acetophenone, which was not easily separable by chromatography on silica gel. The 'H,
BC and "”F NMR spectroscopic data were identical to that reported previously in the

literature.*

The reaction was performed on a 0.25 mmol scale using 50 mol % of

CF;
OY©/ CuOAc (15 mg, 0.125 mmol, 0.5 equiv) under otherwise identical
conditions. The trifluoromethylated product 12a was formed in 74%

H' (12a)

yield. The product showed a '’F NMR signal at =62.8 ppm in DCE
(lit. —62.7 ppm in CDCl3).*" The identity of the product was further confirmed by GCMS

analysis, where the product peak was observed at 10.18 min.

This reaction of substrate 12 was also conducted on a 1 mmol scale. For the 1 mmol scale
reaction, substrate 12 (150 mg, 1 mmol, 1 equiv), CuOAc (60 mg, 0.5 mmol, 0.5 equiv),
K,COs (138 mg, 1 mmol, 1 equiv), Ru(bpy);Cl,*6H,0 (7.4 mg, 0.01 mmol, 0.01 equiv),
CFsl (5 mmol, 5 equiv) and DMF (6 mL) were used. The reaction was conducted in a 25
mL round bottom flask. The reaction mixture was then diluted with Et,O (40 mL), and
the resulting mixture was washed with water (2 x 40 mL), saturated aqueous CaCl, (1 x
40 mL), and brine (1 x 40 mL) and then dried over magnesium sulfate. The solvent was
removed by rotary evaporation at 0 °C, and the product was purified by Kugelrohr
distillation at 100 °C at 10 mm Hg. The isolated product 12a (110.0 mg, 63% yield) was
95% pure, and contained traces (5%) of the corresponding protodeboronation byproduct
benzaldehyde, which was not easily separable by chromatography on silica gel. The 'H,
BC and "”F NMR spectroscopic data were identical to that reported previously in the

literature.*°

oF, The reaction was performed on a 0.25 mmol scale using the
0 /©/ standard procedure. The trifluoromethylated product 13a was
)J\” formed in 67% yield. The product showed a '’F NMR signal at —
(13a) 63.5 ppm in DCE (lit. —62.3 ppm in CDCL).*" The identity of the

product was further confirmed by GCMS analysis, where the product peak was observed

at 15.48 min.
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This reaction of substrate 13 was also conducted on a 1 mmol scale. For the 1 mmol scale
reaction, substrate 13 (179 mg, 1 mmol, 1 equiv), CuOAc (24 mg, 0.2 mmol, 0.2 equiv),
K,COs (138 mg, 1 mmol, 1 equiv), Ru(bpy);Cl,*6H,0 (7.4 mg, 0.01 mmol, 0.01 equiv),
CFsl (5 mmol, 5 equiv) and DMF (6 mL) were used. The reaction was conducted in a 25
mL round bottom flask. The reaction mixture was then diluted with Et,O (40 mL), and
the resulting mixture was washed with water (2 x 40 mL), saturated aqueous CaCl, (1 x
40 mL), and brine (1 x 40 mL) and then dried over magnesium sulfate. The solvent was
removed by rotary evaporation at 0 °C, and the product was purified by Kugelrohr
distillation at 150 °C at 10 mm Hg. The isolated product 13a (121.0 mg, 60% yield) was
95% pure, and contained traces (5%) of the corresponding protodeboronation byproduct
N-phenylacetamide, which was not easily separable by chromatography on silica gel. The
1

H, °C and ""F NMR spectroscopic data were identical to that reported previously in the

literature.*"

The reaction was performed on a 0.25 mmol scale using the

CF;3
Op standard procedure. The trifluoromethylated product 14a was
~
formed in 86% yield. The product showed a '°F NMR signal at —

@)

(14a) 62.7 ppm in DCE (lit. -62.9 ppm in CDCls).* The identity of the

product was further confirmed by GCMS analysis, where the product peak was observed

at 11.93 min.

This reaction of substrate 14 was also conducted on a 1 mmol scale. For the 1 mmol scale
reaction, substrate 14 (180 mg, 1 mmol, 1 equiv), CuOAc (24 mg, 0.2 mmol, 0.2 equiv),
K,COs (138 mg, 1 mmol, 1 equiv), Ru(bpy);Cl,*6H,0 (7.4 mg, 0.01 mmol, 0.01 equiv),
CFsl (5 mmol, 5 equiv) and DMF (6 mL) were used. The reaction was conducted in a 25
mL round bottom flask. The reaction mixture was then diluted with Et,O (40 mL), and
the resulting mixture was washed with water (2 x 40 mL), saturated aqueous CaCl, (1 x
40 mL), and brine (1 x 40 mL) and then dried over magnesium sulfate. The solvent was
removed by rotary evaporation at 0 °C, and the product was purified by Kugelrohr
distillation at 100 °C at 10 mm Hg. The isolated product 14a (139.0 mg, 68% yield) was
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95% pure, and contained traces (5%) of the corresponding protodeboronation byproduct
methyl benzoate, which was not easily separable by chromatography on silica gel. The
'H, °C and ""F NMR spectroscopic data were identical to that reported previously in the

literature.*

cF, | The reaction was performed on a 0.25 mmol scale using 10 mol % of
/©/ CuOAc (3 mg, 0.025 mmol, 0.1 equiv) under otherwise identical

HO

(15a) conditions. The "’F NMR spectral data for 15a matched that of an

authentic sample (Matrix Scientific, s, —60.7 ppm). The
trifluoromethylated product was formed in 50% yield. The identity of the product was
further confirmed by GCMS analysis, where the product peak was observed at 11.90 min.

This reaction of substrate 15 was also conducted on a 1 mmol scale. For the 1 mmol scale
reaction, substrate 15 (138 mg, 1 mmol, 1 equiv), CuOAc (12 mg, 0.1 mmol, 0.1 equiv),
K,COs (138 mg, 1 mmol, 1 equiv), Ru(bpy);Cl,*6H,0 (7.4 mg, 0.01 mmol, 0.01 equiv),
CFsl (5 mmol, 5 equiv) and DMF (6 mL) were used. The reaction was conducted in a 25
mL round bottom flask. The reaction mixture was then diluted with Et,O (40 mL), and
the resulting mixture was washed with water (2 x 40 mL), saturated aqueous CaCl, (1 x
40 mL), and brine (1 x 40 mL) and then dried over magnesium sulfate. The solvent was
removed by rotary evaporation at 0 °C, and the product was purified by Kugelrohr
distillation at 110 °C at 10 mm Hg. Compound 15a was obtained as a 10:1 mixture with
the inseparable protodeboronation product phenol as a clear liquid (69.0 mg in total, 40%
yield for 15a). The 'H, C and ""F NMR spectroscopic data were identical to the

authentic sample.

N CFs The reaction was performed on a 0.25 mmol scale using 50 mol % of
N A CuOAc (15 mg, 0.125 mmol, 0.5 equiv) and 3 equivalent of CFsl
(16a) (0.75 mmol, 3 equiv) under otherwise identical conditions. The "F

NMR spectral data for 16a matched that of an authentic sample (Matrix Scientific, s, —
64.6 ppm). The trifluoromethylated product was formed in 64% yield. The identity of the
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product was further confirmed by GCMS analysis, where the product peak was observed

at 3.94 min.
The reaction was performed on a 0.25 mmol scale using the

M N
°0 | = standard procedure. The '’F NMR spectral data for 17a matched
= CF; | that of an authentic sample (Matrix Scientific, s, —61.1 ppm). The

17a
(17e) trifluoromethylated product was formed in 66% yield. The identity

of the product was further confirmed by GCMS analysis, where the product peak was

observed at 8.63 min.

The reaction was performed on a 0.25 mmol scale using the standard

N
©/\)\ procedure. The trifluoromethylated product 18a was formed in 70%
CF
: yield. The product showed a '°F NMR signal at —61.4 ppm in DCE

(lit. —61.4 ppm in CDCl3).*” The identity of the product was further

(18a)

confirmed by GCMS analysis, where the product peak was observed at 13.28 min.

This reaction of substrate 18 was also conducted on a 1 mmol scale. For the 1 mmol scale
reaction, substrate 18 (173 mg, 1 mmol, 1 equiv), CuOAc (24 mg, 0.2 mmol, 0.2 equiv),
K,COs (138 mg, 1 mmol, 1 equiv), Ru(bpy);Cl,*6H,0 (7.4 mg, 0.01 mmol, 0.01 equiv),
CFsl (5 mmol, 5 equiv) and DMF (6 mL) were used. The reaction was conducted in a 25
mL round bottom flask. The reaction mixture was then diluted with Et,O (40 mL), and
the resulting mixture was washed with water (2 x 40 mL), saturated aqueous CaCl, (1 x
40 mL), and brine (1 x 40 mL) and then dried over magnesium sulfate. The solvent was
removed by rotary evaporation at 0 °C, and the product was purified by Kugelrohr
distillation at 130 °C at 10 mm Hg. The isolated product 18a (132.0 mg, 67% yield) was
96% pure, and contained traces (4%) of the corresponding protodeboronation byproduct
quinoline. Subsequent purification of this sample by column chromatography on silica
gel using 2% diethyl ether in pentane as the eluent afforded 18a as a white solid (108 mg,
55% yield). The 'H, °C and "”’F NMR spectroscopic data were identical to that reported

previously in the literature.*’

@CFs

(19a)
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The reaction was performed on a 0.25 mmol scale using 50 mol % of CuOAc (15 mg,
0.125 mmol, 0.5 equiv) at 70 °C under otherwise identical conditions. The
trifluoromethylated product 19a was formed in 44% yield. The product showed a '°F
NMR signal at —63.6 ppm in DCE (lit. =64.8 ppm in CD;CN).*' The identity of the
product was further confirmed by GCMS analysis. The GC oven temperature program
was as follows: 30 °C hold 6 min, ramp 20 °C/min to 250 °C, and hold for 3 min. The

product peak was observed at 2.08 min.

o] The reaction was performed on a 0.25 mmol scale using 10 mol %
CF .
w °| of CuOAc (3 mg, 0.025 mmol, 0.1 equiv) at 40 °C under otherwise

(20a)

identical conditions. The trifluoromethylated product 20a was
formed in 72% yield. The product showed a '°’F NMR signal at —64.4 ppm in DCE (lit. —
64.8 ppm in CDCls).* The identity of the product was further confirmed by GCMS

analysis, where the product peak was observed at 10.52 min.

This reaction of substrate 20 was also conducted on a 1 mmol scale. For the 1 mmol scale
reaction, substrate 20 (162 mg, 1 mmol, 1 equiv), CuOAc (12 mg, 0.1 mmol, 0.1 equiv),
K,COs (138 mg, 1 mmol, 1 equiv), Ru(bpy);Cl,*6H,0 (7.4 mg, 0.01 mmol, 0.01 equiv),
CFsl (5 mmol, 5 equiv) and DMF (6 mL) were used. The reaction was conducted in a 100
mL round bottom flask. The reaction mixture was then diluted with Et,O (40 mL), and
the resulting mixture was washed with water (2 x 40 mL), saturated aqueous CaCl, (1 x
40 mL), and brine (1 x 40 mL) and then dried over magnesium sulfate. The solvent was
removed by rotary evaporation at 0 °C, and the product was purified by column
chromatography on aluminum oxide using pentane as the eluent. Compound 20a was
isolated as a clear liquid (104.0 mg, 56% yield). The 'H, °C and "’F NMR spectroscopic

data were identical to that reported previously in the literature.*

S The reaction was performed on a 0.25 mmol scale using 5 mol % of
CF

)7 °| CuOAc (1.5 mg, 0.0125 mmol, 0.05 equiv) under otherwise identical

(21a) conditions. The trifluoromethylated product 21a was formed in 54%

yield. The product showed a '°F NMR signal at —54.5 ppm in DCE (lit. —
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55.1 ppm in CDCls).** The identity of the product was further confirmed by GCMS

analysis, where the product peak was observed at 3.43 min.

Estrone boronic acid was prepared according to literature
procedure.” The reaction was performed on a 0.25 mmol

scale using 50 mol % of CuOAc (6 mg, 0.125 mmol, 0.5

equiv) under otherwise identical conditions. The

(22a)

trifluoromethylated product 22a was formed in 87% yield

by 'F NMR spectroscopy. The reaction mixture was then diluted with ethyl acetate (20
mL), and the resulting mixture was washed with brine (3 x 30 mL) and then dried over
magnesium sulfate. The solvent was removed by rotary evaporation, and the product was
purified by column chromatography on silica gel using ethyl acetate/hexane 1:9 as the
eluent. Compound 22a was obtained as white crystalline solid (65.0 mg, 80% yield, mp =
146.4-147.8 °C). '"H NMR (CDCls, 25 °C): § 7.40-7.38 (m, 2H), 7.36-7.33 (m, 1H), 2.98-
2.93 (m, 2H), 2.52 (dd, J = 19.1, 9.0 Hz, 1H), 2.47-2.42 (m, 1H), 2.37-2.30 (m, 1H),
2.20-1.96 (m, 4H), 1.70-1.44 (m, 6H), 0.92 (s, 3H). °C NMR ('H decoupled, CDCls, 25
°C): § 220.59, 143.86, 137.39, 128.24 (q, J = 31.8 Hz), 125.92, 125.86 (q, J = 4.1 Hz),
124.48 (q, J=272.3 Hz), 122.59 (q, J = 3.6 Hz), 50.63, 48.02, 44.58, 37.96, 35.95, 31.66,
29.43,26.34, 25.76, 21.72, 13.94. "°F NMR (CDCls, 25 °C): § —62.46 (s, 3F). HRMS EI
(m/z): [M]" caled for Ci9H, F30, 322.1545; measured, 322.1542.

Perfluoroalkylation of Aryl Boronic Acids

CiFe In a glovebox, substrate 1 (49.5 mg, 0.25 mmol, 1 equiv), CuOAc
O (15.3 mg, 0.125 mmol, 0.5 equiv), Ru(bpy);ClL,*6H,O (1.85 mg,
O 0.0025 mmol, 0.01 equiv) and K,CO; (35 mg, 0.25 mmol, 1 equiv)
(1b) were weighed into a 20 mL vial. DMF (1.5 mL) and then C4Fol

(215 pL, 1.25 mmol, 5 equiv) were added. The vial was sealed with a Teflon-lined cap,
removed from the glove box and placed in a clear oil bath at 60 °C with two 26 W
compact fluorescent light bulbs (one on either side of the vial about 5 cm away). The
reaction mixture was allowed to stir for 12 h. The resulting red reaction mixture was

cooled to room temperature and diluted with CH,Cl, (2 mL). 1,3,5-Trifluorobenzene
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(0.25 mmol, 1 equiv) was added as an internal standard, and the yield was determined to
be 82% by '’F NMR spectroscopy. The reaction mixture was then diluted with Et,0 (20
mL), and the resulting mixture was washed with water (3 x 20 mL) and brine (1 x 20 mL)
and then dried over magnesium sulfate. The solvent was removed by rotary evaporation,
and the product was purified by column chromatography on silica gel using hexane as the
eluent. Compound 1b was obtained as white crystalline solid (62.0 mg, 67% yield, mp =
50.8-51.6 °C). '"H NMR (CDCl;, 25 °C): § 7.72 (d, J = 8.0 Hz, 2H), 7.66 (d, J = 8.0 Hz,
2H), 7.62 (d, J = 8.0 Hz, 2H), 7.49 (t, J = 8.0 Hz, 2H), 7.42 (t, J= 8.0 Hz, 1H). °C NMR
("H decoupled, CDCls, 25 °C): § 145.07, 139.79, 129.15, 128.41, 127.70 (t, J = 24.7 Hz),
127.47 (2 carbons), 127.45, 127.40, 118-109 (multiple peaks, perfluoroalkyl chain). *C
NMR ("°F decoupled, CDCls, 25 °C): & 145.07 (m), 139.79 (m), 129.15 (dd, J = 161.8,
7.6 Hz), 128.42 (dt, J = 160.8, 7.8 Hz), 127.72 (t, J = 7.8 Hz), 128-126 (multiple
overlapping peaks), 117.67, 116.06 (m), 110.51, 109.15."F NMR (CDCl;, 25 °C): & —
81.03 (t, /= 9.4 Hz, 3F), -110.82 (t, J = 13.2 Hz, 2F), —122.70 (m, 2F), —125.57 (m, 2F).
HRMS EI (m/z): [M]" caled for C14HoFo, 372.0561; measured, 372.0551.

In a glovebox, substrate 1 (49.5 mg, 0.25 mmol, 1 equiv), CuOAc
O C1oFar (30.6 mg, 0.25 mmol, 1 equiv), Ru(bpy);Cl,»6H,O (1.85 mg,
O 0.0025 mmol, 0.01 equiv) and K,COs (35 mg, 0.25 mmol, 1
(1c) equiv) and CoF2;1 (193.8 mg, 0.3 mmol, 1.2 equiv) were weighed
into a 20 mL vial. DMF (1.5 mL) was added. The vial was sealed

with a Teflon-lined cap, removed from the glove box, and placed in a clear oil bath at 60
°C with two 26 W compact fluorescent light bulbs (one on either side of the vial about 5
cm away). The reaction mixture was allowed to stir for 12 h. The resulting red reaction
mixture was cooled to room temperature and diluted with CH,Cl, (2 mL). 1,3,5-
Trifluorobenzene (0.25 mmol, 1 equiv) was added as an internal standard, and the yield
was determined to be 80% by '’F NMR spectroscopy. The reaction mixture was then
diluted with Et;O (20 mL), and the resulting mixture was washed with water (3 x 20 mL)
and brine (1 x 20 mL) and then dried over magnesium sulfate. The solvent was removed
by rotary evaporation, and the product was purified by column chromatography on silica

gel using hexane as the eluent. Compound 1c¢ was obtained as white crystalline solid
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(119.0 mg, 71% yield, mp = 91.4-94.8 °C). '"H NMR (CDCls, 25 °C): & 7.72 (d, J = 8.0
Hz, 2H), 7.66 (d, J = 8.0 Hz, 2H), 7.62 (d, J = 7.5 Hz, 2H), 7.48 (t, J = 8.0 Hz, 2H), 7.42
(t, J= 7.5 Hz, 1H). °C NMR ('H decoupled, CDCls, 25 °C): & 145.08, 139.82, 129.15,
128.41, 127.87 (t, J = 24.8 Hz), 127.52, 127.46 (2 carbons), 127.42, 118-108 (multiple
peaks, perfluoroalkyl chain). >C NMR ("°F decoupled, CDCls, 25 °C): & 145.08 (m),
139.82 (m), 129.15 (dd, J = 161.8, 7.8 Hz), 128.41 (dt, J = 160.8, 7.3 Hz), 127.86 (t, J =
7.9 Hz), 128-126 (multiple overlapping peaks), 117.29, 116.21, 111.57, 111.08, 111.04,
110.96, 110.86, 110.34, 108.55. '°F NMR (CDCls, 25 °C): 8 —80.88 (t, J = 9.4 Hz, 3F), —
110.61 (t, J = 14.1 Hz, 2F), —121.25 (m, 2F), —~121.80 (m, 8F), —121.96 (m, 2F), —122.76
(m, 2F), —126.19 (m, 2F). HRMS EI (m/z): [M]" calcd for CoHoFs;, 672.0369; found,
672.0361.

Synthesis and Characterization of Products in Scheme 2.14
Standard Procedure for Trifluoromethylation of Aryl Boronic Acids with
NaSOzCF3/TBHP

Reaction Conditions A: To a solution of substrate (0.5 mmol, 1 equiv), CuCl (50 mg, 0.5
mmol, 1 equiv), and NaSO,CF; (234 mg, 1.5 mmol, 3.0 equiv) in a mixture of
MeOH/DCM/H,0 (1 mL/1 mL/0.8 mL) at 0 °C was slowly added TBHP (70% solution
in water, 0.34 mL, 2.5 mmol, 5.0 equiv) with stirring. The reaction was allowed to warm
to room temperature and was then stirred for 12 h. Diethyl ether (8 mL) was added, and
the organic layer was extracted with saturated aqueous sodium bicarbonate (6 mL) and
potassium sulfite (2 mL) solutions. The organic layers were separated and dried over
MgSO,. 1,3,5-Trifluorobenzene (0.5 mmol, 1 equiv) was added as an internal standard,
and the reaction was analyzed by "F NMR spectroscopy and GCMS. The GC oven
temperature program was as follows: 40 °C hold 3 min, ramp 20 °C/min to 250 °C, and

hold for 1.5 min.

Reaction Conditions B: To a solution of substrate (0.5 mmol, 1 equiv), (MeCN),CuPFg
(186.4 mg, 0.5 mmol, 1 equiv), NaHCO; (42 mg, 0.5 mmol, 1 equiv) and NaSO,CF; (234
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mg, 1.5 mmol, 3.0 equiv) in MeOH (3 mL) at 0 °C was slowly added TBHP (70%
solution in water, 0.28 mL, 2.0 mmol, 4.0 equiv). The reaction was allowed to warm to
room temperature and was then stirred for 12 h. Diethyl ether (8§ mL) was added, and the
organic layer was extracted with saturated aqueous sodium bicarbonate (6 mL) and
potassium sulfite (2 mL) solutions. The organic layer was separated, and the aqueous
layer was extracted with diethyl ether (3 x 8 mL). The combined organic layers were
dried over MgSO.. 1,3,5-Trifluorobenzene (0.5 mmol, 1 equiv) was added as an internal
standard, and the reaction was analyzed by '°F NMR spectroscopy and GCMS. The GC
oven temperature program was as follows: 40 °C hold 3 min, ramp 20 °C/min to 250 °C,

and hold for 1.5 min.

The reaction was performed using reaction condition A on a 0.5
CF

O ? mmol scale (substrate 1, 99 mg). The trifluoromethylated

O product 1a was formed in 95% yield as determined by '’F NMR

(1a) spectroscopic analysis. After reaction workup, the solvent was

removed by rotary evaporation at 0 °C, and the product was
purified by column chromatography on silica gel using pentane as the eluent (Rg = 0.72).
Compound 1a was obtained as white crystalline solid (94 mg, 85% yield, mp = 70.2-70.8
°C; literature™ = 70-71 °C).

"H NMR (CDCL): & 7.73 (s, 4H), 7.63 (m, 2H), 7.51 (m, 2H), 7.45 (m, 1H). °C NMR
(CDCLy): & 144.85, 139.88, 129.48 (q, J = 32.5 Hz), 129.12, 128.33, 127.54, 127.40,
125.84 (q, J = 3.8 Hz), 124.50 (q, J = 272.0 Hz). "’F NMR (CDCl3): § —62.37 (s, 3F).
HRMS EI (m/z): [M]" caled for C 3HoF3, 222.0656; measured, 222.0658.

CF, The reaction was performed using reaction conditions A on a 0.5
©/ mmol scale (substrate 2, 61 mg). The trifluoromethylated product

(2a) 2a was formed in 74% vyield as determined by ""F NMR

spectroscopic analysis. The '°F NMR spectral data for 2a matched
that of an authentic sample (Acros, s, —62.3 ppm). The identity of the product was further
confirmed by GCMS analysis, where the product peak was observed at 3.58 min.
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The reaction was performed using reaction conditions A on a 0.5

CF,
/©/ mmol scale (substrate 3, 76 mg). The trifluoromethylated product
MeO

(3a) 3a was formed in 94% vyield as determined by ""F NMR

spectroscopic analysis. The '’F NMR spectral data for 3a matched
that of an authentic sample (SynQuest Labs, s, —61.0 ppm). The identity of the product
was further confirmed by GCMS analysis, where the product peak was observed at 6.99

min.

The reaction was performed using reaction conditions A on a 0.5
mmol scale (substrate 4, 89 mg). The trifluoromethylated product
4a was formed in 87% vyield as determined by ""F NMR

(4a)

spectroscopic analysis. After reaction workup, the solvent was

removed by rotary evaporation at 0 °C, and the product was purified by column
chromatography on silica gel using pentane as the eluent (Rr = 0.82). Compound 4a was

obtained as clear liquid (75 mg, 74% yield).

"H NMR (CDCl;): & 7.58 (d, J = 8.3 Hz, 2H), 7.52 (d, J = 8.3 Hz, 2H), 1.37 (s, 9H). °C
NMR (CDCls): & 155.33, 127.95 (q, J = 32.3 Hz), 125.81, 125.15 (q, J = 3.8 Hz), 124.60
(q, J = 271.5 Hz), 35.10, 31.26. "°F NMR (CDClLs): & —62.38 (s, 3F). HRMS EI (m/z):
[M]" caled for C;1H,3F3, 202.0969; measured, 202.0977.

CF The reaction was performed using reaction conditions B on a 0.5
3

/©/ mmol scale (substrate 5, 95 mg). The trifluoromethylated product
FsC 5a was formed in 78% yield as determined by "F NMR

(5a)

spectroscopic analysis. The '’F NMR spectral data for 5a matched
that of an authentic sample (Aldrich, s, —=62.8 ppm). The identity of the product was
further confirmed by GCMS analysis, where the product peak was observed at 3.50 min.

The reaction was performed using reaction conditions B on a 0.5

CF
/©/ ’ mmol scale (substrate 6, 73.47 mg). The trifluoromethylated
NC

(6a)
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product 6a was formed in 70% yield as determined by '’F NMR spectroscopic analysis.
After reaction workup, the solvent was removed by rotary evaporation at 0 °C, and the
product was purified by column chromatography on silica gel using 2% diethyl ether in
pentane as the eluent (Rp = 0.24). Compound 6a was obtained as white crystalline solid

(53 mg, 62% yield, mp = 35.2-36.4 °C; literature™ = 35 °C).

'"H NMR (CDCL): & 7.81 (d, J = 7.9 Hz, 2H), 7.76 (d, J = 7.9 Hz, 2H). °C NMR
(CDCLs): & 134.73 (q, J = 33.6 Hz), 132.83, 126.34 (q, J = 3.7 Hz), 123.18 (q, J = 273.1
Hz), 117.58, 116.22. "F NMR (CDCls): 8 —63.56 (s, 3F). HRMS EI (m/z): [M]" calcd for
CgH4F5N, 171.0296; measured, 171.0301.

The reaction was performed using reaction conditions A on a 0.5

CF
/©/ ? mmol scale (substrate 7, 124 mg). The trifluoromethylated product
I

7a was formed in 77% yield as determined by '"F NMR
(7a)

spectroscopic analysis. After reaction workup, the solvent was

removed by rotary evaporation at 0 °C, and the product was purified by column
chromatography on silica gel with pentane as the eluent (Rg = 0.88). Compound 7a was

obtained as a colorless liquid (93 mg, 68% yield).

'"H NMR (CDCL): & 7.84 (d, J = 8.3 Hz, 2H), 7.35 (d, J = 8.3 Hz, 2H). °C NMR
(CDCLy): & 138.16, 130.28 (q, J = 32.9 Hz), 126.98 (q, J = 3.8 Hz), 124.11 (q, J = 272.2
Hz), 98.72. F NMR (CDCl): 8 —63.11 (s, 3F). HRMS EI (m/z): [M]" calcd for C/H4F;L,
271.9310; measured, 271.9306.

The reaction was performed using reaction conditions A on a 0.5

CF;
/©/ mmol scale (substrate 8, 70 mg). The trifluoromethylated product
F 8a was formed in 79% yield as determined by '"F NMR

(8a)

spectroscopic analysis. The '’F NMR spectral data for 8a matched
that of an authentic sample (Matrix Scientific, s, 3F, —=61.6 ppm; m, F, —107.5 ppm). The
identity of the product was further confirmed by GCMS analysis, where the product peak

was observed at 3.40 min.
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The reaction was performed using reaction conditions A on a 0.5

CFs mmol scale (substrate 10, 82 mg). The trifluoromethylated product

10a was formed in 86% yield as determined by '"F NMR

(10a) spectroscopic analysis. After reaction workup, the solvent was

removed by rotary evaporation at 0 °C, and the product was purified by column
chromatography on silica gel using 2% diethyl ether in pentane as the eluent (Rr = 0.79).
Compound 10a was obtained as colorless liquid (66 mg, 70% yield).

"H NMR (CDCL): § 6.92 (s, 2H), 2.47 (s, 6H), 2.32 (s, 3H). °C NMR (CDCL): § 141.00,
137.42 (q, J = 1.8 Hz), 130.99, 126.34 (q, J = 275.7 Hz), 124.90 (q, J = 28.4 Hz), 21.45
(q, J = 4.0 Hz), 20.97. ’F NMR (CDCls): & —53.74 (s, 3F). HRMS EI (m/z): [M]" calcd
for CoH;F3, 188.0813; measured, 188.0814.

The reaction was performed using reaction conditions B on a 0.5

CFs mmol scale (substrate 11, 82 mg). The trifluoromethylated product

11a was formed in 72% yield as determined by ""F NMR

(11a) spectroscopic analysis. After reaction workup, the solvent was

removed by rotary evaporation at 0 °C, and the product was
purified by column chromatography on silica gel using 3% diethyl ether in pentane as the
eluent (Rr = 0.18). Compound 11a was obtained as a white crystalline solid that melts at
very close to room temperature (64 mg, 67% yield). The isolated product 11a was 96%
pure, and contained traces (4%) of 1-(4-chlorophenyl)ethanone, which was not easily

separable by chromatography on silica gel.

"H NMR (CDCl;): & 8.06 (d, J = 8.0 Hz, 2H), 7.73 (d, J = 8.0 Hz, 2H), 2.64 (s, 1H). °C
NMR (CDCls): & 197.11, 139.78, 134.55 (q, J = 32.7 Hz), 128.75, 125.81 (q, J = 3.7 Hz),
123.72 (q, J = 272.8 Hz), 26.93. "’F NMR (CDCl3): & —63.16 (s, 3F). HRMS EI (m/z):
[M]" calcd for CoH;F30, 188.0449; measured, 188.0451.
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The reaction was performed using reaction conditions A on a 0.5

CF
)(i O ’ mmol scale (substrate 13, 89 mg). The trifluoromethylated
N

H product 13a was formed in 89% yield as determined by '°’F NMR
(13a)

spectroscopic analysis. After reaction workup, the solvent was

removed by rotary evaporation at 0 °C, and the product was purified by column
chromatography on silica gel using 50% diethyl ether in pentane as the eluent (Rr =
0.22). Compound 13a was obtained as white crystalline solid (81 mg, 80% yield, mp =
151.6-152.4 °C; literature™® = 153-155 °C).

'H NMR (CDCL): & 7.63 (d, J = 8.7 Hz, 1H), 7.57 (d, J = 8.7 Hz, 1H), 7.39 (br s, 1H),
2.21 (s, 3H). °C NMR (CDCls): § 168.75, 141.03, 126.40 (q, J = 3.5 Hz), 126.04 (q, J =
32.9 Hz), 124.18 (q, J = 271.4 Hz), 119.47, 24.83. ’F NMR (CDCl;): & —62.18 (s, 3F).
HRMS EI (m/z): [M]" caled for CoHgF3NO, 203.0558; measured, 203.0558.

The reaction was performed using reaction conditions B on a 0.5
CFs | mmol scale (substrate 14, 90 mg). The trifluoromethylated
/O\[(©/ product 14a was formed in 67% vyield as determined by '°F

O (14a) NMR spectroscopic analysis. After reaction workup, the solvent

was removed by rotary evaporation at 0 °C, and the product was
purified by column chromatography on silica gel using 2% diethyl ether in pentane as the
eluent (Rr = 0.32). Compound 14a was obtained as clear liquid (68 mg, 67% yield). The
isolated product 14a was 96% pure, and contained traces (4%) of methyl 4-

chlorobenzoate, which was not easily separable by chromatography on silica gel.

"H NMR (CDCl;): & 8.14 (d, J = 7.9 Hz, 2H), 7.70 (d, J = 7.9 Hz, 2H), 3.95 (s, 3H). °C
NMR (CDCls): & 165.99, 134.55 (q, J = 32.4 Hz), 133.47, 130.10, 125.53 (q, J = 3.8 Hz),
123.76 (q, J = 272.7 Hz), 52.65. "’F NMR (CDCls): & —63.20 (s, 3F). HRMS EI (m/z):
[M]" caled for CoH7F30,, 204.0398; measured, 204.0405.

The reaction was performed using reaction conditions A on a 0.5

CF;
/©/ mmol scale (substrate 15, 69 mg). The trifluoromethylated product
HO

(15a)

68




15a was formed in 93% yield as determined by '°F NMR spectroscopic analysis. After
reaction workup, the solvent was removed by rotary evaporation at 0 °C, and the product
was purified by column chromatography on silica gel using 15% diethyl ether in pentane
as the eluent (Rg = 0.27). Compound 15a was obtained as white crystalline solid (68 mg,
84% yield, mp = 41.2-42.2 °C; literature*’ = 42-43 °C).

"H NMR (CDCl): & 7.51 (d, J = 8.5 Hz, 2H), 6.90 (d, J = 8.5 Hz, 2H), 5.20 (s, 1H). °C
NMR (CDCls): & 158.25, 127.35 (q, J = 3.8 Hz), 124.49 (q, J=271.1 Hz), 123.37 (q, J =
32.8 Hz), 115.58. ”F NMR (CDCls): & —61.58 (s, 3F). HRMS EI (m/z): [M]" calcd for
C7HsF50, 162.0293; measured, 162.0291.

The reaction was performed using reaction conditions B on a 0.5

N
@;\ mmol scale (substrate 18, 86.5 mg). The trifluoromethylated
(18a) CFs product 18a was formed in 58% yield as determined by '’F NMR
a

spectroscopic analysis. After reaction workup, the solvent was
removed by rotary evaporation at 0 °C, and the product was purified by column
chromatography on silica gel using 2% diethyl ether in pentane as the eluent (Rr = 0.12).
Compound 18a was obtained as white crystalline solid (54 mg, 55% yield, mp = 43.4-
44.0 °C; literature™ = 42-43 °C).

'H NMR (CDClLy): 8 9.11 (s, 1H), 8.45 (s, 1H), 8.19 (d, J = 8.5 Hz, 1H), 7.93 (d, J= 8.5
Hz, 1H), 7.86 (ddd, J = 8.5, 6.8, 1.4 Hz, 1H), 7.67 (dd, J = 8.3, 6.8 Hz, 1H). °C NMR
(CDCLy): & 149.52, 146.18, 134.08 (q, J = 4.2 Hz), 131.90, 129.79, 128.74, 128.14,
126.42, 123.83 (q, J = 272.3 Hz), 123.76 (q, J = 32.8 Hz). ’F NMR (CDCl;): § —61.83
(s, 3F). HRMS EI (m/z): [M+H]" calcd for C,oH7F3N, 198.0525; measured, 198.0524.

The reaction was performed using reaction conditions A on a 0.5

@ mmol scale (substrate 20, 81 mg). The trifluoromethylated product
/ CF3

20a was formed in 89% yield as determined by 'F NMR
(20a)

spectroscopic analysis. After reaction workup, the solvent was

removed by rotary evaporation at 0 °C, and the product was purified by column
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chromatography on silica gel using pentane as the eluent (Rr = 0.69). Compound 20a was

obtained as colorless liquid (72 mg, 78% yield).

'HNMR (CDCL): 8 7.67 (d, J= 7.9 Hz, 1H), 7.58 (d, J = 8.4 Hz, 1H), 7.45 (m, 1H), 7.34
(m, 1H), 7.17 (s, 1H). >C NMR (CDCl): & 155.30, 143.64 (q, J = 42.1 Hz), 127.08,
126.16, 124.13, 122.64, 119.48 (q, J = 267.9 Hz), 112.26, 108.27 (q, J = 3.1 Hz). "°F
NMR (CDCls): & —67.44 (s, 3F). HRMS EI (m/z): [M]" calcd for CoHsF;0, 186.0292;
measured, 186.0301.

The reaction was performed using reaction conditions A on a 0.5

CF;
/©/ mmol scale (substrate 23, 68 mg). The trifluoromethylated product

23a was formed in 86% yield as determined by 'F NMR
(23a)

spectroscopic analysis. The 'F NMR spectral data for 23a

matched that of an authentic sample (Alfa Aesar, s, —61.73 ppm). The identity of the
product was further confirmed by GCMS analysis, where the product peak was observed

at 5.20 min.

The reaction was performed using reaction conditiosn A on a 0.5

CF,
@ mmol scale (substrate 24, 68 mg). The trifluoromethylated product
24a was formed in 95% vyield as determined by ""F NMR

(24a)

spectroscopic analysis. The 'F NMR spectral data for 24a
matched that of an authentic sample (Matrix Scientific, s, —61.45 ppm). The identity of
the product was further confirmed by GCMS analysis, where the product peak was

observed at 5.22 min.

The reaction was performed using reaction conditions A on a 0.5

©:CF3 mmol scale (substrate 25, 76 mg). The trifluoromethylated product
OMe 25a was formed in 93% yield as determined by ""F NMR

(25a) spectroscopic analysis. The 'F NMR spectral data for 25a

matched that of an authentic sample (Alfa Aesar, s, —62.5 ppm).
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The identity of the product was further confirmed by GCMS analysis, where the product

peak was observed at 7.24 min.

The reaction was performed using reaction conditions A on a 0.5

/©/ CFs mmol scale (substrate 26, 107 mg). The trifluoromethylated
PhO

product 26a was formed in 92% yield as determined by '’F NMR
(26a)

spectroscopic analysis. After reaction workup, the solvent was

removed by rotary evaporation at 0 °C, and the product was purified by column
chromatography on silica gel using pentane as the eluent (Rr = 0.63). Compound 26a was

obtained as clear liquid (105 mg, 88% yield).

'H NMR (CDCl): 8 7.59 (d, J = 8.7 Hz, 2H), 7.41 (m, 2H), 7.21 (m, 1H), 7.06 (m, 4H).
C NMR (CDClL): & 160.67, 155.86, 130.21, 127.25 (q, J = 3.8 Hz), 124.98 (q, J = 32.7
Hz), 124.48, 124.37 (q, J = 271.4 Hz), 120.08, 117.99. ’F NMR (CDClL): § —61.77 (s,
3F). HRMS EI (m/z): [M]" calcd for C;3HoF;0, 238.0606; measured, 238.0611.

The reaction was performed using reaction conditions A on a 0.5

CF;
Q mmol scale (substrate 27, 78.18 mg). The trifluoromethylated
cl product 27a was formed in 68% yield as determined by '°’F NMR

(27a)

spectroscopic analysis. The 'F NMR spectral data for 27a
matched that of an authentic sample (AK Scientific, Inc., s, —=62.02 ppm). The identity of
the product was further confirmed by GCMS analysis, where the product peak was

observed at 5.73 min.

The reaction was performed using reaction conditions B on a 0.5
S mmol scale (substrate 28, 78.68 mg). The trifluoromethylated

= CFs product 28a was formed in 85% yield as determined by '°’F NMR
(28a)

spectroscopic analysis. The 'F NMR spectral data for 28a

matched that of an authentic sample (Matrix Scientific, s, —61.72 ppm). The identity of
the product was further confirmed by GCMS analysis, where the product peak was

observed at 6.06 min.
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The reaction was performed using reaction conditions A on a 0.5

| Ny OMe mmol scale (substrate 29, 76.5 mg). The trifluoromethylated
= CF3 product 29a was formed in 96% yield as determined by '°’F NMR
(2a) spectroscopic analysis. The 'F NMR spectral data for 29a

matched that of an authentic sample (Matrix Scientific, s, —=63.19 ppm). The identity of
the product was further confirmed by GCMS analysis, where the product peak was

observed at 6.44 min.

The reaction was performed using reaction conditions A on a 0.5

@Cﬁ mmol scale (substrate 30, 89 mg). The trifluoromethylated product

(308) 30a was formed in 84% yield as determined by 'F NMR
a

spectroscopic analysis. After reaction workup, the solvent was
removed by rotary evaporation at 0 °C, and the product was purified by column
chromatography on silica gel using pentane as the eluent (Rg = 0.69). Compound 30a was
obtained as white crystalline solid (78 mg, 77% yield, mp = 53.5-54.0 °C; literature™ =
52-53 °C).

'H NMR (CDCL): § 7.93 — 7.81 (multiple peaks, 2H), 7.70 (s, 1H), 7.54-7.40 (multiple
peaks, 2H). >C NMR (CDCls): § 140.28, 137.88, 131.39 (q, J = 38.2 Hz), 126.70, 125.78
(q, J = 4.2 Hz), 125.35, 125.24, 122.69 (q, J = 269.4 Hz), 122.75. "’F NMR (CDCl;): 8 —
56.32 (s, 3F). HRMS EI (m/z): [M]" calcd for CoHsF3S, 202.0064; measured, 202.0063.

The reaction was performed using reaction conditions A on a 0.5

CF
o °| mmol scale (substrate 31, 106 mg). The trifluoromethylated
product 31a was formed in 92% yield as determined by '’F NMR
(31a) spectroscopic analysis. After reaction workup, the solvent was

removed by rotary evaporation at 0 °C, and the product was
purified by column chromatography on silica gel using pentane as the eluent (Rr = 0.54).
Compound 31a was obtained as white crystalline solid (102 mg, 86% yield, mp = 56.8-
57.6 °C).
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'H NMR (CDCls): & 8.09 (d, J= 7.7 Hz, 1H) 7.94 (d, J = 7.7 Hz, 1H), 7.69 (m, 1H), 7.64
(s, 1H), 7.52 (m, 1H), 7.40 (m, 2H). >C NMR (CDCl5): & 156.58, 152.19 (q, J = 1.8 Hz),
128.30, 126.15, 124.51, 124.07 (q, J = 4.5 Hz), 123.56, 123.43 (d, J = 272.1 Hz), 123.10,
122.51, 120.90, 115.13 (q, J = 34.0 Hz), 112.31. ’F NMR (CDCl;): 8 —61.02 (s, 3F).
HRMS EI (m/z): [M]" caled for C 3H7F30, 236.0449; measured, 236.0451.
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CHAPTER 3

Ag-Mediated Aromatic Trifluoromethylation

3.1 Background

Despite substantial progress in this field of Cu'? and Pd>*-based
trifluoromethylation, current protocols still have significant limitations. In many cases,

: T3 12bded - . 12a7b :
expensive “CF;™,!2>4¢% or “CF;™ precursors are required.”>’® Other methods involve

1d,3b4a,b i
°C."“"™ In addition,

harsh reaction conditions, such as temperatures greater than 100
most research efforts have focused on a transition metal catalyzed/mediated cross-
coupling strategy, which require substrate prefunctionalization.

Transition metal catalyzed/mediated direct C-H trifluoromethylation would
alleviate the need for pre-functionalized substrates. However, this area also presents
significant challenges. In 2010, the Yu group demonstrated the first Pd-catalyzed ortho-
trifluoromethylation of arenes bearing a nitrogen-based directing group using the
Umemoto reagent (Scheme 3.1a) (for more discussion of the mechanism of this
transformation, see Chapter 4).* Further exploration of this strategy by Yu™ and Shi*!
revealed that N-arylbenzamides and acetanilides are both viable substrates under similar
conditions (Scheme 3.1b,c). Both results represent remarkable advances in the field of
Pd-catalyzed C—H functionalization, since N-arylbenzamides and acetanilides are readily

accessible from aromatic carboxylic acids and anilines, and more importantly, could be

used as synthetic handles for further functionalization.
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Scheme 3.1. Pd-Catalyzed C—H ortho-Trifluoromethylation
10 mol % Pd(OAc),

1 equiv Cu(OAc), =
10 equiv TFA - |
(a) Yu, 2010 > T N
DCE, 110 °C R
CF;
10 mol % Pd(OAc),
2 equiv Cu(OAc),
10 equiv TFA
X CONHzAr 15 equiv N-methylformamide XN CONHgAr
(b) Yu, 2012 R-L + S ~ » R--
Ny + BF, DCE, 130 °C ZCF,

Ar = (4'CF3)CBH4
10 mol % Pd(OAc),

F3
H 2.2 equiv Cu(OAc), H
N_ _R2 O 5 equiv PivOH N N\n/
. |
(c) Shi, 2013 R S% BF, R'T o)

DCE, 110°C P
H ¢F, CF3

/
=

C—H trifluoromethylation can also be achieved in an indirect fashion, namely
through initial C-H functionalization, followed by a second transition-metal
catalyzed/mediated cross-coupling reaction. For example, Hartwig™ and Shen® reported
the selective trifluoromethylation of 1,3-disubstituted arenes through a sequence of Ir-
catalyzed borylation and subsequent trifluoromethylation (Scheme 3.2). Several
examples of Pd-catalyzed C—H trifluoromethylation of reactive heterocyclic substrates

have also been reported in the literature.’

Scheme 3.2. Trifluoromethylation of Aryl-H or Aryl-Br through Arene Borylation

—

N
Cu-CF
R! H —~N— u 3
; cat. [Ir] S
(a) Hartwig, 2012 N [ Ar—BPIn } —
R® B,Pin,
R2 not isolated
;
R! H R! BPin e R CF3
(b )Shen, 2012 catil O cat.[Cul
B,Pin, CF; 1
R2 R? I
o)

not isolated
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In addition, non-metal mediated free-radical approaches are available for direct
arene trifluoromethylation.”® Despite enabling direct C—H trifluoromethylation of non-
prefunctionalized substrates, most current CF3;*-based methods are limited because they
require inconvenient electrochemical or photochemical activation procedures’™*¢ or
utilize potentially explosive reagents like peroxides at elevated temperatures.’*® It was
not until very recently that several practical, mild and versatile radical
trifluoromethylation approaches were reported by Baran, MacMillan, and Cho.” A
detailed discussion of these novel strategies can be found in Chapter 2.

One of our long-term goals was to address the challenges associated with Pd and
Cu-based trifluoromethylation by identifying novel transition metal systems that could
promote this transformation. Our initial efforts focused on Ag for several reasons. First,
Ag' has the same electronic configuration as Cu', which suggests the possibility for
similar reactivity. Secondly, Ag has been used for promoting other related organometallic
reactions.'® Finally, despite several recent reports on the synthesis of AgCFs, this
reagent’s reactivity is rarely discussed.'""'?

In this chapter, we discuss the development, scope, and mechanism of a mild C—H

trifluoromethylation protocol using a combination of AgOTf, KF, and TMSCF;.

3.2 Reaction Optimization

CuCF; complexes are well-known to react with aryl iodides to afford
benzotrifluoride products.' Thus, we first sought to examine the reactivity of AgCF; with
PhI (Scheme 3.3). AgCF; was generated in situ from the reaction of AgF with TMSCF3
in MeCN for 15 min at 25 °C using the procedure of Tyrra and Naumann.'' PhI (20
equiv) was then added, and the reaction was heated at 85 °C for 24 h. "F NMR
spectroscopic analysis of the crude reaction mixture did not show the presence of PhCFs.
Instead, three isomeric C—H trifluoromethylation products were observed in 15% total
yield based on TMSCF; (0 : m : p ratio = 1.5 : 1 : 1.2). This result clearly demonstrates
the orthogonal reactivity of AgCF; and CuCFj; reagents with aryl-H versus aryl-I bonds.
Conducting this same procedure with benzene in place of Phl afforded the C-H
trifluoromethylation product PhCF3 in 28% yield (Scheme 3.4).
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Scheme 3.3. Reaction of AgCF3 with Phl
|

[: J | CF,
TMSCF4 =
AgF —SCTs_ 1AgCF] —~  » F.cl
9F —ecn - [AGCF:] MoCN FsC Q/ ©/

25 °C, 15 mi o
C, 15 min 85°C, 24 h (15%) )
o:m:p=1.5:1:1.2| not detected

(1la:1b:1c)

Scheme 3.4. Reaction of AgCF; with Benzene

TMSCF CFs
— > 3, [AgCF;] ———  »
MeCN ~ MeCN
25 °C, 15 min 85°C, 24 h 2
(28%)

This Ag-mediated C—-H trifluoromethylation reaction was optimized using
benzene (20 equiv) as the substrate and DCE as the solvent. Since this is a net 2e”
oxidation reaction (where Ag' is presumably acting as the terminal oxidant), our
optimization studies began with 2 equiv of various Ag' salts. As shown in Table 3.1, the
use of 2 equiv of AgF, AgNOs, or AgOTf in the presence of 2 equiv of KF afforded
trifluorotoluene in modest yield, with AgOTTf providing the best result (entries 3-5).
When 1 equiv of AgOT/KF was used, trifluorotoluene was obtained in only 22% yield.
AgOAc and Ag,0 generated <10% product under analogous conditions (entries 1 and 2).
Moving from 2 equiv to 4 equiv of AgOT{/KF improved the yield from 68 to 87%
(entries 5 and 6). Importantly, KF is required for the AgOTf reaction (entry 7),
presumably to activate the TMSCFs.

The use of a large excess of substrate (20 equiv) typically led to higher conversion
to the desired CF; product; however, excess substrate is not required for this
transformation. When the reaction was conducted with 1 equiv of benzene in the presence
of 5 equiv TMSCF; under otherwise identical conditions, trifluorotoluene was formed in
53% vyield (entry 8). Smaller excess amount of substrates (1, 5, or 10 equiv) were also

evaluated for this conversion, and the yields are shown in Table 3.2.
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Table 3.1. Optimization of Trifluoromethylation Reaction!*I"

A I
~
+ TMSCF; ———— >
(1 equiv) DCE, N,
(20 equiv) 85 °C, 24 h
entry metal salt (equiv) KF equiv yield (%)
1 AgOAc (2) 2 6
2 Ag0(2) 2 6
3 AgNOs3(2) 2 40
4 AgF (2) 2 45
5 AgOTf (2) 2 68
6 AgOTf (4) 4 87
7t AgOTf (4) 0 0
gl AgOTf (4) 4 53

[lGeneral conditions: C¢Hs (20 equiv), TMSCF; (1 equiv) in DCE at 85 °C for 24 h. ®lyields
determined by "F NMR analysis. ') No KF. ' Conditions: C¢Hs (1 equiv), TMSCF; (5 equiv),
AgOTTf (4 equiv), KF (4 equiv) in DCE at 85 °C for 24 h.

Table 3.2. Trifluoromethylation of Benzene with Different Equivalents of Benzene

4 equiv AgOTf
© . 4 equiv KF ©/ CF3
+ Me3S|—CF3 >
(1 equiv) DE:E’ N2
(1-20 equiv) 85°C,24h )

entry CsHe (equiv) yield (%)

1 1 17

2 5 49

3 10 75

4 20 87

lGeneral conditions: C¢Hg (1-20 equiv), TMSCF; (1 equiv), AgOTf (4 equiv), KF (4 equiv) in
DCE at 85 °C for 24 h.

Finally, we examined the reactivity of Cu' salts such as [CuOTf]-1/2C¢Hg and Cul
under our optimal conditions. As shown in Scheme 3.5, they provided none of the C-H
trifluoromethylation product, again highlighting the complementarity of this Ag-based

method versus more traditional Cu-mediated trifluoromethylation approaches.
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Scheme 3.5. Reaction of CuCF; with Benzene
4 equiv [CuOTI]-1/2CgHg

4 equiv KF CF;
+ Me3Si—CF3
DCE,

\J

20 equiv 1 equiv 85°C,24 h 0%
4 equiv Cul
4 equiv KF CF;3
© + MesSi—CF; > ©/
DCE,
20 equiv 1 equiv 85°C, 24 h

The final optimized conditions (20 equiv of benzene, 4 equiv of AgOTf and KF, 1
equiv of TMSCF; at 85 °C for 24 h) were readily scalable, affording trifluorotoluene in
87%, 84%, and 87% yield on 0.08, 0.5, and 1 mmol scales, respectively.

3.3 Substrate Scope

This Ag-mediated C—H trifluoromethylation reaction was applicable to a variety
of different arene substrates. As shown in Table 3.3, arenes bearing electron-donating
alkyl or alkoxy substituents reacted in good to excellent yield (entries 1-10). In general,
these transformations proceeded with a modest preference for trifluoromethylation at C—
H sites ortho and para to the electron-donating alkyl and alkoxy groups. Heterocycles
like N-methyl pyrrole and thiophene were also good substrates for C-H
trifluoromethylation and reacted with moderate to excellent selectivity at C2 (entries 12
and 13). Under the optimal conditions Phl afforded a mixture of the o, m, and p-
trifluoromethylated isomers in 46% total yield (entry 11). The trifluoromethylation of

naphthalene proceeded in good yield with modest selectivity for the a-position (entry 14).
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Table 3.3. Substrate Scope of Silver-Mediated Trifluoromethylation!®™

entry  major product yield (%) isomer ratio entry major product yield (%) isomer ratio
CF; MeO CF3
e @ 87 glel \CE 88
OMe
c
¢ CF
CF 3
b 3 a:b:c a a:b:c
2 /@é 81 271411 o /@ 8 137311
MeO b OMe
CF Meo_ 2 CF
3 3 a:b
3 76 --- 10 a 70 .
4:1
MeO
¢ b
CFs CF
a a:b:c c 3 a:b:c
4 /@ 6 52i35:1 11 E:E 48 41711211
b |
F3 a:b CF a:b
5 a 65 141 120 @i 3 4 >20 : 1
b b
CF, S\_CF, a:b
6 78 13 @5 72 £
A :
CF
c 3
CF
b 5 ° a:b:c a a:b
7 @E 87 27:1211 140 b 70 481
OMe

[lGeneral conditions: substrate (10 equiv), TMSCF; (1 equiv) in DCE at 85 °C for 24 h. ®!Yield
and selectivity determined by '’F NMR analysis of the crude reaction mixtures. 20 equiv
substrate used. V!5 equiv substrate used.

To demonstrate the reactivity and selectivity of this transformation toward
biologically relevant molecules, we applied this methodology to the trifluoromethylation
of caffeine and Tricor (a commercial cholesterol lowering pharmaceutical) (Scheme 3.6).
Caffeine showed modest reactivity toward trifluoromethylation at the aromatic C—H
bond, leaving the potentially reactive carbonyl groups intact. Tricor contains four
aromatic sites that are comparable in electronic character. Thus, as expected, the reaction
with Tricor generated four regioisomeric trifluoromethylated products. This
transformation is particularly interesting for medicinal chemistry since it has the

capability of expediting the assembly and/or late-stage modification of drug targets.
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Scheme 3.6 Ag-Mediated Trifluoromethylation of Biological Molecules

4 equiv AgOTf

| |
OYN | \ 4 equiv KF OYN N,
N ’\? + TMSCF, - rCFs
- DCE, N, -
o 85 °C, 24 h o
42%
(0] (0]
4 equiv AgOTf Z
O O 4equivKF “ - CF3
Cl o * TMSCF; > al

DCE, N,

O
NO\( 85°C,24h O\‘/
o 34 % (4 isomers) o

One of the limitations of current system is its low reactivity toward electron-
deficient, and heterocyclic molecules. A number of other heteroaromatics, including
furan (16% yield), 2-methylfuran (7% yield), pyridine (2% yield, 2 isomers), and 1-
methylimidazole (3% yield, 3 isomers) were surveyed and afforded low yields of mono-
trifluoromethylated products under our standard conditions.

The optimal reaction conditions were also effective for transfer of other
perfluoroalkyl groups. For example, the AgOTf/KF-mediated reaction of benzene with
TMSC;F7 afforded (heptafluoropropyl)benzene in 60% yield (Scheme 3.7).

Scheme 3.7 Ag-Mediated Perfluoroalkylation of Benzene

4 equiv AgOTf
4 equiv KF ©/C3F7
+ TMSC,F, -
© (1 equiv) DEJE’ No
(20 equiv) 85°C, 24 h (60%)

3.4 Mechanistic Investigation

We initially hypothesized that this transformation proceeded via a pathway
involving Ag-promoted generation of a trifluoromethyl radical (CF3¢) (Scheme 3.8, step
a), which then participates in a radical aromatic substitution reaction. Addition of CF3¢ to
the aromatic ring to generate intermediate A (step b) followed by SET from A to a second
equivalent of Ag' (step ¢) would release the product along with HOTf and Ag’.

Importantly, free radical arene trifluoromethylation’ and perfluoroalkylation® has
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significant precedent in the literature. Most commonly, CF3e¢ is generated from CF;Br or
CFsl either photochemically or electrochemically.7b’d’e A more recent report by
Yamakawa and coworkers demonstrated radical trifluoromethylation of aromatic
compounds using CFsl, Fe" and H,0,.”® However, to our knowledge, the use of TMSCF;

as a precursor to radical arene trifluoromethylation has not been reported.

Scheme 3.8 Free Radical Pathway for Ag-Mediated Trifluoromethylation

TMSCF,
AgX

—-TMSX (step a) (stepb) Fc H  (stepc) CF3

AgX

AgCF; » CFj3- PhH > 49»
-Ag° -Ag°
—HX
(A)

To test for the possibility of CFse intermediates, we examined the reaction of
benzene with TMSCF; promoted by AgOTf/KF in the presence of a variety of radical
initiators/inhibitors. In the presence of light (which is frequently used to promote radical
reactions), the reaction proceeded in slightly lower yield (75% versus 87%). This result
may be due to the light sensitivity of Ag salts."” The addition of azobisisobutyronitrile
(AIBN), a radical initiator, led to a moderate decrease in the overall yield of the reaction.
The use of 20 mol % of AIBN resulted in 77% yield of PhCFs, while a 57% yield was
obtained in the presence of 1 equiv of this additive.”” Nitrobenzene has been used
previously as an inhibitor of SET transfer steps (like step ¢ in Scheme 3.8) during free
radical trifluoromethylation.” Interestingly, the addition of 1 equiv of NO,Ph had little
effect on the Ag-mediated reaction of benzene with TMSCF3 (85% versus 87% yield in
the absence of this additive). TEMPO has been utilized in the literature as a trap for
CF;+.* The addition of 1 equiv of TEMPO led to a dramatic reduction in yield (to 7%)

under otherwise analogous conditions.
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Table 3.4. Trifluoromethylation of C¢Hg with Additives

4 equiv AgOTf
4 equiv KF
ADDITIVE CF;
+ Me3Si—-CF; >
DCE,
85 °C, 24h (2)
entry additive yield (%)
1 20 mol % AIBN 77
2 1 equiv AIBN 57
3 1 equiv nitrobenzene 85
4 1 equiv TEMPO 7

Because the results with the radical inhibitors/initiators were somewhat
ambiguous, we next sought to compare the site selectivity of TMSCF3;/AgOT{/KF-
mediated trifluoromethylation to that of a known CF;e reaction. Under the reaction
conditions described by Yamakawa and coworkers,’® anisole reacted with in situ-
generated CF3¢ to form a 7.5 : 1 : 5 ratio of o:m:p trifluoromethylated products (Scheme
3.9). This reaction shows significantly higher o/p selectivity than the analogous Ag-
mediated transformation (where o:m:p = 2.7 : 1 : 1.2). Veratrole also reacted with very
different site selectivity for trifluoromethylation with CFse versus TMSCF3/AgOT{/KF
(Scheme 3.9)."" In order to exclude the solvent effect in radical reactions, we attempted
the Yamakawa’s radical trifluoromethylation using DCE as solvent.”® However, DMSO

proved to be critical for the reactivity in their system (Scheme 3.10).
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Scheme 3.9. Comparison of Reactivity and Selectivity of Radical Trifluoromethylation

3 equiv CF3l
0.3 equiv FeSO,
2 equiv H,0O,

1 equiv HySO4
DMSO
45 °C, 20 min

OMe

1 equiv TMSCF3
4 equiv AgOTf
4 equiv KF
DCE, N,
85°C, 24 h

3 equiv CF3l
0.3 equiv FeSO,
2 equiv H>0,

1 equiv H;SO,4
DMSO
45 °C, 20 min

OMe

Me0\©

1 equiv TMSCF;
4 equiv AgOTf
4 equiv KF
DCE, N,
85°C,24h

OMe
N (26% yield)
FC _J omp=75:1:5
OMe
N (87% yield)
» F,C— omp=27:1:12
3 _ P
OMe
MeO (60% yield)
FsC- ) isomerratio =9.8 : 1

MeO
F3C--

(70% vyield)
isomer ratio =4 : 1

Scheme 3.10. Comparison of Reactivity and Selectivity of Radical Trifluoromethylation

0.3 equiv FeSO,

MeO
j@ + CF;l
MeO

3 equiv

2 equiv Hy,0O» b
1 eqUiV HQSO4 Meo]@/aCF:‘l
DCE MeO
(4%)
a:b=77:1

While further studies are needed to gain a complete mechanistic picture of the

TMSCF;/AgOTf/KF-mediated reaction, our results suggest against a purely free-radical

pathway for this transformation. The involvement of caged and/or Ag-associated radicals

is a likely possibility. Notably, Kamigata has proposed a similar mechanism involving

“radical intermediates confined in the coordination sphere of Ru” in related

transformations.”"
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3.5 Conclusions

In conclusion, this report describes the silver-mediated trifluoromethylation of
aromatic substrates with TMSCF;. These reactions are proposed to proceed via a AgCF;
intermediate, and prelimiary studies suggest against free CFse as an intermediate.
Importantly, these Ag-mediated reactions proceed with complementary reactivity to
analogous transformations of CuCF; reagents. Ongoing studies are focused on probing

the mechanism and developing related Ag-catalyzed trifluoromethylation reactions.

3.6 Subsequent Developments

Soon after our report, Brise and Hafner revealed a closely related AgCF;
mediated ortho-trifluoromethylation of aromatic triazenes (Scheme 3.11)."> This report
showed several significant improvements upon our initial system. First, high conversions
were achieved using the arene substrate as limiting reagent, making it a much more
practical synthetic approach. Second, this transformation is applicable to not only
electron-rich, but also electron-poor substrates. This is very exciting, since our system
performs poorly on electron-poor arenes. Finally, the triazene motif served as an effective
directing group, affording highly ortho-selective trifluoromethylation. Although detailed
mechanistic studies have not yet been reported, preliminary data suggests CF3e, derived
from AgCF; is the reactive species. The high ortho-selectivity is presumably a result of
chelation between a cage and/or Ag-associated CFse with triazene, which makes the ortho

C—H bond the most accessible site to the radical.

Scheme 3.11. AgCFs;-Mediated ortho-Trifluoromethylation of Aromatic Triazenes

4 equiv AgF
2 equiv TMSCF3

TN N“N’NY > N N°N’N\(
R—./ ! CgF14, 100°C, 4 h R—./

CF;

The direct study of AgCF; as potential trifluoromethylating reagent is still
underdeveloped, due to its poor solubility in most organic solvents, instability im
light/air, and the fact that it is usually present in equilibrium with multiple (L),Ag(CF3),

species (L = solvent). Recently, Hu and co-workers reported a AgCFs;-mediated
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trifluoromethylation-iodination of aryne precursors (Scheme 3.12).'° A wide range of
trifluoromethylmetallic species (MCF;) were examined, and AgCF; proved optimal,
presumably because of its increased stability and softness in comparison with the labile
and hard CF;~ generated from TMSCFs/F .2,2,6,6-Tetramethylpiperidine (TMP) was
identified as a key additive for this transformation. "°F NMR studies of the reaction of
TMP with AgCF3; in MeCN showed conversion of the MeCN*AgCF; intermediate to a
new TMP+AgCF; complex. Moreover, the addition of TMP led to a complete inversion
of the equilibrium between the neutral LeAgCF; and ionic [Ag(CFs),]” complexes
(Scheme 3.13). For instance, subjecting AgF to TMSCF3 in MeCN results in a 1:3.8 ratio
of MeCN+AgCF; and [Ag(CF3),] species. Addition of only 1 equiv of TMP lead to a
18.8:1 radio of TMP+AgCF; vs [Ag(CF3),] . It is reasonable to assume that the enhanced
activity from TMP results from the high concentration of this newly formed TMP+AgCF;
intermediate, because the increased electron density on the silver atom should facilitate

smooth transfer of CFs;.

Scheme 3.12. Ag-Mediated Trifluoromethylation-lodination of Arynes

H
I N
% T™MP X
R— ‘ | + AgCF3 + |———Ph » R
X MeCN, 50 °C =

TMP

Scheme 3.13. Equilibrium between Neutral LeAgCF; and Ionic [Ag(CF3),]” Complexes
-L

2 L+AgCF,
L = MeCN, TMP

LeAg* + Ag(CF3)s~

+L

Another example of silver-based trifluoromethylation using TMSCF; was
reported by Qing and co-workers in the context of the hydrotrifluoromethylation of
unactivated alkenes (Scheme 3.14)."" The authors suggested that reaction between
AgNO; and TMSCF; under oxidative conditions led to facile formation of CFje. The
addition of CF3e to the alkene, followed by He abstraction generated the final products.
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When this hydrotrifluoromethylation reaction was performed in the presence of 1 equiv

of TEMPO (a radical scavenger) added, a TEMPO—CF; adduct was formed in 80% yield.

Scheme 3.14. Ag-Catalyzed Hydrotrifluoromethylation of Alkenes using TMSCF;

cat. AQNO3
Phl(OAc), RS R
TMSCF, » CFpe —  »

H doner H

CF;

In Chapter 2, we demonstrated that merging Cu-based cross-coupling with CFse
could lead to mild and facile arene trifluoromethylation. We believe that it is possible
(even likely) that many Cu-catalyzed processes that were initially believed to involve
CF5 or CF;' transfer actually involve radical intermediates. For example, several reports
have shown that Ag salts serve as promoters for the Cu-catalyzed trifluoromethylation of

12,18

aryl iodides. The role of Ag has been proposed to involve mediating transmetalation
of CF; from Si (in TMSCF3) to Cu (Scheme 3.15)."> However, based on the above
discussions, we believe that the role of Ag may be to generate CF;* in these

transformations.

Scheme 3.15. Proposed Corporative Effect of Cu/Ag-Catalyzed Trifluoromethylation

N
TMSCF; + ( Ag-F
N

N, N, N,
C 'Ag—CF; + ( cu-l ——m > ( Cu—CF,
N N N

kinetically favored reactive species

In addition, CF;" reagents can potentially undergo le” reduction to form CFse,"
suggesting the possibility that Cu-catalyzed reactions with CF;" reagents may also

) . . 1£,20
involve radical intermediates.

Recently, Togni described a CH3ReOs-catalyzed (Lewis
acid) trifluoromethylation of arenes and heteroarenes using the Togni reagent (Scheme
3.16).>' A broad range of arene and heteroarenes were examined. In general, electron-rich
substrates reacted to provide the desired projects in good yields, whereas electron-poor

substrates showed significantly lower reactivity. The observed reactivity along with an in
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situ EPR study strongly suggested CFse as reactive intermediate. Other examples
involving the generation of CFse from a CF; reagent include Cu-catalyzed allylic

d® and  Fe'-catalyzed

trifluoromethylations by ~ Wang” and  Buchwal
trifluoromethylation of vinyl trifluoroborates.”” Interestingly, Studer group reported a
transition-metal free trifluoromethylation of alkenes using the Togni reagent. TEMPONa
was used as a single-electron-transfer (SET) reagent for reduction of the hypervalent-

10dine—CF; reagent.22d

Scheme 3.16. Re-Catalyzed Trifluoromethylation of Arenes and Heteroarenes
s
cat. /Re\

CF;
[ 0”110 CF,
= N
U e "
X CHCI;, 70 °C =
0

Finally, several examples have demonstrated an alternative radical approach for
aryl or allylic trifluoromethylation. Instead of reacting the electrophilic CF3* with a
nucleophilic carbon center, Qing and co-workers investigated the reaction of nucleophilic
CFs;  with radical cation intermediates generated under oxidative conditions. This
approach has been successfully realized in the context of Cu-catalyzed
trifluoromethylation of terminal alkenes using TMSCF; with PhI(OAc),.”> More recently,
a metal-free C—H trifluoromethylation of arenes using TMSCF;/PhI(OAc), was
demonstrated.”* The key to this transformation is the facile formation of the aromatic
radical cation intermediates. As a result, the current method is limited to electron-rich
substrates.

In conclusion, radical trifluoromethylation has become a rapidly growing field.
New development has focused on facile generation of CFse under mild and practical
conditions using benign and inexpensive trifluoromethylating reagents. In several
examples, the strategy has been applied to complex substrate and showed high efficiency
with high regioselectivity. We anticipate a continued fast growing of this approach in the

future.
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3.7 Experimental Procedures and Characterization Data

General Procedures

NMR spectra were obtained on a Varian vamrs 700 (699.76 MHz for 'H; 175.95 MHz
for °C; 658.43 for '°F), Varian vamrs 500 (500.10 MHz for 'H; 125.75 MHz for °C,
470.56 MHz for '°F), Varian Inova 500 (499.90 MHz for 'H; 125.70 MHz for "°C), or a
Varian MR400 (400.52 MHz for 'H; 100.71 for '°C, 376.87 MHz for '°F) spectrometer.
'H and "C chemical shifts are reported in parts per million (ppm) relative to TMS, with
the residual solvent peak used as an internal reference. '’F NMR spectra are referenced
based on the internal standard 4-fluoroanisole, which appears at —125.00 ppm.
Multiplicities are reported as follows: singlet (s), doublet (d), doublet of doublets (dd),
doublet of doublets of doublets (ddd), doublet of triplets (dt), triplet (t), triplet of doublets
(td), triplet of triplets (tt), quartet (q), quintet (quin), multiplet (m), and broad resonance
(br). Melting points were determined with a Mel-Temp 3.0, a Laboratory Devices Inc,
USA instrument, and are uncorrected. HRMS data were obtained on a Micromass
AutoSpec Ultima Magnetic Sector mass spectrometer. GCMS analysis was performed on
a Shimadzu GCMS-QP2010 plus gas chromatograph mass spectrometer. The products
were separated on a 30 m length by 0.25 mm id, RESTEK XTI-5 column coated with a
0.25 um film. Helium was employed as the carrier gas, with a constant column flow of

1.5 mL/min. The injector temperature was held constant at 250 °C.

Materials and Methods.

AgF, AgOTf, and 4-fluoroanisole were obtained from Matrix Scientific. Benzene and
potassium fluoride were obtained from EMD. Rupert’s reagent (TMSCF;) was obtained
from Oakwood Products. AgNOs, 1,2-Dimethoxybenzene, 1,3-dimethoxybenzene, 1,4-
dichlorobenzene, anisole, iodobenzene, and naphthalene were obtained from Sigma
Aldrich. 1,4-Dimethoxybenzene and o-xylenes were obtained from TCI America.
Trifluorotoluene and m-xylenes were obtained from Acros. 1,2-Dichloroethane, p-xylene,
thiophene, N-methylpyrrole and mesitylene were obtained from Alfa Aesar. CDCl; was
obtained from Cambridge Isotope Laboratories. Authentic samples of the aryl-CF;
products were purchased from commercial sources unless otherwise stated.

Dichloroethane, xylenes, and dimethoxybenzenes were distilled from CaH,. Benzene was
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distilled from Na and benzophenone. Anisole, N-methylpyrrole, mesitylene, and
thiophene were distilled from Na. Other chemicals were used as received. All syntheses
were conducted using standard Schlenk techniques or in a nitrogen atmosphere glovebox

unless otherwise stated.

Experimental Details.

Reactivity of Ag—CF; with Phl

In a glovebox, AgF (10.3 mg, 0.081 mmol, 1 equiv) was weighed into a 4 mL vial and
dissolved in MeCN (0.2 mL). TMSCF; (12 pL, 0.081 mmol, 1 equiv) was added, and the
reaction was stirred at 25 °C for 15 min."' Todobenzene (180 pL, 1.62 mmol, 20 equiv)
was added to the reaction mixture. The vial was sealed with a Teflon-lined cap and
removed from the glovebox. The reaction was heated at 85 °C for 24 h with exclusion of
light. The resulting dark brown mixture was cooled to room temperature and diluted with
MeCN (1 mL). 4-Fluoroanisole (1 equiv) was added as an internal standard, and the
reaction was analyzed by '’F NMR spectroscopy in MeCN, showing a combined 15%
yield of the three isomeric products. The '"F NMR spectroscopic data matched that of
authentic samples of all three isomers (o-isomer (Alfa Aesar): s, —62.7 ppm; m-isomer

(Matrix Scientific): s, —62.9 ppm; p-isomer (Matrix Scientific), s, —63.0 ppm).

Reactivity of Ag—CF; with Benzene

In a glovebox, AgF (10.3 mg, 0.081 mmol, 1 equiv) was weighed into a 4 mL vial and
dissolved in MeCN (0.2 mL). TMSCF; (12 pL, 0.081 mmol, 1 equiv) was added, and the
reaction was stirred at 25 °C for 15 min."' Benzene (144 pL, 1.62 mmol, 20 equiv) was
added to the reaction mixture. The vial was sealed with a Teflon-lined cap and removed
from the glovebox. The reaction was heated at 85 °C for 24 h with exclusion of light. The
resulting dark brown mixture was cooled to room temperature and diluted with MeCN (1
mL). 4-Fluoroanisole (1 equiv) was added as an internal standard, and the reaction was
analyzed by 'F NMR spectroscopy in MeCN, showing 28% yield of trifluorotoluene.
The ""F NMR spectroscopic data matched that obtained of an authentic sample of

trifluorotoluene (Acros, s, —63.3 ppm).
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General Procedure for Preparation of Authentic Samples of Previously Unreported
Benzotrifluorides

The authentic samples were synthesized following a literature procedure.'® In a glovebox,
[Cu(OTf)]2*CsHs (60.4 mg, 0.12 mmol, 0.6 equiv), 1,10-phenanthroline (43 mg, 0.24
mmol, 1.2 equiv), KsPO4 (127 mg, 0.6 mmol, 3 equiv), KF (58.1 mg, 1.0 mmol, 5 equiv),
Ag,CO; (55.2 mg, 0.2 mmol, 1 equiv), DMF (2.0 mL) and TMSCF; (0.15 mL, 0.1 mmol,
5 equiv) were added to a 20 mL reaction vial that was equipped with a stir bar. In a
second vial, boronic acid (0.2 mmol, 1 equiv) was dissolved in DMF (2.0 mL). Both vials
were sealed with rubber septa and removed from the glovebox. The first vial was heated
to 45 °C, and the solution of boronic acid was then added to over 2 h by using a syringe
pump under N, atmosphere. After addition of the boronic acid solution, the reaction
mixture was heated at 45 °C for another 2 h. The reaction was cooled to 0 °C, and water
(10 mL) was added. The resulting mixture was extracted with diethyl ether, and the
combined organic extracts were washed with water (3 x 50 mL) and brine (1 x 50 mL)
and then dried over magnesium sulfate. The solvent was removed by rotary evaporation,
and the products were purified by column chromatography on silica gel using pentane as

the eluent.

1.4-Dimethoxy-2-(trifluoromethyl)benzene

The general procedure was followed using 2,5-

OMe
/@ dimethoxyphenylboronic acid (36.4 mg, 0.2 mmol, 1 equiv) as
MeO

CFs the substrate. The product was obtained as colorless liquid (Ry =

0.13 in pentanes). 'H NMR (CDCls, 25 °C): & 7.12 (s, 1H), 7.02
(d, J = 9.2 Hz, 1H), 6.94 (d, J = 9.2 Hz, 1H), 3.86 (s, 3H), 3.79 (s, 3H). °C NMR
(CDCl, 25 °C):  153.10, 151.67, 123.56 (q, J = 271.0 Hz), 119.54 (q, J = 30.8 Hz),
118.23, 113.72, 112.96 (q, J = 5.5 Hz), 56.71, 56.03. "’F NMR (CDCl;, 25 °C): & —62.44
(s, 3F). HRMS EI (m/z): [M]" calcd for CoHoF30,, 206.0555; found, 206.0563.

1.3-Dimethoxy-4-(trifluoromethyl)benzene

MeO OMe
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The general procedure was followed using 2,4-dimethoxyphenylboronic acid (36.4 mg,
0.2 mmol, 1 equiv) as the substrate. The product was obtained as colorless liquid (Rr =
0.1 in pentanes). "H NMR (CDCl;, 25 °C): 0 7.48 (d, J= 8.7 Hz, 1H), 6.52 (s, 1H), 6.49
(d, J = 8.7 Hz, 1H), 3.87 (s, 3H), 3.84 (s, 3H). °C NMR (CDCl;, 25 °C): & 163.80,
159.01, 128.41 (q, /= 5.4 Hz), 124.12 (q, J = 270.6 Hz), 111.70 (q, /= 31.1 Hz), 103.84,
99.51, 55.96, 55.65. '’F NMR (CDCls, 25 °C): § —61.32 (s, 3F). HRMS EI (m/z): [M]"
calcd for CoHoF30,, 206.0555; found, 206.0559.

CF; 1.3-Dimethoxy-2-(trifluoromethyl)benzene
Meo\©/OMe The general procedure was followed using 2,6-
dimethoxyphenylboronic acid (36.4 mg, 0.2 mmol, 1 equiv) as
the substrate. The product was obtained as a light yellow viscous
solid (R¢ = 0.13 in pentanes). 'H NMR (CDCls, 25 °C): 8 7.38 (t, J = 8.8 Hz, 1H), 6.61
(d, J = 8.8 Hz, 2H), 3.86 (s, 6H). °C NMR (CDCls, 25 °C): § 159.44, 133.11, 127.30,

124.22 (q, J = 275.5 Hz), 104.96, 56.50. ’F NMR (CDCls, 25 °C): & —54.97 (s, 3F).
HRMS EI (m/z): [M]" caled for CyHoF30,, 206.0555; found, 206.0555.

1.3-Dimethoxy-5-(trifluoromethyl)benzene

CF3
The general procedure was followed using 3,5-
dimethoxyphenylboronic acid (36.4 mg, 0.2 mmol, 1 equiv) as

MeO OMe ) o
the substrate. The product was obtained as colorless liquid (Rg =
0.23 in pentanes). 'H NMR (CDCls, 25 °C): § 6.74 (s, 2H), 6.60 (s, 1H), 3.82 (s, 6H). °C
NMR (CDClj, 25 °C): 6 161.16, 132.53 (q, J = 32.3 Hz), 124.05 (q, J = 272.3 Hz),

103.76, 103.42 (q, J = 3.9 Hz), 55.67. "’"F NMR (CDCls, 25 °C): 8 —62.96 (s, 3F). HRMS
EI (m/z): [M]+ caled for CoHoF30,, 206.0555; found, 206.0554.

1.2-Dimethoxy-4-(trifluoromethyl)benzene

OMe The general procedure was followed using 3,4-

F3C
\@ dimethoxyphenylboronic acid (36.4 mg, 0.2 mmol, 1 equiv) as

OMe
the substrate. The product was obtained as colorless liquid (Ry =
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0.1 in pentanes). "H NMR (CDCls;, 25 °C): 8 7.18 (d, J= 8.4 Hz, 1H), 7.05 (s, 1H), 6.88
(d, J= 8.4 Hz, 1H), 3.89 (s, 6H). °C NMR (CDCls, 25 °C): & 151.66, 149.12, 124.40 (q,
J=271.5Hz), 122.97 (q, J = 32.9 Hz), 118.40 (q, J = 3.6 Hz), 110.65, 108.06 (q, J = 3.6
Hz), 56.04, 56.02. ’F NMR (CDCls, 25 °C): & —61.67 (s, 3F). HRMS EI (m/z): [M]"
caled for CoHoF30,, 206.0555; found, 206.0559.

CF, 1,2-Dimethoxy-3-(trifluoromethyl)benzene
OMe The general procedure was followed using 2,3-
©:0Me dimethoxyphenylboronic acid (36.4 mg, 0.2 mmol, 1 equiv) as
the substrate. The product was obtained as colorless liquid (Ry =

0.12 in pentanes). 'H NMR (CDCls, 25 °C): § 7.17-7.08 (multiple peaks, 3H), 3.91 (s,
3H), 3.90 (s, 3H). °C NMR (CDCls, 25 °C): & 153.62, 147.72 (q, J = 1.9 Hz), 124.72 (q,
J =30.4 Hz), 123.92, 123.68 (q, J = 273.6 Hz), 118.16 (q, J = 5.1 Hz), 116.24, 61.50,
56.15. ”F NMR (CDCls, 25 °C): & —61.36 (s, 3F). HRMS EI (m/z): [M]+ caled for
CoHoF30,, 206.0555; found, 206.0559.

General Procedure for Trifluoromethylation of Arenes

In a glovebox, AgOTf (83.2 mg, 0.324 mmol, 4 equiv) and KF (18.8 mg, 0.324 mmol, 4
equiv) were weighed into a 4 mL vial and dissolved in DCE (0.2 mL). The aromatic
substrate and TMSCF; (12 puL, 0.081 mmol, 1 equiv) were then added. The vial was
sealed with a Teflon-lined cap and removed from the glovebox. The reaction was heated
at 85 °C for 24 h with exclusion of light. The resulting dark brown mixture was cooled to
room temperature and diluted with DCE (1 mL). 4-Fluoroanisole (1 equiv) was added as
an internal standard, and the reaction was analyzed by '°F NMR spectroscopy in DCE to
determine the yield. GCMS analyses were performed on a Shimadzu GCMS-QP5000 gas
chromatograph mass spectrometer. The products were separated on a 30 m lengthx0.25
mm i.d., RESTEK XTI-5 column coated with a 0.25 pm film. The GC oven temperature
program was as follows: 30 °C hold 10 min, ramp 20 °C/min to 250 °C, and hold for 3
min. Helium was employed as the carrier gas, with a constant column flow of 1.5

mL/min. The injector temperature was held constant at 250 °C.
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Substrate = Benzene: The general procedure was followed using 20 equiv of benzene.
The ""F NMR spectroscopic data matched that obtained for an authentic sample of
trifluorotoluene (Acros, s, —63.3 ppm). Trifluorotoluene was formed in 87% yield as

determined by '’F NMR spectroscopic analysis of the crude reaction mixture.

This reaction was also conducted on 0.5 mmol and 1 mmol scale. For the 0.5 mmol scale
reaction, AgOTf (514 mg, 2 mmol, 4 equiv), KF (116 mg, 2 mmol, 4 equiv), TMSCF3
(73.8 uL, 0.5 mmol, 1 equiv), benzene (0.89 mL, 10 mmol, 20 equiv) and DCE (1.25
mL) were used. The yield of the reaction was 84%. For the 1 mmol scale reaction,
AgOTf (1028 mg, 4 mmol, 4 equiv), KF (232 mg, 4 mmol, 4 equiv), TMSCF; (147.7 uL,
1 mmol, 1 equiv), benzene (1.78 mL, 20 mmol, 20 equiv) and DCE (2.5 mL) were used.

The reaction was conducted in a 20 mL vial, and the yield was 87%.

Substrate = Toluene: The general procedure was followed using 10 equiv of toluene.
The ""F NMR spectroscopic data matched that of authentic samples of all three isomers
(o-isomer, (Matrix Scientific): s, —62.7 ppm; m-isomer (Matrix Scientific): s, —-62.4 ppm;
p-isomer (Alfa Aesar), s, —61.7 ppm). The trifluoromethylated products were formed in
81% combined yield with an o : m : p ratio of 1.4 : 1 : 2.7 as determined by '’F NMR

spectroscopic analysis of the crude reaction mixture.

Substrate = p-Xylene: The general procedure was followed using 10 equiv of p-xylene.
PF NMR analysis of the crude reaction mixture showed that 1,4-dimethyl-2-
(trifluoromethyl)benzene was formed in 76% yield. The product showed a '"F NMR
signal at —61.6 ppm in DCE (lit. —=61.6 ppm in CDCl;).”> The identity of the product was
further confirmed by GCMS analysis, where the product peak was observed at 11.8 min.

Substrate = m-Xylene: The general procedure was followed using 10 equiv of m-
xylenes. '’F NMR analysis of the crude reaction mixture showed that the mono-
trifluoromethylated product was formed in 76% yield as a mixture of 3 isomers. These
products showed '°F NMR signals in DCE at —61.2 ppm (a isomer, lit. —61.2 ppm in
CDCl3),”> —54.1 ppm (b isomer, lit. —54.1 ppm in CDCl3),” and —62.6 ppm (c isomer, lit.
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—62.6 ppm in CDCl3).” The identity of the products was further confirmed by GCMS

analysis, where the product peaks were observed at 11.6 min, 11.9 min and 12.2 min.

Substrate = 0-Xylene: The general procedure was followed using 10 equiv of ortho-
xylenes. '’F NMR analysis of the crude reaction mixture showed that the mono-
trifluoromethylated product was formed was in 65% yield as a 1.4 : 1 mixture of the a
and b isomers. These products showed '°F NMR signals in DCE at —60.4 ppm (a isomer,
lit. —60.4 ppm in CDCl3)* and —62.3 ppm (b isomer). The '’F NMR spectroscopic data of
b isomer matched that of an authentic sample (SynQuest Laboratories). The identity of
the products was further confirmed by GCMS analysis, where the product peaks were

observed at 12.3 min and 12.4 min.

Substrate = Mesitylene: The general procedure was followed using 10 equiv of
mesitylene. "’F NMR analysis of the crude reaction mixture showed that 1,3,5-trimethyl-
2-(trifluoromethyl)benzene was formed in 78% yield. The product showed a '’F NMR
signal at —53.7 ppm in DCE (lit. =55 ppm in CDCl3).*® The identity of the product was
further confirmed by GCMS analysis, where the product peak was observed at 14.0 min.

Substrate = Anisole: The general procedure was followed using 10 equiv of anisole. The
F NMR spectroscopic data matched that of authentic samples of all three isomers (o-
isomer (Alfa Aesar): s, —62.5 ppm; m-isomer (Matrix Scientific): s, —62.8 ppm; p-isomer
(SynQuest Laboratories), s, —61.5 ppm). The trifluoromethylated products were formed in
87% combined yield with an o : m : p ratio of 2.7 : 1 : 1.2 as determined by '’F NMR

spectroscopic analysis of the crude reaction mixture.

Substrate = 1,4-Dimethoxybenzene: The general procedure was followed using 20
equiv of 1,4-dimethoxybenzene. The '’F NMR spectroscopic data matched that of the
authentic samples of prepared above. 1,4-Dimethoxy-2-trifluoromethylbenzene was
formed in 81% yield as determined by '"F NMR spectroscopic analysis of the crude

reaction mixture.
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Substrate = 1,3-Dimethoxybenzene: The general procedure was followed using 10
equiv of 1,3-dimethoxybenzene. The '’F NMR spectroscopic data matched that of the
authentic samples of prepared above. The three isomeric mono-trifluoromethylated
products were formed in 85% yield with an a : b : c ratio of 13 : 7.3 : 1 as determined by

F NMR spectroscopic analysis of the crude reaction mixture.

Substrate = 1,2-Dimethoxybenzene: The general procedure was followed using 10
equiv of 1,2-dimethoxybenzene. The '’F NMR spectroscopic data matched that of the
authentic samples of prepared above. The three isomeric mono-trifluoromethylated
products were formed in 71% yield with an a : b ratio of 4 : 1 as determined by '°’F NMR

spectroscopic analysis of the crude reaction mixture.

Substrate = Iodobenzene: The general procedure was followed using 20 equiv of
iodobenzene. The '"F NMR spectroscopic data matched that of authentic samples of all
three isomers (o-isomer (Alfa Aesar): s, —62.7 ppm; m-isomer (Matrix Scientific): s, —
62.9 ppm; p-isomer (Matrix Scientific), s, —63.0 ppm). The trifluoromethylated products
were obtained in 46% combined yield with an o : m : p ratio of 1.7 : 1.2 : 1 as determined

by "°F NMR analysis of the crude reaction mixture.

Substrate = N-methylpyrrole: The general procedure was followed using 20 equiv of
N-methylpyrrole. "’F NMR analysis of the crude reaction mixture showed that the mono-
trifluoromethylated product was formed in 44% total yield as a >20:1 mixture of the a
and b isomers. These products showed '°F NMR signals in DCE at —58.8 ppm (a isomer,
lit. —58.3 ppm in CDCl3)*” and —56.8 ppm (b isomer, lit. —=56.6 in CDCls).?” The identity
of the products was further confirmed by GCMS analysis, where the product peaks were

observed at 3.7 min and 4.1 min.

Substrate = Thiophene: The general procedure was followed using 10 equiv of
thiophene. '’F NMR analysis of the crude reaction mixture showed that the mono-
trifluoromethylated product was formed in 72% total yield as an 8:1 mixture of the a and

b isomers. These products showed '°F NMR signals in DCE at —55.1 ppm (a isomer, lit. —
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55.1 ppm in thiophene)™ and —59.4 ppm (b isomer, lit. =59.5 in thiophene).*® The identity
of the products was further confirmed by GCMS analysis, where the product peaks were

observed at 3.3 min and 3.5 min.

Substrate = Naphthalene: The general procedure was followed using 5 equiv of
naphthalene. '’F NMR analysis of the crude reaction mixture showed that the mono-
trifluoromethylated product was formed in 70% total yield as an 4.8 : 1 mixture of the a
and b isomers. These products showed '"’F NMR signals in DCE at —59.9 ppm (a isomer,
lit. —=60.1 ppm in CDCl3)* and —62.4 ppm (b isomer, lit. —62.1 in CDCls).'® The identity
of the products was further confirmed by GCMS analysis, where the product peaks were

observed at 15.7 min and 15.8 min.

Substrate = Caffeine: The general procedure was followed using 5 equiv of caffeine. '°F
NMR analysis of the crude reaction mixture showed that the trifluoromethylated product
was formed in 42% yield. The product showed '’F NMR signals in DCE at —62.5 ppm
(lit. —=62.7 ppm in CDCl;).”" The identity of the product was further confirmed by GCMS
analysis. The GC oven temperature program was as follows: start at 100 °C, ramp 15

°C/min to 250 °C, and hold for 10 min. The product peak was observed at 6.5 min.

Heptafluoropropylation of Arenes

In a glovebox, AgOTT (83.2 mg, 0.324 mmol, 4 equiv) and KF (18.8 mg, 0.324 mmol, 4
equiv) were weighed into a 4 mL vial and dissolved in DCE (0.2 mL). Benzene (144 uL,
1.62 mmol, 20 equiv) was added to the reaction mixture. The vial was removed from the
glovebox. In the air, TMSCsF; (16.4 pL, 0.081 mmol, 1 equiv) was added, and the vial
was sealed with a Teflon-lined cap. The reaction was heated at 85 °C for 24 h with
exclusion of light. The resulting dark brown mixture was cooled to room temperature and
diluted with DCE (1 mL). 4-Fluoroanisole (1 equiv) was added as an internal standard,
and the reaction was analyzed by '’F NMR spectroscopy in DCE to determine the yield.
F NMR analysis of the crude reaction mixture showed that heptafluoropropyl-benzene
was formed in 60%. The product was identified by comparison to literature '’F NMR

data: observed d —80.4 ppm (t, J = 9.8 Hz, 3F), -111.8 ppm (q, J = 9.8 Hz, 2F), —126.6
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ppm (s, 2F) in DCE; lit. —80.2 ppm (t, J = 9 Hz, 3F), —111.5 ppm (q, J = 9 Hz, 2F), —
126.5 ppm (s, 2F) in CDCL;.* The identity of the product was further confirmed by
GCMS analysis, where the product peak was observed at 5.0 min.

Trifluoromethylation of C¢Hg under Light

In a glovebox, AgOTf (83.2 mg, 0.324 mmol, 4 equiv) and KF (18.8 mg, 0.324 mmol, 4
equiv) were weighed into a 4 mL vial and dissolved in DCE (0.2 mL). Benzene (144 uL,
1.62 mmol, 20 equiv) and TMSCF; (12 pL, 0.081 mmol, 1 equiv) were added. The vial
was sealed with a Teflon-lined cap and removed from the glovebox. A 26-watt
fluorescent light source was placed 5 cm from the reaction, and the reaction was heated in
a clear oil bath at 85 °C for 24 h. The resulting dark brown mixture was cooled to room
temperature and diluted with DCE (1 mL). 4-Fluoroanisole (1 equiv) was added as an
internal standard, and the reaction was analyzed by '°F NMR spectroscopy, showing 75%

yield of trifluorotoluene.

Trifluoromethylation of C¢Hg Reaction with Additives

In a glovebox, AgOTT (83.2 mg, 0.324 mmol, 4 equiv) and KF (18.8 mg, 0.324 mmol, 4
equiv) were weighed into a 4 mL vial and dissolved in DCE (0.2 mL). Benzene (144 uL,
1.62 mmol, 20 equiv), additive (0.2 equiv or 1 equiv), and TMSCF; (12 pL, 0.081 mmol,
1 equiv) were added. The vial was sealed with a Teflon-lined cap and removed from the
glovebox. The reaction was heated at 85 °C for 24 h with exclusion of light. The resulting
dark brown mixture was cooled to room temperature and diluted with DCE (1 mL). 4-
Fluoroanisole (1 equiv) was added as an internal standard, and the reaction was analyzed

by "°F NMR spectroscopy.

Radical Trifluoromethylation

The radical trifluoromethylation reactions were performed following a literature
procedure.’® In air, anisole (109 pL, 1.0 mmol) or veratrole (127 pL, 1.0 mmol), DMSO
(2.0 mL), a DMSO solution of H,SO4 (0.5 M, 2.0 mL), a DMSO solution of CFsI (3.0 M,
1.0 mL) and an aqueous solution of FeSO,4 (1 M, 0.3 mL) were combined in a 20 mL vial.

A 30% aqueous solution of H,O, (0.2 mL) was added drop-wise at the rate of 0.04
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mL/min using a syringe pump. After the addition of H,O,, the mixture was stirred at 45
°C for 20 min. After cooling to room temperature, 2,2,2-trifluoroethanol (1 equiv) was

added as an internal standard, and the reaction was analyzed by '’F NMR spectroscopy.

Radical Trifluoromethylation in DCE

The radical trifluoromethylation reactions were performed following a modified literature
procedure.’® In air, veratrole (127 uL, 1.0 mmol), DCE (2.0 mL), a DCE solution of
H,SO4 (0.5 M, 2.0 mL), a DMSO solution of CFsI (3.0 M, 1.0 mL) and an aqueous
solution of FeSO4 (1 M, 0.3 mL) were combined in a 20 mL vial. A 30% aqueous
solution of H,O; (0.2 mL) was added drop-wise at the rate of 0.04 mL/min using a
syringe pump. After the addition of H,O,, the mixture was stirred at 45 °C for 20 min.
After cooling to room temperature, 2,2,2-trifluoroethanol (1 equiv) was added as an

internal standard, and the reaction was analyzed by '°F NMR spectroscopy.
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CHAPTER 4

Aryltrifluoromethylation via High-Valent Palladium

4.1 Background

Molecules featuring aryl-CF; motifs have found widespread application in
pharmaceuticals, agrochemicals, and materials science.' Despite increasing demand for
novel methodologies for installing the CF3 group into target aromatic systems, very few
methods exist for direct aryl-CF; bond formation under mild conditions.'™
Consequently, the synthesis of CF3; containing molecules still heavily relies on the
availability of commercially available aryl-CF3 building blocks derived from traditional
functional group interconversion methods, such as the Swarts reaction, which requires
reaction temperatures greater than 100 °C and highly reactive fluorinating reagents.’

Transition metal-catalyzed/mediated aromatic trifluoromethylations can serve as
desirable alternatives to the Swarts reaction. The presence of a transition metal catalyst
could potentially lower the activation barrier and allow trifluoromethylation to proceed
with a broad range of substrates under milder reaction conditions.

Pd-catalyzed cross-coupling transformations have emerged as a powerful tool for
the construction of a wide variety of C—C bonds.*> As such, the use of Pd catalysts for
aryl-CF3 bond forming reactions is of particular interest. However, developments in Pd-
catalyzed trifluoromethylation have been limited by the challenges associated with a key
step of the cross-coupling catalytic cycle, namely, aryl-CF; bond-forming reductive

elimination from Pd.?>¢

In fact, at the time that we initiated this work, only two examples
of this transformation had been reported in the literature, and both involved the use of

specialized phosphine ligands to induce the desired reactivity. For example, in 2006,
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Grushin reported stoichiometric Ph—CF; coupling from (Xantphos)Pd"(Ph)(CF;)
(Scheme 4.1, eq. 1).” More recently, Buchwald showed that (Brettphos)Pd"(aryl)(CFs)
also undergoes aryl-CF; bond-forming reductive elimination under mild conditions (80

°C, ~30 min) (eq. 2)°

Scheme 4.1. Aryl-CF; Coupling from (L)Pd"(Ar)(CF3)

o [ )

C$>Pd“/© 1 equiv Xantphos= @ (P _ o (1)

P

266
80°C,3h Ph,P O
(100% vyield)
(Xantphos)
OMe
cFs (]
OMe MeO PCy»
P—Pd"@/.—» P= Pr Pr (2)
~CF; dioxane,
80 °C
t1/2 =24 min OMe .
"Pr
(Brettphos)

4.2 Design Plan

We aimed to achieve aryl-CFs; coupling from Pd using a different,
complementary approach. Rather than modifying the ligands at Pd", we sought to achieve
the desired reactivity by changing the oxidation state of the Pd center from Pd" to Pd"".
This idea was predicted on the fact that Pd"" complexes are well-known to undergo other
reductive elimination reactions (eg, C-F, C-Cl, C-I, C-N, C-0O) that have proven
challenging at Pd" centers.*” To probe the viability of this strategy, we synthesized and
studied the reactivity of Pd"(aryl)(CFs) intermediates. Two different synthetic routes
were used to access these compounds: the oxidation of Pd"(aryl) complexes with CF3"
reagents (Scheme 4.2a),'® and the 2¢~ oxidation of pre-formed Pd"(aryl)(CF3) complexes
(Scheme 4.2b)."
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Scheme 4.2. Two Synthetic Toutes to Pd" (aryl)(CF3) Complexes

(a) Rl (b)
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4.3 Investigations of Pd"V(Ar)(CF;) Derived from Oxidation of PdH—aryl with
“CF3+”

Our initial study pursued the synthesis of a Pd""—CF; intermediate through the

+99

oxidation of a Pd"—aryl complex with a “CF5" oxidant. In this case, the oxidant not only

changes the oxidation state of the Pd center, but also provides the CF; ligand.'”

Exploration of Pd-catalyzed aryl-CF; coupling using “CF;™: We first
focused on the Pd(OAc),-catalyzed C—H trifluoromethylation of benzo[/]quinoline (1)
with commercial “CF;'” oxidant (2a-e) under conditions similar to other C-H
functionalization reactions.'* Our proposed catalytic trifluoromethylation cycle involves:
(1) ligand-directed C—H activation to generate a cyclopalladated intermediate, (ii) two-
electron oxidation of the palladacycle by a “CF;" oxidant to generate a Pd'¥ species, and

finally (iii) aryl-CF; bond-forming reductive elimination to release the product.

—_ )
M —=Pdl L C-H
L C_CF3
C—H Activation
Reductive
Elimination H*
CF3
N — N\ n-
(== (gt
\JCF&*
Oxidation

Figure 4.1. Proposed Catalytic Cycle of Pd-Catalyzed C—H Trifluoromethylation

Despite extensive exploration of different reaction conditions, <10% of the

desired trifluoromethylated product was observed. Under our best conditions, reaction of
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Togni’s reagent, 2b, with substrate 1 in the presence of Cu(OTf), afforded
trifluoromethylated product 1a in only 15% yield (1.5 turnovers of catalyst).

+99

Scheme 4.3. Proposed Pd-Catalyzed C—H Trifluoromethylation using “CF;

CF,*
— 10 mol % Pd(OAc),
/ /)
\_ \_y

Lewis/Bronsted

H acid additive F3C
_________ a
e CFy
CFs* = % o
’ St x-

o} R R CF;

(2a) R = CHjz (2b) X = OTf (2d)

R = CF; (2¢) X = BF, (2e)

We hypothesized that elucidating the structure and reactivity of catalytically
relevant intermediates could potentially help us to rationally address the observed low
reactivity. Importantly while we were undertaking these investigations, Yu reported a
transformation closely related to the one that we have developed (vide infra)."> As shown
in Scheme 4.4, he used the Umemoto reagent 2e as electrophilic CF; source, and the
addition of Cu(OAc), and TFA was shown to be critical for achieving high reactivity.
Investigation of the catalytic intermediates should provide useful insights to the role of
additives like CuOAc and TFA and facilitate the development of Pd-catalyzed C—H

trifluoromethylation.

Scheme 4.4. Yu’s Pd-Catalyzed C—H Trifluoromethylation with Electrophilc CF3 Oxidant

10 mol % [Pd]
1 equiv Cu(OAc),
_ 10 equiv TFA —
+
\_/ S+ BF,~ DCE, 110 °C \_(f
éF3 F3
(2e) (1a)

Toward this goal, we turned to studying the stoichiometric reaction of a

cyclometalated Pd" dimer 3 with “CF;™ oxidants. Notably, Pd dimers like 3 can be
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formed under Pd-catalyzed C—H functionalization conditions, and are generally believed
to be intermediates during catalysis.'*'*> The hypervalent iodine(III) CF; oxidants (2ab)
were chosen because they provided higher yields under the catalytic conditions screened
above. Gratifyingly, the stoichiometric reaction of Pd" dimer 3 with 2a generated 1a in
modest yield in various solvents at 100 °C. This was the first example of achieving aryl—

CF; bond formation via treatment of a Pd" dimer with an electrophilic CF; oxidant.

Table 4.1. Stoichiometric Reaction of 3 and 2a in Various Solvents

I\o
= .0 : :§
C_ N‘Pd”\a\/ —

o)
= (2a) .\ g -
%\1\’%”\0 solvent, 100 °C FsC

(3) (1a)
Solvent Yield
AcOH 33%
CH,Cl, 33%
Nitrobenzene 32%
CH3NO, 29%
CHCl,4 27%

Upon lowering the reaction time and temperature, NMR spectroscopic studies
showed the presence of a single Pd—CF; intermediate in these reactions. After 1 h at 40
°C 4 was generated in yields ranging from 27-60% (Table 4.2). Compared to the Togni
reagents (2a-c), trifluoromethyl sulfonium oxidants are more stable at high temperature,
even in the presence of strong acid (such as TFA). However, only 2-4% of complex 4

was observed in the reactions of Pd" dimer 3 with 2d,e.
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Table 4.2. Oxidation of 3 with Different “CF; " Reagents'

— __ CF
€Pd" o>— . < N_| ,-OH,
= /f % ~PA o e
>Pd'_ AcOH (BAC

40°C,1h
(3) (4)
CF3 CF3
o O
ors= L S
o] r R CF;3
(2a) R = CHj (2b) X = OTf (2d)
R = CF, (2¢) X = BF, (2e)
Entry Oxidant Yield 4
1 2a 45%
2 2b 60%
3 2¢ 27%
4 2d 2%
5 2e 4%

(2 Conditions: Complex 3 (1 equiv) and “CF; " reagent (3 equiv) in AcOH (0.4 mL) for 1 h at 40
°C. Yields were determined by '’F NMR spectroscopy and represent an average of at least two
independent runs.

When the solvent was changed to 1,2-dichloroethane, which has been used as a
solvent for Pd-catalyzed C—H trifluoromethylation with similar oxidants," the reaction of
3 with 2b afforded less than 2% of 4. However, interestingly, when this same reaction
was conducted in the presence of 1-20 equiv AcOH (which is present during catalytic C—
H trifluoromethylation, vide infra),” 4 was formed in modest to good yield (Table 4.3).
Complex 4 was isolated in 60% yield as a pale yellow solid from the reaction of 3 with 3

equiv of 2b in AcOH at room temperature.
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Table 4.3. Yield of 4 as a Function of Equiv of AcOH

\ N. 3 equiv CFs
>Pd"T N\
\ﬁ \OH2
Pd” />_ OAc
1-20 equiv AcOH

DCE

(3) 40°C,1h
Entry Equiv AcOH Yield 4
1 0 <2%
2 1 48%
3 5 56%
4 20 65%

Complex 4 was the major inorganic product regardless of the equiv of ‘CF;"
(from 0.5-3) used in this reaction. As shown in Table 4.4, lower amounts of oxidant

simply led to lower conversion of 3.
Table 4.4. Yield of 4 as a Function of Equiv of Oxidant

\
\ N - 0.5-3 equiv F3
€/ e \¥ \ N | gy -OHz2
] d\OAc
Pd“ AcOH
E\i O 40°C.1h Ac

©) (4)
Entry Equiv 2b Remaining 3 Yield 4
1 0.5 56% 11%
2 1 62% 38%
3 2 <2% 63%
4 3 <2% 72%

'H and ""F NMR spectroscopic analysis of complex 4 at room temperature
showed that this molecule contains a cyclometalated benzo[/]quinoline, a CF3 group, and

two different acetate ligands. In addition, when samples of 4 were cooled to —40 °C, a
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broad '"H NMR resonance integrating to two protons was observed at 10.45 ppm,
implicating the presence of a coordinated water molecule.

The aquo ligand on the Pd center could come from adventitious H,O in the AcOH
solvent. Interesting, only traces of H>O are required. Nearly identical yield of complex 4
(74% yield as determined by °F NMR spectroscopy) was observed when the reaction
was conducted under inert atomosphere with AcOH solvent freshly dried by distillation
over Ac,O and KMnOQy.

X-ray quality crystals of 4 were obtained by vapor diffusion of pentanes into a
concentrated dichloroethane solution. As shown in Figure 4.2, the crystal structure of 4
shows the monomeric Pd" complex (bzq)Pd(CF3)(OAc),(OH,). In the solid state, the
aquo ligand is trans to the aryl group, and it participates in two intramolecular hydrogen
bonds with the carbonyl oxygens of the acetate ligands.'® The Oac---H bond distances
1.69(5) and 1.82(2) A are similar to hydrogen bonds reported in I'PrPd"(OAc),(OH,)
(1.73 and 1.82 A, I'Pr =1,3-bis(2,6-diisopropylphenyl)imidazol-2-ylidene).'” The H-
bonding interaction in 4 is also apparent by IR spectroscopy (vou (KBr) = 3414 cm ™).

c18

Figure 4.2. ORTEP Drawing of Complex 4. Thermal ellipsoids are drawn at 50%
probability, and hydrogen atoms are omitted for clarity expect for those on the H,O
ligand. The structure was solved as two identical structures in a unit cell (only one is

shown for clarity).
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Complex 4 is remarkable for several reasons. First, this mono-o-aryl Pd complex
is unusually stable at room temperature. In the solid state, 4 can be stored for at least 1
month without noticeable decomposition; furthermore, the t;, for decomposition in
CD;CO;D solution is 16 h at 25 °C. Second, 4 is formed under conditions analogous to
those reported for catalytic C—H trifluoromethylation (using CF;’ reagents in DCE
containing 1-20 equiv of exogenous AcOH),"” suggesting the possibility that it is a
catalytic intermediate (vide infra). Finally, the formation of 4 shows that dimer 3 can be

oxidized to afford monomeric Pd"" complexes.

C-CF; Bond-Forming Reductive Elimination from 4: Complex 4 could
undergo reductive elimination to produce at least three products: bzq—CF; (1a), bzg—OAc
(1b), or bzg—OH (1c¢) (Table 4.5). Thus, this system provides an opportunity to assess the
relative rates of these different C—CF; and C—O bond-forming processes. While C-O

9b,18

bond-forming reductive elimination is well-precedented from palladium(IV) and

many other metal centers/oxidation states,’”” C—CF3 coupling reactions remain extremely

rare in organometallic chemistry.''*>7*2°

Table 4.5. Reductive Elimination from 4 as a Function of Solvent

= N 80y 3
N\Fl’dl\ic();:c GOsggeg ) ” /— Q ’ /— Q ’ /_ Q
Ac ’ Fa AcO HO
(4) (1a) (1b) (1c)
Entry Solvent Yield 1a Yield 1b Yield 1c
1 AcOH 56% <2% <2%
2 DCE 54% <2% <2%
3 CHCl; 62% <2% <2%
4 NO,Ph 57% <2% <2%
5 DCE/50 equiv. pyridine <2% <2% 84%

Conditions: Complex 6 (1 equiv) in solvent (0.26 mL) for 12 h at 60 °C. Yields were determined
by PF and "H NMR spectroscopy and represent an average of at least two independent runs.
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Heating 4 at 60 °C for 12 h in a variety of solvents (AcOH, CHCIl;, DCE, and
nitrobenzene) produced trifluoromethylated product 1a in 54-62% yield along with <2%
of 1b and 1lc (Table 4.5, entries 1-4). We propose that the remarkably high
chemoselectivity for C—CF3; bond formation may be due to hydrogen bonding between
the coordinated H,O and OAc ligands, which slows competing C—O bond coupling.
Although no other organic products could be identified in these reactions, we could only
account for approximately 60% of the benzo[i]quinoline ligand. The only other
recognizable benzo[/]quinoline-containing product was [(bzq)Pd(OAc)]» (3), which was
formed in <3% yield.

The inorganic by-products of C—CF3 bond-forming reductive elimination in DCE
were also characterized. After heating 4 to 60 °C for 12 h, di-tert-butylbipyridine (dtbpy)
was added to trap the Pd-containing species. Stirring the resulting mixture at room
temperature for 1 h afforded (‘Bu-bpy)(Pd")(CFs)(OAc) and (‘Bu-bpy)(Pd")(OAc), as the

major inorganic products (Scheme 4.5).

Scheme 4.5. Characterization of Inorganic Byproduct of Reductive Elimination from 4

i ()
=L 0
~pglv 1. DGE, 60 °C, 12 h ) OAc OAc
=~ % oAc G WY, + <:>Pd'( ¥ C:)Dd'(
J) FsC ¢

Ac 2.1 equiv N~N F3 OAc

4) (1a)
(54%) (12%) (26%)

Literature reports have described similarly modest mass balance in other

d")e,lSa,Zl

oxidatively-induced reductive elimination reactions from P In many of these

cases, the addition of pyridine (which can bind to highly reactive, coordinatively

15221 Thys, we also examined the

unsaturated Pd intermediates) led to improved results.
thermolysis of 4 in DCE in the presence of 50 equiv of pyridine. As anticipated, the mass
balance improved significantly under these conditions (with 84% of the

benzo[/]quinoline ligand accounted for). However, intriguingly, the chemoselectivity of
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the reaction was reversed, and only the C—O coupled product 1¢ was detected by 'H
NMR spectroscopic analysis of the crude reaction mixture (Table 4.5, entry 5). We
hypothesize that this dramatic change in selectivity may result from disruption of the H-
bonding in 4 (by either deprotonation or displacement of the H,O ligand by pyridine),

which then lowers the activation barrier for C—O bond formation.

Mechanism of C—CF; Bond-Forming Reductive Elimination: The most likely
mechanisms for C—CF3; bond-forming reductive elimination from complex 4 are paths A,
B, and C in Scheme 4.6, Path A involves dissociation of an acetate ligand to afford a five-
coordinate cationic intermediate (I) followed by C—CF; bond-forming reductive
elimination to afford 1b. Path B proceeds via dissociation of H>O to generate a neutral 5-
coordinate Pd" species II and subsequent C—CF; coupling. Finally, path C involves
direct reductive elimination from octahedral complex 4. Notably, ionic dissociative

222 peutral dissociative mechanisms (like path B),** and

mechanisms (like path A),
concerted processes (like path C)* all have significant precedent in reductive elimination

reactions from octahedral Pd" and Pt" complexes.

Scheme 4.6. Possible Mechanisms for C—CF3; Coupling Reductive Elimination from 4

Path A +
—AcO~ OH2
P IV
+ AcO™
CF, Path B O
— — —_—
o 0t ST (D
O (g ~~0Ac + OH, O g) \OAC
Ac Ac
4) (1 (1a)
‘ Path C T

Our first mechanistic studies probed the viability of carboxylate
dissociation/exchange (step i of path A). The addition of 20 equiv of AcOH-ds or 20
equiv of NMesOAc-d; to complex 4 in DCE-dy led to complete exchange of both acetate

ligands within minutes at room temperature (as determined by "H NMR spectroscopic
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analysis) (Scheme. 4.7). These results demonstrate that carboxylate ligand substitution is

significantly faster than C—CF; coupling.

Scheme 4.7. Acetate Dissociation/Exchange on Complex 4

CF, = (|:F3
< N_l _OH, 20equivAcOH-d, < N_| _OH,
e \4 O Pd'V\
Q Pd ~OAc DCE-d, O (g OAc-d3
A)Ac Ac-ds
(4) (4-dg)

We next investigated the influence of exogenous NBusOAc on C—CF3 bond-
forming reductive elimination from 4. Interestingly, the addition of 1 equiv of NBusOAc
almost completely shut down the formation of bzq—CF3 (1a); under these conditions, the
major identifiable organic products were oxygenated compounds 1b and 1c¢ (Table 4.6,
entry 3). In the presence of smaller amounts of NBusOAc (0.2 equiv), 1a was formed, but
in significantly lower yield than without this additive (26% versus 54% yield, entries 1

and 2, respectively).

Table 4.6. Effect of NBusOAc, NBusPFg, and H,O on Reductive Elimination from 4

B E- PP Op

Ac : Fa€ AcO HO
(4) (1a) (1b) (1c)
Entry Additive Yield 1a Yield 1b Yield 1c

1 None 54% <2% <2%

2 0.2 equiv NBusOAc 26% <2% <2%

3 1 equiv NBusOAc 2% 16% 16%

4 1 equiv NBusPFs 56% <2% <2%

5 1 equiv H,O 50% <2% <2%

6 10 equiv H,O 50% <2% <2%

() Conditions: Complex 4 (1 equiv) and the appropriate additive in DCE (0.26 mL) for 12 h at 60
°C. Yields were determined by '°F and '"H NMR spectroscopy and represent an average of at least
two independent runs.
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Quantitative kinetic analysis of these transformations was complicated by the
presence of an induction period. Nonetheless, we found it instructive to compare the
reaction profile (yield versus time) in the presence and absence of NBusOAc. As shown
in Figure 4.3, the addition of NBusOAc significantly increased the induction period and
slowed the rate of bzqg—CF; coupling. In notable contrast, the addition of NBusPFs had
minimal impact on the yield (Table 4.6, entry 4) or reaction profile (Figure 4.4)
compared to the analogous reaction without additive. This indicates that the dramatic

effect of NBusOAc is specifically due to the acetate anion.
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Figure 4.3. Reaction Profile for Reductive Elimination from 4 in DCE at 60 °C in the
Presence of No Additive (Black Squares), 1 Equiv of H,O (Purple Triangles), and 0.2
Equiv of NBusOAc (Green Diamonds).
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Figure 4.4. Reaction Profile for Reductive Elimination from 4 in DCE at 60 °C in the
Presence of 1 Equiv of NBusPF¢ (Red Line) and No Additive (Blue Line).

Finally, we examined the influence of H,O on reductive elimination from 4. The
addition of 1-10 equiv of H>O had minimal impact on the overall yield of 1a after 12 h at
60 °C (Table 4.6, entries 5 and 6). The presence of 1 equiv of H,O did slow the rate and
increase the induction period for this transformation (Figure 4.3); however, this effect

was much smaller than that observed with 0.2 equiv NBusOAc.

Summary of Mechanistic Data: On the basis of all of this data, we propose that
mechanism A (involving pre-equilibrium acetate dissociation followed by rate-
determining C—CF3 coupling) is the major pathway for C—CF3 bond formation from 4.
The AcOH-d4 and NMesOAc-d; exchange experiments indicate that step i of path A is
fast relative to C—CF3 bond-formation. The inhibition of this reaction by exogenous
NBu;OAc (but not by NBuyPFg) is consistent with the expected inverse 1% order
dependence on [AcO].

The acetate exchange experiments indicate that step i is fast relative to C—CF;
bond-formation (step i7). As such, a rate law for this transformation can be derived using
the steady state approximation for 5-coodinate intermediate I. When k_; > k, this rate law

predicts an inverse 1* order dependence on [AcO].
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Scheme 4.8. Derivation of Rate Expression of Path A

(i) Path A
CF, i
= 1 i)
e __ CFy |

ko
~0Ac - = ~ | IV'OHZ
o — O Pd
Ac + 'I“;CO Q SOAc
1

4) - U]

k1kA4]
Rate = —mm8M8m¥
ko + k_{[AcO"]

Importantly, the current data do not definitively rule out mechanisms B or C as
competing pathways. However, the comparatively small influence of added H,O on the
product distribution, yield, and reaction profile is consistent with mechanism A as the

most significant contributor to this transformation.

Effects of Additives on C—CF3; Bond-Forming Reductive Elimination from 4:

On the basis of several literature reports,’*>°

we hypothesized that pre-equilibrium
dissociation of acetate would be promoted by Brensted acids [e.g., trifluoroacetic acid
(TFA)], Lewis acids (e.g., Yb(OTY);), and other reagents that react readily with free AcO™
[e.g., trifluoroacetic anhydride (TFAA)]. As such, we next examined the effect of these
additives on reductive elimination from 4. As shown in Figure 4.5, the addition of 10
equivalent of TFA, TFAA, or 1 equiv of Yb(OTY); eliminated the induction period and

provided first order kinetic profiles for bzq—CF3 coupling.
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Figure 4.5. Reaction Profile for Reductive Elimination from 4 in DCE at 60 °C in the
Presence of No Additive (Black Squares), 10 equiv of TFA (Blue Diamonds), 10 Equiv
of TFAA (Green Circles), and 1 Equiv of Yb(OTf); (Red Triangles).

Additionally, these additives led to substantial increases in the yield of C—CF3
coupled product 1a (Table 4.7). Most notably, with 1 equiv of Yb(OTf)s;, nearly

quantitative yield of 1a was obtained (compared to 54% in the absence of this additive).

Table 4.7. Effect of Acidic/Electrophilic Additives on Reductive Elimination from 4

_ (|:F3 dditi
4)
Entry Additive kobs (s ) Yield 1a™
1 None nd™ 54%
2 10 equiv TFA  3.31+0.04 x 10™ 73%
3 10 equiv TFAA 143 £0.02 x 107 84%

4 1 equiv Yb(OTf);  2.92+0.03 x 10™ 99%

() Conditions: Complex 4 (1 equiv) and the appropriate additive in DCE (0.26 mL) for 12 h at 60
°C. Yields were determined by '°F and '"H NMR spectroscopy and represent an average of at least
two independent runs. ™ &y, could not be determined for this reaction due to an induction period.
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These effects provide further support for mechanism A (Scheme 4.6) as a major
pathway for C—CF3 coupling in this system. Additionally, the observed enhancements in
mass balance suggest that the acidic/electrophilic additives may play a role in
sequestering reactive, coordinatively unsaturated Pd intermediates formed during the

reductive elimination process.

Catalytic Competence of 4 in Pd-Catalyzed C—H Trifluoromethylation: As
discussed above, a recent communication by Yu and coworkers demonstrated the
Pd(OAc),-catalyzed C—H trifluoromethylation of benzo[/]quinoline with oxidants 2d,
and 2e in DCE." The addition of 1 equiv of Cu(OAc), and 10 equiv of TFA was critical
to promote catalytic turnover in these reactions (Scheme 4.9); however, no insights were
provided regarding the mechanistic role of these additives. In addition, while the authors

v
d

speculated that a P pathway was plausible in this system, no mechanistic

experiments were reported.

Scheme 4.9. Initial Rates of C—H Trifluoromethylation using Pd(OAc), and Complex 4

10 mol % [Pd]
1 equiv Cu(OAc),
_ . 10 equiv TFA —
ol e
S+ BF,” DCE, 110 °C

F3 F3
(2e) (1a)

[Pd] = Pd(OAc),; Initial Rate = 0.08 x 104 M/s
[Pd] = Pd'VCFg; Initial Rate = 1.40 x 104 M/s

We hypothesized that Pd" complex 4 might be an intermediate in this catalytic
transformation. Using the method of initial rates, we compared the trifluoromethylation
of benzo[A]quinoline with 2e using 10 mol % of Pd(OAc), to that with 10 mol % of
complex 4 under otherwise identical conditions. As shown in Scheme 4.9, the initial rate
with 4 was 18-fold faster than that with Pd(OAc),. Furthermore, both catalysts provided
similar yields of product 1a when the reactions were followed to completion. These
results clearly demonstrate the kinetic competence of 4 and establish the potential

viability of this monomeric Pd"" species as a catalytic intermediate.
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Role of Promoters in Catalytic C—H Trifluoromethylation: The demonstration
that 4 is a catalytically competent intermediate in C—H trifluoromethylation provided a
platform for rationalizing the role that the promoters Cu(OAc), and TFA play in the
catalytic cycle. All of the studies described above suggest that these additives are
important for both the formation of and C—CF; reductive elimination from Pd" complex
4. As shown in Table 4.3, the generation of 4 by oxidation of 3 with CF;" requires the
presence of at least 1 equiv of AcOH. Under the catalytic conditions, the combination of
Cu(OAc),/TFA would provide an initial source of AcOH through the equilibrium in
Scheme 4.10.

Scheme 4.10. /n-Situ Formation of AcOH
Cu(OAc), + TFA

Cu(TFA), + AcOH

The results in Table 4.7 demonstrate that acidic additives can increase the rate,
yield, and mass balance of C—CF; bond-forming reductive elimination from 4. To test
whether catalytically relevant quantities of Cu(OAc),/TFA have a similar effect, we
studied the thermolysis of 4 in the presence of 10 equiv of Cu(OAc), and 100 equiv of
TFA. Under these conditions, reductive elimination occurred extremely rapidly and in
nearly quantitative yield (94% compared to 54% in the absence of Cu/TFA) (Figure 4.6).
These results indicate that the added Cu(OAc),/TFA could serve to: (i) accelerate
reductive elimination from a Pd" intermediate like 4 and (i) limit competing
unproductive decomposition pathways of this high oxidation state complex that reduce

the yield of bzq—CF3 (1a).
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Figure 4.6. Reaction Profile of Reductive Elimination from 4 in the Presence of No

Additive (Black Squares) and 10 Equiv Cu(OAc),/100 Equiv TFA (Orange Circles).

4.4 Studies of Pd" (aryl)(CF;) Generated by Oxidation of Pd"(aryl)(CFs)

Another way to access Pd"(aryl)(CF;) complexes is by oxidation of a
PdH(aryl)(CF3) species with a 2 e~ oxidant."" This work was done in collaboration with
Dr. Nicholas D. Ball and Dr. J. Brannon Gary. Dr. Ball initiated the project and designed
and performed the synthesis and characterization of the Pd" and Pd" complexes. He
further studied their reactivity, and investigated the mechanistic details of aryl-CF;
coupling from these species. Dr. Gary performed the DFT calculations. My contributions
focused on exploring the feasibility of accessing Pd"(aryl)(CFs) intermediates under
common Pd-catalyzed reaction conditions. I was also involved in some of the kinetic
studies.

Our plan was to design an isolable Pd" (aryl)(CF3) complex to study its reactivity
towards aryl-CF;3 coupling. Based on our previous studies of stable Pd'" complexes,” we
chose a variety of rigid, bidentate N- and P-donor ligands to stabilize the potential Pd"
species. As a result, a series of Pd" complexes with general structure (L),Pd"(aryl)(CF)
were prepared by reacting (L),Pd"(aryl)(I) intermediates with TMSCF; (a CF;™ reagent)
and CsF (Scheme 4.11).”%
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Scheme 4.11. Synthesis of (L)deH(aryl)(I) Complexes from (L)deH(aryl)(CF3)

\Pd“/AryI 1. CsF, THF, 23 °C N (L\Pd“/Aryl
T I~~~ CF

2. TMSCF3, THF, 23 °C 3

(L~L = Bu-bpy, tmeda, dppe)

Heating (‘Bu-bpy)Pd"(p-FCsH4)(CF53) 5 at 130 °C in the absence of an oxidant
afforded less than 5% of the desired product and >80% recovered starting material. This
observation is consistent with the low reactivity of similar Pd"(aryl)(CFs) complexes

reported in the literature.””’

Scheme 4.12. Sluggish Aryl-CF; Coupling from Pd"(aryl)(CF)

£ CF;
~ ||/©/ >
Qj/Pd\CFS PhNOz'dS
(5) 130°C, 72 h F (6)
(>80% recovered) (<5% yield)

We hypothesized that reaction of a 2 ¢ oxidant with Pd"(aryl)(CF3) should afford
more reactive Pd'"'—CF3 complexes that might lead to the desired aryl-CF; reductive
elimination products. Subjecting complex 5 to N-bromosuccinimide (NBS), N-
chlorosuccinimide (NCS), or PhI(OAc), led to rapid consumption of the starting
complex, but afforded none of the desired aryl-CF; product. Instead, aryl-X (X = Br, Cl,
or OAc), was generated by competing reductive elimination at the Pd"" center (Scheme
4.13).
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Scheme 4.13. Competing Reductive Eliminations from Pd" (aryl)(CF3)(X)(Y)
_ F -

F
(E ~pgl O/ Oxidant-XY
< T CF,
(5

|
) - Y -
(N~N = dtbpy)

We next turned our attention to the use of electrophilic fluorinating oxidants (F"
reagents). We reasoned that oxidation of the Pd"(aryl)(CF3) complex with an F' reagent
should introduce a fluoride ligand that might be less kinetically reactive toward reductive
elimination than CF3.”*® Gratifyingly, reactions between 5 and a variety of F' oxidants
generated the aryl-CF3 coupling products in good to excellent yields after 3 h at 80 °C.
N-fluoro-1,3,5-trimethylpyridinium triflate (NFTPT) proved to be the optimal oxidant
(70% yield of aryl-CF3). Remarkably, less than 5% of the aryl-F and/or aryl-OTf was
generated under these conditions.

In an effort to isolate the high oxidation state Pd intermediate and further study
the influence of each reaction partner, we monitored the reaction of 5§ with NFTPT at
lower temperature (23 °C). A single reaction intermediate was observed and isolated as a
yellow solid in 53% yield. An X-ray crystal structure revealed a monomeric Pd"
complex 7 with the aryl group in the axial position and the CF; and F ligands on the
equatorial plane.

Scheme 4.14. Formation of Pd" Complex 7

F
F
~OTf
\Pd”/©/+ N \Pd'<CF3
(5) OTf
(7)
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Figure 4.7. ORTEP Drawing of Complex 7. Thermal ellipsoids are drawn at 50%

probability, hydrogen atoms are omitted for clarity unless otherwise noted.

A series of mechanistic studies were performed to explore the pathway of the
aryl-CF3 reductive coupling. First, the reaction rate was found to show an inverse first
order dependence on [triflate]. Furthermore, enhanced solvent polarity accelerated the
aryl-CF3 coupling. Both mechanistic observations suggested an ionic reaction pathway
that involves: (i) initial triflate dissociation to form a new cationic Pd" intermediate

followed by (ii) aryl-CF; bond formation from this cationic complex.

Scheme 4.15. Aryl-CF; Coupling Pathway from Pd" Complex 7

F F
_|+
i i
CF,
CF; —OTf N CF
~pgv~ 3 < ~pyv_ 3
Pd — Pd -
C:/l SF O somr ST F [P
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(N~N = dtbpy)

127



An observation that we cannot explain experimentally is the selectivity for C—CF3
vs C—F coupling from complex 7. To fully explore the competing aryl-CF; and aryl-F
bond formation, we next turned to DFT calculations. Gratifyingly, our DFT model
showed slightly lower activation energy for the C—CF3 coupling than for the C—F bond
formation. Moreover, the calculated overall activation enthalpy (AH*505 = 28.7 kcal/mol)
is in excellent agreement with our experimental value of 29.1+0.2 kcal/mol.

Literature precedent has shown that the use of more flexible tmeda (N,N,N’ N -
tetramethylethylenediamine) increases the rate of C—C coupling from the related Pd"
complexes (N~N)Pd"(CHz)2(Ph)(I).’ These results led us to propose that replacing the
dtbpy ligand with more flexible ligand, such as tmeda, could result in a more facile aryl—
CF; coupling. DFT calculations further endorsed this hypothesis, showing lower AH*
from (tmeda)Pd"(aryl)(CF3) in both the triflate dissociation and aryl-CF3 coupling steps.
To our delight, experimental studies unambiguously confirmed the predicted reactivity.
Subjecting (tmeda)Pd"(Ph)(CF3) to NFTPT afforded 83% yield of the Ph—CF; coupling
product at temperatures as low as 23 °C. This is the first example of aryl-CF3 coupling

from a Pd center at room temperature.

Scheme 4.16. Facile Aryl-CF; Coupling from (tmeda)Pd"" (Ph)(CF3)

Aryl Nl v—CFs

~ ~

Pd'! — — > Aryl-CF

<:/ ~CF, N Temp YT
Temp =80 °C

m = —/l\(_\l\— Temp =25 °C

The study of (L),Pd" (aryl)(CF3) complexes provides useful mechanistic insights
for the development of future catalytic trifluoromethylation systems. However, the

requirement of (L),Pd"(aryl)(I) intermediates to access the corresponding Pd"'—CF;
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species could be problematic in a catalytic system for several reasons. First, the presence
of an iodide ligand could lead to competing aryl-I bond forming reactions. Second, the
generation of stoichiometric amounts of iodide waste is not desirable from economic and
environmental points of view. To our delight, the tmeda complex can also be prepared by
reacting (tmeda)Pd"(p-CF;C¢Hy)(X) (X = acetate, trifluoroacetate or triflate) with
CsF/TMSCF; in THF. This synthetic pathway avoids the requirement for iodine
containing starting materials, and is relevant and potentially useful for developing

catalytic C—H fluorination reactions using Pd(OAc),, PA(TFA),, or Pd(OTf),.

Scheme 4.17. Generation of (tmeda)Pd"(aryl)(CF5) from Potential Intermediates of Pd-
y

Catalyzed Trifluoromethylations

F
O/ 1. CsF, THF, 23 °C O/
~pgll > ~pyll
Gy C:/Pd\ca
(

F

2. TMSCF3, THF, 23 °C

N~N = tmada) X = OAc; 61%
= , oo
X = OTFA; 56%

4.5 Conclusions

In this chapter, we have demonstrated that Pd" (aryl)(CF3) undergoes facile aryl—
CF; bond formation under very mild reaction conditions (even at room temperature).
Overall, we anticipate that these detailed mechanistic/organometallic investigations will
facilitate the rational design of new catalysts, promoters, and reagents for the
development of Pd-catalyzed aromatic trifluoromethylation.

Two distinct synthetic approaches were adopted to access the key Pd" (aryl)(CFs)
complexes via either electrophilic (CF3") or nucleophilc (CF3") transfer of the CF3 group
to the metal center. In the first example, we studied the oxidation of cyclometalated Pd
dimer [(bzq)Pd(OAc)l» (3) with CF;" reagents to generate monomeric Pd"
trifluoromethyl complex 4. This complex undergoes highly chemoselective C—CF3 bond-
forming reductive elimination that is accelerated by acidic additives. Complex 4 is also a
kinetically competent catalyst for the C—H trifluoromethylation of benzo[/]quinoline
with CF;" reagents. These studies provide new insights into the role of the promoters

Cu(OAc), and TFA in the catalytic transformations. Specifically, these additives appear
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to: (1) serve as a source of AcOH (which is critical for the oxidation of dimeric
[(bzq)Pd(OAc)]> 3 to monomeric 4) and (2) accelerate and enhance mass balance in C—
CF;3 coupling from 4.

More importantly, our studies of generating Pd'"(aryl)(CFs) with CF;" reagents
predict the viability of catalytic cycles like that in Figure 4.8 for Pd""-catalyzed
trifluoromethylation. This cycle involves initial generation of Pd"(aryl) intermediate B
via C—H activation or transmetalation (step i), oxidation of B with CF;" (step ii), and
subsequent C—CF3 coupling (step ii7), which releases the trifluoromethylated product. The
first Pd-catalyzed C—H trifluoromethylation reaction reported by Yu and co-workers is an
elegant realization of this mechanistic strategy.”” We anticipate that this pathway could
prove broadly useful for a number of different Pd-catalyzed transformations for

introducing CF3 groups into organic molecules.

=Pl e
Aryl—CFj Sn, Si, etc)
(iii)
CF3
/Al’y| Pd”’Aryl
L/ | \Y L/ >~y
\M

CF;*
Figure 4.8. General Catalytic Cycle for Pd-catalyzed Oxidative Trifluoromethylation
with CF;" Reagents

In our second approach to access Pd'(aryl)(CF3) intermediates, the scope of
applicable oxidants is not limited to electrophilic CF3 reagents. This work provides the
basis for the development of many different types of Pd""V-catalyzed aryl-CF; cross-
coupling reactions. A potential catalytic cycle for such transformations is outlined in
Figure 4.9. Step i involves the formation of a Pd"(aryl) complex. This could occur, for
example, by C—H activation (X = H) or transmetalation (X = B, Sn, Si). Subsequent
reaction with TMSCEF; (step ii) would yield PdH(aryl)(CFg). Two-electron oxidation of
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this intermediate (step iii) followed by aryl-CF; bond-forming reductive elimination (step

iv) would then furnish the trifluoromethylated product and regenerate the catalyst.

Aryl—CF5

Y -X
||/ Ary
L/ Pd (X=H,B,
(iv) h Sn Si, etc)
/|Aryl
L. -CFs
Pd'Y _Aryl
i | 4 L/Pd“ Y
]
(iii) ()/\
F,d“/AryI
2e™ oxidant

Figure 4.9. General Catalytic Cycle for Pd-Catalyzed Oxidative Trifluoromethylation
with CF3;~ Reagents

4.6 Subsequent Developments

We anticipate both of our proposed pathways could prove broadly useful for the
future development of Pd-catalyzed transformations for introducing CF3 groups into
organic molecules. Indeed, after our initial reports, several synthetically useful Pd-
catalyzed trifluoromethylation reactions have been demonstrated. Notably, all of these
transformations were conducted under oxidative conditions, and were believed to proceed
through a catalytic cycle similar to that proposed in Figures 4.8 and 4.9.

Following Yu’s first report of Pd-catalyzed ortho-trifluoromethylation of arenes
with CF;" reagent, Yu’® and Shi’' expanded the substrate scope of this protocol to
included N-arylbenzamides and acetanilides as transformable directing groups (Scheme
4.18). These results are remarkable since N-arylbenzamides and acetanilides could be
converted to other common functional motifs, whereas the previously studied pyridine
based directing groups are not suitable for further elaboration. Notably, Lewis acid
additives were essential for achieving high reactivity in both cases, presumably due to

their capability to promote aryl-CF3 coupling from Pd" (aryl)(CF3).
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Scheme 4.18. Pd-Catalyzed Trifluoromethylation of N-Arylbenzamides and Acetanilides
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o CONHAr 15 equiv N-methylformamide Xy CONHRAT
N ~ RL Yu, 2012
! =

A S+ BF4 DCE, 130 °C
Ar = (4'CF3)CGH4

10 mol % Pd(OAc),

H O 2.2 equiv %u(gﬁc)z H m2
N 5 equiv Piv
N - o Shi, 2013
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Additionally, several Pd-catalyzed trifluoromethylation reactions have been
realized using CF3™ reagent in the presence of an oxidant. For example, a recent report by
Liu and coworkers exploited this strategy for the Pd-catalyzed C—H trifluoromethylation
of indoles (Scheme 4.19).*> While detailed mechanistic investigations of this
transformation have not yet been conducted, the combination of aryl-H (indole),
TMSCF;, and an oxidant [PhI(OAc),] was proposed to react via a similar cycle to that
proposed in Figure 4.9. Another related pathway has also been proposed for the Pd-
catalyzed aryltrifluoromethylation of activated alkenes (Scheme 4.20).”

Scheme 4.19. Pd-Catalyzed Oxidative Trifluoromethylation of Indoles

cat. [Pd]
\_,, _PhlOAc), TMSCF, N
> CF
CsF, TEMPO 3

\ 25°C \

proposed intermediate
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Scheme 4.20. Pd-Catalyzed Oxidative Aryltrifluoromethylation of Activated Alkenes
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Our studies into the oxidation of cyclometallated Pd" dimers also have shed some
light on the nature of the catalytically active high oxidation state Pd intermediates in Pd-
catalyzed C—H functionalization under oxidative conditions. Despite tremendous progress
on new reaction development, the nuclearity of the active Pd intermediates in these
transformations remains the subject of intense study and discussion.”***** For example,
36.9b.09¢9h firn oric, 1415

monomeric, and trimeric’’ Pd complexes in oxidation states ranging

from +2 to +4 have all been proposed as catalytically active species.”®*

Scheme 4.21. Binuclear Pd"" or Pd"" Complexes from Oxidation of Dimeric Pd"
Species
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Several recent reports have focused on the role of cyclometallated Pd" dimers like

3 and 8 (Scheme 4.21,

eqs 1 and 2) as intermediates in Pd-catalyzed C-H
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. .. 1415
functionalization.

For example, the oxidation of 8 to generate acetate-bridged Pd
dimer 9 has been kinetically implicated as the turnover-limiting step in C—H arylation
reactions (Scheme 4.21, eq. 1)."* Similar dimeric Pd"™ adducts 10 have been isolated
from the stoichiometric reaction of complex 3 (and analogues) with PhICl, and
PhI(OAc), (Scheme 4.21, eq. 2)."> Our study on the oxidation of cyclometallated Pd"
dimer 3 shows that monomeric Pd" intermediates such as complex 4 can also be formed
under catalytically relevant conditions.'” We believe this study reiterates the complexities
in possible mechanisms for arene functionalization via high oxidation state palladium
intermediates.

After our initial report on the formation of stable Pd" (aryl)(CFs) complex 4 and
its reactivity toward selective aryl-CF3 coupling, we began to focus on understanding the
origin of this monomeric Pd" intermediate from a dimeric Pd" complex 3. Our initial
studies focused on monitoring the formation of Pd"(aryl)(CFs) complex at low
temperature by '’F NMR. However, lowering the temperature down to —20 °C didn’t
show any new Pd—CF; species. Moreover, reactions of cyclometallated Pd" adduct 3 with
less than 1 equiv of CF;" reagent did not afford any new fluorine signals. These results
tend to suggest that the formation of Pd"(aryl)(CFs) complex 4 proceeds via
fragmentation of the dimeric Pd" adduct 3 to two mononuclear Pd" complexes 11,
followed by monometallic oxidation. However, it is important to note that our current
data cannot rule out an alternative pathway: initial bimetallic oxidation of 3 to a binuclear

Pd"™ intermediate 12, followed by Pd—Pd bond heterolysis.
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Scheme 4.22. Possible Pathways of Pd"" (aryl)(CFs) Complex 4 Formation from
Cyclometallated Pd" Dimer 3
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In a joint research effort, Ritter, Sanford, Canty and Yates have reported detailed
experimental and computational studies of the oxidation of dimeric Pd" adduct 3*® These
studies suggest the monomeric Pd" (aryl)(CF3) complex 4 is formed by an oxidation-
fragmentation pathway. Several key evidences supported this proposed sequence. First,
the initial rate of complex 4 formation was k[2b][3][AcOH], suggesting that the dimeric
Pd" adduct 3 was intact during the oxidation. Second, since a proposed binuclear Pd™
complex 12 was not observed during the initial reaction conditions, presumably due to
rapid Pd—Pd cleavage, a related model system was studied to prove the viability of Pd—Pd
cleavage step from 12. Subjecting dimeric complex 3 to XeF,, followed by treating with
TMSCF; afforded a new Pd—CF; intermediate 12. Although full characterization of this
species was not possible due to its instability, the assignment of this complex to 12 was
based on analogous reactions with TMSX (X = Cl, OAc), which generated similar
binuclear Pd" complexes that were fully characterized. Finally, DFT calculations support
a facile Pd-Pd cleavage step, which has a significantly lower activation barrier compared

to that of direct aryl-CF; coupling from the binuclear Pd" trifluoromethyl complexes.
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Scheme 4.23. Oxidative Trifluoromethylation of Complex 3 with XeF, and TMSCF3

n+

I\

O N pai’ \\7 XeF, lj;':'\\y
i P’ /fCHQClg —-50 °C %\Pd'“ /%

N~

I

=

CF3

TMSCF; Pc‘i”'\\x_ AcOH N_ | y-OHz
_— B —

CH,Clp, ~78 °C %kpd'" 0)~ Zscrmc Tl (gCOAC

CH.Cl, A
Fs (4)

(12)

Combining the mechanistic data from our initial study with all the experimental
and DFT results reported by Ritter, Canty and Yates, a full mechanistic picture of the Pd-
catalyzed C—H trifluoromethylation is shown in Scheme 4.24. Ligand directed C—H
activation affords the cyclometallated Pd dimer, which reacts with the CF;" reagent and
initially forms the binuclear Pd"" intermediate. Facile Pd—Pd cleavage of this unstable
bimetallic Pd"-pd™ complex leads to a monomeric PdIV(aryl)(CF3) complex (and a
cyclometallated Pd" monomer, which recombine with another to reform a dimeric Pd"
complex). Finally, reductive elimination from this Pd"" intermediate liberates the desired

trifluoromethylated products, and regenerates the catalyst.

Scheme 4.24. Mechanistic Cycle of Pd-Catalyzed C—H Trifluoromethylation
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Investigations of the formation and reactivity of high oxidation state Pd—CF3
intermediates have provided insights that enabled facile aryl-CFs; coupling from
Pd(aryl)(CF3;) complex under unprecedented mild conditions. We anticipate that this
strategy could find widespread utility for Pd-catalyzed trifluoromethylation.

4.7 Experimental Procedures and Characterization Data

General Procedures

NMR spectra were obtained on a Varian vamrs 700 (699.76 MHz for 'H; 175.95 MHz
for °C; 658.43 for '°F), Varian vamrs 500 (500.10 MHz for 'H; 125.75 MHz for °C,
470.56 MHz for '°F), Varian Inova 500 (499.90 MHz for 'H; 125.70 MHz for °C), or a
Varian MR400 (400.52 MHz for 'H; 100.71 for °C, 376.87 MHz for '°F) spectrometer.
'H, "F, and "C chemical shifts are reported in parts per million (ppm) relative to TMS,
with the residual solvent peak used as an internal reference. Multiplicities are reported as
follows: singlet (s), doublet (d), doublet of doublets (dd), quartet (q), multiplet (m), and
broad resonance (br). Elemental analyses were conducted by Atlantic Microlabs in
Norcross, Georgia. IR spectra were obtained on a Perkin-Elmer spectrum BX FT-IR
spectrometer. Mass spectral data were obtained on a Micromass magnetic sector mass
spectrometer or on a Micromass LCT mass spectrometer with an electrospray ionization

mode.

Materials and Methods.

The palladium complex [(bzq)Pd(OAc)]*® as well as authentic samples of Bzg—OAc
(1b) and Bzq-OH (1¢) were prepared according to literature procedures. The electrophilic
trifluoromethylating reagents 2a-c were prepared according to literature procedures,'*”
while 2d and 2e were purchased from Aldrich. NBusOAc-d; was synthesized by reaction
of NBusOAc with AcOH-ds. Ruppert’s reagent (TMSCF3) was obtained from Matrix
Chemicals. Benzo[/]quinoline, 2-iodobenzoic acid, 2-(2-iodophenyl)propan-2-ol, and
methylmagnesium iodide were obtained from Aldrich or Acros and used as received.

Pd(OAc), was obtained from Strem Chemicals and used as received. Pyridine-ds, DCE-
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ds, TFA-d,, AcOH-d4, and CDCl; were obtained from Cambridge Isotope Laboratories.
All other solvents were obtained from Fisher Chemical. Dry acetic acid was distilled

from Ac,O and KMnOs,.

Experimental Details.

Synthesis of Complex 4: In air, [(bzq)Pd(OAc)], (190 mg, 0.276 mmol, 1 equiv) was
weighed into a 20 mL vial and dissolved in AcOH (4 mL). Reagent 5b (274 mg, 0.830
mmol, 3 equiv) was added, and the resulting mixture was stirred at 25 °C for 1 min. The
solvent was removed under reduced pressure. The reaction mixture was dissolved in
CH,Cl, (1 mL), and hexanes (5 mL) was added to precipitate the product. The precipitate
was collected at the top of a plug of Celite and washed with hexanes (50 mL). The
product was then eluted through the plug with Et;O (100 mL), and the solvent was
removed under vacuum. Complex 6 was obtained as a light yellow powder (162 mg, 60%
yield). "H NMR (400 MHz, CDCls, 25 °C, TMS):  9.06 (d, J= 6 Hz, 1H), 8.53 (d, J=8
Hz, 1H), 8.00-7.92 (multiple peaks, 3H), 7.82-7.73 (multiple peaks, 3H), 2.34 (s, 3H),
1.68 (s, 3H). '"H NMR (400 MHz, CD,Cl,, —40 °C, TMS): & 10.45 (br s, 2H), 9.03 (d, J =
6 Hz, 1H), 8.6 (d, J = 8 Hz, 1H), 8.02-7.98 (multiple peaks, 2H), 7.95 (d, J = 8 Hz, 1H),
7.87 (d, J = 9 Hz, 1H), 7.82-7.76 (multiple peaks, 2H), 2.30 (s, 3H), 1.58 (s, 3H). °C
NMR (100 MHz, CDCls, 25 °C, TMS): § 182.40, 180.66, 163.31, 151.13, 147.22,
139.61, 136.13, 135.47, 130.84, 129.34, 128.66, 126.16, 126.06, 124.36, 122.92, 112.61
(q, J =380 Hz), 24.62, 24.28. "’F NMR (376 MHz, CDCls, 25 °C, TMS): § —23.5 (s, 3F).
FTIR (KBr): 3414, 3057, 2930, 2228, 1610, 1407, 1309, 1124, 1064 cm™. Anal. Calc. for
CisHisF3NOsPd: C, 44.14, H, 3.29, N, 2.86; Found: C, 44.05, H, 3.43, N, 2.71.

Isolation of (dtbpy)(Pd")(CF3)(OAc): In air, complex 6 (150 mg, 0.306 mmol, 1 equiv)
was weighed into a 20 mL vial and dissolved in DCE (7.8 mL). The vial was then sealed
with a Teflon-lined cap, and the reaction was heated at 60 °C for 12 h. The resulting
mixture was cooled to room temperature. Di-tert-butylbipyridine (dtbpy) (82.5 mg, 0.306
mmol, 1 equiv) was added, and the reaction mixture was stirred at room temperature for 1

h. The solvent was removed under reduced pressure, the resulting residue was dissolved
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in CH,Cl, (10 mL), and hexanes (50 mL) was added to precipitate the product. The
precipitate was collected at the top of a plug of Celite and washed with hexanes (200
mL). The product was then eluted through the plug with DCM (100 mL), and the solvent
was removed under vacuum. (dtbpy)(Pd")(CF;)(OAc) was obtained as a light red powder
(18.5 mg, 12% yield). '"H NMR (400 MHz, CDCls, 25 °C, TMS): 8 8.69 (d, J = 6 Hz,
1H), 8.28 (d, J= 6 Hz, 1H), 7.94 (d, /=2 Hz, 1H), 7.91 (d, /=2 Hz, 1H), 7.50 (dd, /=6
Hz, 2 Hz, 1H), 7.47 (dd, J = 6, 2 Hz, 1H), 2.14 (s, 3H), 1.40 (s, 9H), 1.39 (s, 9H). °C
NMR (100 MHz, CDCls, 25 °C, TMS): 8 177.99, 165.01, 164.69, 156.14, 153.91, 152.78
(q, J = 3.5 Hz), 148.70, 124.21, 123.88, 120.62 (q, J = 373 Hz), 119.01, 118.25, 35.77,
35.70, 30.40, 30.28, 23.25. '’F NMR (376 MHz, CDCl;, 25 °C, TMS): § —30.93 (s, 3F).
Anal. Calc. for C,;Hy7F3N20,Pd: C, 50.16, H, 5.41, N, 5.57; Found: C, 50.65, H, 5.29, N,
5.41.

Oxidation of 3 with Different Electrophilic Trifluoromethylating Reagents

In air, [(bzq)Pd"(OAc)]; (3) (20 mg, 0.03 mmol, 1 equiv) was dissolved in CD;CO,D
(0.4 mL) in a 4 mL vial. The appropriate “CF; " reagent (0.09 mmol, 3 equiv) was added.
The vial was then sealed with a Teflon-lined cap, and the reaction was heated at 40 °C for
1 h. The resulting dark brown mixture was cooled to room temperature, 4-
(trifluoromethyl)anisole was added as an internal standard, and the reaction was analyzed

by "°F NMR spectroscopy.

Investigation of the Effect of Additives on the Reaction Profile and Rate of
Reductive Elimination from 4

In a Ny-filled drybox, complex 4 (10 mg, 0.0204 mmol, 1.0 equiv), 4-
(trifluoromethyl)anisole (50 pL of a stock solution in dry DCE, 0.0204 mmol, 1 equiv),
and solid additive were dissolved in dry DCE (0.5 mL) in a 4 mL vial and then
transferred to a screw cap NMR tube fitted with a septum. The NMR tube was removed
from the glovebox. Liquid additive was then added through the septum. The tube was
immediately placed in an NMR spectrometer, and the reaction was allowed to equilibrate
for three minutes at 23 °C before acquisition was started. The kinetics of reductive

elimination was studied using '°F NMR spectroscopy by monitoring the appearance of
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the product signal. The data was fit to a first order kinetics plot using Sigma Plot 10.

Each experiment was carried out in duplicate.

Additive = None. This reaction showed a significant induction period and did not follow

a 1% order kinetic profile.
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Figure 4.10. Representative Reaction Profile of Reductive Elimination from 4

Additive = Yb(OTY);. The data was fit to the function f = a*(1-exp(-b*x)); a = 101.42 +
0.3523,b=2.918*10" + 2.8745*10°, R* = 0.9953. [kops = b].
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Figure 4.11. Representative Reaction Profile for Reductive Elimination from 4 in the

Presence of 1 Equiv of Yb(OTf);

Additive = TFA. The data was fit to the function f = a*(1-exp(-b*x)); a = 83.84 £ 0.3356,
b =3.308*10-4 = 4.143*10-6, R2 = 0.9904. [kobs = b].
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Figure 4.12. Representative Reaction Profile for Reductive Elimination from 4 in the

Presence of 10 Equiv of TFA

Additive = (TFA),O. The data was fit to the function f = a*(1-exp(-b*x)); a = 88.80 +
0.1990, b = 1.430*10-3 = 1.660*10-5, R2 = 0.9884. [kobs = b].
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Figure 4.13. Representative Reaction Profile for Reductive Elimination from 4 in the

Presence of 10 Equiv of (TFA),O

Additive = 10 equiv of Cu(OAc), and 100 equiv of TFA. This reaction showed a

induction period and did not follow a 1** order kinetic profile.
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Figure 4.14. Representative Reaction Profile of Reductive Elimination from 4 in the

Presence of 10 Equiv of Cu(OAc); and 100 Equiv of TFA

Additive = NBuyOAc. This reaction showed a significant induction period and did not

follow a 1* order kinetic profile.
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Figure 4.15. Representative Reaction Profile of Reductive Elimination from 4 in the

Presence of 0.2 Equiv of NBusOAc

Additive = NBuyPF¢. This reaction showed a significant induction period and did not

follow a 1* order kinetic profile.
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Figure 4.16. Representative Reaction Profile of Reductive Elimination from 4 in the

Presence of 1 Equiv of NBusPFg

Additive = H,O. This reaction showed a significant induction period and did not follow a

1* order kinetic profile.
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Figure 4.17. Representative Reaction Profile of Reductive Elimination from 4 in the

Presence of 1 Equiv of H,O

Study of Catalytic Competence of 6 using Method of Initial Rates: The reaction
kinetics were measured using the method of initial rates. In each experiment, the reaction
was monitored to ~20% conversion. Kinetics experiments were run in 4 mL vials sealed
with Teflon-lined caps. Each data point represents a reaction in an individual vial, with
each vial containing a constant concentration of 2e, catalyst, beno[/]quinoline (bzq),

Cu(OAc); and TFA. The vials were each sequentially charged with bzq (5.38 mg, 0.03
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mmol, 1 equiv), 2e (15.3 mg, 0.045 mmol, 1.5 equiv), Cu(OAc); (5.45 mg, 0.03 mmol, 1
equiv), Pd catalyst (10 mol %), dry DCE (0.15 mL) and TFA (22.3 uL, 0.3 mmol 10
equiv). The vials were then heated at 110 °C for various amounts of time. Reactions were
quenched by cooling the vial to 0 °C for 10 min. A GC standard (pyrene) was then added,

and the reactions were analyzed by gas chromatography

X-ray Crystallographic Analysis

c18

Figure 4.18. X-Ray Crystal Structure of Complex 4 (CCDC 772390)

08

C33

C34

C36

Figure 4.19. X-Ray Crystal Structure of the Other Complex 4 in the Same Unit Cell

(CCDC 772390). The structure was solved as two identical structures in a unit cell.
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Table 4.8. Hydrogen Bonds for 4 [A and deg].

D-H..A d(D-H) d(H..A) d(D..A) <(DHA)
O(1)-H(1B)..0(3) 1.02(4)  1.69(5) 2.624(7) 150(7)
O(1)-H(1C)..O(5) 0.84(4)  1.82(6) 2.547(5) 143(7)
0(6)-H(6B)...0(10) 0.90(4)  1.72(5) 2.531(5) 149(7)
0(6)-H(6C)...0(8) 0.87(4)  1.76(5) 2.607(5) 163(7)

General Procedure for the Synthesis of (tmeda)Pd(Aryl)(I): Under nitrogen, Pd(dba);
(2.0 g, 3.48 mmol, 1 equiv) was weighed into a 250 mL round bottom flask and dissolved
in THF (50 mL). TMEDA (1.1 g, 9.06 mmol, 2.6 equiv) was added, and the resulting
mixture was stirred at 25 °C for 15 min. The appropriate aryl iodide (9.74 mmol, 2.8
equiv) was added, and the reaction was heated at 60 °C for 30 min. In air, the reaction
mixture was filtered through a plug of Celite, and the solvent was removed under reduced
pressure. The resulting solid was washed with hexanes (3 x 20 mL) and then diethyl ether
(3 x 50 mL) to remove all residual dibenzylidene acetone (dba). The product was then

dried in vacuo.

The product (tmeda)Pd(p-CF;CeH4)(I) was isolated as an orange solid (1.02 g, 39%
yield). "H NMR (CDCL):  7.35 (d, J = 8 Hz, 2H), 7.06 (d, J = 8 Hz, 2H), 2.59 (s, 6H),
2.45 (app s, 4H), 2.20 (s, 6H). '’F NMR (CDCls): § —-61.81 (s, 3F). >C NMR (CDClL): §
152.69, 136.48, 124.77 (q, J = 271 Hz), 124.56 (q, J = 32 Hz), 121.90 (q, J = 4 Hz),
61.93, 58.08, 49.76, 49.60. HRMS electrospray (m/z): [M + Na]  calcd for
Ci3HaoF3IN,Pd, 516.9556; Found, 516.9573.

General Procedure for the Synthesis of (tmeda)Pd(Aryl)(CF;): Under nitrogen,
(tmeda)Pd(Ary)(I) (1.0 g, 2.02-2.30 mmol, 1 equiv) and CsF (3 equiv) were suspended
in THF (0.145 M) in a 25 mL Schlenk flask. This mixture was stirred for 10 min and then
MesSiCF; (2 equiv) was added. The reaction was stirred vigorously for 3 h at 22 °C. The

solvent was removed under reduced pressure, CH,Cl, (15 mL) was added to dissolve the
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product, and the resulting suspension was filtered through a plug of Celite. The plug was
washed with CH,Cl, (2 x 5 mL), the filtrate was concentrated under reduced pressure to
(~2 mL), and hexanes (60 mL) was added to precipitate the product. The resulting solid
was collected on fritted Buchner funnel, washed with hexanes (3 x 10 mL) and diethyl
ether (2 x 2 mL), and dried in vacuo. Some substrates were synthesized on a different
scale with the same equivalents of materials as described above. These substrates and
their scale of synthesis (as determined by amount of (tmeda)Pd(Aryl)(I) used) are noted

accordingly.

(tmeda)Pd(p-CF;Ph)(TFA): Under N,, (tmeda)Pd(p-CFs;Ph)(I) (500 mg, 1.01 mmol, 1
equiv) and AgTFA (246 mg, 1.11 mmol, 1.1 equiv) were dissolved in CH,Cl, (5 mL) in a
20 mL vial. The reaction was stirred vigorously for 30 min. The solvent was then
removed under reduced pressure. CH,Cl, (50 mL) was added, and the resulting
suspension was filtered through a plug of Celite. The filtrate was concentrated under
reduced pressure to ~2 mL, and hexanes (30 mL) was added to precipitate the product.
The resulting solid was collected on a fritted filter, washed with hexanes (50 mL), and
dried in vacuo. The product was isolated as a pale-yellow solid (430 mg, 88% yield). 'H
NMR (CDCls): 6 7.55 (d, J = 8 Hz, 2H), 7.17 (d, J = 8 Hz, 2H), 2.76 (m, 2H), 2.59 (m,
2H), 2.58 (s, 6H), 2.50 (s, 6H). '’F NMR (CDCl): & —21.39 (s, 3F), —61.84 (s, 3F). °C
NMR (CDCl): 6 161.79 (q, J =37 Hz), 155.23, 134.67, 125.92 (q, J = 32 Hz), 124.98 (q,
J =271 Hz), 122.43 (q, J = 4 Hz), 115.52 (q, J = 292 Hz), 63.77, 57.75, 51.68, 47.91.
HRMS electrospray (m/z): [M — TFA + MeCN]" calcd for C;sH,0F¢N,O,Pd, 408.0879;
Found, 408.0881.

(tmeda)Pd(p-CF;Ph)(OAc): Under N,, (tmeda)Pd(p-CF;Ph)(I) (500 mg, 1.01 mmol, 1
equiv) and AgOAc (186 mg, 1.11 mmol, 1.1 equiv) were dissolved in CH,Cl, (5 mL) in a
20 mL vial. The reaction was stirred vigorously for 30 min. The solvent was then
removed under reduced pressure. CH,Cl, (50 mL) was added, and the resulting
suspension was filtered through a plug of Celite. The filtrate was concentrated under
reduced pressure to ~2 mL, and hexanes (30 mL) was added to precipitate the product.

The resulting solid was collected on a fritted filter, washed with hexanes (50 mL), and
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dried in vacuo. The product was isolated as a yellow solid (326 mg, 76% yield). "H NMR
(CDCls): 6 7.60 (d, J = 8 Hz, 2H), 7.14 (d, J = 8 Hz, 2H), 2.71 (m, 2H), 2.59 (s, 6H), 2.56
(m, 2H), 2.46 (s, 6H). "F NMR (CDCL): 8 —61.76 (s). °C NMR (CDCL): § 176.94,
157.53, 135.15, 125.25 (q, J = 32 Hz), 125.14 (q, J = 272 Hz), 122.09 (q, J = 4 Hz),
63.37, 57.92, 51.42, 48.17, 23.83. HRMS electrospray (m/z): [M + Na]" caled for
C15Ha3F3N>0,Pd, 408.0879; Found, 408.0880.

Procedure for the Synthesis of (tmeda)Pd(p-CF;Ph)(CF3) from (tmeda)Pd(p-
CF;Ph)(TFA): Under N», (tmeda)Pd(p-CFs;Ph)(TFA) (416 mmol, 1 equiv) and CsF (2
equiv) were dissolved in THF (0.04 M) in a 25 mL Schlenk flask. Me;SiCF; (10 equiv)
was added. The reaction was stirred vigorously for 2 h at 22 °C. The solvent was then
removed under reduced pressure. CH,Cl, (50 mL) was added, and the resulting
suspension was filtered through a plug of Celite. The plug was washed with CH,Cl, (40
mL), the filtrate was concentrated under reduced pressure to ~5 mL, and hexanes (60 mL)
was added to precipitate the product. The resulting solids were collected on a fritted filter,
washed with hexanes (50 mL), and dried in vacuo to afford (tmeda)Pd(Aryl)(CF3) in 56%
yield.

Procedure for the Synthesis of (tmeda)Pd(p-CF;Ph)(CF3) from (tmeda)Pd(p-
CF;Ph)(OAc): Under N, (tmeda)Pd(p-CF;Ph)(OAc) (469 mmol, 1 equiv) and CsF (2
equiv) were dissolved in THF (0.04 M) in a 25 mL Schlenk flask. Me;SiCF; (10 equiv)
was added. The reaction was stirred vigorously for 2 h at 22 °C. The solvent was then
removed under reduced pressure. CH,Cl, (50 mL) was added, and the resulting
suspension was filtered through a plug of Celite. The plug was washed with CH,Cl, (40
mL), the filtrate was concentrated under reduced pressure to ~5 mL, and hexanes (60 mL)
was added to precipitate the product. The resulting solids were collected on a fritted filter,
washed with hexanes (50 mL), and dried in vacuo to afford (tmeda)Pd(Aryl)(CF3) in 61%
yield.
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CHAPTER 5

Mild Copper-Mediated Fluorination of Aryl Stannanes and

Aryl Trifluoroborates

5.1 Background

Aryl fluorides are extremely important structural motifs that feature prominently
in pharmaceuticals, agrochemicals, organic materials, and biological imaging agents.' As
a result, significant recent efforts have focused on the development of new synthetic
procedures for the generation of Cari—F bonds.” Transition metal-mediated and/or
catalyzed aryl—fluoride coupling reactions are of particular interest, because the rate,
selectivity, and functional group tolerance of these transformations can often be
modulated by changing the metal and its ligand environment.> Over the past 6 years,
several different palladium® and silver-based protocols have been developed to effect
arylfluoride bond formation via cross-coupling with aryl C—H bonds,™® aryl triflates,’
aryl stannanes,® aryl boronic acids,” and aryl silanes.'” In several cases, these methods
have been successfully applied to the late-stage fluorination of complex molecules.
However, despite these significant advances, the reactions remain limited by the
requirement for expensive and toxic noble metals.

A key unmet need in the field is a mild and general aryl fluorination protocol
mediated by an earth abundant first row metal such as Cu.'' In a seminal report in 2011,
Ribas and co-workers demonstrated a proof-of-concept example of aryl-F bond

12,13

formation at a macrocyclic aryl-Cu(Ill) complex. More recently, Fier and Hartwig

reported the Cu-mediated conversion of a broader scope of aryl iodides to aryl fluorides
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using AgF as the fluoride source at 140 °C.'*' As shown in Scheme 5.1a, this

I

transformation is also believed to proceed via a Cu (aryl)(fluoride) intermediate A

formed by oxidative addition of Ar-I to Cu(I) and subsequent reaction with AgF.

Scheme 5.1. Strategies for Cu-Mediated Aryl-F Coupling

(a) Hartwig, 2012 [

= 1n
[Cul \—I> [Cu'”]/l < il
)& F
[Cullll/\b . —IR
| —R -
(b) This work (M ® 7
/—'R A
+ S
[Cul]----- » [CuM-F ------Toeoooo--d
(B) [M] = Sn, B

Inspired by these exciting advances, we sought to develop a milder and more
versatile Cu(Ill)-mediated aromatic fluorination protocol. We hypothesized that an
intermediate analogous to A could be formed under less forcing conditions via the
combination of an electrophilic fluorinating reagent (F') and an aryl organometallic

5,16

species (Scheme S5.1b).”" Importantly, literature precedent in Pd- and Ag-catalyzed
fluorination reactions has shown that F' reagents can serve as fluorine sources without
introducing extra ligands that might lead to unproductive competing reductive

elimination from the metal center.****!?

5.2 Reaction Optimization and Substrate Scope

To test this hypothesis, we initially explored the Cu-mediated fluorination of aryl
stannane 1 with electrophilic fluorinating reagents. We choose aryl stannanes as starting
materials based on their known ability to undergo fast transmetallation at transition metal
centers. The combination of 1, (‘BuCN),CuOTf, and commercial F" reagents in MeCN at

25 °C for 12 h afforded modest (7-30%) yield of the desired product (Table 5.1). N—
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Fluoro-2.,4,6-trimethylpyridinium triflate (NFTPT) provided the highest yield and was

thus utilized in subsequent reaction optimization.

Table 5.1. F* Oxidants Examined for Cu-Mediated Fluorination of 1

('BUCN),CuOTf (1 equiv)

/©/Sn”Bu3 F* oxidant (2 equiv) /©/ F
- MeCN, 25 °C F

12h

\J

(1) (1a)
] cl
A s e [
| _ [ N+\7 P N~ S,
—~ / - O Vv O
OTf F 2BF, F
(NFTPT) (Selectfluor) (NFSI)
Entry F' Oxidant Yield of 1a
1 NFTPT 30%
2 Selectfluor 17%
3 NFSI 7%

The major byproducts of this transformation are fluorobenzene and biaryl 1b, and
the ratio of these by-products is highly dependent on the solvent. For example,
fluorobenzene 1c¢ is the major byproduct when MeCN was used as solvent. In fact,
stirring stannane 1 and (‘BuCN),CuOTf at 25 °C for just 2 h afforded quantitative yield of
fluorobenzene, presumably via facile protodestannylation. In contrast, when the reaction
was conducted in EtOAc as solvent, biaryl 1b was formed in 30% yield, presumably
resulting from unproductive homocoupling of the aryl stannane. Results of the evaluation

of a wide variety of solvents are shown in Table 5.2.
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Table 5.2. Solvent Screen for Cu-Mediated Fluorination of 1 with NFTPT

('BUCN),CuOTf (1 equiv)

F
Sn"Bug NFTPT (2 equiv) F O F
< - -y
E 25 °C, 12h £ O

M (1a) F (1b) (1c)
Entry Solvent Yield of 1a  Yield of 1b  Yield of 1¢
1 DCM 40% 24% 0%
2 MeCN 34% 0% 56%
3 Acetone 30% 17% 0%
4 1,4-Dioxane 20% 27% 4%
5 Toluene 17% 37% 0%
6 EtOAc 12% 30% 0%
7 THF 10% 45% 0%
8 DMF 0% 18% 64%
9 DMSO 0% 12% 76%
10 DMA 0% 16% 57%
11 NMP 0% 14% 54%
12 Diglyme 0% 25% 0%

We reasoned that its formation of biaryl 1b could be circumvented by initial
oxidation of with NFTPT to form putative Cu(Ill)-F intermediate B (Scheme 5.1)
followed by addition of the stannane 1. As shown in Scheme 5.2b, this sequential
addition protocol resulted in dramatically improved yield of 1a (74%) along with <4% of
1b. Importantly, no detectable amount of fluorobenzene was generated under these

conditions.
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Scheme 5.2. Cu-Mediated Fluorination of Aryl Stannanes

/©/Sn8u3

'BUCN),CuOTf
(BUCN),CUOTH ————— O
25°C, 12h

(1a, 6%) 1b 34%)

(a) Initial lead

(b) Sequential addition protocol

SnBu3
F* Q/ @/

25°C, 1 min EtOAc
25°C,12h (1a,74%)  (<4%)

(‘BUCN),CuOTf

F
N“L
AN
| (NFTPT)
F* = pan
OTf

Table 5.3. Solvent Screen for Fluorination of 1 with Sequential Addition Protocol

SnnBU3
T :
2 equiv NFTPT A1) F O
('BUCN),CuOTf . : > > +
25 °C, 5 min 25°C, 12h F
F

(1a) (1b)
Entry Solvent Yield of 1a Yield of 1b
1 EtOAc 74% 4%
2 DCM 64% 0%
3 Acetone 48% 5%
4 MeCN 36% 0%
5 1,4-Dioxane 15% 12%
6 Toluene 15% 0%
7 THF 14% 34%
8 DMF 0% 10%
9 DMSO 0% 7%
10 DMA 0% 16%
11 NMP 0% 16%
12 Diglyme 0% 39%
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Finally, a wide variety of copper salts were evaluated using our sequential
addition protocol. As shown in Table 5.4, Cu(I) salts containing non coordinating anions
proved to be optimal. Significant amounts of chlorination and acetoxylation products

were observed when CuCl and CuOAc were used, respectively.

Table 5.4. Copper Screen for Cu-Mediated Fluorination of 1 by NFTPT with
Sequential Addition Protocol

/©/Sn”Bu3
. F F
2 equiv NFTPT (1)
EtOAc EtOAc E

25 °C, 5 min 25°C, 12h ()
Entry Copper Salt Yield of 1a
1 (‘BuCN),CuOTf 74%
2 (MeCN)4CuPFs 65%
3 (MeCN)4CuBF4 60%
4 Cu(OTf), 23%
5 Cu 15%
6 Cu(OTf)1/2(CsHs) 2%
7 CuCl 1%
8 CuOAc 0%
9 CuF, 0%

We next applied this room temperature fluorination protocol to a variety of
different aryl stannanes. As shown in Scheme 5.3, aryl stannanes bearing electron-
donating and withdrawing substituents underwent fluorination in good to excellent yields
under these conditions. The presence of ortho-substituents was also well-tolerated.
Notably, in all of the examples shown in Scheme 5.3, no fluorination products were

detected in the absence of Cu (see Table 5.5 for the results of these control experiments).
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Scheme 5.3. Substrate Scope for Cu-Mediated Fluorination of Aryl Stannanes®

Sn"Bug
2 equiv NFTPT Q/ _ F

R+
('BUCN),CuOTf - g |
EtOAc EtOAc x
25 °C, 5 min 25°C, 12 h
F
Cr ‘10 SO
(2a) 66%" (3a) 67%°7 (4a) 64%P (5a) 76%"
o ed o
MeO OMe Br
(6a) 70%” (7a) 74%P (8a) 81%° (9a) 80%°
F F
9 ENGY]
F F30
(1a) 74%" (10a) 93%" (11a) 60%5¢ (12a) 71%°

“ General conditions: stannane (0.25 mmol, 1 equiv), (‘BuCN),CuOTf (1 equiv), NFTPT (2
equiv), EtOAc (0.1 M in stannane), 25 °C, 12 h. Copper salt and NFTPT were pre-stirred in
solvent for 5 min, followed by addition of the stannane. ” Yield determined by 'F NMR
spectroscopy. © Isolated yield. “ Isolated product contained 8% of biphenyl (derived from
protodestannylation). ¢ 1.2 equiv of (‘BuCN),CuOTf.

Table 5.5. Reaction of Aryl-SnBu; with NFTPT in the Absence of Cul

Entry Substrate Yield Entry Substrate Yield

Sn”Bu3
1 ©/ 0% 6
c
7
B

Sn"Bug Sn"Bug
3 0% 8 0%
Sn"Bug Sn"Bug
4 0% 9
MeO
Sn"Bug
F

(2] Reaction conditions: substrate (0.025 mmol, 1 equiv) and NFTPT (0.05 mmol, 2 equiv) in
EtOAc (0.25 mL) at 25 °C for 12 h. Yields determined by F NMR analysis.

Sn"Bug
0%

Sn"Bug
0%

aRv

o

0%

5
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With this proof of principle in hand, we next investigated replacing the aryl
stannanes with less toxic aryl-boron reagents. A series of p-FCsH4BX,, derivatives were
examined under identical conditions to those in Scheme 5.3. As shown in Table 5.6, the
aryl boron reagents generally afforded low to modest yields under these conditions. In
most cases, the major by-products were either unreacted starting material or
fluorobenzene from protodeboronation.'” The best result (46% yield) was obtained with

the aryl trifluoroborate substrate (entry 5).

Table 5.6. Cu-Mediated Fluorination of Aryl Boron Reagents”

F

2 equiv NFTPT F
(‘BUCN),CuOTf - - -
25°C, 5 min 25°C,12h F

(1a)

Entry Substrate Yield

N—
1 ;&Q& 1%
: 0
F
BO
2 /©/ 3%
F
3 /©/B\OH 3%
F

/
4 J@/ B ~0 7%
F
BF3K
5 /@ 46%
6 E 58%?0

“ General conditions: stannane (0.025 mmol, 1 equiv), (‘BuCN),CuOTf (1 equiv), NFTPT (2
equiv), EtOAc (0.1 M in boron reagent), 25 °C, 12 h. Copper salt and NFPTP were pre-stirred in
solvent for 5 min, followed by addition of the substrate. Yields determined by '"F NMR
spectroscopy. ” Reaction conducted using MeCN as solvent.
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Further optimization studies confirmed that NFTPT and (‘BuCN),CuOTf are the
best electrophilic fluorinating reagent and copper salt for Cu-mediated fluorination of

aryl trifluoroborate (Tables 5.7, 5.8).

Table 5.7. F" Oxidant Screen for Cu-Mediated Fluorination of (4-

Fluorophenyl)trifluoroborate

F

2 equiv F* oxidant F
('BUCN),CuOTf - - /©/
EtOAc, 25 °C EtOAc, 25 °C F
5 min 12h (1a)
] cl
Ni -N{“_ ©\ //O O\\ @
| [ N+\7 P N~ S,
= - 2 - oo
oTf F 2BF, E
(NFTPT) (Selectfluor) (NFSI)
Entry F' Oxidant Yield of 1a
1 NFTPT 46%
2 Selectfluor 9%
3 NFSI 11%
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Table 5.8. Copper Screen for Cu-Mediated Fluorination of (4-

Fluorophenyl)trifluoroborate

2 equiv NFTPT F F
[Cu] - >
EtOAc EtOAC E

25 °C, 5 min 40°C,12h (1a)
Entry Copper Salt Yield of 1a
1 (‘BuCN),CuOTf 46%
2 (MeCN)4CuBF,4 46%
3 (MeCN)4CuPFs 44%
4 Cu(OTf)*1/2(CsHo) 22%
5 Cu(OTf), 12%
6 CuCl 10%
7 Cu 8%
8 CuOAc 0%
9 CuF, 0%

Finally, evaluation of a variety of solvents showed that switching from EtOAc to

MeCN lead to a significant increase in yield to 58% (Table 5.9).

Table 5.9. Solvent Screen for Cu-Mediated Fluorination of (4-Fluorophenyl)trifluoroborate

F

2 equiv NFTPT F
(BuCN)CuOTH 25°C,5min . 40°C, 12h F/©/
(1a)
Entry Solvent Yield of 1a
1 MeCN 58%
2 Toluene 48%
3 EtOAc 47%
4 DCM 43%
5 Acetone 21%
6 THF 13%
7 1,4-Dioxane 10%
8 DMF 0%
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The substrate scope for the copper-mediated fluorination of aryl trifluoroborates is
shown in Scheme 5.4. Aryltrifluoroborates bearing electron-donating and electron-
withdrawing substituents reacted to generate the aryl-F products in good yields.
Substrates containing ortho-substituents also underwent efficient fluorination under these
optimized conditions. This protocol is compatible with a variety of common functional
groups. Substrates bearing aryl aldehydes, ketones, amides, and esters produced the aryl
fluorides in good yields. Control reactions (without added Cu) were conducted for all of
the substrates in Scheme 5.4. As shown in Table 5.10, the electron deficient aryl
trifluoroborates showed no background reaction under these conditions. Furthermore,
only traces of background fluorination products (2-6%) were observed with the electron

rich substrates p-MeOCsH4BF;K, MesBF;K, and naphthlylBF;K.
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Scheme 5.4 Substrate Scope for Cu-Mediated Fluorination of Aryl

Trifluoroborates”

_~_BFsK
R— |

2 equiv NFTPT

[Cu]
25 °C, 5 min 40-80 °C, 12 h
F
o o
(2a) 72%?P (3a) 71%% (4a) 57%P

Q]

(13a) 67%°

<
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O 2
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“ General conditions: substrate (0.25 mmol, 1 equiv), (BuCN),CuOTf or (MeCN),CuBF, (1 to 2
equiv), NFTPT (2 equiv), 40 or 80 °C, 12 h. Copper salt and NFTPT were pre-stirred in solvent

for 5 min, followed by addition of the substrate.
Isolated products
protodeboronated side-products.

Isolated yield.

contained
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Table 5.10. Reactions of Aryl-BF;K with NFTPT!

Entry Substrate Yield Entry Substrate Yield

BF;K BF5K
Be sl ¢
F
BF3K
BF;K
2 /(EL 3 20%P 10 3%

BFaK
3 0% 11 2%°
BFaK
4 6% 12 oﬂ 0%
H
BF 3K
5 0% 13 o ﬁ)i)/ 0%
BF.K
R
6 0% 14 0%
AN
H
BFaK
7 0% 15 /071/©/ 0%
o)
8 0%

[a] Reaction conditions: substrate (0.025 mmol, 1 equiv) and NFTPT (0.05 mmol, 2 equiv) in
EtOAc at 80 °C for 12 h. Yields determined by '°F NMR analysis of the crude reaction mixtures.
[b] 2% of 2-fluoromesitylene was observed when control reaction was run at 40 °C. [c] 12% of 1-
fluoronaphthalene was also observed.

5.3 Mechanistic Investigation

To preliminarily investigate the mechanism of this Cu-mediated fluorination
protocol, we conducted a series of NMR spectroscopic studies of the reaction of
(‘BuCN),CuOTf with NFTPT in EtOAc. After stirring at room temperature for 10 min,

F NMR analysis showed the appearance of a resonance at —123.0 ppm, which may
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correspond to a Cu(IIl)-F complex (see Scheme 5.5, Figure 5.1). However, this species
is formed in very low yield (~1%), so it is unclear whether it is responsible for the
observed reactivity. As shown in Figure 5.1, this signal appears as a doublet of doublet
of doublets (J = 56, 20, 20 Hz). We initially hypothesized that the observed coupling
involved protons on ‘BuCN or 2,4,6-trimethylpyridine, since the Cu-bound fluoride could
potentially participate in an intramolecular hydrogen bonding interaction, thereby
rendering three methyl hydrogens inequivalent. A similar phenomenon has recently been
observed by Hartwig.'” However, a '°’F NMR study of the oxidation of (MeCN)4CuPFg
with 1-fluoro-pyridinium tetrafluoroborate showed a similar doublet of doublet of
doublets, suggesting against this proposal (Scheme 5.6). Ethyl acetate is a weak ligand,
especially compared to MeCN. We tentatively hypothesize that the observed Cu(IIl)-F
complex might contain a labile EtOAc ligand, like complex 24. However, this possibility

remains to be tested experimentally.

Scheme 5.5. Reaction of (‘BuCN),CuOTf with NFTPT in Ethyl Acetate

+
A T
N\ 72\ 1
(BUCN),CuOTf  + | N—Cu-0O
A _ EtOAc — | OEt
oTf 25 °C, 10 min oTf

(24)

Scheme 5.6. Reaction of (MeCN)4CuPFs with 1-Fluoro-Pyridinium Tetrafluoroborate in

Ethyl Acetate
F
I{l+
- ignal at -122.5 ppm
(MeCN),CuPFgs + ~ ., one sngnf1
| Z - EtOAc (ddd, J = 66, 24, 24 Hz)
BF4 25 °C, 10 min

It is also possible that there is another Cu(IIl)-F species in solution that is
undetectable because it shows a broad '’F NMR resonance due to fast exchange between
free and bound EtOAc; however, VT NMR (down to —60 °C) did not provide any
conclusive evidence to support or refute this proposal. In addition, attempts to detect Cu
intermediates using mass spectrometry were inconclusive, possibly due to weak binding

of the putative EtOAc ligand or due to the water sensitivity of these complexes.
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We also tried to trap a Cu(Ill)~(F) intermediate with added ligands. Nitrogen-
based mono- or bidentate ligands, such as pyridine, 2,2'-bipyridine, 4,4'-di-tert-butyl-2,2'-
bipyridine and 1,10-phenanthroline, are commonly used for Cu-based transformations,
and their ability to capture reactive transition-metal intermediates is well precedented.'®"
However, the addition of 2 equiv of pyridine, or 1 equiv of bidentate nitrogen-donor
ligands resulted in immediate formation of blue or white precipitates and thus prevented
direct characterization of the Cu(IIl)-F complex in EtOAc.

We next examined less coordinating ligands like MeCN and THF. However, a "°F
NMR study of the oxidation of (‘BuCN),CuOTf with NFTPT in EOAc with 10 equiv of
MeCN or in MeCN as solvent did not show any Cu(Ill)~(F) signals. In contrast, the
addition of 10 equiv of THF to a pre-stirred mixture of (‘BuCN),CuOTf and NFTPT in
EtOAc (pre-stirring for 10 min at room temperature) generated a new peak that
corresponds to the Cu(Ill)~(F)(THF) adduct that was reported in a very recent report by
Hartwig. However, this species was formed in low (3%) yield in our system (see Scheme

5.7, Figure 5.2)". For more discussion of Hartwig’s similar approach, see Section 5.5.

Scheme 5.7. Investigation of Cu™"—F Complex using THF as Additive

1 equiv NFTPT 10 equiv THF
('BUCN),CuOTf > >
EtOAc EtOAc
25 °C, 10 min 25 °C, 10 min

When this same reaction was conducted in pre-mixed THF and EtOAc (10 equiv
of THF) as solvent, the Cu(III)(THF)(F) complex characterized by Hartwig was formed
in 18% vyield as determined by '’F NMR spectroscopy (see Scheme 5.8, Figure 5.3)".
Ongoing efforts in our lab are focused on gaining further insights into the organometallic

intermediates and the mechanistic complexities of this transformation.

Scheme 5.8. Investigation of Cu—F Complex using THF as Co-Solvent

1 equiv NFTPT
('BUCN),CuOTf >
EtOAC/THF
25 °C, 10 min
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5.4 Conclusions

In summary, this chapter describes a new method for the Cu-mediated
fluorination of aryl stannanes and aryl trifluoroborates with an electrophilic fluorinating
reagent. The reactions proceed under very mild conditions (in many cases at room
temperature) and exhibit a broad substrate scope and functional group tolerance.” A

Cu(I/IIT) mechanism is proposed with a Cu™

(aryl)(fluoride) (A in Scheme 5.1) serving as
a likely intermediate. Importantly, this strategy takes advantage of the dual role of the
electrophilic fluorinating reagent as both an oxidant for Cu(I) and a fluorine source.*’
Ongoing work is focused on effecting analogous fluorination reactions using alternative

. . . . . J . 22
oxidants in conjunction with nucleophilic fluoride sources.

5.5 Subsequent Developments

While our manuscript was under peer review, Hartwig and co-workers reported a
Cu-mediated aromatic fluorination that is remarkably similar to this work (Scheme
5.9)."° In particular, both approaches involve an aryl boron reagent as the organometallic
substrate, as well as an N—fluoropyridinium salt as the F source and oxidant. Moreover,

/11

both methods are proposed to proceed via a Cu’™ mechanism with a Cu'"(aryl)(fluoride)

as a key intermediate (A in Scheme 5.1).

Scheme 5.9 Hartwig’s Cu-Mediated Fluorination of Arylboronate Esters

('BUCN),CuOTTf (2 equiv)
0 [Me3pyF]PFg (3 equiv)
yZ B\O AgF (2 equiv) F

X THF, 50-80 °C, 18 h N

One major difference between Hartwig’s and our fluorination method is that his
system requires super-stoichiometric quantities of AgF to promote transmetallation of the
arylboronate ester to the Cu center. When AgF was excluded from his reaction or was
switched to another base, significantly lower yields were observed. On the contrary, our
approach circumvents the requirement for this expensive reagent by using a different aryl

boron reagent. Importantly, the aryl trifluoroborates used in our reaction can be prepared
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in quantitative yield by the reaction of aryl boronic acids with KHF,. Aryl
trifluoroborates are bench stable, white crystalline solids that participate in facile
transmetallation without the addition of a base as promoter.” As such, our approach
represents the first mild aromatic fluorination mediated only by an inexpensive, earth
abundant, first row transition metal.

Another important advantage of our method compared to Hartwig’s is the
straightforward product isolation. Under our optimal conditions, Cu-mediated
fluorination of most of the substrates in Schemes 5.3 and 5.4 afforded the desired
fluorinated product with no detectable protodeboronation or protodestannylation. As a
result, pure aryl-F products were obtained easily by column chromatography. In only a
few cases, small amounts (4-6%) of inseparable protodeboronated side-products were
obtained. In contrast, Hartwig’s method forms a larger amount of protodeboronated side-
products (for example, 12% of the protodeborated by-product was formed in the
fluorination of 4-butylphenylboronic acid under his optimal conditions), rendering it

impractical for synthetic application.

Scheme 5.10 Mechanistic Pathway of Cu-Mediated Fluorination of Aryl Boron Reagent

. (ii)
v i ArBX; Il W Ar—F
co + F* —— CUV-F —m—» Ar—-Cu™-F — =

Detailed mechanistic studies by Hartwig suggest the Cu-mediated fluorination
occurs through initial oxidation of Cu' with the F* oxidant to form a Cu""—F complex

(Scheme 5.10, step 1), followed by AgF-promoted transmetallation of the aryl boronate

I 1

ester to the Cu™ complex (step ii), resulting in a Cu (aryl)(fluoride) intermediate. Fast
aryl-F reductive coupling from this reactive Cu'"'(aryl)(fluoride) then liberates the desired
fluorinated product. Notably, two Cu''—F intermediates were observed under Hartwig’s
reaction conditions and were successfully characterized by NMR spectroscopy and ESI-
MS. For example, oxidation of (‘BuCN),CuOTf with the N-fluoropyridinium reagent in
THF formed a new Cu species in full conversion (Scheme 5.11). Although the instability
of this complex precluded isolation, the authors were able to unambiguously characterize

and assign the structure of this intermediate as complex 25, based on a series of NMR,

170



ESI-MS and DFT studies. Furthermore, a second Cu"'-F intermediate 26 was observed in
the reaction of 25 with the aryl boronate ester in the presence of AgF. As discussed

I intermediates in

earlier, we spent tremendous effort attempting to characterize the Cu
our system (which are presumably closely related to complexes 25 and 26). We believe
the more coordinating THF ligand is essential for observing these labile reaction
intermediates. Indeed, when THF was added to our reaction mixture of (‘BuCN),CuOTf
with NFTPT in EtOAc, complex 25 was observed, indicating a similar Cu"-F

intermediate to complex 24, is possible in our system.

Scheme 5.11 Reaction of (‘BuCN),CuOTf with F* Reagent in THF

F a +
oy F : _‘
NS THF, 23 °C, 5 min {0 :
® +  ('BUCN),CuOTf - 7 “N—Cu—0
PFe = ¢m PFe
(25)

Scheme 5.12 Reaction of Complex 24 with Aryl-Bpin/AgF in THF

N T e R

7 i %

N—Cu—0 > L—Cu—F~
oTf THF, 50 °C, 20 min OTf F

(25) (26)

5.6 Experimental Procedures and Characterization Data

General Procedures

NMR spectra were obtained on a Varian MR400 (400 MHz for 1H; 377 MHz for 19F; 100
MHz for °C), a Varian vamrs 500 (500 MHz for 'H), or a Varian vamrs 700 (700 MHz
for "H; 175 MHz for °C) spectrometer. 'H and "°C chemical shifts are reported in parts
per million (ppm) relative to TMS, with the residual solvent peak used as an internal
reference. ’F NMR spectra are referenced based on the internal standard 1,3,5-

trifluorobenzene or 4-fluoroanisole, which appears at —108.33 ppm and —125.55 ppm,
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respectively. 'H and '°F multiplicities are reported as follows: singlet (s), doublet (d),
triplet (t), quartet (q), and multiplet (m). GCMS analysis was performed on a Shimadzu
GCMS-QP2010 plus gas chromatograph mass spectrometer. The products were separated
on a 30 m length by 0.25 mm id RESTEK XTI-5 column coated with a 0.25 um film.
Helium was employed as the carrier gas, with a constant column flow of 1.5 mL/min. The
injector temperature was held constant at 250 °C. The GC oven temperature program was

as follows: 32 °C hold 5 min, ramp 15 °C/min to 250 °C, and hold for 1.5 min.

Materials and Methods.

Aryl stannanes were prepared using literature procedures.”* PhSnBu; was obtained from
Sigma Aldrich. (‘BuCN),CuOTf was prepared according to literature procedures.'*
(MeCN)4CuBF4 was obtained from Sigma Aldrich. N—fluoro-2,4,6-trimethylpyridinium
triflate (NFTPT) was obtained from TCI America. Selectfluor and N-
fluorobenzenesulfonimide (NFSI) were obtained from Sigma Aldrich. Aryl boronic acids
were obtained from Frontier Scientific. Aryl trifluoroborate potassium salts were
prepared using literature procedures.” 1,3,5-Trifluorobenzene and 4-fluoroanisole were
obtained from Oakwood Products. Dry DMF, DMA, DMSO, 1,4-dioxane, diglyme and
NMP were obtained from Sigma Aldrich. All syntheses were conducted in a nitrogen

atmosphere glovebox or using standard Schlenk techniques unless otherwise stated.

Experimental Details.

F' Oxidant Evaluation for Cu-Mediated Fluorination of 1

In a glovebox, substrate 1 (9.6 mg, 0.025 mmol, 1 equiv), (‘BuCN),CuOTf (9.47 mg,
0.025 mmol, 1 equiv), and F" oxidant (0.05 mmol, 2 equiv) were weighed into a 4 mL
vial. MeCN (0.25 mL) was added as solvent, and the vial was sealed with a Teflon-lined
cap. The reaction mixture was allowed to stir at 25 °C for 12 h. The resulting solution was
diluted with CH,Cl, (2 mL). 1,3,5-Trifluorobenzene and 4-fluoroanisole (0.025 mmol, 1
equiv) were added as internal standards, and the reactions were analyzed by '’F NMR

spectroscopy and GCMS.
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Solvent Screen for Cu-Mediated Fluorination of 1 with NFTPT

In a glovebox, substrate 1 (9.6 mg, 0.025 mmol, 1 equiv), (‘BuCN),CuOTf (9.47 mg,
0.025 mmol, 1 equiv), and NFTPT (14.5 mg, 0.05 mmol, 2 equiv) were weighed into a 4
mL vial. Solvent (0.25 mL) was added, and the vial was sealed with a Teflon-lined cap.
The reaction mixture was allowed to stir at 25 °C for 12 h. The resulting solution was
diluted with CH,Cl, (2 mL). 1,3,5-Trifluorobenzene and 4-fluoroanisole (0.025 mmol, 1
equiv) were added as internal standards, and the reactions were analyzed by '’F NMR

spectroscopy and GCMS.

Solvent Screen for Cu-Mediated Fluorination of 1 by NFTPT with Sequential
Addition Protocol

In a glovebox, (‘BuCN),CuOTf (9.47 mg, 0.025 mmol, 1 equiv) and NFTPT (14.5 mg,
0.05 mmol, 2 equiv) were weighed into a 4 mL vial. Solvent (0.25 mL) was added, and
the vial was sealed with a Teflon-lined cap. The reaction mixture was allowed to stir at
25 °C for 5 min. Then, substrate 1 (9.6 mg, 0.025 mmol, 1 equiv) was added to the
reaction mixture, and the reaction was allowed to stir at 25 °C for 12 h. The resulting
solution was diluted with CH,Cl, (2 mL). 1,3,5-Trifluorobenzene and 4-fluoroanisole
(0.025 mmol, 1 equiv) were added as internal standards, and the reactions were analyzed

by "°F NMR spectroscopy and GCMS.

Copper Screen for Cu-Mediated Fluorination of 1 by NFTPT with Sequential
Addition Protocol

In a glovebox, copper salt (0.025 mmol, 1 equiv) and NFTPT (14.5 mg, 0.05 mmol, 2
equiv) were weighed into a 4 mL vial. EtOAc (0.25 mL) was added, and the vial was
sealed with a Teflon-lined cap. The reaction mixture was allowed to stir at 25 °C for 5
min. Then, substrate 1 (9.6 mg, 0.025 mmol, 1 equiv) was added to the reaction mixture,
and the reaction was allowed to stir at 25 °C for 12 h. The resulting solution was diluted
with CH,Cl, (2 mL). 1,3,5-Trifluorobenzene and 4-fluoroanisole (0.025 mmol, 1 equiv)
were added as internal standards, and the reactions were analyzed by '"F NMR

spectroscopy and GCMS.
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Standard Procedure for Cu-Mediated Fluorination of Aryl Stannane by NFTPT

In a glovebox, (‘BuCN),CuOTf (94.7 mg, 0.25 mmol, 1 equiv) and NFTPT (145 mg, 0.5
mmol, 2 equiv) were weighed into a 20 mL vial. EtOAc (2.5 mL) was added, and the vial
was sealed with a Teflon-lined cap. The reaction mixture was allowed to stir at 25 °C for
5 min. The substrate (0.25 mmol, 1 equiv) was then added to the reaction mixture, and
the reaction was allowed to stir at 25 °C for 12 h. The resulting solution was diluted with
CH,Cl,, or EtOAc (5 mL). 1,3,5-Trifluorobenzene and 4-fluoroanisole (0.25 mmol, 1
equiv) were added as internal standards, and the reactions were analyzed by '’F NMR
spectroscopy and GCMS. GCMS analysis was performed on a Shimadzu GCMS-QP2010
plus gas chromatograph mass spectrometer. The products were separated on a 30 m
length by 0.25 mm id RESTEK XTI-5 column coated with a 0.25 um film. Helium was
employed as the carrier gas, with a constant column flow of 1.5 mL/min. The injector
temperature was held constant at 250 °C. The GC oven temperature program was as

follows: 32 °C hold 5 min, ramp 15 °C/min to 250 °C, and hold for 1.5 min.

E The reaction was performed using tributylphenyltin (92 mg, 0.25
©/ mmol, 1 equiv). The fluorinated product 2a was formed in 66% yield

(2a) as determined by '’F NMR spectroscopic analysis of the crude reaction

mixture. The ""F NMR spectral data for 2a matched that of an
authentic sample (Matrix Scientific, m, —114.07 ppm). The identity of the product was
further confirmed by GCMS analysis, where the product peak was observed at 3.63 min.

Fl The reaction was performed using 4-(tributylstannyl)biphenyl
O (110.8 mg, 0.25 mmol, 1 equiv). The fluorinated product 3a was

O formed in 68% yield as determined by 'F NMR spectroscopic
(3a)

analysis of the crude reaction mixture. The reaction mixture was

then diluted with Et,O (10 mL), and the resulting mixture was washed with 2 M aqueous
HCI (15 mL) and brine (15 mL) and then dried over magnesium sulfate. The solvent was
removed by rotary evaporation at 30 °C, and the product was purified by column
chromatography on 10% w/w anhydrous potassium carbonate—silica using 1%

triethylamine in pentane as the eluent (Rr = 0.35). Compound 3a was obtained as white
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crystalline solid (29.0 mg, 67% yield). Compound 3a (29 mg) was isolated with 8% of
the corresponding protodestannylation byproduct biphenyl, which was not easily
separable by chromatography on silica gel. The 'H, °C and '’F NMR spectroscopic data
were identical to that reported previously in the literature.” HRMS EI (m/z): [M]" calcd
for CpHoF, 172.0688; measured, 172.0688.

F The reaction was performed using (4-methylphenyl)tributylstannane
/©/ (95.3 mg, 0.25 mmol, 1 equiv). The fluorinated product 4a was formed

(4a) in 64% yield as determined by '°F NMR spectroscopic analysis of the

crude reaction mixture. The '’F NMR spectral data for 4a matched that
of an authentic sample (Matrix Scientific, m, —119.59 ppm). The identity of the product
was further confirmed by GCMS analysis, where the product peak was observed at 6.68

min.

F The reaction was performed using (2-methylphenyl)tributylstannane
@ (95.3 mg, 0.25 mmol, 1 equiv). The fluorinated product Sa was formed

(5a) in 76% yield as determined by '°F NMR spectroscopic analysis of the

crude reaction mixture. The '’F NMR spectral data for 5a matched that
of an authentic sample (Acros Organics, m, —118.63 ppm). The identity of the product
was further confirmed by GCMS analysis, where the product peak was observed at 6.62

min.
Fl The reaction was performed using (4-
MeO /©/ methoxyphenyl)tributylstannane (99.3 mg, 0.25 mmol, 1 equiv). The

e
(6a) fluorinated product 6a was formed in 70% yield as determined by

F NMR spectroscopic analysis of the crude reaction mixture using
1,3,5-trifluorobenzene as an internal standard. The F NMR spectral data for 6a matched
that of an authentic sample (Oakwood Products, m, —108.33 ppm). The identity of the
product was further confirmed by GCMS analysis, where the product peak was observed

at 9.53 min.
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The reaction was performed using (2-methoxyphenyl)tributylstannane (99.3 mg, 0.25
mmol, 1 equiv). The fluorinated product 7a was formed in 74% yield as determined by
F NMR spectroscopic analysis of the crude reaction mixture. The '’F NMR spectral
data for 7a matched that of an authentic sample (Matrix Scientific, m, —136.47 ppm). The
identity of the product was further confirmed by GCMS analysis, where the product peak

was observed at 9.76 min.

F | The reaction was performed using (4-bromophenyl)tributylstannane
O (112 mg, 0.25 mmol, 1 equiv). The fluorinated product 8a was formed
Br

(8a) in 81% yield as determined by '’F NMR spectroscopic analysis of the

crude reaction mixture. The '’F NMR spectral data for 8a matched
that of an authentic sample (SynQuest Labs, m, —116.25 ppm). The identity of the
product was further confirmed by GCMS analysis, where the product peak was observed

at 9.48 min.

F 1 The reaction was performed using (4-chlorophenyl)tributylstannane
CI/©/ (100.4 mg, 0.25 mmol, 1 equiv). The fluorinated product 9a was

(9a) formed in 80% vyield as determined by 'F NMR spectroscopic

analysis of the crude reaction mixture. The '°F NMR spectral data for
9a matched that of an authentic sample (Oakwood Products, m, —116.83 ppm). The
identity of the product was further confirmed by GCMS analysis, where the product peak

was observed at 8.00 min.

. The reaction was performed using (4-fluorophenyl)tributylstannane
/©/ (96 mg, 0.25 mmol, 1 equiv). The fluorinated product 1a was formed
F in 74% yield as determined by '°F NMR spectroscopic analysis of the

(1a)

crude reaction mixture. The '’F NMR spectral data for 1a matched that

of an authentic sample (Alfa Aesar, m, —120.50 ppm). The identity of the product was
further confirmed by GCMS analysis, where the product peak was observed at 3.74 min.

or
FsC
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The reaction was performed using (4-trifluoromethylphenyl)tributylstannane (108.8 mg,
0.25 mmol, 1 equiv). The fluorinated product 10a was formed in 93% yield as
determined by '’F NMR spectroscopic analysis of the crude reaction mixture using 4-
fluoroanisole as internal standard. The '°F NMR spectral data for 10a matched that of an
authentic sample (Matrix Scientific, s, 3F, —62.62 ppm; m, F, —108.44 ppm). The identity
of the product was further confirmed by GCMS analysis, where the product peak was

observed at 4.28 min.

The reaction was performed using 1-(tributylstannyl)naphthalene
O . (208.6 mg, 0.25 mmol, 1 equiv). In this reaction 1.2 equiv of
O (‘BuCN),CuOTf (114 mg, 0.30 mmol) was used. The fluorinated
(11a) product was formed in 66% yield as determined by '"F NMR

spectroscopic analysis of the crude reaction mixture. The reaction
mixture was then diluted with Et,O (10 mL), and the resulting mixture was washed with
2 M aqueous HCI (15 mL) and brine (15 mL) and then dried over magnesium sulfate.
The solvent was removed by rotary evaporation at 0 °C, and the product was purified by
column chromatography on 10% w/w anhydrous potassium carbonate—silica using 1%
triethylamine in pentane as the eluent (Rr = 0.55). Compound 11a was obtained as clear
liquid (22.0 mg, 60% yield). The 'H, °C and "’F NMR spectroscopic data were identical
to that reported previously in the literature.” HRMS EI (m/z): [M]" caled for CH7F,
146.0532; measured, 146.0531.

The reaction was performed using 2-(tributylstannyl)naphthalene

F
(208.6 mg, 0.25 mmol, 1 equiv). The fluorinated product was formed

in 82% yield as determined by '°F NMR spectroscopic analysis of the
(12a)

crude reaction mixture. The reaction mixture was then diluted with

Et,0O (10 mL), and the resulting mixture was washed with 2 M aqueous HCI (15 mL) and
brine (15 mL) and then dried over magnesium sulfate. The solvent was removed by
rotary evaporation at 0 °C, and the product was purified by column chromatography on
10% w/w anhydrous potassium carbonate—silica using 1% triethylamine in pentane as the

eluent (Rg = 0.48). Compound 12a was obtained as white crystalline solid (26.0 mg, 71%
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yield, mp = 59.8-60.4 °C). '"H NMR (CDCl): & 7.86-7.82 (multiple peaks, 2H), 7.79 (dd,
J=8.4,1Hz, 1H), 7.51 (ddd, J = 7.5, 7.5, 1 Hz, 1H), 7.46 (m, 1H), 7.45 (ddd, J = 7.5,
7.5, 1 Hz, 1H), 7.27 (ddd, J = 10.5, 8.4, 1 Hz, 1H). *C NMR (CDCl;): 8 160.07 (d, J =
244.0 Hz), 134.27 (d, J = 9.4 Hz), 130.57, 130.42 (d, J = 9.6 Hz), 128.02 (d, J = 1.4 Hz),
127.40 (d, J = 5.4 Hz), 127.00, 125.22 (d, J = 2.8 Hz), 116.40 (d, J = 25.0 Hz), 111.00 (d,
J = 20.3 Hz). "F NMR (CDCl3): & —114.90 (m, 1F). HRMS EI (m/z): [M]" calcd for
CioH7F, 146.0532; measured, 146.0531.

Evaluation of Arylboronic Acid Derivatives for Cu-Mediated Fluorination by
NFTPT
4-Fluorophenyl boronic acid pinacol ester,*® boroxine,”” and MIDA ester”® were prepared

according to literature procedures.

In a glovebox, (‘BuCN),CuOTf (9.47 mg, 0.025 mmol, 1 equiv) and NFTPT (14.5 mg,
0.05 mmol, 2 equiv) were weighed into a 4 mL vial. EtOAc (0.25 mL) was added as
solvent, and the vial was sealed with a Teflon-lined cap. The reaction mixture was
allowed to stir at 25 °C for 5 min. Then, the substrate (0.025 mmol based on boron, 1
equiv) was added to the reaction mixture, and the reaction was allowed to stir at 25 °C for
12 h. The resulting solution was diluted with CH,Cl, (2 mL). 1,3,5-Trifluorobenzene and
4-fluoroanisole (0.025 mmol, 1 equiv) were added as internal standards, and the reactions

were analyzed by '’F NMR spectroscopy and GCMS.

F' Oxidant Evaluation for Cu-Mediated Fluorination of (4-
Fluorophenyl)trifluoroborate

In a glovebox, (‘BuCN),CuOTf (9.47 mg, 0.025 mmol, 1 equiv) and F" oxidant (0.05
mmol, 2 equiv) were weighed into a 4 mL vial. EtOAc (0.25 mL) was added, and the vial
was sealed with a Teflon-lined cap. The reaction mixture was allowed to stir at 25 °C for
5 min. Then, (4-fluorophenyl)trifluoroborate (5.05 mg, 0.025 mmol, 1 equiv) was added
to the reaction mixture, and the reaction was allowed to stir at 25 °C for 12 h. The

resulting solution was diluted with CH,Cl, (2 mL). 1,3,5-Trifluorobenzene and 4-
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fluoroanisole (0.025 mmol, 1 equiv) were added as internal standards, and the reactions

were analyzed by '’F NMR spectroscopy and GCMS.

Copper Screen for Cu-Mediated Fluorination of (4-Fluorophenyl)trifluoroborate by
NFTPT

In a glovebox, copper salt (0.025 mmol, 1 equiv) and NFTPT (14.5 mg, 0.05 mmol, 2
equiv) were weighed into a 4 mL vial. EtOAc (0.5 mL) was added, and the vial was
sealed with a Teflon-lined cap. The reaction mixture was allowed to stir at 25 °C for 5
min. Then, (4-fluorophenyl)trifluoroborate (5.05 mg, 0.025 mmol, 1 equiv) was added to
the reaction mixture, and the reaction was allowed to stir at 40 °C for 12 h. The resulting
solution was diluted with CH,Cl, (2 mL). 1,3,5-Trifluorobenzene and 4-fluoroanisole
(0.025 mmol, 1 equiv) were added as internal standards, and the reactions were analyzed

by "°F NMR spectroscopy and GCMS.

Solvent Screen for Cu-Mediated Fluorination of (4-Fluorophenyl)trifluoroborate by
NFTPT

In a glovebox, (‘BuCN),CuOTf (9.47 mg, 0.025 mmol, 1 equiv) and NFTPT (14.5 mg,
0.05 mmol, 2 equiv) were weighed into a 4 mL vial. Solvent (0.5 mL) was added, and the
vial was sealed with a Teflon-lined cap. The reaction mixture was allowed to stir at 25 °C
for 5 min. Then, (4-fluorophenyl)trifluoroborate (5.05 mg, 0.025 mmol, 1 equiv) was
added to the reaction mixture, and the reaction was allowed to stir at 40 °C for 12 h. The
resulting solution was diluted with CH,Cl, (2 mL). 1,3,5-Trifluorobenzene and 4-
fluoroanisole (0.025 mmol, 1 equiv) were added as internal standards, and the reactions

were analyzed by '’F NMR spectroscopy and GCMS.

Standard Procedure for Cu-Mediated Fluorination of Aryl Trifluoroborate by
NFTPT

In a glovebox, (‘BuCN),CuOTf or (MeCN),CuBF,; (0.25-0.5 mmol, 1-2 equiv), and
NFTPT (145 mg, 0.5 mmol, 2 equiv) were weighed into a 20 mL vial. EtOAc or MeCN
(5 mL) was added, and the vial was sealed with a Teflon-lined cap. The reaction mixture

was allowed to stir at 25 °C for 5 min. The substrate (0.25 mmol, 1 equiv) was then added
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to the reaction mixture, and the reaction was allowed to stir at 40 or 80 °C for 12 h. The
resulting solution was diluted with CH,Cl,, or EtOAc (5 mL). 1,3,5-Trifluorobenzene and
4-fluoroanisole (0.25 mmol, 1 equiv) were added as internal standards, and the reactions
were analyzed by '’F NMR spectroscopy and GCMS. GCMS analysis was performed on
a Shimadzu GCMS-QP2010 plus gas chromatograph mass spectrometer. The products
were separated on a 30 m length by 0.25 mm id RESTEK XTI-5 column coated with a
0.25 um film. Helium was employed as the carrier gas, with a constant column flow of
1.5 mL/min. The injector temperature was held constant at 250 °C. The GC oven
temperature program was as follows: 32 °C hold 5 min, ramp 15 °C/min to 250 °C, and

hold for 1.5 min.

In a glovebox, (‘BuCN),CuOTf (94.7 mg, 0.25 mmol, 1 equiv) and
©/ F NFTPT (145 mg, 0.5 mmol, 2 equiv) were weighed into a 20 mL vial.
EtOAc (5 mL) was added, and the vial was sealed with a Teflon-lined

(2a) cap. The reaction mixture was allowed to stir at 25 °C for 5 min. Then,

potassium phenyl trifluoroborate (46 mg, 0.25 mmol, 1 equiv) was added to the reaction
mixture, and the reaction was allowed to stir at 80 °C for 12 h. The resulting solution was
cooled to 25 °C, and diluted with CH,Cl, (5 mL). 1,3,5-Trifluorobenzene and 4-
fluoroanisole (0.25 mmol, 1 equiv) were added as internal standards. The fluorinated
product 2a was formed in 72% yield as determined by '’F NMR spectroscopic analysis of
the crude reaction mixture. The 'F NMR spectral data for 2a matched that of an
authentic sample (Matrix Scientific, m, —114.07 ppm). The identity of the product was
further confirmed by GCMS analysis, where the product peak was observed at 3.63 min.

F]l Ina glovebox, (MeCN)4CuBF, (94.2 mg, 0.30 mmol, 1.2 equiv) and
O NFTPT (145 mg, 0.5 mmol, 2 equiv) were weighed into a 20 mL

O vial. EtOAc (5 mL) was added, and the vial was sealed with a
(3a)

Teflon-lined cap. The reaction mixture was allowed to stir at 25 °C

for 5 min. Then, potassium trifluoro(4-phenylphenyl)borate (65 mg, 0.25 mmol, 1 equiv)
was added to the reaction mixture, and the reaction was allowed to stir at 80 °C for 12 h.

The resulting solution was cooled to 25 °C, and diluted with EtOAc (5 mL). 1,3,5-
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Trifluorobenzene and 4-fluoroanisole (0.25 mmol, 1 equiv) were added as internal
standards. The fluorinated product 3a was formed in 71% yield as determined by '°F
NMR spectroscopic analysis of the crude reaction mixture. The reaction mixture was then
diluted with Et,O (10 mL), and the resulting mixture was washed with 2 M aqueous HCI
(15 mL) and brine (15 mL) and then dried over magnesium sulfate. The solvent was
removed by rotary evaporation at 30 °C, and the product was purified by column
chromatography on silica gel using pentane as the eluent (Rr = 0.35). Compound 3a was

obtained as white crystalline solid.

The isolated product 3a (30.5 mg, 71% yield) was 94% pure, and contained 6% of the
corresponding protodeboronation byproduct, which was not easily separable by
chromatography on silica gel. The 'H, C and ""F NMR spectroscopic data were
identical to that reported previously in the literature.”® HRMS EI (m/z): [M]" caled for
CioHoF, 172.0688; measured, 172.0688.

E In a glovebox, (‘BuCN),CuOTf (94.7 mg, 0.25 mmol, 1 equiv) and
/©/ NFTPT (145 mg, 0.5 mmol, 2 equiv) were weighed into a 20 mL vial.

EtOAc (5 mL) was added, and the vial was sealed with a Teflon-lined
(4a)

cap. The reaction mixture was allowed to stir at 25 °C for 5 min. Then,

potassium (4-methylphenyl)trifluoroborate (49.5 mg, 0.25 mmol, 1 equiv) was added to
the reaction mixture, and the reaction was allowed to stir at 80 °C for 12 h. The resulting
solution was cooled to room temperature and diluted with CH,Cl, (5 mL). 1,3,5-
Trifluorobenzene and 4-fluoroanisole (0.25 mmol, 1 equiv) were added as internal
standards. The fluorinated product 4a was formed in 57% yield as determined by '’F
NMR spectroscopic analysis of the crude reaction mixture. The '’F NMR spectral data
for 4a matched that of an authentic sample (Matrix Scientific, m, —119.59 ppm). The
identity of the product was further confirmed by GCMS analysis, where the product peak

was observed at 6.68 min.

F In a glovebox, (‘BuCN),CuOTf (142 mg, 0.375 mmol, 1.5 equiv) and
(j/\ NFTPT (145 mg, 0.5 mmol, 2 equiv) were weighed into a 20 mL vial.

(5a)
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EtOAc (5 mL) was added, and the vial was sealed with a Teflon-lined cap. The reaction
mixture was allowed to stir at 25 °C for 5 min. Then, potassium (2-
methylphenyl)trifluoroborate (49.5 mg, 0.25 mmol, 1 equiv) was added to the reaction
mixture, and the reaction was allowed to stir at 80 °C for 12 h. The resulting solution was
cooled to room temperature and diluted with CH,Cl, (5 mL). 1,3,5-Trifluorobenzene and
4-fluoroanisole (0.25 mmol, 1 equiv) were added as internal standards. The fluorinated
product 5a was formed in 82% yield as determined by '’F NMR spectroscopic analysis of
the crude reaction mixture. The 'F NMR spectral data for 5a matched that of an
authentic sample (Acros Organics, m, —118.63 ppm). The identity of the product was
further confirmed by GCMS analysis, where the product peak was observed at 6.62 min.

In a glovebox, (‘BuCN),CuOTf (114 mg, 0.30 mmol, 1.2 equiv) and
F
\©/ NFTPT (145 mg, 0.5 mmol, 2 equiv) were weighed into a 20 mL vial.

EtOAc (5 mL) was added, and the vial was sealed with a Teflon-lined
(13a)

cap. The reaction mixture was allowed to stir at 25 °C for 5 min. Then,

potassium (3-methylphenyl)trifluoroborate (49.5 mg, 0.25 mmol, 1 equiv) was added to
the reaction mixture, and the reaction was allowed to stir at 40 °C for 12 h. The resulting
solution was diluted with CH,Cl, (5 mL). 1,3,5-Trifluorobenzene and 4-fluoroanisole
(0.25 mmol, 1 equiv) were added as internal standards. The fluorinated product 13a was
formed in 67% yield as determined by '’F NMR spectroscopic analysis of the crude
reaction mixture. The '°F NMR spectral data for 13a matched that of an authentic sample
(Matrix Scientific, m, —115.24 ppm). The identity of the product was further confirmed
by GCMS analysis, where the product peak was observed at 6.57 min.

In a glovebox, (MeCN)4CuBF,4 (94.2 mg, 0.30 mmol, 1.2 equiv) and

F
/Ej/\ NFTPT (145 mg, 0.5 mmol, 2 equiv) were weighed into a 20 mL vial.
EtOAc (5 mL) was added, and the vial was sealed with a Teflon-lined

(14a) cap. The reaction mixture was allowed to stir at 25 °C for 5 min. Then,

potassium (2,4-dimethylphenyl)trifluoroborate (53 mg, 0.25 mmol, 1 equiv) was added to
the reaction mixture, and the reaction was allowed to stir at 80 °C for 12 h. The resulting

solution was cooled to room temperature and then diluted with CH,Cl, (5 mL). 1,3,5-
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Trifluorobenzene and 4-fluoroanisole (0.25 mmol, 1 equiv) were added as internal
standards. The fluorinated product 14a was formed in 68% yield as determined by '°F
NMR spectroscopic analysis of the crude reaction mixture. The '’F NMR spectral data
for 14a matched that of an authentic sample (SynQuest Laboratories, m, —124.10 ppm).
The identity of the product was further confirmed by GCMS analysis, where the product

peak was observed at 8.84 min.

In a glovebox, (‘BuCN),CuOTf (190 mg, 0.50 mmol, 2 equiv) and
F NFTPT (145 mg, 0.5 mmol, 2 equiv) were weighed into a 20 mL vial.
EtOAc (5 mL) was added, and the vial was sealed with a Teflon-lined

(15a) cap. The reaction mixture was allowed to stir at 25 °C for 5 min. Then,

potassium (2,4,6-trimethylphenyl)trifluoroborate (56.5 mg, 0.25
mmol, 1 equiv) was added to the reaction mixture, and the reaction was allowed to stir at
40 °C for 12 h. The resulting solution was diluted with CH,Cl, (5 mL). 1,3,5-
Trifluorobenzene and 4-fluoroanisole (0.25 mmol, 1 equiv) were added as internal
standards. The fluorinated product 15a was formed in 74% yield as determined by '°F
NMR spectroscopic analysis of the crude reaction mixture. The '’F NMR spectral data
for 15a matched that of an authentic sample (Matrix Scientific, m, —128.52 ppm). The
identity of the product was further confirmed by GCMS analysis, where the product peak

was observed at 10.46 min.

In a glovebox, (‘BuCN),CuOTf (114 mg, 0.30 mmol, 1.2 equiv) and
NFTPT (145 mg, 0.5 mmol, 2 equiv) were weighed into a 20 mL

vial. EtOAc (5 mL) was added, and the vial was sealed with a

(16a)

Teflon-lined cap. The reaction mixture was allowed to stir at 25 °C

for 5 min. Then, potassium (4-tert-butylphenyl)trifluoroborate (60 mg, 0.25 mmol, 1
equiv) was added to the reaction mixture, and the reaction was allowed to stir at 80 °C for
12 h. The resulting solution was cooled to room temperature and diluted with CH,Cl, (5
mL). 1,3,5-Trifluorobenzene and 4-fluoroanisole (0.25 mmol, 1 equiv) were added as
internal standards. The fluorinated product 16a was formed in 64% yield as determined

by "’F NMR spectroscopic analysis of the crude reaction mixture. The product showed a
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F NMR signal at —119.61 ppm in CDCl; (lit. —119.0 ppm in CDCls).” The identity of
the product was further confirmed by GCMS analysis, where the product peak was

observed at 10.67 min.

In a glovebox, (‘BuCN),CuOTf (114 mg, 0.30 mmol, 1.2 equiv) and

F
/©/ NFTPT (145 mg, 0.5 mmol, 2 equiv) were weighed into a 20 mL
MeO vial. EtOAc (5 mL) was added, and the vial was sealed with a

(6a) Teflon-lined cap. The reaction mixture was allowed to stir at 25 °C

for 5 min. Then, potassium (4-methoxyphenyl)trifluoroborate (53.5 mg, 0.25 mmol, 1
equiv) was added to the reaction mixture, and the reaction was allowed to stir at 80 °C for
12 h. The resulting solution was cooled to room temperature and then diluted with
CHyCl, (5 mL). 1,3,5-Trifluorobenzene (0.25 mmol, 1 equiv) was added as internal
standards. The fluorinated product 6a was formed in 45% yield as determined by "’F
NMR spectroscopic analysis of the crude reaction mixture. The '’F NMR spectral data
for 6a matched that of an authentic sample (Oakwood Products, m, —108.33 ppm). The
identity of the product was further confirmed by GCMS analysis, where the product peak

was observed at 9.53 min.

In a glovebox, (‘BuCN),CuOTf (94.7 mg, 0.25 mmol, 1 equiv) and

F
/©/ NFTPT (145 mg, 0.5 mmol, 2 equiv) were weighed into a 20 mL
PhO

vial. EtOAc (5 mL) was added, and the vial was sealed with a
(17a)

Teflon-lined cap. The reaction mixture was allowed to stir at 25 °C

for 5 min. Then, potassium trifluoro(4-phenoxyphenyl)borate (69 mg, 0.25 mmol, 1
equiv) was added to the reaction mixture, and the reaction was allowed to stir at 40 °C for
12 h. The resulting solution was cooled to 25 °C, and diluted with EtOAc (5 mL). 1,3,5-
Trifluorobenzene (0.25 mmol, 1 equiv) was added as internal standards. The fluorinated
product 17a was formed in 60% yield as determined by '"’F NMR spectroscopic analysis
of the crude reaction mixture. The reaction mixture was then diluted with Et,O (10 mL),
and the resulting mixture was washed with 2 M aqueous HCI (15 mL) and brine (15 mL)
and then dried over magnesium sulfate. The solvent was removed by rotary evaporation

at 30 °C, and the product was purified by column chromatography on silica gel using
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pentane as the eluent (Rg = 0.24). Compound 17a was obtained as clear liquid (26.5 mg,
56% yield). The 'H, °C and "”F NMR spectroscopic data were identical to that reported
previously in the literature.”® HRMS EI (m/z): [M]" caled for C;,HoFO, 188.0637;
measured, 188.0631.

F In a glovebox, (MeCN)sCuBF, (78.5 mg, 0.25 mmol, 1 equiv) and
©i NFTPT (145 mg, 0.5 mmol, 2 equiv) were weighed into a 20 mL
OPh

(18a) vial. MeCN (5 mL) was added, and the vial was sealed with a
a

Teflon-lined cap. The reaction mixture was allowed to stir at 25 °C

for 5 min. Then, potassium trifluoro(2-phenoxyphenyl)borate (69 mg, 0.25 mmol, 1
equiv) was added to the reaction mixture, and the reaction was allowed to stir at 40 °C for
12 h. The resulting solution was cooled to 25 °C, and diluted with MeCN (5 mL). 1,3,5-
Trifluorobenzene (0.25 mmol, 1 equiv) was added as internal standards. The fluorinated
product 18a was formed in 52% yield as determined by '’F NMR spectroscopic analysis
of the crude reaction mixture. The reaction mixture was then diluted with Et,O (10 mL),
and the resulting mixture was washed with 2 M aqueous HCI (15 mL) and brine (15 mL)
and then dried over magnesium sulfate. The solvent was removed by rotary evaporation
at 30 °C, and the product was purified by column chromatography on silica gel using
pentane as the eluent (Rp = 0.24). Compound 18a was obtained as clear liquid. The
isolated product 18a (24.0 mg, 51% yield) was 96% pure, and contained traces (4%) of
the corresponding protodeboronation byproduct, which was not easily separable by
chromatography on silica gel. The 'H and >C NMR spectroscopic data were identical to
that reported previously in the literature.”® HRMS EI (m/z): [M]" caled for C;,HoFO,
188.0637; measured, 188.0638.

In a glovebox, (MeCN),CuBF, (94.2 mg, 0.30 mmol, 1.2 equiv) and
F
/©/ NFTPT (145 mg, 0.5 mmol, 2 equiv) were weighed into a 20 mL vial.
Br

EtOAc (5 mL) was added, and the vial was sealed with a Teflon-lined
(8a)

cap. The reaction mixture was allowed to stir at 25 °C for 5 min. Then,

potassium (4-bromophenyl)trifluoroborate (65.7 mg, 0.25 mmol, 1 equiv) was added to

the reaction mixture, and the reaction was allowed to stir at 80 °C for 12 h. The resulting
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solution was cooled to room temperature and then diluted with CH,Cl, (5 mL). 1,3,5-
Trifluorobenzene and 4-fluoroanisole (0.25 mmol, 1 equiv) were added as internal
standards. The fluorinated product 8a was formed in 59% yield as determined by '’F
NMR spectroscopic analysis of the crude reaction mixture. The '’F NMR spectral data
for 8a matched that of an authentic sample (SynQuest Labs, m, —116.25 ppm). The
identity of the product was further confirmed by GCMS analysis, where the product peak

was observed at 9.48 min.

F
Q In a glovebox, (MeCN),CuBF, (94.2 mg, 0.30 mmol, 1.2 equiv) and
Cl NFTPT (145 mg, 0.5 mmol, 2 equiv) were weighed into a 20 mL vial.

9a
(92) EtOAc (5 mL) was added, and the vial was sealed with a Teflon-lined

cap. The reaction mixture was allowed to stir at 25 °C for 5 min. Then, potassium (4-
chlorophenyl)trifluoroborate (54.6 mg, 0.25 mmol, 1 equiv) was added to the reaction
mixture, and the reaction was allowed to stir at 80 °C for 12 h. The resulting solution was
cooled to room temperature and diluted with CH,Cl, (5 mL). 1,3,5-Trifluorobenzene and
4-fluoroanisole (0.25 mmol, 1 equiv) were added as internal standards. The fluorinated
product 9a was formed in 58% yield as determined by '’F NMR spectroscopic analysis of
the crude reaction mixture. The 'F NMR spectral data for 9a matched that of an
authentic sample (Oakwood Products, m, —116.83 ppm). The identity of the product was
further confirmed by GCMS analysis, where the product peak was observed at 8.00 min.

- In a glovebox, (MeCN)4CuBF,4 (94.2 mg, 0.30 mmol, 1.2 equiv) and
/©/ NFTPT (145 mg, 0.5 mmol, 2 equiv) were weighed into a 20 mL vial.
F

(a) MeCN (5 mL) was added, and the vial was sealed with a Teflon-lined
a

cap. The reaction mixture was allowed to stir at 25 °C for 5 min. Then,
potassium (4-fluorophenyl)trifluoroborate (50.5 mg, 0.25 mmol, 1 equiv) was added to
the reaction mixture, and the reaction was allowed to stir at 40 °C for 12 h. The resulting
solution was cooled to room temperature and diluted with CH,Cl, (5 mL). 1,3,5-
Trifluorobenzene and 4-fluoroanisole (0.25 mmol, 1 equiv) were added as internal

standards. The fluorinated product 1a was formed in 66% yield as determined by '’F
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NMR spectroscopic analysis of the crude reaction mixture. The '’F NMR spectral data
for 1a matched that of an authentic sample (Alfa Aesar, m, —120.50 ppm). The identity of
the product was further confirmed by GCMS analysis, where the product peak was

observed at 3.74 min.

In a glovebox, (MeCN),CuBF4 (94.2 mg, 0.30 mmol, 1.2 equiv) and
@F NFTPT (145 mg, 0.5 mmol, 2 equiv) were weighed into a 20 mL vial.
F EtOAc (5 mL) and ‘BuCN (0.28 mL, 2.5 mmol, 10 equiv) were added,

(19a) and the vial was sealed with a Teflon-lined cap. The reaction mixture

was allowed to stir at 25 °C for 5 min. Then, potassium (2-fluorophenyl)trifluoroborate
(50.5 mg, 0.25 mmol, 1 equiv) was added to the reaction mixture, and the reaction was
allowed to stir at 40 °C for 12 h. The resulting solution was diluted with CH,Cl, (5 mL).
1,3,5-Trifluorobenzene and 4-fluoroanisole (0.25 mmol, 1 equiv) were added as internal
standards. The fluorinated product 19a was formed in 40% yield as determined by "’F
NMR spectroscopic analysis of the crude reaction mixture. The '’F NMR spectral data
for 19a matched that of an authentic sample (Matrix Scientific, m, —139.65 ppm). The
identity of the product was further confirmed by GCMS analysis, where the product peak

was observed at 4.08 min.

| Ina glovebox, (MeCN)4CuBF,4 (118 mg, 0.375 mmol, 1.5 equiv) and
/©/ NFTPT (145 mg, 0.5 mmol, 2 equiv) were weighed into a 20 mL vial.
FaC EtOAc (5 mL) and ‘BuCN (0.28 mL, 2.5 mmol, 10 equiv) were added,

(10a)

and the vial was sealed with a Teflon-lined cap. The reaction mixture

was allowed to stir at 25 °C for 5 min. Then, potassium (4-
trifluoromethylphenyl)trifluoroborate (53.5 mg, 0.25 mmol, 1 equiv) was added to the
reaction mixture, and the reaction was allowed to stir at 80 °C for 12 h. The resulting
solution was cooled to room temperature and diluted with CH,Cl, (5 mL). 4-
Fluoroanisole (0.25 mmol, 1 equiv) was added as internal standards. The fluorinated
product 10a was formed in 54% yield as determined by '’F NMR spectroscopic analysis
of the crude reaction mixture. The '’F NMR spectral data for 10a matched that of an

authentic sample (Matrix Scientific, s, 3F, —=62.62 ppm; m, F, —108.44 ppm). The identity
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of the product was further confirmed by GCMS analysis, where the product peak was

observed at 4.28 min.

In a glovebox, (MeCN)4CuBF,4 (94.2 mg, 0.30 mmol, 1.2 equiv) and
O F NFTPT (145 mg, 0.5 mmol, 2 equiv) were weighed into a 20 mL
O vial. EtOAc (5 mL) and ‘BuCN (0.28 mL, 2.5 mmol, 10 equiv) was

(11a) added, and the vial was sealed with a Teflon-lined cap. The reaction

mixture was allowed to stir at 25 °C for 5 min. Then, potassium (1-
naphthyl)trifluoroborate (58.5 mg, 0.25 mmol, 1 equiv) was added to the reaction
mixture, and the reaction was allowed to stir at 80 °C for 12 h. The resulting solution was
cooled to 25 °C, and diluted with EtOAc (5 mL). 1,3,5-Trifluorobenzene and 4-
fluoroanisole (0.25 mmol, 1 equiv) were added as internal standards. The fluorinated
product 11a was formed in 62% yield as determined by '’F NMR spectroscopic analysis
of the crude reaction mixture. The reaction mixture was then diluted with Et,O (10 mL),
and the resulting mixture was washed with 2 M aqueous HCI (15 mL) and brine (15 mL)
and then dried over magnesium sulfate. The solvent was removed by rotary evaporation
at 0 °C, and the product was purified by column chromatography on silica gel using
pentane as the eluent (Rg = 0.55). Compound 11a was obtained as clear liquid (20.5 mg,
56% yield). The 'H, °C and "”’F NMR spectroscopic data were identical to that reported
previously in the literature.”® HRMS EI (m/z): [M]  caled for CioH/F, 146.0532;
measured, 146.0531.

In a glovebox, (MeCN),CuBF, (78.5 mg, 0.25 mmol, 1 equiv) and

F
NFTPT (145 mg, 0.5 mmol, 2 equiv) were weighed into a 20 mL

vial. EtOAc (5 mL) was added, and the vial was sealed with a
(12a)

Teflon-lined cap. The reaction mixture was allowed to stir at 25 °C

for 5 min. Then, potassium (2-naphthyl)trifluoroborate (58.5 mg, 0.25 mmol, 1 equiv)
was added to the reaction mixture, and the reaction was allowed to stir at 80 °C for 12 h.
The resulting solution was cooled to 25 °C, and diluted with EtOAc (5 mL). 1,3,5-
Trifluorobenzene and 4-fluoroanisole (0.25 mmol, 1 equiv) were added as internal

standards. The fluorinated product 12a was formed in 66% yield as determined by '°F
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NMR spectroscopic analysis of the crude reaction mixture. The reaction mixture was then
diluted with Et,O (10 mL), and the resulting mixture was washed with 2 M aqueous HCI
(15 mL) and brine (15 mL) and then dried over magnesium sulfate. The solvent was
removed by rotary evaporation at 0 °C, and the product was purified by column
chromatography on silica gel using pentane as the eluent (Rr = 0.48). Compound 12a was
obtained as white crystalline solid (23.5 mg, 64% yield, mp = 59.8-60.4 °C). '"H NMR
(CDCls): & 7.86-7.82 (multiple peaks, 2H), 7.79 (dd, J = 8.4, 1 Hz, 1H), 7.51 (ddd, J =
7.5,7.5, 1 Hz, 1H), 7.46 (m, 1H), 7.45 (ddd, J= 7.5, 7.5, 1 Hz, 1H), 7.27 (ddd, J = 10.5,
8.4, 1 Hz, 1H). >C NMR (CDCL): § 160.07 (d, J = 244.0 Hz), 134.27 (d, J = 9.4 Hz),
130.57, 130.42 (d, J = 9.6 Hz), 128.02 (d, J = 1.4 Hz), 127.40 (d, J = 5.4 Hz), 127.00,
125.22 (d, J = 2.8 Hz), 116.40 (d, J = 25.0 Hz), 111.00 (d, J = 20.3 Hz). "’"F NMR
(CDCly): & —114.90 (m, 1F). HRMS EI (m/z): [M]" caled for CoH-F, 146.0532;
measured, 146.0531.

In a glovebox, (MeCN),CuBF, (118 mg, 0.375 mmol, 1.5 equiv) and

F
NFTPT (145 mg, 0.5 mmol, 2 equiv) were weighed into a 20 mL
@) .
vial. EtOAc (5 mL) was added, and the vial was sealed with a
3 (20a) Teflon-lined cap. The reaction mixture was allowed to stir at 25 °C

for 5 min. Then, potassium (4-formylphenyl)trifluoroborate (53 mg,
0.25 mmol, 1 equiv) was added to the reaction mixture, and the reaction was allowed to
stir at 80 °C for 12 h. The resulting solution was diluted with CH,Cl, (5 mL). 1,3,5-
Trifluorobenzene and 4-fluoroanisole (0.25 mmol, 1 equiv) were added as internal
standards. The fluorinated product 20a was formed in 48% yield as determined by '’F
NMR spectroscopic analysis of the crude reaction mixture. The product showed a "F
NMR signal at —104.22 ppm in CDCl; (lit. =102.9 ppm in CDCl3).” The identity of the
product was further confirmed by GCMS analysis, where the product peak was observed

at 9.94 min.

In a glovebox, (MeCN)4CuBF4 (94.2 mg, 0.30 mmol, 1.2 equiv) and
NFTPT (145 mg, 0.5 mmol, 2 equiv) were weighed into a 20 mL
vial. EtOAc (5 mL) was added, and the vial was sealed with a

(21a)
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Teflon-lined cap. The reaction mixture was allowed to stir at 25 °C for 5 min. Then,
potassium (4-acetylphenyl)trifluoroborate (56.5 mg, 0.25 mmol, 1 equiv) was added to
the reaction mixture, and the reaction was allowed to stir at 80 °C for 12 h. The resulting
solution was cooled to 25 °C, and diluted with EtOAc (5 mL). 1,3,5-Trifluorobenzene
(0.25 mmol, 1 equiv) was added as internal standards. The fluorinated product 21a was
formed in 60% yield as determined by '"F NMR spectroscopic analysis of the crude
reaction mixture. The reaction mixture was then diluted with Et,O (10 mL), and the
resulting mixture was washed with 2 M aqueous HCI (15 mL) and brine (15 mL) and
then dried over magnesium sulfate. The solvent was removed by rotary evaporation at 0
°C, and the product was purified by column chromatography on silica gel using 5%
diethyl ether in pentane as the eluent (Rr = 0.25). Compound 21a was obtained as a clear
liquid (19.5 mg, 56% yield). The 'H, °C and "’F NMR spectroscopic data were identical
to that reported previously in the literature.'"” HRMS EI (m/z): [M]" caled for CsH;FO,
138.0481; measured, 138.0477.

In a glovebox, (‘BuCN),CuOTf (114 mg, 0.30 mmol, 1.2 equiv)

F
)OL /©/ and NFTPT (145 mg, 0.5 mmol, 2 equiv) were weighed into a 20
” mL vial. EtOAc (5 mL) was added, and the vial was sealed with a

(22a) Teflon-lined cap. The reaction mixture was allowed to stir at 25 °C

for 5 min. Then, potassium (4-acetylaminophenyl)trifluoroborate
(60.3 mg, 0.25 mmol, 1 equiv) was added to the reaction mixture, and the reaction was
allowed to stir at 80 °C for 12 h. The resulting solution was cooled to 25 °C, and diluted
with EtOAc (5§ mL). 1,3,5-Trifluorobenzene and 4-fluoroanisole (0.25 mmol, 1 equiv)
were added as internal standards. The fluorinated product 22a was formed in 45% yield
as determined by 'F NMR spectroscopic analysis of the crude reaction mixture. The
reaction mixture was then diluted with Et,0O (10 mL), and the resulting mixture was
washed with 2 M aqueous HCI (15 mL) and brine (15 mL) and then dried over
magnesium sulfate. The solvent was removed by rotary evaporation at 30 °C, and the
product was purified by column chromatography on silica gel using 70% diethyl ether in
pentane as the eluent (Rr = 0.20). Compound 22a was obtained as white solid (16 mg,
42% vyield, mp = 151.3-152.3 °C). The 'H, °C and ""F NMR spectroscopic data were
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identical to that reported previously in the literature.”® HRMS EI (m/z): [M]" caled for
CgHgFNO, 153.0590; measured, 153.0583.

In a glovebox, (‘BuCN),CuOTf (114 mg, 0.30 mmol, 1.2 equiv)

F
and NFTPT (145 mg, 0.5 mmol, 2 equiv) were weighed into a 20
O
- mL vial. EtOAc (5 mL) was added, and the vial was sealed with a
O
(23a) Teflon-lined cap. The reaction mixture was allowed to stir at 25 °C

for 5 min. Then, potassium (4-
methoxycarbonylphenyl)trifluoroborate (60.5 mg, 0.25 mmol, 1 equiv) was added to the
reaction mixture, and the reaction was allowed to stir at 80 °C for 12 h. The resulting
solution was cooled to 25 °C, and diluted with EtOAc (5 mL). 1,3,5-Trifluorobenzene
(0.25 mmol, 1 equiv) was added as internal standards. The fluorinated product 23a was
formed in 57% yield as determined by '"F NMR spectroscopic analysis of the crude
reaction mixture. The reaction mixture was then diluted with Et,O (10 mL), and the
resulting mixture was washed with 2 M aqueous HCI (15 mL) and brine (15 mL) and
then dried over magnesium sulfate. The solvent was removed by rotary evaporation at 0
°C, and the product was purified by column chromatography on silica gel using 2%
diethyl ether in pentane as the eluent (Rr = 0.21). Compound 23a was obtained as clear
liquid. The isolated product 23a (22.0 mg, 57% yield) was 96% pure, and contained 4%
of the corresponding protodeboronation byproduct, which was not easily separable by
chromatography on silica gel. The 'H, C and ""F NMR spectroscopic data were
identical to that reported previously in the literature.”® HRMS EI (m/z): [M]" caled for
CsH7FO,, 154.0430; measured, 154.0425.

Investigations of High Valent Cu Intermediate using THF as Additive

In a glovebox, (‘BuCN),CuOTf (38 mg, 0.1 mmol, 1 equiv) and NFTPT (29 mg, 0.1
mmol, 1 equiv) were weighed into a 4 mL vial. EtOAc (0.5 mL) was added, and the vial
was sealed with a Teflon-lined cap. The reaction mixture was allowed to stir at 25 °C for
10 min and a "F NMR spectrum was recorded. Then, THF (81 pL, 1 mmol, 10 equiv)
was added to the reaction mixture, and the reaction was allowed to stir at 25 °C for an

additional 10 min. The resulting solution was analyzed by '°F NMR spectroscopy. The
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Cu(Ill) complex recently characterized by Hartwig"? was detected by '"F NMR
spectroscopy in 3% yield.

Investigations of High Valent Cu Intermediate using THF as Co-Solvent

In a glovebox, (‘BuCN),CuOTf (38 mg, 0.1 mmol, 1 equiv) and NFTPT (29 mg, 0.1
mmol, 1 equiv) were weighed into a 4 mL vial. THF (81 pL, 1 mmol, 10 equiv) and
EtOAc (0.5 mL) were pre-mixed in another 4 mL vial before adding into the reaction.
The vial was sealed with a Teflon-lined cap, and the reaction mixture was allowed to stir
at 25 °C for 10 min. The resulting solution was analyzed by '’F NMR spectroscopy. The
Cu(Ill) complex recently characterized by Hartwig"? was detected by ""F NMR
spectroscopy in 18% yield.
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