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ABSTRACT

Benzylic C—H bonds are ubiquitous in pharmaceutical and other biologically active
compounds. The low BDE? of the benzylic C—H bond has made it a target for further
functionalization, where the original bond may be replaced with a C—C bond,? C-O bond,?
C-N bond,®"* or C-X bond,® (where X = halogen). While the functionalization of benzylic
C—H bonds to C-C/O/N bonds are relatively well established, selective halogenation
proves to be more challenging. Halogenation typically refers to chlorination, bromination,
and iodination, but has recently come to include fluorination. Achieving fluorination has
traditionally been cumbersome.  Classical methods of generating a C—F bond typically
require harsh conditions with highly toxic reagents. C—F bond formation has increasingly
become of interest primarily for its advantageous biological features. The focus of this
dissertation will be method development and mechanistic investigation of silver(l)-
catalyzed benzylic C—H fluorination via radical pathways.

Recent developments of new fluorinating reagents have afforded methods that no
longer require highly toxic chemicals; however, current radical fluorination still require
harsh reagents, (e.g. strong oxidants), or have a limited substrate scope. Utilizing the idea
of radical decarboxylative fluorination, and the demonstrated utility of radical
decarboxylation of unprotected amino acids,® a novel radical decarboxylative benzylic
fluorination pathway was designed where unprotected amino acids were used as radical
precursors to facilitate HAT at the benzylic site, and ultimately allow for subsequent
fluorination.

Upon further mechanistic investigation of the unprotected amino acids system, it
was found that radical benzylic fluorination was achievable in the absence of an amino
acid, so long as a free nitrogen-bearing compound, such as pyridine, was present. Through
experimental and theoretical investigations, it was proposed that halogen bonding between
the pyridine and fluorinating agent was facilitating the more efficient radical benzylic
fluorination pathway by producing a stronger HAT agent.



CHAPTER1

Benzylic C-H Fluorination using Unprotected Amino Acids as Radical Precursors

1.1 Introduction

1.1.1. Importance of Fluorinated Materials

Naturally, fluorine-containing molecules are found in a small number of plants.’
Synthetically, organofluorine molecules can be found in many household items such as
refrigerants, oil repellents, and water repellents.¢ More importantly, organofluorine
molecules are found in 20% of the top 200 pharmaceuticals and up to 40% of
agrochemicals.® The physical and biological characteristics of carbon—fluorine bonds have
made them highly desirable, thus, a vast chemical field devoted to forming fluorine bonds
with carbon and other atoms has developed. The significant strength of a carbon—fluorine
bond can be attributed to its polar covalent characteristics, which contributes to its
metabolic and thermal stability, ultimately prolonging the lifetime of the molecule.®°
From a pharmaceutical standpoint, these stabilities may translate to a more efficient
medicine, as the molecule lasts longer. The presence of fluorines within a compound has
also been shown to affect the lipophilicity of the molecule, increasing the bioavailability.®
Additionally, the atomic size of a fluorine is similar to that of a hydrogen, making it a
viable bioisostere to mimic enzyme substrates.®

Fluorine is not only known for its medicinal applications, but also for its medical
uses. The radioisotope of fluorine, 8F, is used in positron emission tomography (PET)
imaging, where the gamma radiation is detected and processed into an image, showing
concentrations of 18F in potential cancerous cells.® Classically, analogues of glucose are
used as the radio tracer. However, the success of imaging potential cancerous cells lies in
the assumption that the target cells uptake glucose and its various derivatives. Because
some cancerous cells may not consume glucose, it is essential to find alternatives, which
has led to the development and discoveries of late-stage fluorination.

1.1.1.1 Types of Fluorine Sources

Retro-synthetically, there are several ways to think about disconnecting a C-F
bond. The fluorine may come as an electrophilic fluorine (F*), a nucleophilic fluorine (F
), or a radical fluorine (F-) (Scheme 1-1). Classical electrophilic fluorine reagents include
F2, N-fluoropyridinium, perchlorofluoride (FCIO3), trifluoromethyl hypofluorite (CF3OF),
xenon difluoride (XeF2), acyl and perfluoroacyl hypofluorites (RCOOF, RC,OOF), and
cesium fluoroxysulfate (CsSO4F).%° However, these electrophilic fluorinating reagents
are typically very strong oxidants, limiting successful fluorination of prefunctionalized
molecules and are not ideal for late-stage fluorination. These reagents are also relatively
unstable, and therefore difficult to handle, and considered highly hazardous.’® The



instability of these electrophilic fluorine reagents contributes to their reactivity, making it
difficult to perform site-selective fluorination. Modern electrophilic fluorine reagents have
been developed to be less hazardous alternatives and include Selectfuor (1-chloromethyl-
4-fluoro-1,4-diazoniabicyclo[2.2.2]octane  bis(tetrafluoroborate)) and NFSI  (N-
fluorobenzensulfonimide). However, reacting with an electrophilic fluorine requires the
substrate to be nucleophilic (C°), which typically requires stabilizing functional groups to
achieve and maintain the anionic characteristics of the carbon.?®" As expected, fluorination
of neutral substrates is achievable by electrophilic fluorination, but is not very efficient,
while electrophilic substrates are not compatible.

Nucleophilic F
R This work:
R2y+ +* - _PathA 1 work:
R3 N\ ;
R
R' c
Path C 2. +
R2+F = R ? .
R3 i3
R’ pathe 7 Radical F
RZY- + *F R = H, alkyl
R3 R? =R, H, alkyl

3-p! R2
Electrophilic F R®=R", R% H, alkyl

Scheme 1-1. Synthons of C—F Bonds.

Complimentary to electrophilic fluorination is nucleophilic fluorination, (Scheme
1-1, Path B). Hydrogen fluoride (HF) is the most commonly known nucleophilic reagent,
but is sparingly used due to its high levels of toxicity and handling difficulties as it is in the
gaseous phase at ambient conditions.'? Olah’s reagent (pyridine-9HF) and other amine-HF
complex mixtures were designed to help aide in the handling of HF.2 However, in the
presence of an amine, the reactivity of HF is reduced. In attempts to circumvent the high
toxicity levels of HF, alkali metal fluorides, (KF, NaF, CsF), were investigated as viable
nucleophilic fluorine sources. While these alkali fluorides are easy to handle and have
relatively low toxicity, their solubility often hinders their usage. Electrophilic fluorination
is also inherently hindered because fluorine is highly electronegative, making it a poor
nucleophile.

Alternatively, we can think of a C—F bond in terms of radicals, (Scheme 1-1, Path
C). This route may prove to be far more synthetically useful than either of the previously
mentioned ionic fluorine sources. Both the substrate radical and fluorine radical may be
influenced to behave more nucleophilic- or electrophilic-like by simply altering the groups
on their parent molecules. Typically, in this pathway, the substrate must first be
transformed into an alkyl radical, which is then followed by fluorine atom transfer.
Traditionally, CFsOF, XeF,, NFSI, Selectfluor are known to be electrophilic fluorine
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sources, but in the presence of an alkyl radical, they may act as a electrophilic radical
fluorine source as well.®> However, due to their high reactivity, generating radicals from
CF30OF, XeF. will likely lead to radical cascades and chain reaction that may lead to
undesired byproducts and highly unstable conditions. Selectfluor and NFSI are less
reactive, and more easily handled and controlled electrophilic fluorine sources.’®® Thus
generating an electrophilic fluorine radical from Selectfluor and NFSI is favored.

This dissertation will focus on radical fluorination with Selectfluor as the fluorine
source.

1.1.2. a-Aminoalkyl Carbon-Centered Radicals

Oxidation of amines generate synthetically useful intermediates, especially ao-
aminoalkyl radicals. a-Aminoalkyl radicals can be directly accessed by single electron
oxidation of an amine. However, due to their considerably lower oxidation potential as
compared to their starting amines, the conditions they are generated in typically lead to
over-oxidation, forming iminium ions.®® In a recent publication, our lab demonstrated the
use of readily available unprotected amino acids as radical precursors to alkylate
heteroarenes with good yields and high selectivity.'* In that work, it was proposed that
Ag(l) oxidizes to Ag(ll) in the presence of persulfate, heterolytically cleaving persulfate,
and subsequent radical decarboxylation of the amino acid would occur, regenerating Ag(l)
and producing an a-aminoalkyl radical. The a-aminoalkyl radical being particularly easily
oxidized and in the presence of persulfate, a strong oxidant, would undergo rapid oxidation,
generating an iminium ion that would ultimately lead to the desired heteroarene alkylation
(Figure 1-1).

While iminium ions have been demonstrated as synthetically useful
intermediates,'® a-aminoalkyl radicals are more reactive and give access to a much broader
scope of a-functionalized amines. Unlike iminium ions, a-aminoalkyl radicals do not
necessarily rely on the presence of a nucleophile to afford a-substituted amines.®"# q-
Aminoalkyl radicals have been generated from radical decarboxylation or radical
desilylation of the corresponding a-amino acid or a-silylamine. Minisci first demonstrated
direct C—H alkylation of heteroarenes using carboxylic acids as a radical precursor.’® Great
advances have been made since, with alternative radical precursors now including boronic
acids,'® metal sulfinates,” N-protected amino acids,® and unprotected amino acids.* It
has been shown in earlier reports by Minisci'® and Cowden® that hydrogen atom
abstraction was possible by the resulting alkyl and N-protected a-aminoalkyl radicals, in
addition to the desired transformation. Particularly, Cowden and coworkers reported
benzylic hydrogen atom abstraction leading to a competitive undesired a-aminoalkylation
route.
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Figure 1-1. Proposed Mechanism Showing Oxidation of an a-Aminoalkyl Radical to an Iminium
lon.

In efforts to circumvent the issue of over-oxidation, recent developments in single
electron reduction photocatalytic systems have been developed. Photoredox of amines
entails a reaction between an excited photocatalyst and the a-amine substrate.
MacMillan,'® Pandaley and Reiser,?® Nishibayashi,’> Yoon,?> have developed
photocatalytic methods in which cyanoarenes and a,B-unsaturated systems were reacted
with amines via an a-aminoalkyl radical intermediate. More recently, Yoshida,
Nagaoka,?* and Manchefio?® have reported a-aminoalkyl radicals adding into alkenes
bearing electron withdrawing groups, radical hydroxyalkyaltion, and o-alkylation of
olefins. However, all of these methods require some photocatalyst, or electrochemical
conditions to generate the a-aminoalkyl radicals, and double bond systems bearing electron
withdrawing groups as substrates.



1.2. Radical Decarboxylative Fluorination

In 2012, Chaozhong Li and coworkers reported successful radical decarboxylative
fluorination.?® Their method involved Ag(l) as the catalyst, Selectfluor, and the carboxylic
acid in a 50/50 solvent mixture of acetone and water at temperatures varying from room
temperature to reflux for a minimum of one hour up to 10 hours, (Scheme 1-2). Therein,
they reported radical decarboxylative fluorination of primary, secondary, and tertiary
alkanes starting from their respective carboxylic acid forms. Li and coworkers highlighted
their work for being an efficient and general catalytic method that was chemoselective and
tolerant of a broad range of functional groups.

Selectfluor
(o) AgNO; (20 mol %)
Selectfluor (2 equiv) Cl
H /
RJ\O’ »> R—F N
acetone/H,0 (or H,0) Nl7
R: 1°, 2°, 3° alkyl rt to reflux F/+ -
1~10 h 2BF,
p-Cl-CgH,4 AcO (o}
:>—F :>< F P
p-CI-CgH, AcO F Ph n-CqoHz F
66% 75% 86% 76%
o
N p-CI-C6H4
(o}
86% 60%

Scheme 1-2. Radical Decarboxylative Fluorination Reported by Chaozhong Li and Coworkers in
2012.

It was proposed that the reaction proceeded through a Ag(l)/Ag(111)/Ag(I1) catalytic
cycle wherein which oxidative addition occurs between Ag(l) and the fluorine from
Selectfluor, generating Ag(ll)-F (Figure 1-2). The Ag(lll)-F species then undergoes
single electron reduction upon radical decarboxylation of the substrate, releasing carbon
dioxide gas as a byproduct, and generating the alkyl radical species. The alkyl radical takes
F- from the Ag(ll)-F species and regenerates Ag(l).



Ag(l) 7

/—CI

F—Ag(ll) F—Ag(lll)

(o}

co, )J\

R OH

Figure 1-2. Proposed Mechanism by Li and Coworkers for Radical Decarboxylative
Fluorination.

While this method can tolerate a range of functional groups, its substrate scope is
limited to carboxylic acids. Arguably, there is a plethora of readily available carboxylic
acids; however, for more complex and unique molecules, installation of a carboxylic group
is necessary, and may not be practical. We were interested in utilizing this Ag(l)-radical
decarboxylation process in a way that would allow for a different scope of substrates.
Previously, our lab reported the use of unprotected amino acids as radical precursors for
heterocyclic C-H functionalization, where persulfate undergoes heterolytic cleavage in the
presence of Ag(l), (Figure 1-1).1* The resulting Ag(ll) species is then capable of
performing radical decarboxylation of the unprotected amino acid, resulting in an a-
aminoalkyl radical species. In the presence of persulfate, a strong oxidant, the o-
aminoalkyl radical undergoes further oxidation, yielding an iminium species that is then
hydrolyzed and undergoes hydrogen atom abstraction and radical decarbonylation before
being trapped by the heterocyclic substrate. As mentioned, a side product found in
reactions involving an a-aminoalkyl radical species was the hydrogenated a-aminoalkyl
species which was suspected to have undergone hydrogen atom transfer.®® We
contemplated the fate and capabilities of the a-aminoalkyl radical generated from the
unprotected amino acid in less oxidizing conditions.



1.3. Use of Unprotected Amino Acids as Radical Precursors to Fluorination

Li and coworkers have established that radical decarboxylation of alkyl carboxylic
acids was achievable in the presence of a Ag(l) catalyst and Selectfluor, and demonstrated
tolerance of nitrogen-bearing substrates, (Scheme 1-2). Our lab has demonstrated the
access to a-aminoalkyl radical species resulting from decarboxylation of unprotected
amino acids, using persulfates as the oxidizing agent. We contemplated the
decarboxylation of unprotected amino acids via Ag(l)/Selectfluor and the fate of the
resulting a-aminoalkyl radical species. Being in less oxidizing conditions, the o-
aminoalkyl radical is available to do other chemistry, specifically, hydrogen atom
abstraction. We set out to find a suitable substrate from which the a-aminoalky! radical
would abstract a hydrogen atom. In comparison to a-aminoalkyl C—H bonds, benzylic C—
H bonds have a lower BDE, suggesting that hydrogen atom abstraction would be
thermodynamically favorable for benzylic C—H bonds, (Table 1-1).

Our preliminary reactions were run with glycine as the radical precursor and p-
cymene as the benzylic substrate. Fluorination was completely selective for the primary
benzylic site versus the secondary site (Scheme 1-3, b). Glycine was chosen as the radical
precursor for its simplicity and neutrality in both sterics and electronics.

C—H BDE
Bond type (kJ/mol)
methane 431
alkane 427
alkene 523
alkyne 410
aromatic 431
cyclohexyl 400
benzylic 356

Table 1-1. BDE values for various C—H bonds.!



a. proposed method:

Ag(l) cat.
Selectfluor

H F
@ - @)
amino acid

CH;CN/H,0 (1:1)

b. preliminary reaction:

AgNO3; (20 mol%)

(o)
H
HZN\/”\ Selectfluor F
+ OH >

glycine CH3CN/H,0 (1:1)
35°C
24 hours

Scheme 1-3. Proposed Radical Fluorination and Preliminary Results.

1.3.1. Results and Discussion
For detailed information regarding experimental set-up, see Appendix A.

As we began further investigations, we considered two possible reaction initiation
pathways, (Scheme 1-4). The Ag(l) catalyst could directly add into the N-F bond of
Selectfluor, (egnl), proceeding through a Ag(l)/Ag(111)/Ag(ll) catalytic cycle, (Scheme 1-
4, eqnl), as was proposed by Li and coworkers.?® Alternatively, Ag(l) could undergo
single electron oxidation by Selectfluor, (Scheme 1-4, eqn2), via a Ag(l)/Ag(ll) catalytic
cycle as proposed by Flowers and coworkers.?’ It was also demonstrated by Flowers that
this Ag(l)/Ag(ll) catalytic cycle is capable of radical decarboxylation. However, this
second pathway is complicated by the generation of the iminium radical species 2 resulting
from Selectfluor, as it is also a plausible HAT agent, making it difficult to identify the
dominant HAT agent. Lectka and coworkers have also shown this iminium radical species
from Selectfluor participating in HAT processes in a radical chain reaction for C-H
fluorinations.?®  Our mechanistic studies using ReactIR, analytical electrochemistry, and
deuterium labeling supports the Ag(1)/Ag(ll) catalytic cycle with the a-aminoalkyl radical
being the dominant HAT agent. A further discussion of our mechanistic studies can be
found in the proceeding subsections.

AFC' /i

Ag(l) + ['+ —— (IHAg—F + ‘N )
N In:7
N

/+

/¢ /—cl
Ag(l) + ["i —> Ag(l) + F~ + (li (2)
N A ,

Scheme 1-4. Possible Pathways for Ag(l) Oxidation.
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Originally, we had chosen p-cymene as the model substrate, but volatility issues
led us to choose 4-methylbiphenyl 3, a more benchtop-stable and easily isolable solid. As
shown in Table 1-2, we found that catalytic AgNO3s, Selectfluor, and glycine in a 1:1
mixture of CH3CN/H-0, at 35 °C led to formation of 3a in good yields. The reaction was
ineffective at room temperature. At high temperatures, the reaction showed diminished
yields (entry 2). While slightly higher yields were observed under inert atmosphere, the
reaction gave moderate yields when open to air (entry 3). It was detected by GC-MS and
NMR of the crude reaction mixture that oxidation of the substrate seemed to occur when
run open to air, thus explaining the decrease in yield. Other unprotected amino acids also
led to the formation of 3a in good yields, with competing oxidation observed in some cases
(entries 4-6). Among the unprotected amino acids tested, glycine proved to be the most
effective in fluorination of all substrates examined. N-Boc-glycine proved to be
detrimental to the formation of 3a, (entry 7), and is rationalized upon further mechanistic
investigations, (vide infra). Carboxylic acids did not lead to any formation of 3a,
suggesting the necessity and importance of nitrogen within the reaction system (entry 8).
NFSI was ineffective as an electrophilic fluorine source (entry 9), likely due to its lower
reduction potential (E° = -0.78 V) compared to that of Selectfluor (E° = -0.04 V).2° Other
solvents led to diminished yields (entries 10-11). Other Ag(l) catalysts, Ag(Bpy)OTf and
Ag(Phen),OTf, did not yield any fluorinated products (entries 12—13). Control reactions
showed that both AgNOs and an unprotected amino acid were necessary for reaction
(entries 14-15).
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AgNO; (20 mol%)

H 0 Selectfluor (2.0 equiv) F
* HZN\)L >
Ph OH CH;CN:H,0 (1:1) Ph

3 2.0 equiv 35°C, Ar(g), 24 h 3a

entry deviation from standard conditions yield (%)
1 none 76
2 50 °C 46
3 open to air 48
4 proline instead of glycine 62
5 valine instead of glycine 72
6 phenylalanine instead of glycine 59
7 N-Boc-glycine instead of glycine 0
8 mandelic acid instead of glycine 0
9 NFSl instead of Selectfluor 0
10 CH,CI,/H,0 0
1" acetone/H,0 48
12 20 mol% Ag(Bpy),OTf 0
13 20 mol% Ag(Phen),OTf 0
14 no AgNO; 0
15 no glycine 0

Table 1-2. Optimization of Benzylic Fluorination. Yields refer to chromatographically pure
material. Reaction conditions: 4-methylbiphenyl 3 (0.2 mmol), glycine (0.4 mmol), Selectfluor (0.4
mmol), AgNO3 (20 mol%), 2 mL of CH3/H,0 (1:1).

With optimized conditions established, the scope of substrate was explored. As
shown in Scheme 1-5, moderate yields were observed. Most functional groups were
tolerated, except for free hydroxyl groups. Substrates with free hydroxyl groups resulted
in diminished yields and increased amounts of varying byproducts. As a result,
methylation or acylation was done to protect any free hydroxyl groups present (12).
Carboxylic groups, as expected, were also not tolerated by this method. Competing radical
decarboxylation occurred, leading to uncontrollable fluorination at both the benzylic site
and carboxylate site. For substrates containing carboxylic groups, methylation was done
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to prevent decarboxylation (18). Among the functional groups that were tolerated, we want
to highlight the boronic acid pinacol esters (13, 14). Boronic acid pinacol esters are
typically sensitive to oxidative cleavage, but our method is mild enough to leave them
intact. It is also noteworthy that these products did not require further purification
following reaction quenching and extraction work-up. We are also excited that these
boronic acid pinacol esters were tolerated because the products may be subjected to cross-
coupling reactions to form more complex molecules that may be advantageous for
pharmaceuticals.

In most cases, unreacted substrate accounted for mass balance of incomplete
reactions. Mono- or difluorinated products were accessible for select electron-rich
substrates by changing the stoichiometric amounts of Selectfluor and glycine (3a, 3b from
4-methylbiphenyl; 4a, 4b from 4-ethylbiphenyl). Tertiary benzylic sites were unreactive,
yielding trace amounts of fluorinated product (7a), while secondary sites were suitably
fluorinated. Primary benzylic sites were shown to be the most reactive. Analogous
selectivity (1° > 2° > 3°) has been previously observed in other reports of radical
fluorination and is likely due to the stereoelectronic sensitivity of the proton-coupled
electron transfer mechanism. Both electron-rich (3a—9a) and electron-poor (10a, 11a)
substrates were tolerated, albeit electron-rich substrates showed more efficient fluorination
which is consistent with fluorination from a nucleophilic benzylic radical. Although direct
fluorination of heterobenzylic substrates was challenging, nitrogen-bearing substrates were
successfully fluorinated (15a-17a), supporting feasibility of late-stage fluorination of
pharmaceutical scaffolds. The failure of heterobenzyllic substrates may be explained by
the nucleophilicity of the heteroatom (typically oxygen or nitrogen). The nucleophilic
heteroatom, as shown by Rios and coworkers, would react directly with the electrophilic
fluorine in an Sn2-type fashion, rather than at the benzylic site.*
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20 mol% AgNO;4

35 °C, Ar(g), 24h

H (o) 2.0 equiv Selectfluor E
o ~
OH CH3CN:H,0 (1:1)
3-18 2.0 equiv 3a-18a
F
Ph Ph
3a (76%) 3b (64%)? 4a (41%) 4b (38%)? 5a (89%)>P
F
o
6a (39%)>P 7a (trace) 8a (64%) 9a (60%)? 10a (30%)
PinB \©/\
11a (70%)? 12a (75%)? 13a (31%)? 14a (45%)?
F E Me02C F
N N
A [ A | A
Z N
= N Z Br
15a (57%)2 16a (62%)? 17a (22%)? 18a (46%)?

Scheme 1-5. Scope of Benzylic Fluorination. Yields refer to chromatographically pure material
unless otherwise noted. Reaction conditions: arene (0.2 mmol), glycine (0.4 mmol), 2 mL
CHsCN/H,0 (1:1). 35.0 equiv of Selectluor (1.0 mmol) and glycine (1.0 mmol). °NMR yield
compared to benzotrifluoride as an internal standard.

1.3.1.1. Mechanistic Investigation

As previously stated, there are two plausible initiation pathways (Scheme 1-4). We
set out to determine which of the two pathways was more likely to occur. We also wanted
to understand why glycine is the best performing amino acid among the others. ReactIR
was used to track the reaction progress under standard reaction conditions and the fate of
Selectfluor in the presence of the different unprotected amino acids. The onset oxidation
potentials of Ag(l) in the presence of the varying amino acids were also determined by
cyclic voltammetry. NMR investigations included deuterium labeling experiments to
identify the HAT agent and if the HAT event was a rate determining step. °F NMR was
also used to determine the fate of Selectfluor in standard reaction conditions and in the
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presence of varying amino acids. 3C NMR was also done under optimized reaction
conditions with toluene-d8 to track the fate of the decarboxylated amino acid.

Based on the reduction potential of Selectfluor alone, it should not be capable of
generating Ag(Il) from Ag(l) via single electron transfer. Therefore, we first considered
the Ag()/Ag(111)/Ag(Il) cycle. We used in situ ReactIR to probe for Ag(I11)-F in a reaction
where the substrate was p-tolyl acetate 11. We deviated from our model substrate, 4-
methylbiphenyl 3, due to solubility issues. As the reaction progressed and product
formation increased, it appeared that a secondary oily layer would form at the top of the
reaction mixture. The biphasic nature of our model substrate reaction made it difficult to
get an accurate IR representation of the reaction mixture. For all ReactIR studies, assume
p-tolyl acetate is the substrate unless otherwise stated.

44 ©
0.027) —
C) AgNO3 added Peak at 1006...
(no reaction observed)
] I d) Data acquisition
b) Data acquisition : was paused to add
was paused to add ; . glycine
AgNO; ' 4
0.015 \\\‘\\ |
\\*--!
e . (I S - g) HaN_COH
added
£ o (rapid comsumption
2 of Selectfluor)

X

eaction "time zero"
{Selectfluor ONLY

CJ' A A I A" | K I : ¥ y 1 » J I X ' I
Y) 00:0000 00:10:00 00:20:00 00:30:00 00:40:00 00:50:00 01:00:00 01:10:00
Time

Figure 1-3. ReactIR Monitoring of Selectfluor Concentration. Reaction conditions: 11 (0.2 mmol),
glycine (0.4 mmol), Selectfluor (0.4 mmol), AgNOs (0.4 mmol), 2 mL of CHsCN/H,0 (1:1). 25%
reaction conversion observed by GC-MS.

We investigated the fate of Selectfluor in presence of stoichiometric amounts of
AgNO3 and observed no significant change in the concentration of Selectfluor. No
indication of Ag(lll)-F within the reaction was observed, suggesting that the
Ag(l)/Ag(111)/Ag(I1) cycle was not the likely initiation pathway. To this reaction mixture,
stoichiometric amounts of glycine was added. A rapid decrease in Selectfluor
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concentration was observed upon addition of glycine, indicating a significant role of
glycine in the reaction of AgNOs and Selectfluor, (Figure 1-3).

We began investigating the onset oxidation potentials of AgNO3 in the presence of
different unprotected amino acids to rationalize the plausibility of the Ag(l)/Ag(ll)
initiation pathway. In the presence of glycine, alanine, and valine, the onset oxidation
potential of AgNOz decreased (Table 1-3). Oxidized substrate was observed in small
amounts via GC-MS analysis of the crude reaction mixture for alanine, which was
reasonable. Valine did not decrease the oxidation potential of AgNOs to the extent that
glycine did, which may explain the slight decrease in yield of 3a (Table 1-2). N-Boc-
glycine did not seem to have any effect on the onset oxidation potential of AgNO3, which
may explain why no reaction was observed. These analytical electrochemical data suggest
that the amino acids must have some ligation interaction with AgNOs, and that this event
is necessary for radical decarboxylation to occur. These studies also suggested that the free
Lewis basic nitrogen of the unprotected amino acid must be the point of ligation to the
Ag(l) catalyst. We ran a reaction with N-Boc-glycine in the presence of a free Lewis basic
nitrogen, pyridine, and observed 67% yield of benzylic fluorination, confirming the
importance of Lewis basic additives (Scheme 1-6).

[ox.]

Ag(l) —_— Ag(ll)
ligand E° (V)
none 1.45
alanine 1.26
glycine 1.33
valine 1.38

Table 1-3. Experimentally Determined Onset Oxidation Potential of Ag(l) in the Presence of
Amino Acids. Electrical conditions: AgNOs (0.4 mmol), in 5 mL of CH3CN, tetrabutylammonium
tetrafluoroborate supporting electrolyte (0.1 M), amino acid (0.4 mmol). The reverse waveform
of Ag(ll) to Ag(l) was not observed under these conditions due to instability of aqueous Ag(Il).

1.0 equiv pyridine
20 mol% AgNO;

H fo) 5.0 equiv Selectfluor F
AcO Boc” CH3CN/H,0 (1:1) AcO

35°C, 24h
11 5.0 equiv 11a (67%)

232
Y

Scheme 1-6. Catalyst Activation via Pyridine Additive. Yield refers to chromatographically pure
material. Reaction conditions: 11 (0.2 mmol), N-Boc-glycine (1.0 mmol), Selectfluor (1.0 mmol),
pyridine (0.2 mmol), AgNOs; (0.04 mmol), 2 mL of CH3CN/H,0 (1:1).
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Because we have rationalized the reaction initiation pathway to be a Ag(l1)/Ag(ll)
cycle, we needed to determine the dominant HAT agent. In situ carbon NMR was
conducted with a deuterium-labeled substrate (toluene-d8) to track the fate of the
hydrogen/deuterium being abstracted from the substrate, and ultimately determine the
HAT agent responsible for the benzylic fluorination. Deuterated methylamine resulting
from HAT by the decarboxylated glycine was observed in **C NMR. Attempts of in situ
protection of the methylamine for isolation proved to be challenging and unfortunately
failed. Because the methylamine was only clearly observed in the **C NMR and isolation
was not feasible, quantitative analysis of deuterium incorporation was not possible. The
deuterium-labeled *H NMR studies also showed that fluorination of toluene-d8 occurred
at a slower rate than toluene, indicating that the hydrogen/deteurium atom transfer is a rate
determining step.

We contemplated the role of glycine and wondered if it was only necessary in
catalytic amounts to promote a radical chain reaction process, or if it was participating
beyond initiation, and therefore was required in stoichiometric amounts. At catalytic
amounts of glycine, (20-40 mol%), only trace fluorination was observed. Fluorine NMR
of fluorination under standard reaction conditions was taken as the reaction progressed to
track the fate of the fluorine from Selectfluor after single electron oxidation of the Ag(l)
catalyst occurred. Fluorine NMR showed the formation of fluoride anion as we had
originally proposed. As the reaction progressed, the relative concentration of fluoride
anion increased in a directly proportional manner to that of product formation, (Figure 1-
4).
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20 mol% AgNO;

H 0 2.0 equiv Selectfluor F
* HZN\)]\ >
OH CD;CN:D,0 (1:1)

5 2.0 equiv 35°C 5a
aqueous Fluoride anion (F’) JL 5a
e
e
L
e
L
18
L
N
J
J
I i
I Ja
S AN n
A N
4265 1205 1285 1295 1305 .2035 -204.0 2045 -205.0

Figure 1-4. >F NMR and *H NMR of Reaction Progress. Reaction conditions: toluene (0.1 mmol),
glycine (0.5 mmol), Selectfluor (0.5 mmol), AgNOs (0.02 mmol) in 1 mL of CD;sCN/D,0 (1:1) at 35
°C.
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1.3.1.1.1. Proposed Mechanism

Based on our mechanistic investigations, we have proposed that our reaction starts
with the pre-coordination of Ag(l) to one or more unprotected glycine molecules, (Figure
1-5). This is important to note, as the glycine interaction with the Ag(l) catalyst is what
allows for the reaction to occur at all, lowering the oxidation potential of Ag(l) to allow for
single electron oxidation to Ag(ll). The glycine-ligated Ag(l) catalyst then undergoes
single electron oxidation by Selectfluor, generating Ag(Il) and the iminium radical 2 and
releasing aqueous fluoride anion. A molecule of glycine then undergoes radical
decarboxylation by Ag(ll), resulting in the regeneration of Ag(l) and the a-aminoalkyl
radical. Because the oxidation of glycine by Ag(ll) is believed to occur rapidly, Ag(ll) is
expected to exist in low concentrations throughout the duration of the reaction. It is
significant to note the low concentration of Ag(ll) in the reaction mixture because o-
aminoalkyl radicals are typically easily oxidized by Ag(ll). With minimal concentration
of Ag(ll) in the reaction mixture at any given time suggests that the a-aminoalkyl radical
is able to survive long enough to perform HAT. The a-aminoalkyl radical then abstracts
a benzylic hydrogen from the substrate, forming methylamine and the corresponding
benzylic radical. Subsequent radical fluorination occurs, yielding the desired product.

/—CI o

-N -
+\7 + F Ag(l)Gly, HZN\)I\
N OH
o+
2 Gly
supported by
9F NMR
n/—CI
‘N HaN_

[N +\7 Ag(I)Gly, .

/+

supported by F e HN H
2 -
3¢ NMR ~

Figure 1-5. Proposed Mechanism for Benzylic Fluorination.
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1.4. Summary of Unprotected Amino Acids as Radical Precursors that Facilitate
Benzylic C—H Fluorination

We have developed a novel method for benzylic C—H radical fluorination using
unprotected amino acids as radical precursors and as ligands that lower the oxidation
potential of the Ag(l) catalyst. With a lower oxidation potential, Ag(l) can participate in
the oxidative radical decarboxylation of the amino acid while in mildly oxidizing
conditions. The mildly oxidizing condition is critical in the survival of the a-aminoalkyl
radical, allowing it to abstract a benzylic hydrogen atom from the substrate. Our method
features mild conditions that effectively fluorinates both electron-rich and electron-poor
benzylic substrates using biologically available amino acids as radical precursors.

This work has led our lab to explore Minisci-type reactions using Selectfluor and
Ag()/Ag(l1) as a single electron mild oxidizing system.3! A variety of carboxylic acids
and boronic acids were demonstrated to be viable radical precursors that afforded C—H
alkylation and arylation of heteroarenes and quinones. Transformations that have
otherwise been difficult through classical Minisci-type reactions are now accessible
through this Selectfluor-Ag(l)/Ag(I1) method.

CHAPTER 2

Benzylic C-H Radical Fluorination Facilitated by Halogen Bonding

2.1. Introduction
2.1.1. Hydrogen Bonding: Descriptions and Uses

Hydrogen bonding is a form of an electrostatic noncovalent bonding interaction
that is capable of altering the local electron density, and ultimately, altering the physical
and/or chemical properties of a molecule.®? In a review by Doyle and Jacobsen, hydrogen
bonding was demonstrated to be critical in the development of organocatalysis, in which
the interaction enhances the reactivity or promotes asymmetric transformations.®* Among
the plethora of asymmetric transformations that benefit from hydrogen-bound
intermediates are the Aldol reaction, Diels-Alder cycloaddition, Baylis-Hillman reaction,
and Friedel-Crafts addition.>® For example, while enantioselective aldol cyclization of
triketones and terpenoids were shown to be catalyzed by proline, it was not until decades
later that hydrogen bonding was realized as a significant role towards the success and
selectivity of the transformation.®* With a new appreciation for the impact of hydrogen
bonding in asymmetric catalysis, previously reported transformations have been revisited
and theoretical explorations and overall understanding of hydrogen bonding has expanded
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greatly. With a better understanding of the influence of hydrogen bonding and hydrogen
bonding networks, new catalysts have been designed.*

While a hydrogen bond acceptor may be any Lewis basic atom, it is limited in that
the hydrogen donor is limited to a hydrogen atom.

2.1.2. Halogen Bonding: Early Descriptions and Uses

Halogen bonding can be thought of analogously to hydrogen bonding, where the
halogen atom interacts electrostatically with a Lewis basic atom (Figure 2-1). Unlike
hydrogen bonding, halogen bonding is not limited to one type of atom to which the electron
density is being donated. Typically chlorine, bromine, and iodine are the halogens that are
seen participating in a halogen-bond.3® These halogens may provide varying physical and
chemical properties based on their size and electronegativity.>® Because of this, halogen
bonding has gained much attention as a surrogate for hydrogen bonding and has been
shown to promote organic transformations.®’

hy drnge:I bcﬁ) ding - the H/X atom acceptor (A) donates
D = atom donor electron density into the H/X atom
A = atom acceptor
X=1,Br,ClL,F - Hand X "accepts"” the electron

D—X--A

halogen bonding density from A

Figure 2-1. Analogous Behavior of Hydrogen and Halogen Bonding.

In their recent work demonstrating heterobenzylic radical fluorination, van
Humbeck and coworkers briefly suggested a halogen bonding interaction between the
nitrogen of electron-rich pyridines and the fluorine of Selectfluor (Scheme 2-1, A).%® Our
concurrent work in radical fluorination has led us to explore the electronically diverse
scope of pyridines as additives that halogen bond to the fluorine of Selectfluor, generating
a [N —F-NJ* complex 19 responsible for the facilitation of the fluorination (Scheme 2-1,
B).
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A) Heterobenzylic Radical Fluorination (Van Humbeck)

Selectfluor

; F
' /
H3C N > H;C X : —N
_N CH;CN (0.5 M) N \
HaC proposed
' 3 intermediate

B) Benzylic Radical Fluorination Facilitated by Halogen Bonding (this work)

1)
Ag(l
Al/\(n () A /~cl
F7 0 g S ' + Ag(l) + F-
457 %= A o)+ F
F
- experimental and theoretical evidence
- halogen bond facilitates electron transfer
2)

ratio controlled by
pyrldlne additive pyridine identity

Scheme 2-1. Radical Fluorination via Halogen Bonding.
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2.2. Pyridine-Mediated Benzylic Fluorination

2.2.1. Results and Discussion
For detailed information regarding experimental set-up, see Appendix B.

From our previous work with the unprotected amino acid and Ag(1)/Ag(ll) system,
we suspected that a free Lewis basic nitrogen was necessary to promote the radical
fluorination when N-Boc-glycine was used instead of glycine and no fluorinated product
was afforded (Table 1-2, entry 7). We ran a reaction with N-Boc-glycine in the presence
of a simple Lewis basic additive, pyridine. As expected, the reaction yielded high
quantities of 3a (Table 2-1, entry 1). Before we continued with further investigations, we
ran control reactions to ascertain that all components of the reaction were necessary to
afford fluorination, (Table 2-1). As expected, no fluorination was observed in the absence
of AgNOg, or pyridine additive (entries 2-3). However, it was to our surprise that a 51%
yield of 3a was observed in the absence of N-Boc-glycine (entry 4).

pyridine
20 mol% AgNO3
2.0 equiv Selectfluor

H 2.0 equiv N-Boc-GLY F
'
Ph CH3;CN/H,0 (1:1) Ph

3 38°C 3a (67%)
entry deviation from standard conditions yield (5%)
1 none 88
2 no AgNO; 00
3 no pyridine 00
AV noNBocoly PR
5 no N-Boc-GLY, TEMPO added trace

Table 2-1. Discovery of Pyridine Mediated Fluorination.

Before delving into mechanistic investigations, the optimum reaction conditions
were determined (Table 2-2). At ambient temperatures, lower conversion was observed
(entry 2), while no significant change was observed at elevated temperatures (entry 3).
Other pyridines with varying range of electronics also led to fluorinated products, with the
electron-rich pyridines yielding lower conversions (entries 4-5), and electron-poor
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pyridines affording moderate to good conversions (entries 6-7). Sterically hindered
electron-poor pyridines proved to be problematic, yielding no product (entry 8). Increasing
the amount of the pyridine additive lead to decreased conversions, while reducing the
concentration gave comparable conversions (entries 9-10). Changing the global
concentration of the reaction allowed for the manipulation of product distribution, where a
more dilute reaction favored 3a and a more concentrated reaction gave preference to 3b
(entries 11-12). Other solvents led to significantly lower conversions (entries 13-14).
Both AgNOs and a pyridine additive is necessary for fluorination (entries 14-15). As
identified, entry 6 is optimal for efficient fluorination.

F
CN AgNO; (20 mol%)

Q/\H @ Selectfluor (2.0 equiv) Q/\F F
+ .
Ph 7 Ph

N CH3CN:H,0 (1:1, 0.1 M) Ph
35 °C, 24h
3 1.0 equiv 3a 3b
entry deviation from standard conditions NMR yield (%)
1 none 28 70
2 25°C 37 49
3 50 °C 9 68
4 pyridine instead of 4-cyanopyridine 52 trace
5 4-methoxypyridine instead of 4-cyanopyridine 35 0
P s {trfluoromethy)pyridine instead of d-cyanopyridine 12 5 §
7 ethylisonicotinate instead of dcyanopyridine »s oa
8 ethyl 2,6-diisopropylnicotinate 0 0
9 2.0 equiv 4-cyanopyridine 23 31
10 0.5 equiv 4-cyanopyridine 7 76
1" CH3;CN:H,0 (1:1, 0.05 M) 70 30
12 CH;CN:H,0 (1:1, 0.2 M) 15 77
13 CH,ClI,:H,0 (1:1) 50 0
14 acetone:H,0 (1:1) 54 0
15 no AgNO; 0 0
16 no 4-cyanopyridine 0 0

Table 2-2. Optimization of Pyridine-Mediated Benzylic Fluorination.

23



As we contemplated the role of the pyridine additive, we sought to explore the
electronics of the additive. We suspected that the pyridine additive would interact with the
Ag(l) catalyst as ligands, as it is known that Ag(l) has an affinity to nitrogen-containing
ligands, especially pyridyl ligands.®® It was anticipated that the pyridine additives would
lower the onset oxidation potential of Ag(l), resulting in moderate fluorination as was seen
with the unprotected amino acids. More precisely, we had expected that an electron-rich
pyridine additive would significantly lower the oxidation potential of the Ag(l) and behave
analogous to the amino acid system, yielding greater conversions than that of an electron-
poor pyridine. While the oxidation potential of Ag(l) was decreased in the presence of the
pyridine additives (Table 2-3), fluorination proved to be more efficient with electron-poor
pyridine additives (Scheme 2-2). This was counterintuitive and further suggested that this
was a vastly different reaction mechanism from that of the unprotected amino acids system.

[ox.]

Ag(l) S Ag(ll)
ligand E° (V)
none 1.45
alanine 1.26
glycine 1.33
valine 1.38

4-R-pyridine = ce------
R =OCHs 1.24
R=H 1.31
R = CO,Et 1.54
R=CF; 1.60

Table 2-3. Oxidation Potentials of AgNOs in the Presence of Amino Acids and Pyridine
Additives.
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20 mol% AgNO;
2.0 equiv Selectfluor
5.0 equiv N-Boc-GLY

pyridine additive
CH3;CN/H,0 (1:1)

o
Ph

J©A
Ph

3 355G 3a (67%) 3b (67%)
H,;CO | N H | N Et0,C | N FsC | N
PA N PA PA
35% 3a 52% 3a 20% 3a 12% 3a
0% 3b trace 3b 54% 3b 85% 3b

electron-rich pyridine additive

low conversion

electron-poor
high conversion

Scheme 2-2. Pyridine-Dependent Product Distribution.

As shown in Table 2-5, the addition of TEMPO was detrimental to the fluorination
(entry 5), suggesting, but is not conclusive, of a radical pathway. In the presence of water
and oxidants, TEMPO can be oxidized to its oxoammonium derivative, (Table 2-5), which
may be reactively competitive with the fluorination pathway, giving a false indication for
a radical pathway. A reaction was run under standard conditions without TEMPO and was
quenched after 24 hours to give product yield of an unaltered reaction (Table 2-4, entry 1).
Another reaction was run under standard conditions and globally quenched after five hours
to determine the progress of a productive reaction up to that time point, (entry 2). In a
separate reaction run under standard conditions, TEMPO was added after five hours of
productive reaction time and was stirred and heated for a total reaction time of 22 hours,
(entry 3).

Table 2-4, entry 1 shows that a reaction run to completion under standard conditions
yields 12% mono-fluorinated product and 85% di-fluorinated product. Entry 2 shows that
a reaction run under standard conditions and stopped after five hours yielded 37% mono-
fluorination without any di-fluorination observed. If the fluorination does not occur
radically, then the reaction shown in entry 3 should give yields that are comparable to what
is shown in entry 1, despite the addition of TEMPO after five hours. Conversely, if the
fluorination does occur radically, then we would expect the addition of TEMPO at hour
five would stop further productive reaction and give yields closer to what is shown in entry
2. To our pleasure, entry 3 yielded very similar results as entry 2, indicating that the
reaction is likely to occur radically. Further HR-MS analysis determined that our reaction
occurs radically as we were able to find evidence for TEMPO trapping the substrate
benzylic radical, (Table 2-5).
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AgNO; (20 mol%)

/©/\H S Selectfluor (2.0 equiv) /©/\F
+ >
Ph Z Ph

N CH;CN:H,0 (1:1, 0.1 M) Ph
. 35°C, 24h
3 1.0 equiv 3a 3b
entry deviation from standard conditions time (h) NMR yield (%)
1 none 24 12 85
2 globally quenched after 5 hours 5 37 00
3 TEMPO (1.0 equiv) added after 5 hours 22 34 00

Table 2-4. NMR Yields of TEMPO Radical Trapping Experiments.

Calculated Found
Compound Structure (m/z) (m/z)
(0]
oxoammonium “
derivative + 156.1383 156.1379
of TEMPO
4-methylbiphenyl [M]+1 [M]+1

radical trapped by N
TEMPO /©/\0 324.2322 324.2311
Ph

ﬁ/—CI
-N
Diazobicyclo radical [N+\7

derivative of Selectfluor 0/ * 158.6111 not found
trapped by TEMPO N/

Table 2-5. HR-MS Analysis of TEMPO Radical Trapping.
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2.2.2. Experimental Investigation of the Role of Pyridine Additives

2.2.2.1. Electronic Influence

The cyclic voltammetry data and the counterintuitive pyridine-dependent product
distribution led us to believe that the role of the pyridine additives with the Ag(l) catalyst
was not its dominant role. To ensure that the pyridine additives were not simply
contributing to the reaction via an acid/base mechanism, we ran a reaction where Hiinig’s
base (diisopropylethylamine) was used as the Lewis basic free nitrogen additive instead of
a pyridine. No fluorinated product was observed. We then contemplated the fate of
Selectfluor in the presence of the pyridine additives. Using in situ ReactIR, the
consumption of Selectfluor in the presence of each of the pyridine additives was monitored.
The concentration of Selectfluor was determined by the relative intensity of the N-F bond
of Selectfluor. Upon addition of the 4-R-pyridine additives, the concentration of
Selectfluor decreased when R = H and OCHg, with the latter consuming Selectfluor more
rapidly. However, when R = COzEt and CF3, no significant consumption, if any, of
Selectfluor was observed. This may be a suitable explanation as to why the yield of
fluorinated products is much lower when in the presence of a more electron-rich pyridine.
The electron-rich pyridines unproductively consume Selectfluor, which ~ was  also
supported by the formation of fluoride anion seen in the °F NMR for those experiments.
A direct correlation between the electronics of the pyridine additives and the initial rate of
consumption of Selectfluor was observed, where that of 4-methoxypyridne was the
greatest, followed by pyridine, ethyl isonicotinate, and then 4-trifluoromethylpyridine.
Under standard reaction conditions, the initial rate of consumption of Selectfluor for ethyl
isonicotinate and 4-trifluoromethylpyridine was notably slower than that of either 4-
methoxypyridine and pyridine, but their global consumption of Selectfluor proved to be
greater, explaining the higher yields observed (Figure 2-2). It was evident that the pyridine
additives played a significant role in its interaction with Selectfluor, contributing to the
breaking of the N—F bond.

The onset reduction potential of Selectfluor was then investigated. It was found
that in the presence of the pyridine additives, the reduction potential of Selectfluor was
decreased (Table 2-6). A general trend was observed across the pyridines, where the more
electron-poor pyridines seem to perturb the reduction potential of Selectfluor more
significantly, leading to a more facile cleavage of the N-F bond. We began contemplating
the idea of halogen bonding between the nitrogen of the pyridine additives and the fluorine
of Selectfluor, in such a way that it generated an [N-F-N]* complex (19). There was a
possibility that an N-fluoropyridinium intermediate may have been formed and was the
species that performed the fluorination. However, no fluorinated product was observed
from a reaction using N-fluoropyridinium as the fluorine source instead of Selectfluor,
suggesting the unlikelihood of the N-fluoropyridinium intermediate behaving as the
fluorinating agent. It should be noted that while the N-fluoropyridinium species is not
likely the fluorinating agent, it does not rule out the possibility of the formation of such
species as a byproduct.
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Figure 2-2. ReactIR Spectra of Selectfluor Consumption in the Presence of Pyridine Additives.
ReactIR trend plot for N—F bond of Selectfluor at ~1008 cm™. Standard reaction conditions were

used. Yields reflect NMR yields.
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2 N
2
pyridine
additive E° (V)
none -1.49
4-R-pyridine = ce-e-e----
R =OCH; -1.32
R=H -1.29
R = CO,Et -1.40
R=CF, -1.33

Table 2-6. Experimentally Determined Reduction Potentials of Selectfluor in the Presence of
Pyridine Additives.
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In efforts to obtain more direct evidence of the proposed [N-F-N]* halogen-bound
complex, 1°F NMR spectroscopy was considered. However, spectroscopic and theoretical
work done by Erdelyi, indicate that °F NMR spectroscopy was not a good method due to
the lack of significant differences in chemical shifts between unbound fluorines and
pyridine halogen-bound fluorines.*C In that work, Erdelyi also established pyridines as
halogen bond acceptors, and showed the effects of the pyridine electronics on the halogen
bonding event through >N NMR spectroscopy. Our in situ NMR spectroscopic studies
under synthetic conditions aligned with Erdelyi’s findings where °F NMR chemical
signals for Selectfluor’s [F-N]*, N-fluoropyridinium, and Selectfluor in the presence of the
different pyridine additives showed negligible differences (Table 2-7). We were able to
observe significant changes in pyridine N chemical shifts through *H/**N HMBC. For
all pyridines studied, the N signal shifted to more negative values in the presence of
Selectfluor, which is consistent to the generation of “pyridinium-like” intermediates.
When in the presence of Selectfluor, 4-methoxypyridine exhibited a chemical shift of
greater than 50 ppm along the °N axis, appearing as a series of broad signals correlated to
the line broadening of the C-2 *H NMR signal (Figure 2-3). Additionally, the *H NMR
spectra for 4-methoxypyridine in the presence of Selectfluor shows signals that suggests
the presence of trace amounts of an N-fluoro-4-methoxypyridinium species, further
supporting the idea of direct interaction between pyridine nitrogen and fluorine of
Selectfluor.

R -~ cl
A n Cl /\
\@ + N’l‘ S R / \N--F—ﬁ/\/ﬁ—/ 3)

7+ — \_/
F 19
R 15N H (C-2) 5N H (C-2) 19
CF; -52.98 8.34 -55.34 8.31 50.43
CO,Et -52.16 8.26 -54.04 8.21 50.46
H -64.29 8.09 -68.01 8.05 50.44
OCHj,4 -86.89 7.88 -136.87* 7.85 50.40

Table 2-7. H/*F/**N NMR Chemical Shifts of Pyridines and Selectfluor Independently and as
Halogen Bound Complexes.
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Figure 2-3. *H/**N Coupled HMBC Spectra of Selectlfuor with and without 4-Methoxypyridine.
4-methoxypyridine alone (orange) and with Selectfluor (purple). Conditions: 4-methoxypyridine
(0.1 mmol,) Selectfluor (0.1 mmol), in 700 uL CDsCN at 25 °C.

2.2.2.2. Steric Influence

A brief investigation into steric hinderances of the pyridine additive was conducted.
As shown in Scheme 2-3, looking specifically at 20 and 21, adding a simple methyl group
adjacent to the nitrogen atom, the yield of fluorinated product decreases. When two methyl
groups are on either adjacent positions to the nitrogen atom, no fluorinated product is
observed (22). A drastic decrease in fluorination is observed between 23 and 24. Again,
no product is observed when both sites adjacent to the nitrogen atom is substituted (25). It
is possible that the steric hinderance may be affecting the ligation of the pyridine
derivatives to the Ag(l). However, Ag(l) is known to coordinate well with ligands such as
2,2-bipyridyl and phenanthroline, which arguably are more hindered and provide a small
pocket for the Ag(l). The steric hinderances of the pyridines disrupts the halogen bonding
with the fluorine of the Selectfluor. Halogen bonding events are known to occur at bond
angles of 180°.%¢® The substituents disrupts this linearity of the electrostatic interaction,
justifying the trends observed in Scheme 2-3. While a single adjacent substituent can still
afford fluorinated products, it does so at significantly decreased efficiency. The addition
of a second substituent to the remaining adjacent site distances the pyridine enough so that
is unable to participate in halogen bonding, and therefore no fluorinated product is
observed. Further analytical and computational studies are necessary to understand the
extent of steric effects of pyridine additives towards halogen bonding.
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Scheme 2-3. Exploring the Steric Effects of the Pyridine Additives.

2.2.3. Computational Investigation

Our colleagues in the Hratchian Lab carried out theoretical investigations to
determine the ligation of the pyridines to Ag(l) and the likelihood of halogen bonding
between the nitrogen atom of the pyridines and the fluorine of Selectfluor. Calculations
were done with B3PW91/6-311+G(d) model that accounted for implicit solvation by
acetonitrile using a local development of Gaussian.*! The oxidation potentials calculated
for Ag(l) indicated that bis-pyridine Ag(l) species is the likely reductant that initiates the
radical fluorination. The theoretical values were generally consistent with those obtained
experimentally through cyclic voltammetry, confirming that the onset oxidation potential
of Ag(l) is lower in the presence of electron rich pyridines (Table 2-8).
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R Group E° experimental (V) E° calculated (V)
OCHj; 1.24 2.04
H 1.31 2.08
CO,Et 1.54 2.20
CF; 1.60 2.27

Table 2-8. Experimental and Computational Oxidation Potential of Ag in the Presence of
Pyridines.

In modelling the halogen bonding event, preliminary data suggested the density
functional theory (DFT) calculations both with and without empirical dispersion
corrections were unable to treat the physics of the [N-F-N]* halogen bound complex (19).
Benchmark reports by Martin and Wong*? indicate that only a limited set of approximate
functionals can predict halogen bonding strengths. It was suspected that the DFT
calculations failed because of the exceptionally electron deficient characteristics of the [N—
F-N]" motif. Alternatively, correlated wave function methods were assessed. The
geometries of the halogen bound species candidates were optimized using MP2/6-
311+G(d) theory. Single-point energies were evaluated with CCSD(T)/6-311+G(d) model
including implicit solvation. The calculations indicated that the halogen bound complex
are slightly higher in energy than the unbound species (<1-4 kcal/mol) (Table 2-9, eqn 1).
However, calculations did show that the subsequent reduction from 2 to be favorable
(Table 2-9, eqn 2).

R s cl
A n Cl /- \
| + E —_— R—@N--F—h/\/ﬁ—/ (3)
=N /’i — \_—/
F 19
Ag() Ag(In

R s
S N Cl _
19 ;4 (1 (5)
T - 497 - -

N

R Group AH1 (kcal/mol) AH2 (kcal/mol)

OCH; 0.34 -31.42

H 0.74 -31.82

CO,Et 3.63 -33.66

CF; 2.57 -34.71

Table 2-9. Computational Data Trends for Selectfluor-Pyridine Halogen Bond.
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Computational data indicated that electron rich pyridines were more effective
halogen bond acceptors than the electron poor pyridines. This is in agreement with our
NMR spectral data in Table 2-7. Interestingly, there were no significant differences in
calculated bond lengths for either of the N-F bonds (1.84 A) when bound in the complex.
The complexes with the different pyridines each exhibited a linear bond angle. To our
delight, the calculated reduction potential of the [N-F-N]* complex was shown to be
most favorable when the pyridine is most electron poor, which correlates with and
rationalizes our experimental reactivity trends shown in Scheme 2-2. Calculations were
also done to explore other possible binding interactions. It was determined that no other
suitable geometry existed other than the proposed [N-F-N]* linear complex. The
chlorine of Selectfluor does not participate in halogen bonding with the pyridines.
Additional calculations were done with water to mimic synthetic conditions and to
determine if there were any mixed hydrogen/halogen bonding network. The inclusion of
discrete water molecules into the [N-F-N]* complexes did not result in any meaningful
structures, suggesting that the reactivity trends in Scheme X are a result of the pyridine
nitrogen directly interacting with the fluorine of Selectfluor.

2.2.4. Proposed Mechanism

As we began contemplating about the mechanism of our system, we recognized the
possibility that the reduction of Selectfluor could occur independently of the halogen
bonding effect with the pyridine additive. As shown, the pyridine additive is necessary for
the reaction to occur (Table 2-2, entry 16). And as previously discussed, the pyridine
additive has two roles in which it facilitates the reaction: (1) ligation to the Ag(l) catalyst,
and (2) halogen bonding to Selectfluor. In the first case, as supported by experimental
cyclic voltammetry and theoretical calculations, the pyridine additive ligates to Ag(l),
lowering the oxidation potential of Ag(l). It is believed that this decrease in oxidation
potential of Ag(l) is what leads to the initiation of the radical fluorination. The pyridine-
ligated Ag(l) catalyst would more easily give an electron into the N-F bond of Selectfluor,
releasing a fluorine and generating 2. 2 should then be able to abstract the benzylic
hydrogen atom from the substrate, and subsequent fluorination would occur. Theoretically,
the fluorination could occur without any halogen bonding interaction between Selectfluor
and the pyridine additive (highlighted in Scheme 2-4).

To probe this, we first ran reactions in which the pyridines were added in catalytic
amounts, at twice the loading of AgNOs. We thought that the bis-pyridine ligated Ag(l)
catalyst would form in situ and initiate the reaction. However, no reaction was observed.
We wondered if the concentrations of the pyridine and AgNOs was in such low
concentrations as compared to the global reaction concentration that the pyridines were
unable to ligate with the Ag(l) in sufficient amounts or even at all. We then synthesized
the precoordinated bis-pyridine Ag(l) catalysts, following the literature preparation
reported by Hii and coworkers.*® Because the oxidation potential of Ag(l) was most
affectively lowered by 4-methoxypyridine, and therefore should be the best precoordinated
catalyst to reduce the Selectfluor N-F bond, we started with the Ag(l)[4-OMePyr]

33



catalyst. The Ag(1)[4-OMePyr]. catalyst was subjected to our reaction conditions in the
absence of additional pyridine additives. No reaction was observed. We contemplated the
fate of the 4-methoxypyridine ligands and explored the possibility of dissociation. If
dissociation of the pyridine ligands was occurring in solution, then it would provide some
explanation as to why no reaction was observed. HMBC of the Ag(l)[4-OMePyr]> catalyst
was taken immediately upon introduction to solvent. The same sample was left to stand
for a week before another HMBC was taken. No significant changes were observed in the
chemical shifts, indicating that dissociation was not likely occurring. These results
indicated that the reaction was driven by the pyridine additives via halogen bonding with
Selectfluor. However, this does not discredit the role that the pyridine additive has with
the Ag(l) catalyst. We believe that while the pyridine ligands lowered the oxidation of the
Ag(l) catalyst, it simply was not enough to reduce the Selectfluor N-F bond without the
assistance of halogen bonding.

As shown in Scheme 2-4, we have proposed that the pyridine additive participates
in both the halogen bonding with the Selectfluor, forming a [N-F-N]* complex, and as
ligands for Ag(l). The pyridine-ligated Ag(l) catalyst participates in the single electron
reduction of the halogen bound Selectfluor N-F bond, releasing a fluoride and generating
2. 2 abstracts a benzylic C-H hydrogen atom from the substrate, generating a benzylic
radical. The benzylic radical then takes a fluorine atom from another molecule of
Selectfluor, regenerating 2 as the catalytic HAT species.
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Figure 2-4. Proposed Mechanism for Pyridine-Mediated Halogen Bonding Radical Fluorination.
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2.3. Summary of [N-F-N]* Halogen Bonding between Pyridines and Selectfluor

In summary, we have developed a method in which radical benzylic fluorination is
facilitated by a halogen bonding event between the nitrogen of a pyridine additive and the
fluorine—nitrogen of Selectfluor. The electronic characteristics of the pyridine contributes
immensely to the product distribution, where mono- or di-fluorinated products can be
favored as the major product. We have experimental and computational data to support
the idea of halogen bonding and rationalize the proposed mechanism by which this reaction
occurs. While we are not the first to propose such an interaction between pyridine and
Selectfluor, our work does represent the most direct experimental and analytical evidence
for a transient halogen bond between Selectfluor and pyridines, which would have the
potential for modulating other single electron events. Our lab has developed a metal-free
Minisci reaction which is thought to rely on a transient halogen bound intermediate.
Additionally, our lab has been able to observe both bromination and chlorination which
also relies on the transient halogen bound intermediate. The electronic characteristics of
the pyridine additives seem to behave analogously to what was observed for this radical
fluorination work. This is significant to note because the successful installation of halogens
onto aryl molecules have potential significance in organic chemistry, where there are
possibilities of cross-coupling transformations, among others, between molecules that may
have not existed before.

This work has also inspired us to seek a better N-centered HAT agent to allow for
hydrogen abstraction from bonds where their BDE was likely an enthalpic barrier that 2
was unable to overcome, limiting our fluorination to benzylic sites. Our goals and
preliminary data on this topic are discussed in Chapter 3 of this dissertation.

CHAPTER 3

Novel Nitrogen-Centered Radicals as Hydrogen Atom Transfer Agents

3.1. Introduction
3.1.1. Hydrogen Atom Transfer

By definition, HAT is a concerted movement of a hydrogen and a single electron
between two substrates in a similar fashion that Sn2-type reactions occur (Scheme 3-1, eqn
6).** Two general considerations should be made when thinking of HAT: (1) the BDE of
the Y—H bond of the hydrogen atom donor, (Y = any reasonable atom); (2) the polarity
match of both the hydrogen atom donor and acceptor (also known as a hydrogen
abstractor). As previously discussed in Chapter 1 of this dissertation, BDE is an enthalpic
barrier. In efforts to conceptualize HAT barriers, Mayer established a systematic
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evaluation method using both experimentally observed and theoretically calculated BDEs
in a Marcus Theory approach.*® Additionally, the polarity of the hydrogen atom donor
should be considered in relation to the proposed hydrogen acceptor. Like an Sn2 reaction,
if the hydrogen atom donor is more nucleophilic-like, then the hydrogen acceptor should
be more electrophilic-like, and vice versa (eqn 7-8). If the polarity of the hydrogen atom
donor and acceptor are “mismatched,” then HAT would likely not occur, regardless of the
BDE of the donor (eqn 9-10). Likewise, if the BDE is too high, HAT will likely not be
observed despite a polarity match between the hydrogen donor and acceptor.

However, hydrogen donors with higher BDEs may still be accessible by HAT by
choosing a hydrogen acceptor that is very strongly polar from the donor. For example, in
equation 7, if the BDE of electrophilic hydrogen donor was high, it may undergo HAT in
the presence of an acceptor that is far more nucleophilic than the donor is electrophilic. In
the case of polarity mismatch, there are catalysts that can be used to “reverse” the polarity.
Polarity reversal catalysts (PRCs) do not actually affect the polarity of either the hydrogen
donor or acceptor.*® PRCs serve as a “middleman” between a nucleophilic hydrogen donor
and a nucleophilic acceptor, being just more electrophilic than both the donor and acceptor
(egn 11-13).

A-H + B ___ 3 A" + B-H (6)

Electrophile—H + Nucleophile. . El’ + Nuc—H (7)
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Nuc2—H + Nuc' —>»  Nuc?
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El'—H + Nuc1. —_— EI1. + Nuc'—H (12)
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2 steps
e’ + Nuc=H —— 3 E'—H +  Nuc? (13)

Scheme 3-1. General Hydrogen Atom Transfer Concept.
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The issue we faced in both of our radical fluorination methods does not have to do
with the hydricity of the transferring hydrogen atom, but the strength of the hydrogen
abstractor. We were limited to benzylic substrates. In hopes to overcome this limitation,
we sought to identify other HAT agents that may allow us to expand our substrate scopes.
In the unprotected amino acids Ag(l)/Ag(ll) system (Chapter 1), there were two viable
hydrogen abstractors: 2 and the a-aminoalkyl radical. In the pyridine-Selectfluor halogen
bonding system, 2 was the hydrogen atom abstractor. Neither 2 nor the a-aminoalkyl
radical were nucleophilic enough to break C—H bonds other than benzylic ones. While
there are several different types of hydrogen atom abstractors, this chapter will focus on
nitrogen-centered radicals as hydrogen atom abstractors.

3.1.2. Nitrogen-Centered Radicals

It should be noted that nitrogen-centered (N-centered) radicals, as with any other
products of organic chemistry bond cleavage, comes in two categories: neutral and ionic.
The electronic characteristics alter the physical and chemical properties of the N-centered
radicals, facilitating a wide variety of transformations.
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Scheme 3-2. General Methods to Access Neutral N-Centered Radical.

Neutral N-centered radicals are typically accessed via reductive cleavage of bonds
such as N-O, N—-N, N-S, N-X (Scheme 3-2).*" However, the typical conditions for
achieving neutral N-centered radicals are not compatible with functional groups and
require installation of protecting groups (Scheme 3-3, a-c). As shown in Scheme 3-3,
neutral N-centered radicals achieved via single electron reduction include acidic
conditions (a), very low temperatures and specialized catalysts (b), precious metal
catalysts (c-d), and even activating groups and leaving groups installed on the nitrogen
atom (d). Neutral N-centered radicals may also be achieved by oxidative cleavage of an
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N-H bond at elevated temperatures and under stoichiometric amounts of strong oxidants
such as Dess-Marin periodinane, 2-iodoxybenzoic acid, and di-tert-butyl peroxide.
Again, the tolerance of functional groups is vastly hindered by these conditions.

a. 1990, Newcomb:

(o}

Loy o WO
L]
H,N O—N
2 / acidic /
conditions S
S
b. 2013, MacMillan:
(0}
: Me
cat. ' N
R\N/COZR R. _CO,R ' I\ Me
l N : \“‘ N
ODNS 15 °C, hv ¢ + tBu H
(ODNS: dinitrophenylsulfonyloxy) ‘ cat.
c. 2014, Sanford:
O O (o}
CF; Ir(lll) cat.
N—O —_— Ne
hv
(o} (o}
d. 2014, Yu, S.-Y.:
Bs\N,OBs Ir(lll) cat. Bs\N.
| » |
Me hv Me

(Bs: benzenesulfonyl)
Scheme 3-3. Examples of Neutral N-Centered Radicals Derived from N-O Bonds.*®

As previously mentioned, N-centered radicals can also be ionic, typically
possessing a positive charge. These cationic N-centered radicals are commonly known for
their wide application in forming C—N bonds.*”* There are two common modes of
accessing cationic N-centered radicals: (1) via a radical initiator; (2) via a photocatalytic
initiator. Photocatalytically generated cationic N-centered radicals has been prevalent in
much of recent literature; however, the photocatalysts typically used are of precious metals,
such as Ir(111), Ru(ll), and in some methods a catalytic couple between Ru(ll) and Pd(Il)
(Scheme 3-4, a).¢ While they are commonly used in organic chemistry, and are used in
amounts as low as 2 mol%, the use of precious metals is costly due to their low abundance,
and are relatively toxic.*® Inspired by the current work of a colleague within our lab, who
is developing a method to access N-centered radicals through photolytic cleavage in the
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absence of precious metal catalysts, we sought out to design a cationic N-centered
hydrogen atom abstractor that could be similarly accessed (Scheme 3-4, b). Of the cationic
N-centered radicals shown in Scheme 3-4, ¢, 25 and 2 have been demonstrated as HAT
agents, while the others typically perform amination either in the form of cyclization, or
addition into olefins or aromatic rings (21-24).28 2 was the HAT agent within our
previously discussed system. Because it was a well-behaved HAT agent, we wanted to
electronically modify 2 in hopes of expanding the scope of hydrogen atom donors. We
also had interests in accessing 24 via photolytic cleavage of N-nitrosopyridinium type
species, which we also hope to be able to modify the electronic characteristics of by using
readily available 4-R-pyridines.

a. general precious metal-photocatalyzed methods:

Ru (Il), hv
Fll Ir(ll), hv lf
N N
R”--°R R”+R
R = alkyl,
H, 0 Ru(ll)/Pd(ll)

i

b. precious metal-free photolytic cleavage method:

R\ hv R
R—/N—NO > |

R no photocatalyst R’-Nl-\R
R = alkyl, H

c. examples of cationic N-centered radicals:

R1 R\O R\'kl' A aN
ﬁ L A W 4T A
1NN p2 - N N N N\7
R'+¢ 'R e R R +. +. +.
2

0"+ 'R
21 22 23 24 25
R1= alkyl R = alkyl R = alkyl R = H, alkyl,
R2 = alkyl, H some functional
’ group

Scheme 3-4. Examples and Methods to Iminium Cation Radical Species.
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3.2. Proposed Study
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see reference 50.
Scheme 3-5. Proposed Pyridinium Cationic N-Centered Radical as HAT Agent.

Despite it being known for aryl amination, we had contemplated the possibilities of
using a pyridinium N-centered radical as a possible HAT agent because the work done by
Kochi and coworker in 1992 demonstrated the utility of sterically hindered pyridinium
(2,6-dimethyl-N-nitropyridinium) as a nitration agent rather than an aryl amination agent.>!
We contemplated the fate of the sterically hindered pyridinium radical (27) and wondered
if we could tune it both electronically and sterically to perform HAT rather than aryl
amination, or nitration. As shown in Scheme 3-5, we propose the transformation of a
pyridinium into an N-nitrosopyridinium, using the method presented by Overchuk and
coworkers in 1965.%°

2 has been proven to be a viable HAT agent in our previous work and the work of
others.?® We wanted to explore electronic diversity of 2 as we contemplated the design of
a more electrophilic novel HAT agent. As shown in Figure 3-3, the electron affinity of 2
would suggest that it is a better hydrogen atom abstractor in relative comparison to others.
We wanted to design a hydrogen atom abstractor that would have a stronger electron
affinity and have proposed to functionalize 1,4-diazabicyclo[2.2.2]octane (2) at both
nitrogen sites, similarly to Selectfluor. To make a more electrophilic HAT agent, one of
the nitrogen atoms (N*) will be functionalized with some electron withdrawing group
(EWG) (Scheme 3-6, Path A). As previously stated, we wanted to nitrosylate the nitrogen
that would become the cationic N-centered radical (the hydrogen atom acceptor, N2)
(Scheme 3-6, Path B). Because the stability and tolerance of a quaternary nitrosaminium
species in the conditions required to functionalize the N! is uncertain, we decided to
proceed with Path A first. We contemplated the possibility of installing an EWG such as
2,4-dinitrobenzene via nucleophilic aromatic substitution (SnAr). We also looked into
different methods by which we could install an EWG to tertiary amines, and came across
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the Menshutkin reaction.®® While it was our hope to have the EWG be directly alpha to
the Nl-nitrogen atom to give the strongest electronic effect, literature regarding the
Menshutkin reaction only demonstrated installation in the beta position and further from
nitrogen atom. A couple of other methods to install an EWG involved brute force, such as
high pressure and elevated temperatures.

O. ©:«\<N H(A,j [fgm

l l I I
1 1 ] >
11 eV 3.7eV 7.7 eV 12.4 eV

Calculated Electron Affinity
Figure 3-1. Relative Electron Affinity as Calculated by Ritter.5?

We then assessed the possibilities of nitrosylation of the N?> of DABCO. While
reports in literature do not show successful nitrosylation of tertiary amines, we
contemplated the possibilities of applying those methods to our tertiary amine substrate
with plans to adjust conditions as necessary. As shown for Path B, there are a few possible
routes to achieve nitrosylation. The last method shown requires SnCls, which fumes at
ambient atmosphere and is highly toxic, thus, will be left as a last resort attempt for those
reasons. We plan to approach this design in two ways: (1) by first installing the EWG and
then nitrosylate (Path A followed by Path C); (2) nitrosylate and then installing the EWG
(Path B followed by Path D, where Path D). Once we have achieved the di-
functionalization of DABCO, it is our hope that in situ photolytic cleavage of the nitroso
group is successful, generating our desired cationic N-centered radical. Our plan is to take
a UV-vis spectrum of 29 to determine the wavelength at which the N-NO bond should
cleave. Once a narrow range of wavelength has been determined, we would irradiate 30
and probe the resulting reaction mixture for 31, nitrate and nitrite. The presence of these
species would suggest the photolytic cleavage of the nitroso group is possible. This will
help us determine if the photolytic cleavage is even possible before we try to put 30 into a
system where there are too many variables to understand how/why the reaction works or
fails.
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Scheme 3-6. Proposed Work: Development of a Novel HAT Agent.
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3.3. Results and Discussion

3.3.1. Preliminary Results of Novel Nitrogen-Centered Radical Precursors

Based on the physical observations and descriptions given by Overchuk and
coworkers regarding the reaction progress, we have reasons to believe the nitrosylation of
the pyridine was successful under inert atmosphere. However, upon subjecting the reaction
mixture to work-up, the reaction solution changed colors drastically, which we suspect may
be due to the product’s sensitivity to both air and moisture, like the nitrosylating reagent.
'H and *C NMR analysis of the crude reaction mixture taken after reaction work-up were
inconclusive, showing no signals for the desired product. We then decided to rerun the
reaction under a Schlenk line. However, upon quenching and work-up, it seemed that the
reaction mixture was susceptible to air and/or moisture. While the color change was
noticeably more gradual this time, we still observed the same drastic color change. HR-
MS was quickly taken to see if we could find any traces if desired product. Trace amounts
of the desired product mass was detected. However, subsequent NMR analysis showed no
signs of desired product. This affirmed the instability of our desired N-nitrosopyridinium
species. Alternatively, the reaction could be run under a Schlenk line and then transferred
to a glovebox for inert handling during the reaction quenching and work up, or the reaction
can be set up, ran, and worked up all within the glove box. Additionally, our solvents were
not rigorously dried, as only activated mole sieves were used to remove moisture. Freeze-
pump-thaw may be better alternative to prepare our solvents and rigorously remove both
air and moisture. While these are all possible “fixes” for our reaction to obtain the N-
nitrosospyridinium, it also diminishes the ease of our proposed work.
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Scheme 3-7. Preliminary Results in the Development of a Novel HAT Agent.

We were able to functionalize DABCO at the N* site with EWG, using the
Menshutkin reaction, and refluxing. Unfortunately, SnAr did not yield any desired
product. We have not yet carried out the functionalization under high pressure, due to its
impracticality for our purposes, and cumbersome handling of the trifluoromethyl iodide
gas, but are reserving it as a last resort option. We proceeded with nitrsoylation of 28.
Unfortunately, we have not had success in nitrosylating 28. We have only tried two of
the three possible routes to access the desired nitrosylated EWG-functionalized DABCO.
As shown in Scheme 3-7, the last possible route uses SnCls, which, as previously
mentioned is not an ideal chemical to handle, and therefore is not the route we would like
to proceed with at this time.

44



3.3.2. Other Possible Routes to Nitrogen-Centered Radicals

Given the instability of the N-nitrosopyridinium species, we suspect that the
nitrosylation of a tertiary amine may be hindered/unfavored and likely impossible due to
its stability. Instead of installing a nitroso group onto the N2 site of DABCO, we have
decided that some other functional group should be used. Inspired by our earlier work
and knowledge of radical decarboxylation, we contemplated the possibilities of installing
a carboxylic group at the NZ site (Scheme 3-8). However, current literature search does
not seem very promising, as it seems no one has installed a carboxylic group directly on a
nitrogen atom. Further literature search and exploration is needed to be done. It is our
hope to be able to install some functional group that may be radically cleaved
photochemically without the use of additional catalysts, or under chemical conditions that
will not require additional catalysts outside of the AgNO3 that is necessary to afford
fluorination.

( N
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Scheme 3-8. Proposed Future Work and Development of a Novel HAT Agent.
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3.4. Summary on Novel Nitrogen-Centered Radical Precursors

In summary, we have preliminary data to suggest that a quaternary nitrosoaminium
is not a practical N-centered radical precursor likely due to stability issues. Because we
have successfully installed a few electron withdrawing groups onto the N* of DABCO, it
is our hope to further the exploration of installing some other group on the N? that is ideally
cleavable by some light source. However, we are also concurrently exploring the
possibilities of installing some groups that have been shown to be cleavable by a simple
catalyst such as AgNOs. It is our goal to design and HAT agent that is (1) capable of
abstracting hydrogens from C—H bonds that may be stronger than that of a benzylic one,
(2) can be initiated without specialized or additional catalysts.
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APPENDIX

General Considerations

Reagents and solvents were purchased at the highest commercial quality and used
without purification. Yields refer to chromatographically and spectroscopically (*H NMR,
13C NMR, °F NMR) homogenous material, unless otherwise noted. The yields in the
Supporting Information describe the result of a single experiment. Reactions were
monitored by GCMS (Agilent Technologies 5975 Series MSD GCMS) and thin-layer
chromatography using 0.25 mm E. Merck silica gel plates (60F-254) using UV light. NMR
spectra were recorded on a Varian-INOVA 400 MHz or 500 MHz spectrometer and
calibrated using residual undeuterated solvent as an internal reference (CDCls — 'H NMR:
7.26 ppm, 3C NMR: 77.16 ppm; CD3sCN — 'H NMR: 1.94 ppm, 3C NMR: 1.32 ppm),
whereas for °N spectra, a sealed capillary filled with nitromethane (0 ppm) was used as an
internal standard, and for 1°F spectra, a sealed capillary filled with hexafluorobenzene (-
164.90 ppm) was used. The following abbreviations were used to explain multiplicities (s
—singlet, d — doublet, t — triplet, g — quartet, m — multiplet).

APPENDIX - A

Experimental Set Up: Benzylic C—-H Radical Fluorination using Unprotected Amino Acids
as Radical Precursors

General Reaction Procedures

General Procedure:

The threads of a 3 mL borosilicate scintillation vial were thoroughly taped with
Teflon tape. To this vial containing a stir bar was added Selectflour (142 mg, 0.4 mmol, 2
equiv), glycine (30 mg, 0.4 mmol, 2 equiv), and arene (0.2 mmol, 1 equiv). Acetonitrile
(1 mL) and H20 (0.9 mL) were then added and stirred for about 1 min at room temperature.
A solution of AgNO3 (0.1 mL of a 0.4M solution in H20, 0.04 mmol) was added in one
portion. The reaction vial was flushed with argon. The reaction was capped with a teflon
screw cap and rubber septa (24/40). The reaction was heated to 35 °C until reaction was
completed judged by GCMS (up to 24 hours).

Upon completion, the reaction was diluted with 1 mL ethyl acetate and transferred
to a test tube containing saturated NaHCO3 (3 mL). The aqueous phase was extracted with
ethyl acetate (3 x 3 mL) and the combined organic layers were dried over MgSOyg, filtered
and carefully concentrated in vacuo due to product volatility. The crude material was
purified by silica gel chromatography (ethyl acetate:hexanes or ether:pentanes) to yield the
desired fluorinated products.
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NMR Yield Procedure:

For low-molecular weight and highly volatile products, the reaction was diluted
with CDCls (1 mL) and using a micro-syringe, trifluorotoluene (25 pL) was added as an
internal standard. The reaction mixture was transferred into a test tube. The reaction vial
was then rinsed with 1 mL of HO, transferred to same test tube and the layers were
separated. The organic layer was dried over MgSOQsu, filtered, and transferred to an NMR
tube. NMR vyields were then determined from °F NMR spectroscopic analysis.
Spectroscopic parameters: 16-32 scans, 50 s relaxation delay between each scan,
spectroscopic window set from -400 ppm to 200 ppm.

Cyclic Voltammetry Experiments

General Procedure:

In a borosilicate scintillation cell, 5 mL of tetrabutylammonium tetrafluoroborate
(TBAF) supporting electrolyte solution was added (0.1 M in CH3CN). The glassy carbon
working electrode, platinum counter electrode, and platinum pseudo reference electrode
were positioned in the cell with ~0.5 cm of the electrode tips submerged in the electrolyte
solution. The additive (0.5 mmol) was added to the cell and stirred until the solution was
homogenous. A CV spectrum was collected. AgNOz was then added (84.9 mg, 0.5 mmol)
and the solution was stirred until the solution was homogenous. A CV spectrum was
collected. All spectra were collected with Gamry Instruments Framework, version 6.25,
build 3318. All spectral analyses were performed with Gamry Echem Analyst, version
6.25.

Cyclic Voltammetry Parameters: F

initiale (V): 0.5 vs. Ere
scan limit 1 (V): 3 vs. Erer

Glassy

scan limit 2 (V): 0.4 vs. Erer carbon
finale (V) 0.4 vs. Erer A - working '
scan rate (mV/s): 200 i o electrode
electrode area (cm?): 1 Be 4 -
equil. Time (s): 0 % Counter Pt

I/E range mode: auto I/E range
max. current (mA): 5

cycles (#): 3 . " f A1

open circuit (V): 0 Pseudo Pt
i . i i reference

sampling mode: Noise reject 2 - |

electrode
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ReactIR Experiments

Experimental Procedure

In a 3 mL borosilicate scintillation vial containing a stir bar, Selectfluor (354 mg,
1.0 mmol, 5 equiv), and p-tolyl acetate (29 uL, 0.2 mmol, 1 equiv) were combined with 2
mL CH3CN:H20 (0.1 M, 1:1). The resulting mixture was stirred for approximately 1
minute at room temperature. A bored-through 14/20 rubber septum was fitted firmly over
the opening of the vial. The ReactIR probe was inserted through the opening of the septum.
The reaction was heated to 35 °C and stirred at 600 rpm. Data acquisition was initiated.
After approximately 10 minutes, data acquisition was paused and solid AgNO3 (169 mg,
1.0 mmol, 5 equiv) was added in one portion. Data were collected for an additional 10
minutes, during which time no appreciable reaction was observed. Data acquisition was
paused, and solid glycine (75 mg, 1.0 mmol, 5 equiv) was added as a single portion. Data
were collected until reaction was complete, as evidenced by consumption of Selectfluor.
Data were acquired using a Mettler Toledo ReactIR 15 instrument and analyzed with the
Mettler Toledo iC IR 7.0 software package. Graphical analysis was performed using Excel.

14/20
rubber
septum

ReactIR Parameters:

Detector: MCT

Apodization: HappGenzel

Probe: DiComp (Diamond)

Interface: AgX 6 mm x 1.5 m fiber
(Silver Halide)

Sampling: 3000 to 650 cm-1

Resolution: 8

Scan Option: AutoSelect

Gain: 1x

Time Interval: Data collected every
2 minutes for first 5 hours; data
collected every 5 minutes for
remainder of experiment

Spectrum Math: Second Derivative

Baseline: Two-point baseline
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13C NMR spectral evidence for the formation of methylamine

Experimental Procedure

In a 3 mL borosilicate scintillation vial with a stir bar was added Selectflour® (177
mg, 0.5 mmol), glycine (38 mg, 0.5 mmol), and toluene-ds (10.6 uL, 0.1 mmol). CH3CN
(500 pL), H20 (450 pL) were added and stirred for about 1 min at room temperature. The
content of the reaction vial was then transferred into a screw-top NMR tube and was
flushed with argon. The NMR tube was sealed with a Teflon cap with a septum. A solution
of AgNO3 (50 uL of a 0.4M solution in H20, 0.02 mmol) was injected into the sealed NMR
tube in one portion. Spectroscopic data (**C-NMR) was collected after 12 hours. Toluene-
ds was used for the solvent lock.

D D 20 mol % AgNO; D D
o) 5.0 equiv Selectfluor X .
Ds—- = D+ HZN\)LOH » Dyt _ +  HN__D
Z CH3CN:H,0 (1:1)
35°C
i - (1)
5D 5.0 equiv 5a-D (65%)
w 1400
1300
HZN\/D -1200
a¥RT 2o 1100

&
cininao
MARAAR

L5 1000

900

T " J T
225 220
f1 (ppm) 600

500
400
300
200

100

--100

T T T T T T T T T T T T T T T T T T T T T T T T T
230 220 210 200 1%0 180 170 160 150 140 130 IZCIf ](.;0 ) 100 20 80 70 60 50 40 30 20 10 0 -10
1 (ppm
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F NMR spectral evidence for the formation of fluoride anion

Experimental Procedures

In a 3 mL borosilicate scintillation vial with a stir bar was added Selectflour® (177
mg, 0.5 mmol), glycine (38 mg, 0.5 mmol), and toluene-ds (10.6 uL, 0.1 mmol). CH3CN
(500 pL), H20O (450 pL) were added and stirred for about 1 min at room temperature. The
content of the reaction vial was then transferred into a screw-top NMR tube and was
flushed with argon. The NMR tube was sealed with a Teflon cap with a septum. °*F-NMR
spectroscopic data was collected at “time zero” prior to addition of the catalyst. A solution
of AgNO3 (50 puL of a 0.4M solution in H20, 0.02 mmol) was injected into the sealed NMR
tube in one portion. Spectroscopic data were collected approximately every 15 minutes,
over a course of 7 hours.

Experimental Procedures and Characterization Data

SO
Ph

5 3a

4-(fluoromethyl)-1,1°-biphenyl (3a): The general procedure was employed using 4-
methyl-1,1’-biphenyl (33.7 mg, 0.2 mmol), Selectfluor® (141.7 mg, 0.4 mmol), and
glycine (30 mg, 0.4 mmol). The reaction afforded 3a (28.2 mg, 76% vyield) as a white
solid. The data matches those previously reported.*!

@F
Ph

6 3b

4-(difluoromethyl)-1,1°-biphenyl (3b): The general procedure was modified using 4-
methyl-1,1’-biphenyl (33.7 mg, 0.2 mmol), Selectfluor® (354 mg, 1.0 mmol), and glycine
(75 mg, 1.0 mmol). The reaction afforded 3b (26.1 mg, 64% vyield) as a white solid. The
data matches those previously reported.!

F

Neg

7 4a

4-(1-fluoroethyl)-1,1°-biphenyl (4a): The general procedure was employed using 4-ethyl-
1,1°-biphenyl (36.5 mg, 0.2 mmol), Selectfluor® (141.7 mg, 0.4 mmol), and glycine (30
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mg, 0.4 mmol). The reaction afforded 4a (12.3 mg, 31% yield) as a white solid. The data
matches those previously reported.”!

/@X
Ph

8 4b

4-(1,1-difluoroethyl)-1,1’-biphenyl (4b): The general procedure was modified using 4-
ethyl-1,1’-biphenyl (36.5 mg, 0.2 mmol), Selectfluor® (354 mg, 1.0 mmol), and glycine
(75 mg, 1.0 mmol). The reaction afforded 4b (16.7 mg, 38% vyield) as a white solid. The
data matches those previously reported.A!

©/\F
2: 5a

Benzyl fluoride (5a): The general procedure was employed using toluene (21.3 uL, 0.2
mmol), Selectfluor® (354 mg, 1.0 mmol), and glycine (75 mg, 1.0 mmol). The reaction
afforded 5a (89% NMR yield). The data matches those previously reported.2

F

o

3¢ 6a

(1-Fluoroethyl)-benzene (6a): The general procedure for volatile products was employed
using ethyl benzene (24.5 uL, 0.2 mmol), Selectfluor® (354 mg, 1.0 mmol), and glycine
(75 mg, 1.0 mmol). The reaction afforded 6a (39% NMR vyield). The data matches those
previously reported.A!

1e 8a
1-(fluoromethyl)-4-isopropylbenzene (8a): The general procedure was employed using
p-cymene (31.32 uL, 0.2 mmol), Selectfluor® (141.7 mg, 0.4 mmol), and glycine (30 mg,
0.4 mmol). The reaction afforded afforded 8a (19.6 mg, 65% yield) as a colorless oil. The
data matches those previously reported.”?
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1H NMR (400 MHz, CDCls): 7.33 (d, ] = 1.8 Hz, 1H), 7.31(d, ] = 1.9 Hz, 1H), 7.27-7.25 (m, 2H),
5.35 (d, ] = 48.4 Hz, 2H), 2.98-2.88 (m, 1H), 1.27 (s, 3H), 1.26 (s, 3H)

13C NMR (100 MHz, CDCls): 149.9, 128.1 (d, ] = 5.5 Hz), 126.8 (d, ] = 1.7 Hz), 84.8 (d, ] = 165.0
Hz), 34.1, 24.1

19F NMR (376.5 MHz, CDCl5): -203.9 (t, ] = 48.3 Hz)

L
Ph

9a

2-(fluoromethyl)-1,1°-biphenyl (9a): The general procedure was employed using 2-
methyl-1,1’-biphenyl (33.7 mg, 0.2 mmol), Selectfluor® (141.7 mg, 0.4 mmol), and
glycine (30 mg, 0.4 mmol). The reaction afforded 9a (22.3 mg, 60% yield) as a colorless
oil. The data matches those previously reported.**

10a

1-(4-fluoromethyl)phenyl)ethan-1-one (10a): The general procedure was employed
using acetophenone (26.7 puL, 0.2 mmol), Selectfluor (141.7 mg, 0.4 mmol), and glycine
(30 mg, 0.4 mmol). The reaction afforded 10a (9.1 mg, 30% NMR vyield) as a colorless
oil. The data matches those previously reported.*®

o
AcO

11a

4-(fluoromethyl)phenyl acetate (11a): The general procedure was employed using p-
toluic acid (28.7 puL, 0.2 mmol), Selectfluor® (354 mg, 1.0 mmol), and glycine (75 mg, 1.0
mmol). The reaction afforded 11a (26.1 mg, 70% yield) as a colorless oil. The data matches
those previously reported.”®

OAc
12a
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5-(fluoromethyl)-2-isopropylphenyl acetate (12a): The general procedure was employed
using 2-isopropyl-5-methylphenyl acetate (38.4 mg, 0.2 mmol), Selectfluor® (354 mg, 1.0
mmol), and glycine (75 mg, 1.0 mmol). The reaction afforded 12a (31.4 mg, 75% vyield)
as a colorless oil.

IH NMR (400 MHz, CDCls): 7.35 (d, J = 8.0 Hz, 1Hz), 7.23 (d, J = 7.9 Hz, 1H), 7.04 (s,
1H), 5.35 (d, J = 47.6 Hz, 2H), 3.09-2.99 (m, 1H), 2.34 (s, 3H), 1.22 (d, J = 6.8 Hz, 6H)
13C NMR (100 MHz, CDCls): 169.7, 148.2, 140.9 (d, J = 2.9 Hz), 135.1 (d, J = 17.6 Hz),
127.2,125.4 (d, J = 5.8 Hz), 121.5 (d, J = 6.1Hz), 83.9 (d, J = 166.9 Hz), 27.5, 23.0, 21.0
19F NMR (376.5 MHz, CDCls): -207.6 (t, J = 50.8 Hz)

o
O\B
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13a
2-(4-fluoromethyl)phenyl)-4,4,5,5-tetramethyl-1,3,2-dioxaborolane (13a): The general
procedure was employed using 4-tolylboronic acid pinacol ester (44 mg, 0.2 mmol),
Selectfluor® (141.7 mg, 0.4 mmol), and glycine (30 mg, 0.4 mmol). The reaction afforded
13a (14.6 mg, 31% vyield) as a light yellow oil.

IH NMR (400 MHz, CDCls): 7.84 (d, J = 7.6 Hz, 2H), 7.38 (d, J = 7.0 Hz, 2H), 5.41 (d, J
= 475 Hz, 2H), 1.35 (s, 12H)

13C NMR (100 MHz, CDCls): 139.3 (d, J = 16.8 Hz), 135.1, 126.5 (d, J = 6.2 Hz), 84.5,
84.0, 83.3, 25.0

19F NMR (376.5 MHz, CDCls): -209.9 (t, J = 47.5Hz)

F

O\B/©\/
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2-[3-(fluoromethyl)phenyl]-4,4,5,5-tetramethyl-1,3,2-dioxaborolane ~ (14a):  The
general procedure was modified using 4-tolylboronic acid pinacol ester (44 mg, 0.2 mmol),
Selectfluor® (354 mg, 1.0 mmol), and glycine (75 mg, 1.0 mmol). The reaction afforded
14a (21.0 mg, 45% vyield) as a pale yellow oil.

14a

IH NMR (500 MHz, CDCls): 7.80-7.82 (m, 2H), 7.48-7.51 (m, 1H), 7.41 (t, J = 7.4 Hz,
1H), 5.38 (d, J = 47.9 Hz, 2H), 1.35 (s, 12H)

13C NMR (100.56 MHz, CDCls): 135.3 (d, J = 3.1 Hz), 134.1 (d, J = 5.6 Hz), 130.6 (d, J
=5.6),128.2 (d, J = 1.1 Hz), 85.6, 84.1 (d, J = 165.9 Hz), 29.9, 25.0, 24.7

19F NMR (376.20 MHz, CDCls): -206.6 (t, J = 47.8 Hz)
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2-(4-fluoromethyl)phenyl)pyridine (15a): The general procedure was employed using 2-
(p-tolyl)pyridine (33.8 mg, 0.2 mmol), Selectfluor® (354 mg, 1.0 mmol), and glycine (75
mg, 1.0 mmol). The reaction afforded 15a (21.3 mg, 57% yield) as a colorless oil.

IH NMR (400 MHz, CDCls): 8.71 (d, J = 4.7 Hz, 1H), 8.03 (d, J = 7.8 Hz, 2H), 7.76—
XXX (M, 2H), 7.49 (d, J = 6.9 Hz, 2H), 7.24-7.27 (m, 1H), 5.45 (d, J = 47.7 Hz, 2H)
13C NMR (100 MHz, CDCls): 156.9, 149.8, 137.0, 137.0 (d, J = 6.0 Hz), 127.9 (d, J = 6.0
Hz), 127.3 (d, J = 1.0 Hz), 122.5, 120.8, 84.4 (d, J = 166.5), 29.9

19F NMR (376.5 MHz, CDCl3): -208.2 (t, J = 47.7Hz)

F

17 16a

2-(4-fluoromethyl)phenyl)pyrazine (16a): The general procedure was employed using 2-
(p-tolyl)pyrazine (34 mg, 0.2 mmol), Selectfluor® (354 mg, 1.0 mmol), and glycine (75
mg, 1.0 mmol). The reaction afforded 16a (23.2 mg, 62% yield) as an off-white solid.

IH NMR (400 MHz, CDCls): 9.05 (s, 1H), 8.65 (s, 1H), 8.53 (s, 1H), 8.06 (d, J = 7.6 Hz,
2H), 7.52 (d, J = 9.1 Hz, 2H), 5.46 (d, J = 47.5 Hz, 2H)

13C NMR (100 MHz, CDCls): 144.4, 143.2, 142.3, 138.1 (d, J = 17.1 Hz), 136.7 (d, J
2.8 Hz), 130.2 (d, J = 50.0 Hz), 128.0 (d, J = 6.8 Hz), 127.2 (d, J = 56.7 Hz), 127.3 (d, J
0.7 Hz), 84.2 (d, J = 167.3 Hz)

19F NMR (376.5 MHz, CDCls): -209.7 (t, J = 47.5Hz)

M902C F
| N
N A
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Methyl 5-bromo-4-(4-(fluoromethyl)phenyl)nicotinate (17a): The general procedure
was employed using methyl 5-bromo-4-(p-tolyl)nicotinate (37 mg, 0.12 mmol),
Selectfluor® (214 mg, 0.61 mmol), and glycine (46 mg, 0.61 mmol). The reaction afforded
17a (7.8 mg, 20% yield) as a colorless oil.
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IH NMR (400 MHz, CDCls): 8.97 (d, J = 19.8 Hz, 2H), 7.47 (d, J = 7.1, 2H), 7.23 (d, J =
7.8 Hz, 2H), 5.47 (d, J = 47.5 Hz, 2H), 3.66 (s, 3H)

13C NMR (100 MHz, CDCls): 166.5, 154.4, 150.2, 149.1, 137.6 (d, J = 3.0 Hz), 136.9 (d,
J=17.3 Hz), 128.4, 127.2, 127.1, 84.3 (d, J = 167.6 Hz), 52.7, 29.9

19F NMR (376.5 MHz, CDCls): -209.7 (t, J = 47.5Hz)

OMe

15 18a

methyl  2-[4-(1-fluoro-2-methylpropyl)phenyl]propanocate (18a): The general
procedure was employed using (z)-ibuprofen methyl ester (44.1 mg, 0.2 mmol),
Selectfluor® (354 mg, 1.0 mmol), and glycine (75 mg, 1.0 mmol). The reaction afforded
18a (12.7 mg, 46% yield) as a white solid. The data matches those previously reported.”®

65



APPENDIX - B

Experimental Set Up: Benzylic C—H Radical Fluorination Facilitated by Halogen Bonding

General Reaction Procedures

General Procedure

The threads of a 3 mL borosilicate scintillation vial were thoroughly taped with
Teflon tape. To this vial containing a stir bar was added Selectfluor (142 mg, 0.4 mmol, 2
equiv), and arene (0.2 mmol, 1 equiv). Acetonitrile (1 mL) and H20 (0.9 mL) were then
added and stirred for approximately 1 min at room temperature. A solution of AgNO3 (0.1
mL of a 0.4 M solution in H20, 0.04 mmol) was added in one portion and stirred at 35 °C
for approximately 10 minutes before the pyridine additive (0.2 mmol, 1 equiv) was added.
The reaction was capped with a teflon screw cap and rubber septum (24/40). The reaction
was heated to 35 °C until reaction was completed as judged by GCMS (up to 24 hours).

Upon completion, the reaction was diluted with ethyl acetate (1 mL) and transferred
to a test tube containing saturated NaHCOs (3 mL). The aqueous phase was extracted with
ethyl acetate (3 x 3 mL) and the combined organic layers were dried over MgSOg, filtered
and carefully concentrated en vacuo due to product volatility. The crude material was
purified by silica gel chromatography (ethyl acetate:hexanes) to yield the desired
fluorinated products.

NMR Yield Procedure

The reaction was diluted with ethyl acetate (1 mL) and transferred to a test tube
containing saturated NaHCO3 (3 mL) and 1,3,5-trimethoxybenzene (16.8 mg, 0.1 mmol)
as an internal standard. The aqueous phase was extracted with ethyl acetate (3 x 3 mL)
and the combined organic layers were dried over MgSOs, filtered and carefully
concentrated en vacuo. NMR vyields were then determined from *H NMR spectroscopic
analysis.

TEMPO Radical Trapping

General Procedure

In determining whether or not our reaction occurred via a radical pathway, (2,2,6,6-
Tetramethylpiperidin-1-yl)oxyl (TEMPO, 32 mg, 0.2 mmol, 1 equiv) was added to
reactions and observed how it affected the product yields. A reaction was run under
standard conditions without TEMPO, and was quenched after 24 hours to give product
yield of an unaltered reaction, (entry 1). NMR yield was obtained. Another reaction was
run under standard conditions and globally quenched after five hours to determine the
progress of a productive reaction up to that time point, (entry 2). NMR vyield was then
obtained. In a separate reaction run under standard conditions, TEMPO was added after
five hours of productive reaction time and was stirred and heated for a total reaction time
of 22 hours, (entry 3). An aliquot (~70 uL) of entry 3 was taken for HRMS analysis and
then globally quenched to obtain NMR yield.
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AgNO; (20 mol%)
/©/\H | S Selectfluor (2.0 equiv) /©/\F E
+ >
Ph Z Ph Ph

N CH;CN:H,0 (1:1, 0.1 M)
. 35°C, 24h
3 1.0 equiv 3a 3b
entry deviation from standard conditions time (h) NMR yield (%)
1 none 24 12 85
2 globally quenched after 5 hours 5 37 00
3 TEMPO (1.0 equiv) added after 5 hours 22 34 00

High Resolution Mass Spectroscopy (HRMS)

General Procedure

An aliquot (~70 uL) of the reaction mixture was diluted with HPLC grade
CH3CN/H20 (1:1) to approximately 2 mL. The resulting solution was then filtered and
injected onto the HRMS. Data collection was done using factory default parameters for
positive ion ESI-MS.

Cyclic Voltammetry Experiments

General Procedure

In a borosilicate scintillation cell, tetrabutylammonium tetrafluoroborate
supporting electrolyte solution was added (5ml, 0.1 M in CH3CN). The glassy carbon
working electrode, platinum counter electrode, and platinum pseudo reference electrode
were positioned in the cell with ~0.5 cm of the electrode tips submerged in the electrolyte
solution. All chemical components of CV experiments used were added in at 0.1 M (0.5
mmol), unless otherwise noted. All spectra were collected with Gamry Instruments
Framework, version 6.25, build 3318. All spectral analyses were performed with Gamry
Echem Analyst, version 6.25. Experiment set-up is shown in Figure S1.
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Cyclic Voltammetry Parameters

CV experiment set up.
initiale (V): O VS. Eref r ' |
scan limit 1 (V): -3 vs. Erer

scan limit 2 (V): 3 vs. Eret

finale (V): 0 vs. Eret

scan rate (mV/s): 200 , glfggﬁ '

electrode area (cm?): 1 — working

equil. Time (s): 0 v electrode

I/E range mode: auto I/E rang 2 ‘w -—

max. current (mA): 5 - Counter Pt
(MA) ? electrode

cycles (#): 3
open circuit (V): 0

sampling mode: Noise reject Pseudo Pt

reference
electrode I

ReactIR Experiments

Experimental Procedure

In a 3 mL borosilicate scintillation vial containing a stir bar, Selectfluor (142 mg,
0.4 mmol, 2 equiv), p-tolyl acetate (29 uL, 0.2 mmol, 1 equiv), and 2 mL CH3CN:H20 (0.1
M, 1:1). The resulting mixture was stirred for approximately 1 minute at room temperature.
A bored-through 14/20 rubber septum was fitted firmly over the opening of the vial. The
ReactIR probe was inserted through the opening of the septum. A solution of AgNOs (0.1
mL of a 0.4 M solution in H20, 0.04 mmol) was added in one portion. The reaction mixture
was stirred at 35 °C for approximately 10 minutes before the pyridine additive (0.2 mmol,
1 equiv) was added. Data acquisition was initiated. Data was collected for approximately
24 hours or until reaction was complete, as evidenced by consumption of Selectfluor. Data
was acquired using a Mettler Toledo ReactIR 15 instrument and analyzed with the Mettler
Toledo iC IR 7.0 software package. Graphical analysis was performed using Excel.
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ReactIR set up.
ReactIR Parameters 1
Detector: MCT
Apodization: HappGenzel
Probe: DiComp (Diamond)

Interface: AgX 6 mm x 1.5 m fiber 14/20 rubber
(Silver Halide) gegtum

Sampling: 3000 to 650 cm™

Resolution: 8

Scan Option: AutoSelect ReactIR

Gain: 1x probe

Time Interval: Data collected every
2 minutes for the entire duration
of experiment

Spectrum Math: Second Derivative

Baseline: One-point baseline

F NMR Experiment

General Procedure

In each F NMR experiment, 0.4 mmol of Selectfluor and 0.4 mmol of 4-R-
pyridine (R= CF3, CO2Et, H, OCHj3) was used. To an NMR tube, Selectfluor and 1.00 mL
of CD3CN was added, then inverted several times until Selectfluor was dissolved, then a
sealed capillary of hexafluorobenzene as an internal standard was placed in the NMR
tube. An NMR of the Selectfluor with the standard was taken, immediately following 0.4
mmol of the 4-R-pyridine additive was added. The NMR tube was then gently inverted
several times and an *°F NMR was immediately taken.

1H/*N HMBC Experiment

General Procedure

In each HMBC experiment, 0.1 mmol of 4-R-pyridine (R = OCHs, H, CO2Et, CF3) and 0.1
mmol of Selectfluor (when applicable) was used. To a test tube, the compound(s) under
investigation was added and diluted with 700 uL of CDsCN, vigorously stirred, and
transferred to an NMR tube containing a sealed capillary of nitromethane. Experimental
parameters were adjusted from the default settings for *H/*3C HMBC found in VnmrJ
(version 4.2 Revision A). The multiple bond coupling constant (multiple bond jnxh) was
left at the default value of 8 Hz for all experiments except for the mixture of pyridine and
Selectfluor. When multiple bond jnxh = 8 Hz, no correlation signals were detected for
'H/*N of pyridine upon interaction with Selectfluor. It was critical to set multiple bond
jnxh =12 Hz. For the HMBC studies that showed *H/*N correlation when multiple bond

69



jnxh = 8 Hz, the coupling constants were calculated to be at least 10 Hz, which is on the
higher end of the instrument’s limitations when the protocol is looking for bonds with
coupling constants around 8 Hz. HMBC spectral data processing was done using
MestReNova. It should be noted that the default processing method varies between the
software versions for Mac and Windows PC.

HMBC Parameters

f1 Nucelus: N15

N15 spec width: -400 to 400 ppm

t1 increments: 200

2-step J1xh x filter: No

Scans: 4 (up to 32)

Multiple bond jnxh: 8 Hz (12 Hz for pyridine + Selectfluor mixture)

HMBC Spectral Data Processing Method Parameters

Mac (MestReNova version 10.0.2-15465)

f2 - Time Domain f2 - Frequency Domain

FID Shift: not selected
Truncate: not selected
Apodization: not selected
Zero Filling and LP
Spectrum Size: 2048 (2K)
Backward LP: not selected
Forward LP: not selected
LP Options
Method: Zhu-Bax
Basis Points: 1191
Coefficients: 10
Fourier Transform
Protocol: none
Swap Halves: on
Mirror Image: on

f1 - Time Domain

Truncate: not selected
Apodization: selected
Gaussian: 39.33 GB(Hz)
Zero Filling and LP
Spectrum Size: 2048 (2K)
Backward LP: not selected
Forward LP: not selected
LP Options
Method: Zhu-Bax
Basis Points: 189
Coefficients: 10

Phase Correction: selected
Method: Magnitude

Baseline Correction: not selected

Smoothing: not selected

Reverse: not selected

Cuts: not selected

f1 - Frequency Domain
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Phase Correction: selected
Method: NoPC

Baseline Correction: not selected

Smoothing: not selected

Reverse: not selected

Cuts: not selected



Fourier Transform
Protocol: Echo-Antiecho
Swap Halves: on
Mirror Image: on

Windows PC (MestReNova version 6.0.2-5475)

f2 - Time Domain f2 - Frequency Domain
FID Shift: not selected Phase Correction: selected
Truncate: not selected Method: Manual
Apodization: selected PHO: 171.34 PH1: 0.00
Sine Bell: 90.00 Deg Baseline Correction: not selected
Zero Filling and LP Smoothing: not selected
Spectrum Size: 2048 (2K) Reverse: not selected
Backward LP: not selected Cuts: not selected
Forward LP: not selected
LP Options

Method: Toeplitz
Basis Points: 1177
Coefficients: 24
Fourier Transform
Protocol: none
Swap Halves: on
Mirror Image: on

f1 - Time Domain f1 - Frequency Domain
Truncate: not selected Phase Correction: not selected
Apodization: selected Baseline Correction: not selected
Sine Square: 90.00 Deg Smoothing: not selected
First Point: 0.50 Reverse: not selected
Zero Filling and LP Cuts: not selected

Spectrum Size: 2048 (2K)
Backward LP: not selected
Forward LP: not selected

LP Options
Method: Toeplitz
Basis Points: 187
Coefficients: 12

Fourier Transform

Protocol: Echo-Antiecho

Swap Halves: on

Mirror Image: on

71



Experimental Procedures and Characterization Data

SO
Ph

14 3a

4-(fluoromethyl)-1,1°-biphenyl (3a): The general procedure was employed using 4-
methyl-1,1’-biphenyl (33.7 mg, 0.2 mmol), Selectfluor (141.7 mg, 0.4 mmol), and 4-
(trifluoromethyl)pyridine (23.2 puL, 0.2 mmol) in acetonitrile and water, (1:1, 2 mL each,
0.05 M). The reaction afforded quantitative amounts of 3a (NMR yield). The data matches

those previously reported.*!
o
Ph

1 3p

4-(difluoromethyl)-1,1°-biphenyl (3b): The general procedure was employed using 4-
methyl-1,1’-biphenyl (33.7 mg, 0.2 mmol), Selectfluor (141.7 mg, 0.4 mmol), and 4-
(trifluoromethyl)pyridine (23.2 pL, 0.2 mmol). The reaction afforded 3b (85%, NMR
yield). The data matches those previously reported.”!
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