Studies on C—F Activation and Radiofluorination Reactions:

Interactions of Fluorine with Boron and Silicon Lewis Acids

by

Andreas Dorian

A thesis submitted in partial fulfillment of the requirements for the degree of

Doctor of Philosophy

Department of Chemistry

University of Alberta

© Andreas Dorian, 2022



Abstract

Boron and silicon Lewis acids form strong bonds with fluorine. This ability facilitates a range of
interesting reactivity. For example, small boron/silicon reagents are at the forefront of C—F activation,
a field focused on cleaving one or more C—F bonds in organofluorine compounds. In addition to
degradation of fluorine waste products, this field offers a compelling strategy to synthesize highly
sought-after fluorinated motifs. Alternatively, boron/silicon functionalities can be introduced to a
bioactive small-molecules or peptides of interest. These can facilitate inclusion of the radioisotope
fluorine-18, a positron emitter that enables PET imaging — an important medical tool used in the

diagnosis and monitoring of several diseases.

The introductory chapter of this thesis provides a broad overview of C—F activation with boron/
silicon Lewis acids. Special focus is given to reactions with trifluoromethyl arenes (ArCF;), especially
those that achieve selective single activation, resulting in the formation of valuable difluoromethyl
(ArCF2R) moieties. The second chapter describes a new method for ArCF; halogen-exchange, using
readily available BX3 and FeXs reagents. The reaction was optimized to form ArCXs and ArCF>X

products, and was evaluated with a variety of substrates.

The third chapter begins with a general overview of PET imaging and the synthesis of '®F-labeled
compounds, with a special emphasis on ['*F] ArCF; formation. The direct and efficient synthesis of
['8F] ArCF; from the corresponding non-radioactive ArCF; precursor remains an outstanding goal in
radiochemistry. The efforts made towards the development of such a synthetic method are discussed,
wherein BX3/FeXs reagents were used to mediate the desired reactivity. The fourth chapter provides
an overview of a radiofluorination approach termed non-canonical labeling. Some of the clinical
applications of this strategy are discussed, in particular radiotracers targeting PSMA, a significant
biomarker used for imaging prostate cancer. The efforts made towards the synthesis of a novel PSMA

radiotracer are also described.
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Preface

The majority of the second chapter was published as the following: Dorian, A.; Landgreen, E.J.;
Petras, H.R.; Shepherd, J.J.; Williams, F.J. “Iron-Catalyzed Halogen Exchange of Trifluoromethyl
Arenes” Chem. Eur. J. 2021, 27, 10839 — 10843 (reused with permission from Elsevier). The author
of'this thesis was responsible for all of the synthetic work in this paper, including reaction optimization,
substrate scope investigations, and analytical data collection, performed under the supervision of Prof.
Florence Williams. The DFT calculations were performed by E.J. Landgreen and H.R. Petras, under

the supervision of Prof. James Shephard at the University of lowa.

The work in the third and fourth chapter is unpublished, and was performed under the supervision
of Prof. Ralf Schirrmacher. Section 4.1 was adapted from the following publication: International
Atomic Energy Agency. “Production and Quality Control of Fluorine-18 Labeled
Radiopharmaceuticals” IEAE-TECDOC-1968, Vienna (2021), pg. 75-80 (reused with permission from
I4EA). This section was written by the author and Carolin Jaworski, under the supervision of Prof.
Schirrmacher. The project described in Section 4.3 was initiated by the Schirrmacher/ Wuest Groups
(contributors include Justin Bailey and Melinda Wuest) and is a continuation of the work described in
reference 281. The recent synthetic efforts were continued as a collaboration between the author and
other members of the Schirrmacher Group (Lexi Gower-Fry, Yinglan Pu, Travis Kronemann, and

Carolin Jaworski).
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Chapter 1: Activation of C—F Bonds by Boron and Silicon Lewis Acids

1.1 Introduction

Fluorine is the 13™ most abundant element on earth.'" Despite this ubiquity, organofluorine
compounds are very rare in nature, and fluorine exists predominantly as fluorite, the mineral form of
calcium fluoride (CaF;). As such, organofluorine chemistry is an almost entirely synthetic field, with
perhaps the first breakthrough occurring with the invention of CFC refrigerants in the 1920’s (e.g.
CF,Cl, or Freon® 12).2 Today, over a million tons of HF are produced annually, via the treatment of
fluorite with strong acid. Despite a number of industrial applications, HF has limited usage in the
laboratory due to safety and handling concerns. Altematively, chemists prefer to use a variety of

fluorine building blocks or reagents, that are often derived from HF on an industrial scale.'

The inclusion of fluorine into a molecule allows for useful modulation of physical and chemical
properties, and thus plays a critical role in molecular design. The C—F bond is characterized by a short
length (1.35 A), high polarity, and the greatest bond strength of any carbon—element single bond (>
105 kcal/mol).? Fluorinated alkane moieties tend to have very low intermolecular forces and are rather
chemically inert.* This is essential to the non-stick properties of fluoropolymers such as Teflon, a

prominent example of fluorine in materials chemistry.

Fluorine is ubiquitous in modern pharmaceutical and agrochemical development. An estimated 20%
of marketed drugs contain fluorine, with a notable increase in recent years (43% in 2018-2019).°
Similarly, of the new agrochemicals from 1998-2020, fluorine was present in 53%.° Substitution of a
C—H bond for a C—F bond is often performed to increase metabolic stability, as C—F bonds are resistant
to cleavage by oxidative enzymes.’ Fluorine also has a major impact on conformation, with a low lying
o* orbital available for hyperconjugative donation. This effect, as well as changes to pKa and

lipophilicity, are frequently used to improve drug potency, permeability, and pharmacokinetics.
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Figure 1.1. Examples of recent fluorine-containing drugs. Lasmiditan, 2019 (anti—migmine)g,
Lascufloxacin, 2019 (antibiotic)g, and Nirmatrelvir, 2021 (anti-viral for Covid—]9)m.



Despite the various benefits of organofluorine compounds, their stability leads to serious
environmental persistency problems. For example, many of the first CFC’s introduced were banned
under the 1986 Montreal Protocol because of their ability to deplete the ozone layer.” A variety of
fluorocarbons have also been found to contribute to global warming due to their ability to act as potent
greenhouse gases.'' With the demand for organofluorine gases expected to grow, there is an active
area of research focusing on C—F activation.'? In addition to the potential to recycle or degrade fluoro-
waste streams, C—F activation can be a powerful tool in the synthetic toolbox. In particular, selective
C-F activation of polyfluorinated moieties can lead to high-value partially fluorinated intermediates

(see examples in Figure 1.2).

CFs CF,H CF,Cl F><F F><F FF
©/ ©/ ©/ F3C(CF2)s F F3C(CFa)s Br F3C(CFy)g

$0.05/mmol  $9/mmol $ 35/mmol $2/mmol $13/mmol $ 68/mmol Br

Figure 1.2. Price comparison of perfluoro vs partially fluorinated moieties”

1.1.1 Targets of C—F Activation

The trifluoromethyl (CF3) group is one of the most important fluorinated moieties, particularly as an
arene/heteroarene substituent (ArCF3). The development of several new methods in the last decade to

introduce of the CF; group has led to its ubiquity in bioactive molecules (Figure 1.3)."*

/7 \
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Figure 1.3. Examples of CF;-containing drugs. Esaxerenone, 2019 (anti—hypertensive)”, Efavirenz, 1998
(anti-retroviral, essential HIVmedicine)M, Sitagliptin, 2006 (anti—diabetic)”.

An appealing target of C—F activation is the direct mono-functionalization of ArCF;.'® For example,
single hydrodefluorination (HDF) affords a difluoromethyl arene (Figure 1.4.A), an appealing target
in medicinal chemistry (see Figure 1.5 for examples). The polarized C—H bond is an effective hydrogen
bond donor, allowing it to act as an isostere for various functional groups (e.g. alcohol, thiol, amine)."*:
2 A HDF strategy to access difluoromethyl arenes offers an efficient alternative to conventional
methods that rely on CF,H building blocks, such as couplings with functionalized arenes (Figure

1.4.D), due to the ease of accessing the ArCF; starting material.>!



Another enticing objective is the selective activation of ArCF; to form difluoromethyl derivatives
(ArCF2R), allowing access to a wide range of structural diversity from a single starting material (Figure
1.4.C). These compounds have traditionally been made via the deoxofluorination of ketones (Figure
1.4.F), using specialty electrophilic fluorinating reagents, such as oa-fluoroalkylamines (NCF), or
sulfur fluoride (S—F) derivatives.”> However, these reagents suffer from a number of disadvantages,
such as poor atom-economy, harsh conditions/functional group incompatibility, thermal instability,

high cost, and the production of hazardous byproducts.

[M—CF,H] X
X CF2H _cross-coupling i A
R D P
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CF,X NBX CF,H
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f —B , RrL “ . AT
1 _ Z
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[S—F] C(O)R
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- Photoredox

- Transition metals indirect methods

Figure 1.4. Representative approaches towards aryl difluoromethane synthesis

Finally, halodifluoromethanes (ArCF>X) can be formed from ArCF; (Figure 1.4.B), via single
halogen-exchange (halex), also termed halodefluorination (HaloDF).?* ?* In addition to unique
intrinsic properties, such as increased capacity for halogen bonding, ArCF,X compounds act as
common intermediates for redox and cross-coupling reactions that generate a range of other difluoro
derivatives (Figure 1.6).2>?" In the past, ArCF,X synthesis often necessitated lengthy synthetic routes,

requiring already advanced ArCF,H starting materials (Figure 1.4.E).>"#
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Figure 1.5. Examples of bioactive CF,R compounds. Sedaxane, 2011 (fungicide)jj.
EVT-101, investigational (NMDA receptor agonist)34. Thrombin inhibitor, investigatianal.35
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Figure 1.6. Transformations of ArCF,X (X = Br, Cl) reported in the literature”™ ™

Another useful product that can be formed from halex with ArCF; are trihalomethyl arenes
(ArCX3).*** These can be used in a number of synthetic applications, including conversion to
carboxylic acids, esters, alkynes and alkenes, and to generate heterocycles.**** For example,
tribromomethanes (101) can be coupled with aminobenzylamines (102) to form quinazoline products

(103) as shown in Scheme 1.1.*

CBI"3 ELLEN .Y
N HNT N 3 L, NaOH = « s IR
R'<r + ) > X N
= H2N Hzo, 02, 100°C R1_:

58-81% yield Z

101 102

Scheme 1.1. Base-promoted synthesis of 2-aryl quinazolines

103

In another interesting example, Xu and coworkers demonstrated the use of tribromomethyl
derivatives for the on-surface formation of a nanostructures. An arylene ethynylene linear wire (105)
could be formed upon dehalogenative polymerization of the p-bis(tribromomethyl) benzene (104)

starting material (Scheme 1.2).*!

CcB
O/ 3 Au(111) surface
BI'3C

104 105
Scheme 1.2. Dehalogenative homocoupling of a tribromomethyl arene (yield not reported)




1.1.2 General Strategies for C—F Activation

Fluorinated organic functional groups are famously resistant to harsh chemical conditions (e.g.
alkyllithium reagents, strong oxidizing conditions, etc.). Three different conceptual approaches for
C-F activation have emerged, as shown in Figure 1.7.* * Although there have been numerous
developments in processes mediated by electron-rich transition metals, these are mostly applicable to
aryl and vinyl C(sp®)-F bonds.*!

low valent metal

electrochemistry -~ CF, 4+ F-—
AT 2 F

single electron reduction

|Ar/CF3I transition metal . r/CFz_[M]_F

oxidative addition =~ A

Lewis acid /CFZ"' + F—LA

v

fluoride abstraction Ar

Figure 1.7. Different conceptual approaches towards C—F activation.

45, 46

Single-electron reduction (SET) by a low-valent metal (typically Mg), or electrochemical

4748 can be used with a number of different C—F moieties. However, these methods often have

process
a poor substrate scope, and require excess reductant. When applied to ArCFs3, it is difficult to obtain
adequate selectivity for mono-activation. This highlights the key challenge in ArCF; activation, in
which partially defluorinated species (mono- and difluoro) tend to be more reactive than the starting
trifluoride. This is a result of C—F bond strengths that decrease as the degree of fluorine substitution
decreases (e.g. Figure 1.8 shows the progressive weakening of the C—F bond, as hydrogen is substituted

for fluorine in tetrafluoromethane).*’

F;C—F HF,C—F H,FC—F H;C—F
131 128 120 110
Figure 1.8. Bond dissociation energies for fluorinated methanes (kCal/mol)

As a result of this thermodynamic challenge, most C—F activation methods result in complete
defluorination of ArCF;. A series of recent publications have addressed this problem using photoredox
catalysis to facilitate SET reduction of ArCF3, followed by trapping with an alkene or other radical

donor.’*>?

One of the most effective strategies for activation of C(sp*)—F bonds is the use of strong main group

1.>* The most important of these are boron

Lewis acids, which facilitate fluoride abstraction and remova
and silicon reagents, in which the formation of a strong bond with fluoride provides a thermodynamic

drive (e.g. SiFs 166 kCal/mol*®, BF; 149-172 kCal/mol’°). These reagents have been applied to the



functionalization of various alkyl fluoride substrates, including ArCF; groups. In particular, a number
of recent elegant examples have achieved single defluorination of ArCF3, providing access to valuable
difluorobenzyl synthons. This chapter will highlight these advances, as well as provide a general

introduction to C—F activation with boron and silicon Lewis acids.

1.2 Silicon Lewis Acids

Organosilicon compounds are widely used in organic synthesis. For example, silyl hydrides
(LsSi—H) have widespread applications, such as the hydrosilylation of double bonds, whereas silyl
halides (L3;Si—X) are well known for silylation of heteroatoms (O, N, etc.) and as polymer precursors.
Silicon’s high fluorophilicity also makes silicon-reagents appealing for C—F activation, in particular
those with high Lewis acidity (e.g. cationic silylium ions). The foremost use of silicon Lewis acids is
for hydrodefluorination, with applications in halogen-exchange, and defluorinative C-C bond

formation as well.

1.2.1 Halogen-Exchange

In 1981, Olah et al. showed that simple alkyl fluorides could undergo a halex reaction with an excess
of TMS-iodide.”” Efficient conversion to the alkyl iodide could be achieved with secondary or tertiary
fluorides, after 16 hours at room temperature. More recently, various catalysts have been used to
improve HaloDF reactions with silyl halides. Hilmersson demonstrated the halex of primary fluorides
(e.g. 106) to the corresponding iodide (107), using an ytterbium iodide catalyst (Scheme 1.3).°®
Mechanistic investigations suggested a two-step catalytic cycle, in which the active ytterbium catalyst

is regenerated by TMS-iodide.

Ybls(THF); (10 mol%
\Ms/\F 3(THF)s o, \ﬁa/\l 95% yield
MesSi—I (3 eq.)
106 DCM, rt., 13h 107

Scheme 1.3. lododefluorination of alkyl fluorides using an ytterbium catalyst

In another example, the Young Group demonstrated the ability of aluminum(III) halides to catalyze
bromo- and chloroDF (Scheme 1.4), using either TMS-halide or SiCly as the halide source.”® The
reaction was applied to both single C—F bonds (e.g. 1-fluorooctane), and to trifluoromethyl compounds
(e.g. 108). In an extension of this strategy, the Young lab showed that silyl sulfonates (e.g. TMSOMs)
could be used in the functionalization of alkyl fluorides, using the boron reagent B(CsFs); (BCF) as a
catalyst (q.v.section 1.3.3).



CFs AICI3 (20 mol%) CCl;
> o
M93Si—C| (3 eq) 80% y/eld
108 PhCI, 80°C, 20 h 109

Scheme 1.4. HaloDF of alkyl fluorides using an aluminum catalyst

1.2.2 Hydrodefluorination

Hydrodefluorination is the most important area of silicon-mediated C—F activation. Hydrosilanes are
readily available, making them appealing stoichiometric reagents to undergo HDF, via an overall
Si—H/C—F metathesis process. Mechanistically, this proceeds via a silylium ion (tricoordinate silicon
cation) intermediate,” formed via the addition of a cationic activator species (e.g. trityl salt), and
stabilized by a weakly coordinating anion (WCA, X"). This strategy was pioneered by the Ozerov

60-64

Group, illustrated by the example shown in Scheme 1.5, depicting the selective defluorination of
the CF; group in perfluorotoluene (110). The silylium species abstracts a fluoride ion to generate a
carbocation intermediate, which then reacts with stoichiometric hydrosilane to form the HDF product,

and regenerate the silylium catalyst.
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Scheme 1.5. HDF of perfluorotoluene using silylium catalysis

Initial investigations utilized the tetraarylborate anion [B(CeFs)s]— as the WCA, but found its
efficiency was limited, due to decomposition in the reaction medium, providing TON < 126.%°
Turnover number (TON) is a useful metric for quantifying catalyst efficiency, defined by the moles of
product formed, divided by the moles of catalyst/activator used. Vast improvements were observed
when halogenated carboranes [CHB.1Xi1]” were used as the WCA. For example, utilizing
Ph;C[HCB:1HsCls] as an activator, pentafluorotoluene 111 could be obtained in 86% yield, with a
TON of 1250. This reaction illustrates the typical selectivity for LA mediated C—F activation, in which
all three C(sp’)-F bonds are defluorinated, but the C(sp®)-F bonds remain intact, likely due to the



relative instability of the aryl cation. In a recent modification of this strategy, surface-catalysis was

employed to effect HDF, using an SZO surface functionalized with triisopropylsilyl groups.®

A frequent problem with silylium HDF is the potential for isomerization or Friedel-Crafts reactivity,
arising from carbocation intermediates. For example, nonafluorohexane 112 could undergo HDF under

forcing conditions, but afforded a range of rearrangement and cyclization products (Scheme 1.6).”'

FRFFR F

FM PhoCICHBAHSC | - 4 . E>_
F FFF excess Hex3SiH
50°C, 120 h
112 13 114 115

(28%) (13%) (10%)
Scheme 1.6. Products formed in the HDF of nonafluorohexane using silylium catalysis

As an alternative to trityl salt activators, specially-designed stabilized silylium cations can be used
directly as catalysts in HDF reactions. For example, Miiller and coworkers introduced a series of
silicon-ions based on a 1,8-napthalenyl backbone, such as 118 (Scheme 1.7).%%® After C—F abstraction
and formation of the HDF product 117, the active catalyst is regenerated via reaction with a
stoichiometric hydrosilane reagent. In addition to silyl hydronium ion 118, Miiller synthesized related

fluoronium, arenium, and chalconium silyl ions, all of which proved to have similar catalytic activity.

i + - [
S Ne ISRITBOFIIZR2mI%) | NG goncon

1eq. Et3SiH
116 CeHe.rt., 1h 17

+.H .
Me,Si~ SiMe,

RsSi—F OO F—R

118

+.F
RsSi—H Me,Si*" SiMe, H—R

99

Scheme 1.7. HDF catalyzed by a stabilized disilyl hydronium ion

Interestingly, silyl-chalconium species (e.g. 119) appears to operate by a different cooperative
mechanism (Scheme 1.8).°® This mechanism begins with Si—H heterolysis, in which hydride is
transferred to the cationic silicon, and the triethylsilyl fragment is abstracted by the basic sulfur. A
concerted G-bond metathesis with the alkyl fluoride then affords the product, and regenerates the
catalyst. This proposal was supported by observation that more Lewis basic chalcogens improved

catalyst performance, and by the lack of rearrangement products formed.
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Scheme 1.8. Cooperative mechanism of HDF with a disilyl sulfonium species
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An analogous cooperative mechanism is thought to occur with Oestreich’s cationic ruthenium(II)
thiolate complex (Scheme 1.9).% Addition of hydrosilane to the complex results in transfer of the silyl
fragment to sulfur, and hydride transfer to the ruthenium center. 'HNMR studies were performed to
provide evidence for formation of the ruthenium(II) hydride species 121. Oestreich demonstrated the

ability of this catalytic system to hydrodefluorinate various trifluoromethyl anilines.”

O Et;Si—H ﬂ

+Ru——g Mes Rs p’RU\S+

BArF,,~ H S|Et3 BArf
120 121

Scheme 1.9. Heterolysis of hydrosilane by a cationic ruthenium thiolate complex

Yet another mechanistic scheme occurs with certain Lewis acids, in which interaction with the
hydrosilane occurs via an 7'-coordination of the hydride bond. Although the silicon center does not
form a discrete positive charge, it is sufficiently activated to abstract fluoride. This type of pathway is
illustrated in Scheme 1.10, in which BCF is used as a catalytic LA.”" As the silicon abstracts fluoride,
the hydride is completely transferred to BCF, forming a borohydride species. The borohydride then
transfers hydride to the carbenium ion, forming the HDF product and regenerating the BCF catalyst.

The reactivity of this system is lower than those based on silylium ions. For example, while the
primary fluoride in 126 undergoes HDF, the two CF3 groups remain intact, and the oxygen heteroatom
is tolerated. This is in contrast to very strong acids, such as silyliums, which are poisoned via
coordination with any heteroatoms that are present. An analogous hydrosilane activation pathway was
also suggested for the related Lewis acid Al(CeF4)s,”* as well as for a cationic iridium(III) POCOP

pincer complex developed by Brookhart and coworkers.” ™
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Scheme 1.10. HDF of alkyl fluorides catalyzed by BCF-activated hydrosilane

In a recent example, Lamac and coworkers demonstrated that the addition of a catalytic group 4 (Ti,
Zr, Hf) complex (e.g. TiX2R») to BCF/Et3SiH creates a more reactive system that can react with CF3
groups (Scheme 1.11).”” In addition to #'-activation of the Si—H bond by BCF, the authors propose a
simultaneous halide abstraction by the silicon center, forming a cationic metal complex that acts as the

active species that performs C—F abstraction.

BCF (5 mol%)

CFs  Cp,TiCl, (5 mol%) CHs
> o,
4 eq. Et;SiH 80% conv.

108 CHCl3, 60 °C 128
.-BAr3 _BAry
R‘. B/\l'_l'j R‘ IR H ’ R—F .
_.Si b /Si\ T> R—H + XR2TIF
X | + _.X R v
XR Ti/\j R XR,Ti"" XSiR3
2 BArs

Scheme 1.11. HDF of trifluoromethyl benzene with catalytic BCF and titanium-family complexes

Lewis acids based on other elements can also be combined with hydrosilane to affect HDF, such as
the electrophilic phosphorus(IIl) dication (129) reported by Stephan and coworkers (Scheme 1.12).7¢
The phosphorus acid does not act as an initiator of a silylium cycle, but rather acts as a catalyst,

initiating the cycle by directly abstracting fluoride. The resulting carbocation is reduced by the
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hydrosilane, generating a silylium species, which in turn abstracts fluoride from the phosphorous

center, regenerating the catalyst.

CFs 129 (4 mol%) CH,
Et,SiH 99% conv.
108

A 4

DCM, 20 h 128
(P2 F
F—SiR; R”
+ +
R3Si R
: F—{P}"
r-H Et;Si—H

Scheme 1.12. HDF of trifluoromethyl benzene with a phosphorous(Ill) catalyst

Stephan and others have developed a number of other electron-deficient phosphorus compounds,
used in conjunction with hydrosilane for HDF, with some examples shown in Figure 1.9 (counterions

omitted for clarity, [BAr']").”

F
k T
\'Ph N
FsCe'*, \/ \Cer E P 'Ph | N Ven CeFs™""s ~CeFs
FsCe CeFs _N? FsCs
Mes Me

Figure 1.9. Examples of electrophilic phosphonium species used for HDF

1.2.3 C—F Functionalization

Alternative to HDF, various methods employ a nucleophilic species to trap carbocation
intermediates, facilitating C—F bond functionalization. For example, the hydrogen-bridged disilyl
cation discussed above (118) was also used to functionalize primary/secondary alkyl fluorides, such
as fluorocyclohexane 130 (Scheme 1.13).7® The resulting carbenium undergoes a SgAr reaction with a
suitable arene, followed by quenching of the arenium with hydrosilane, releasing dihydrogen and the
arylated product. Divergent reactivity was still a problem however, with the observation of di- and

trialkylated arenes, as well as rearrangement products.
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F 118 [B(C4Fs)a] (4 mol%) Ph
> 67% conv.
Et,SiH (1.2 6q.)
130

25°C. 30 min 131
R
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Et;Si—H %/

F—SiR;
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Scheme 1.13. Catalytic cycle for the silylium-catalyzed arylation of alkyl fluorides

In a similar manner, Stephan demonstrated the arylation of RCF3 substrates with an electrophilic
phosphorus catalyst (Scheme 1.14).” A range of both ArCF; (134, 135) and alkyl-CF; (136, 137)
substrates were reported, with generally high yield and selectivity (see abbreviated scope). Similarly,

a number of different arenes could be used (p-xylene, toluene, mesitylene, 1,1-biphenyl, etc.).

H H
X [(CeF5)sPFI*[B(C6F5)a]~ (1.5 mol%) -
Et,SiH (3.6 eq.) R @

25-80°C, 2-16h

excess s 133
/@/\ OPh \/IF( /(\
134 (73%) 135 (66%) 136 (60%) 137 (76%)

Scheme 1.14. Mono-arylation and HDF of trifluoromethyl compounds using a phosphorous(V) catalyst

Under these conditions, 1° alkyl fluorides such as 1-fluorohexane, underwent extensive
rearrangements, indicating Sn1 reactivity is still operative. However, no isomerization was observed
with alkyl-CF; substrates. The authors postulate this is a result of arylation occurring first, leading to
a conformationally more robust difluorobenzyl cation, which then undergoes rapid HDF. In addition
to RCF3 substrates, benzyl fluorides were likewise shown to undergo arylation, or to couple with

allylsilanes to form homoallylic aryl alkenes.*



1.2.4 Selective Single C—F Activation

Hosoya and coworkers reported a clever design to achieve mono-selective defluorination of ArCFs,
tethering a hydrosilane ortho to the CF; group (Scheme 1.15).8' A silylium (139) is formed upon
treatment with a trityl cation precatalyst, which subsequently performs single intramolecular fluoride
abstraction. Nucleophilic addition to the carbocation (140) then forms the ArCF,R product.
Alternatively, a mechanism with concerted hydride abstraction and C—F bond cleavage is also
plausible. The original scope of allylsilane nucleophiles (e.g. 141) was later expanded to include a
range of other halides.*® Further, the use of a PhsCX precatalyst (X: Cl, Br, OTf) allowed for direct
formation of ArCF.X products, in good-to-excellent yields. Although quite efficient, this method has
poor generality, utilizing only specific pre-functionalized arenes, and requiring an additional removal

step if the ortho-silane is not desired in the final molecule.

1.2 eq. Ph3CBF,4 F F Br
CF; 1:1 HFIP:DCM, 0 °C, 10 min
@ ;
Si
VAR
Ph Ph Ph Ph
142
Ph3CBF4 S|M83 61% yield
PhsCH S'* BF,~
Ph Ph Ph Ph 141 5eq)
139 140

Scheme 1.15. Single C—F activation of ortho-silyl trifluoromethyl arenes

A powerful approach for defluorination is the use of Frustrated Lewis Pairs (FLPs).*> An FLP is a
Lewis acid/base combination, in which steric conflict prevents formation of a traditional Lewis adduct.
This allows the acid and base to retain their individual reactivities, thereby offering unique selectivity
advantages in C—F chemistry. As in other LA mediated processes, fluoride abstraction affords a
carbocation intermediate. However, the base component of the FLP is able to coordinate (trap) this
cation, rendering it inactive towards further reactivity. This was first illustrated by Stephan and
coworkers with phosphine/silylium FLP 143 (Scheme 1.16).3* The intramolecular nature of the FLP
was thought to be advantageous, allowing for rapid trapping of the PhCF," species to afford 144.
Treatment with base then affects C—P cleavage, affording ArCF,H 145. Importantly, this example was
the first application of FLP chemistry to selective ArCF; activation, with the drawback that a

stoichiometric amount of the sensitive silylium FLP is required.
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Scheme 1.16. Single HDF of trifluoromethylbenzene with a phosphine/silylium FLP.

1.3 Boron Lewis Acids

Boron compounds have long been utilized for the cleavage of strong bonds in synthetic organic
chemistry, particularly alkoxy aryl ethers. More recently, boronic and borinic acids have been utilized
as catalysts to direct reactivity, or to pre-activate bonds for functionalization. These chemistries take
advantage of boron compounds fast on/off ligand binding kinetics. As such, boron Lewis acids rapidly

settle at the thermodynamically preferred location, leading to exceptional chemoselectivity.

Less well developed is the development of chemoselectivity in reactions where boron acts to directly
drive bond cleavage, rather than act as a catalyst. Previous work in the Williams Group has begun to
explore selectivity profiles of heteroleptic boryl halides in the context of C—O activation. This led to a

method with improved regio— and chemoselectivities in dialkyl ether functionalizations.

Boron compounds are also important in the growing area of C—F activation, both as catalytic species,
and as stoichiometric reagents. Whereas silicon excels in the area of HDF, boron complexes are often
the first choice for halex reactivity. Additionally, electrophilic boron species frequently serve as the

Lewis acid partner in FLP chemistry.

1.3.1 Halogen-Exchange

Boron trihalides (BX3) are particularly useful for halex reactivity. They are widely available,
inexpensive, and form gaseous BF; under defluorination conditions. Barrio and coworkers were the
first to report on their use for alkyl fluoride halex in 1995 (Scheme 1.17).* For example, norbornyl
fluoride (146) could be efficiently converted to the corresponding alkyl halide (147) using BX; (X: Cl,
Br, I). Similar yields (78-94 %) could be obtained for 1°, 2°, 3° alkyl mono-fluorides, although some

rearrangement chemistry was observed with 1° substrates, such as 1-fluoroheptane.

BX; (1 eq.) X =CI (83%)
Y, X = Br (85%)
F 0°C, 5 min X X=1 (88%)

146 147

Scheme 1.17. Boron trihalide mediated halogen-exchange
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Prakash and Olah evaluated BBr; halex with a more robust trifluoromethyl substrate (108),
demonstrating conversion to the tribromomethane 148 (Scheme 1.18).” However, this transformation
necessitated an extended 32-hour reaction time, and the problematic use of carbon tetrachloride (highly
regulated due to toxicity and environmental concerns). Chen et al. used the same conditions to report

a short substrate scope, although only simple arenes were used (single halogen or alkyl substituents).*’

CFs 11 eq. BBrs CBrs
CCl, rt,32h
108 (92%) 148

Scheme 1.18. Boron tribromide mediated triple halogen-exchange

Theodoridis used these precedents to conceive a method for nitrogen protection, using the 2-
fluoroethyl group.*® He demonstrated this strategy in the synthesis of an aryl triazolinone (152)
agrochemical (Scheme 1.19). The protected compound 149 underwent a number of synthetic
transformations to introduce the sulfonamide moiety (150), without interference from the inert
fluoroethyl group. Deprotection could then be initiated by BBr3 halex, to provide the alkyl bromide
(151). Elimination to form the olefin, followed by oxidative cleavage then affords the free nitrogen.
Although an interesting strategy, the number of synthetic steps required for deprotection is a

disadvantage, and this method has seen little uptake in the synthetic community.

n

F Br NMe

Me ,~/ Me ,~/ o $o,Me

Cl \ N >—N 152
/ !
1 \ N )§o BBr, NJ )§o

<

N
steps N N i. K,CO3, DMF, 90°C
F 10°C,0.5h ii. KMnQOy4, HyO/acetone
97% yield 68% yield
l}lMe l}lMe
Cl SO,Me Cl SO,Me
150 151

Scheme 1.19. Nitrogen protection strategy used in the synthesis of a triazolinone agrochemical

Rivard and coworkers reported a rare example utilizing a cationic boron complex for C—F
activation.®” They synthesized an NHC-ligated oxoborenium cation (155), which proved capable at
effecting halogen-exchange with fluoroadamantane 153 (Scheme 1.20). Interestingly, cationic boron

complexes are rarely used for C—F activation, unlike their silicon counterparts.
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0.3 eq. [155][AICL,] N LCl
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F 80°C, 16h cl X
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153 75% conv. 154 Dipp

Scheme 1.20. Halogen-exchange using a borenium species

1.3.2 Hydrodefluorination

The Stephan Group was the first to demonstrate the use of FLP chemistry for C—F activation, with
a short series of alkyl fluorides, including adamantyl— , cyclohexyl—, and pentylfluoride (156), as
shown in Scheme 1.21.”" They utilized an intermolecular phosphine/borane FLP in stoichiometric
amounts, with reactivity driven by the fluorophilicity of BCF, which has a Lewis acidity in-between
that of BF; and BCls. The reaction led to salt products (e.g. 157) containing a fluoroborate anion and

alkylphosphonium cation.

B(CeFs)3 _
NN e [CsHi—P(tBu)s]* [F~B(CeFs)s]
156 DCM, rt. 157 (88%)

Scheme 1.21. C—F functionalization of 1-fluoropentane using a boron/phosphorous FLP

This FLP can also be used to split H, (another important application of FLP chemistry), to afford
hydridoborate phosphonium salt 158.% Stoichiometric addition of this salt to 1-fluoropentane (156),

along with one equivalent of neutral BCF, results in HDF and the formation of pentane (159), in an

overall B-H/C—F metathesis process (Scheme 1.22).

B(CeFs)3
CD.Cl,, rt. [HP(tBu)s]+
NONE —= > NONH O B
[HP(tBu)s]*+ (158) 65)3
156 [HB(CeF5)3] = 159 160

(>95%)
Scheme 1.22. HDF C—F functionalization of 1-fluoropentane using a boron/phosphorous FLP

1.3.3 C—F Functionalization

The Young Group formulated a two-step strategy to substitute benzyl fluorides (e.g. 161) with
various nucleophiles (Scheme 1.23).% The BCF catalyst facilitates fluoride abstraction, with
subsequent transfer to a stoichiometric silane, affording a benzyl mesylate (or triflimide) intermediate
162. The pseudo-stable mesylate intermediate can then be functionalized with a suitable nucleophile.
The silyl mesylate proved much more effective than the analogous iodosilane, which proceeded much

slower for both the C-F activation step and subsequent substitution.
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Scheme 1.23. Functionalization of benzyl fluorides with various nucleophiles

Partitioning C—F activation and functionalization into separate steps was key to the success of this
method. It allowed for substitution with amines, alcohols, and other nucleophilic species that are

incompatible with strong Lewis acids such as BCF.

Hosoya and Yoshida demonstrated that ArCF3 substrates (168) could be converted to diaryl ketones
(169), using BBr; (Scheme 1.24).” The reaction proceeds via an ArCBr; intermediate, and is thought
to then undergo acyl bromide formation upon the addition of methanol, followed by Friedel-Crafts
acylation with the arene. Various substrates were explored, including functionalized benzothiophenes

(e.g. 172). Alternatively, in the absence of the arene, alcohol addition affords the corresponding ester.

2 eq. BBr; 0
Vi 5eq. Ar-H
N = DCM, r.t., 3-21h
R— » R—

L~ then MeOH

168 2h,rt.
MeO I I Me I I NEt,
170 (82%) 171 (34%) 172 (55%)

Scheme 1.24. Conversion of trifluoromethyl arenes to diaryl ketones with boron tribromide

Yasuda and Nishimoto disclosed a one-carbon elongation of benzyl fluorides 173 with diazoesters
by employing BF; catalysis (Scheme 1.25).°' This formal C—F insertion process affords the
homobenzyl fluoride 174 with high levels of diastereoselectivity. The proposed mechanism, evaluated
with DFT calculations, begins with abstraction of fluoride by BF3, forming the benzylic cation. Attack
by the nucleophilic diazo carbon then forms a diazonium species, and subsequent extrusion of N
affords a homobenzyl cation. Finally, C—F bond formation mediated by BF4 affords the product and
regenerated catalyst BF;. This C—F cleavage/reformation process can be described as a fluoride-
rebound, reminiscent of a mechanism observed by Toste and coworkers upon the treatment of Au(III)-
CF; complexes with BCF.”
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Scheme 1.25. Insertion of diazo esters into benzyl fluorides with boron trifluoride catalysis

The diastereoselectivity originates in the C—F reformation step, proceeding via the conformation
which minimizes Ar'/Ar? steric repulsions, affording most products with diastereomeric ratios in the
range of 85:15—95:5. A variety of para-substituted benzyl fluorides proceeded in moderate-to-high
yield, with the exception of those containing strong EWG’s (e.g. CN). Various electron-deficient diazo
esters were also competent in the reaction, whereas electron-rich diazo esters required addition in

excess, given their propensity to dimerization in solution.

1.3.4 Selective Single C—F Activation

In order to achieve a single halex with PhCF3 108, Prakash and Olah modified the conditions of the
BBr; reaction (Scheme 1.26).2 Good selectivity for the mono-bromide 175 could be obtained with a
large excess of PhCF; 108 (entry a), although fairly aggressive refluxing conditions were required.
With more BBr3, reflux could be avoided (entry b), but a 5-day reaction was required, and the

selectivity for CF,Br 175 was diminished. Despite the low yields, these conditions have been used
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almost exclusively by other researchers to make ArCF,Br compounds. No mechanistic investigations

or a substrate scope were explored.

BBr:
CF 3 CF,Br CFBr CBr
ph” 3 ph” 2t opp T TRt opp
108 175 176 148
a  10:1ArCF5:BBry  neat, 2h reflux 13 trace 2
b 3:1 ArCF3:BBr;  DCM, r.t, 5days 14 trace 16

Scheme 1.26. Different conditions used for the mono-halex of trifluoromethylbenzene

C-F activation was realized using an intermolecular FLP by Young and coworkers (Scheme 1.27).”
Combining BCF with a bulky phosphine base proved an effective FLP combination for the
defluorination of gem-difluoromethylenes (e.g. 177). The resulting stable phosphonium/borate salt 178

could be isolated for a variety of substrates (see examples below, isolated yields shown).

RF R P(Tol); I*
H P(OTO|)3/B(C6F5)3 - H [FB(CGFS)S]_
DCM, rt.
177 (83%) 178
F F F
PR3—I+ PR3_|+ | PR3_|+ PRy 1"
H H @ﬁ<H X H
(o] MeO Br
179 180 181 182
(70%) (69%) (63%) (69%)

Scheme 1.27. Single C—F cleavage of difluoromethyl groups by a boron/phosphorous FLP

Young extended this work to use catalytic amounts of BCF, with the addition of a trimethylsilyl
triflimide additive (TMS-NTf), as shown in Scheme 1.28 (NMR yields shown).”* The triflimide acts
to regenerate BCF from the fluoroborate anion, thermodynamically driven by the formation of Me;SiF
gas. The stability of the intermediate phosphonium salts necessitated the need to examine alternative

FLP base partners, that could more easily allow for subsequent nucleophilic substitution.

The nitrogen base 2,4,6-triphenyl pyridine (TPPy) was found to be an effective base partner, allowing
for facile substitution of the intermediate salt 183 with a range of nucleophiles. For example, treatment
of intermediates (183) with tetrabutylammonium halides afforded the corresponding ArCF.X
compound (185-187, 189, 191). Electron-poor arenes (e.g. 190) tended to slow the C—F activation,
often necessitating increased temperatures (60 °C in DCE). Conversely, with arenes containing
electron-donating groups (e.g. 189), the first C—F activation step was quite rapid, but the resulting

TPPy salt was less stable, and could begin to decompose before addition of the nucleophile.
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Scheme 1.28. Single C—F cleavage of trifluoromethyl arenes by a boron/pyridine FLP

Additional screening revealed the effectiveness of wusing sulfur bases, in particular
tetrahydrothiophene (THT).” For example, 4-difluoromethyl toluene 177 could be converted to the
THT salt 192 with high efficiency (Scheme 1.29). This was applied to a range of other substrates,
including non-benzylic alkyl fluorides (e.g. 193, 194, 196). Further, there were rare examples of
activation of equivalent distal C—F bonds, such as in 194 and 195.

R F [NTf2]
BCF (5 mol%)
H
THT, TMSNTf,
DCM, r.t., 12 h
177

(> 95%)
+ " o _F
THT + +
F THT
HF,C
193 194 195 196
(46%) (60%) (70%) (86%)

Scheme 1.29. Single C—F cleavage of difluoromethyl arenes by a boron/sulfur FLP
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The scope of derivatizations was also expanded, for both trifluoro- and difluoromethyl starting
materials. A summary of methods used by the Young Group for salt (TPPy, THT, or PR3)
derivatization is shown in Figure 1.10.** In addition to nucleophilic addition, photoredox and Suzuki
couplings afford alkyl and aryl fluoromethylenes respectively. Alkyl phosphonium salts are known to
react with carbonate, facilitating nucleophilic transfer of one of the alkyl groups. As such, treatment
of difluorobenzyl phosphonium (ArCF,PR;") with Cs,COs enables reaction with benzaldehyde to
afford a-fluoroalcohols. Alternatively, KOH addition to phosphonium salts affords the formal HDF
product. Finally, with RCF;H starting materials, phosphonium salt formation, deprotonation, and a

subsequent Wittig reaction produces c-fluorostyrenes.

R F
F><F/H KOH PhCHO, Cs,CO; Ph
R H HDF nucleophilic transfer R

OH

R F/H
VPP (L Vel B S v
R Nuc substitution L R base+J photoredox R>§/\ R’

A

A

F i. LIHMDS ArB(OH), E FM
_ ii. RCHO [Ni] or [Pd] -
RTS ) Wittig olefination Suzuki coupling TR Ar
R

Figure 1.10. Functionalization of intermediate fluoromethyl onium salts

The cumulation of C—F activation methods developed by Young and coworkers represented a major
advance in the field. However, one disadvantage of these methods is their inherent complexity,
requiring rigorously dry conditions and specialty reagents (e.g. TMS-NTT;). As such, it remains to be
seen if these methodologies will see significant uptake in the chemical community for synthesis of
ArCF;R and ArCHFR compounds.

1.4 Conclusion and Thesis Objectives

The captivating and fruitful properties of organofluorine compounds have led to numerous impacts
in the pharmaceutical, agrochemical, and materials science fields. As fluorinated functional groups
become more common, so too does the search for new methods to functionalize C—F bonds. This
strategy has important implications for the degradation of environmentally persistent industrial
fluorocarbons. In addition, C—F activation offers a unique approach to access high-value fluorinated
motifs. This chapter focused on recent methods that employ boron and silicon Lewis acids for the
activation of C(sp’)—F bonds. These methods are similar to those that use aluminum or acidic

transition-metal complexes, and are complementary to photoredox and other reductive processes.
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Reactions with trifluoromethyl arenes (ArCF3) were discussed extensively. Although there are a
number of useful transformations involving triple defluorination of ArCF3, one of the most appealing
goals is single activation of ArCFs. The resulting difluoromethyl (CF:R, CF.X, CF.H) products are
highly desirable, but have been traditionally difficult to access. A number of elegant methods have
been used to produce these moieties. However, many of these methods require either pre-
functionalization of the ArCF3 (e.g. ortho-silane), or sensitive reagents/methods (e.g. FLP chemistry),

that are not always attractive for routine synthesis or large-scale procedures.

Chapter 2 aims to address some of these drawbacks, building upon the BX3 halex reactions reported
by Barrio, and Olah, wherein slow reactivity was observed with ArCF; substrates (vide supra). This
limitation motivated investigations into catalysts for halogen-exchange. In addition, there was an
incentive to improve the selectivity for ArCF,X formation via single halex, given the utility of such
products. The ultimate development of a new method utilizing FeX; reagents is described, as well as
investigations into the mechanism of catalytic activation, and the synthesis of ArCF,X or ArCXs

products from an assortment of ArCF3 substrates.

Chapter 3 gives an overview of PET imaging, an important medical tool for the diagnosis and
monitoring of several diseases. There is a particular focus on the radionuclide fluorine-18, one of the
leading PET radioisotopes, and the different radiofluorination strategies used for its incorporation to
biomolecules of interest. One notable goal in radiofluorination, yet to be achieved by any existing
methods, is the efficient synthesis of ['*F] ArCF; directly from the corresponding ArCF; precursor.
The efforts towards development of such a method are described in this chapter, with the hypothesis
that the BX3/FeX; method developed in Chapter 2, could facilitate ArCF3 halex with ['*F] fluoride.

Chapter 4 expands upon a group of radiofluorination strategies referred to as non-canonical labeling,
and some of their applications in the development of clinical candidates for PET imaging. In particular,
there has been a major impetus to develop new tracers targeting PSMA, a biomarker that can facilitate
monitoring of prostate cancer and other tumors. As such, a novel PSMA radiotracer was designed in
the Schirrmacher Group, and the ongoing efforts towards its synthesis are also described in this

chapter.
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Chapter 2: Iron-Catalyzed Halogen Exchange of Trifluoromethyl Arenes

2.1 Introduction

As described in the previous chapter, an appealing target for the functionalization of C—F bonds is
the conversion to higher halide C—X bonds (X = CI, Br, 1), a process termed halodefluorination
(HaloDF).?*-7- 3885969 These larger halides are versatile synthetic handles, with heightened reactivity

over the parent fluoride.

Halex reactions on fluorinated substrates are typically performed with stoichiometric early valent
metal halides (TiXs, MoCls), or p-block metalloid halides (BXs, AlX;, R3SiX).>* These halide reagents
provide the necessary thermodynamic drive through formation of a strong fluoride bond. However,
challenging substrates often require additional catalysts to avoid high temperatures and long reaction

times.

This chapter describes work performed within the Williams Group, in which iron catalysts were
utilized to facilitate ArCF; halex with boron trihalides (Figure 2.1). To the knowledge of the author,
this reaction constitutes the first example of halex reaction with mechanistic evidence for iron
coordination and direct activation of a C—F bond. Although Barrio previously disclosed BX3 mediated
halex, only mono-fluoroalkane starting materials were used.®® Whereas when a trifluoromethyl
substrate (PhCF3) was subjected to BBr; by Olah and Prakash, forcing conditions were required, and
poor selectivity for single halex was observed (q.v. section 1.3.4).* The present work builds upon these
reports, examining the benefit of halex catalysts, and the ability of various ArCF; substrates to undergo

the halex reaction.

FeX3 (10 mol%)

CF,X
CFs  045-245eq. BX; 2 CXs
> or
DCM, 0°C -20°C

Figure 2.1. Summary of the reaction described in this chapter

2.1.1 Iron Catalysis

Iron, being a low-cost high abundance metal, has been surprisingly absent in catalytic defluorination
development. The potential of iron catalysis in this field is nevertheless exemplified in the activity of
enzymes such as Horseradish peroxidase, Methane monooxygenase and Cytochrome P450s, all
employing iron-based catalytic motifs, which perform catalytic defluorination along with oxygenation

100, 101

(e.g. Figure 2.2).
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OH

HN

Figure 2.2. Cytochrome-P450 catalyzed defluorination and concurrent hydroxylation

In the organic synthesis literature, there appears to be only one example of iron-catalyzed
defluorination, in which FeCls is used to catalyze the chlorination of pentafluorobenzene 201 (Scheme
2.1).'2 Given the relevance in biological systems, and apparent under-utilization in the C—F activation

literature, the ability of iron compounds to catalyze C—F halex reactions was examined.

F F (0]
F CCly FeCl; (1_.7 mol %) E
0.7 equiv. H,O R cl
F F 120°C, 3h cl £
F 21% conv. F
201 202

Scheme 2.1. Example of an iron-catalyzed C—F halogen exchange

2.1.2 Design of Experiment

Design-of-Experiment (DOE) is a powerful statistical method, frequently used for optimization of

complex processes, such as chemical reactions.'®

1% Traditional reaction optimization typically relies
on the one-factor-at-a-time (OFAT) approach — each reaction factor (e.g. temperature, concentration,
time, etc.) is individually and sequentially evaluated. However, a major drawback to this approach is

that it does not consider interaction effects between factors.

This problem is illustrated in a hypothetical reaction shown in Figure 2.3, in which two factors are
manipulated to identify a maximum yield. An example OFAT optimization could begin by fixing T=
0°C, then varying the pH — indicating max yield at pH = 7.0. Next, at a fixed pH=7.0, temperature is
varied until a maximum at 15 °C is identified. This implies an optimum of 58% yield at {T=15°C, pH
=7.0}, failing to identify a true optimum of 95% yield at {T =40°C, pH=75.2}, and account for the

complexity of the system, in which there is a strong temperature/pH interaction effect.

DOE utilizes a range of factor combinations (e.g. DOE test points: A in Figure 2.3). Regression
analysis is used to generate a mathematical model of a reaction outcome (e.g. yield) as a function of

the defined factors.'® As such, the entire reaction space encompassed by the test points is evaluated,
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allowing for prediction of the true local optimum. The relative importance of each factor, as well as

any interaction effects, is determined using analysis of variance (ANOVA).

80

80
60 60 A A
) o
<40 <40 [
2 g
2 2
5 5 A
£ 20 £ 20
2 2
0 0
@ true optimum A A
@ false optimum ,
20 : -20
3 4 5 6 7 3 4 5 6 7
pH pH

Figure 2.3. Contour plots for yield of a hypothetical reaction as a function of pH and temperature.
OVAT approach (lefi). DOE design (right).

DOE allows for creation of a soft model — a local empirical approximation, in contrast to a hard-
physiochemical model (e.g. DFT, rate theory, etc.), that can be difficult to apply in complex systems
(and rarely incorporates interaction effects). The following illustrations depict a 2-factor reaction (e.g.
temperature, pH), although the same principles can be applied to multi-factor systems. Figure 2.4
shows the equation for a linear model (S, = constant), as well as a geometric interpretation which

appears as a plane. These linear equation terms are referred to as the main effects of the model.

y=p+/pH+ AT

1 .
B | g |
! By
! v
¥ 1 'v‘lv
S 1 1 '
1 ] )
> .I ! _—*~
. _L-
. . E«' 1 .
L e N 1 -
-7 S
- ' &

)

Figure 2.4. Linear model for a 2-factor system.m
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When a strong interaction effect is present, a linear model is insufficient, and a cross-product term
must be added, producing a second-order model (Figure 2.5). The degree of interaction is described
by the cross-product coefficient (%), geometrically appearing as a twisted-plane. Finally, the most
sophisticated models include quadratic terms (Figure 2.6), necessary when a system contains

significant curvature (non-linearity).

y=p+ fpH+ BT+ B (pHXT)

vy .
M m e

Figure 2.5. Second-order model for a 2-factor system.m

/

y=Lo+ S pH+ B T+ 55 (pHXT) + 3, pH? + S5 T?

Figure 2.6. Full quadratic model for a 2-factor system.m

Although any of the terms discussed above are available for incorporation to the model (for each
factor), only the most significant terms are ultimately included. This is as result of a technique called

stepwise regression, in which either the most significant variable is added, or the least significant one
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removed, during each step of the iterative model building process. This prevents over-fitting — when a

model contains too many terms and starts fitting noise, losing the ability to predict future data points.

In order to quantify how well the data fits the model, a number of statistics are evaluated. Namely,
standard R? values are examined, as well as a cross-validation test called R?edicied. This is calculated
systematically by removing a data point, regenerating the regression model, then testing how well the
new model fits the removed data point. R*yedicted is always lower than R?, but if it is significantly lower,
this may in an indication of an over-fit model. Examination of distribution of residuals as a function

of reaction order, can reveal the presence of any systematic experimental error that may be present.

A number of different DOE designs can be employed, visualized below for 3-factor systems (Figure
2.7). In a full factorial design, two values are chosen for each factor (high/low level), and every
combination of high/low is performed (spheres in Figure 2.7), along with a center point. This design
is effective for linear systems and for providing a general picture of factor influence. It can often be
simplified to a fractional factorial, which reduces the number of experiments, but still spans the entire
reaction space. A response surface design provides the most fine-tuned model, and is especially
necessary when significant curvature is present (i.e. when quadradic terms are significant). It
encompasses all points used in a full factorial, along with additional axial points centered at the face

of the design cube (see red spheres in Figure 2.7).

Full Factorial Response Surface Fraction Factorial

Figure 2.7. lllustrations of DOE designs for a 3-parameter system

The advantages of DOE are well recognized in process science and engineering, where it is
frequently used.'” Although less popular in academic chemistry, examples of DOE optimizations are
becoming more common. In an example from the Radosevich Group, a 5-factor half fractional DOE
(2%") was used to identify reaction sensitivity with regard to each factor.'” The reaction utilizes a
hydrosilane to reduce the P(V) catalyst to P(II) in situ, as well as a carboxylic acid additive that acts
to donate a proton during an azo reduction step. Thus, equivalents of the additive, the hydrosilane, and

the catalyst were chosen as factors for investigation, as well as standard reaction parameters,
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temperature and concentration (Scheme 2.2). Key factors were found to be concentration, and
temperature/silane and additive/silane interaction effects. Ultimately, the DOE aided in identifying an

optimum reaction yield (86%), and validation of the overall reaction robustness.

T:60-80°C

Ph,SiH,: 2.0-4.0eq. /yé\\o COxH
catalyst. 10 - 30 mol % 1
additive: 1.0 - 3.0 eq.

conc.: 0.5-1.25M catalyst (205) additive (206)

Scheme 2.2. DOE design for the synthesis of hydrazine derivatives

2.2 Boryl Chloride Investigations
2.2.1 Reaction Screening

HaloDF work in the Williams Group was initiated by the discovery that ferric chloride could catalyze
a halex reaction between trifluoromethyl benzene (208) and phenyldichloroborane (209), with only
trace conversion observed in the absence of ferric chloride (Scheme 2.3). With 208 in heavy excess,
the PhBCl, was completed consumed, as indicated by reaction monitoring with ''BNMR spectroscopy.
After workup, the GC-MS and '’F NMR spectra revealed formation of both the mono-chloro product
210 and the trichloromethyl compound 212.

CF CF,CI cc
3 FeCls (5mol%) 2 3
+ Ph—BCl, » +
18 h, 20°C
210 212

208 209 neat
28 equiv. conversion relative to PhBCl,: 115% 16%
Cl F F
é 55 ppm ——> I 40 ppm —— I 25 ppm
Ph” cl Ph” cCl Ph” F

Scheme 2.3. Iron catalyzed halex between trifluoromethyl benzene

and phenyldichloroborane, with in situ "B NMR monitoring

A quick screening revealed the comparable activity of other Lewis acids catalysts: FeBrs, FeFs,
AICl;, InCls, and SbCls. Different boryl chlorides could also undergo the halex: BCls, chloro-
catecholborane, as well as other boryl halides BBr3, Bls (vide infra). Further optimization of the chloro-
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halex with PhBCl; led to the identification of nitrobenzene as a suitable solvent, allowing for reduction
of the excess 208. However, significant amounts of benzophenone (213) were observed, indicating the
presence of an off-target cross-coupling pathway (Scheme 2.4). To avoid this, the boryl chloride was
switched to the readily-available and inexpensive reagent, BCl;. The solvent was also changed to

nitromethane, which was found to be ideal for dissolving high loadings of FeCls.

o)
CFs  recly (10mol%) R CF2Cl CCls Ph
©/ 0.4 eq. PhBCl, * *
NO,Ph, 20°C
208 210 212 213
area % by GC-MS: 9% 6% 19%

Scheme 2.4. Halex between trifluoromethyl benzene and phenyldichloroborane.

2.2.2 Synthesis of Trichloromethyl Arenes

As discussed in Chapter 1, trihalomethyl arenes are useful in a number of synthetic applications.
With high iron loadings (50 mol%), and a slightly elevated temperature, the trifluoromethyl compound
208 was completely consumed after 5 hours, affording trichloromethyl benzene 212 as sole product
by GC-MS (Scheme 2.5). Nitromethane was used in conjunction with DCM, which is present in the
BCl; commercial reagent (overall 5:3 NO:Me/DCM, [PhCF;] = 0.31M).

CE 0.5eq. FeCl; cel
3 1.3 eq. BCl3 3
> > 99% conv.
NO,Me/DCM
208 17 h, 30°C 212

Scheme 2.5. Triple chloro-halex of trifluoromethyl benzene

Evaluation with other trifluoromethyl derivatives revealed a distinct effect of aryl substitution. Meta-
fluoro substrate 214 required more forcing conditions (increase to 4 equivalents BCls) to achieve full
conversion (Scheme 2.6). On the other hand, with the electron rich para-methyl arene (215), the

reaction proceeded much quicker, and was complete after only 3 hours at room temperature.

cat. FeCls

F : |
7N CFs 4 equiv. BCl; TN ccls
R— > R—
- NO,Me/DCM 2
214 R =™F, 60 mol% Fe, 30°C, 16 h: 216 (66%)
215 R =PMe, 20 mol% Fe, 20°C, 3 h: 217 (70%)

Scheme 2.6. Isolated yields of trichloromethyl derivatives produced via triple-halex
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2.2.3 Mono-Halex Design-of-Experiment

With conditions for triple-halex in hand, an intriguing possibility remained to optimize the reaction
for single halogen-exchange, and produce the valuable mono-chloro derivative (210) as the major
product (q.v. section 1.1.1). However, this is an inherently challenging problem, given the ability of
the mono-chloro product to undergo further halex reactivity (over-reaction). A DOE strategy (vide

supra) was deemed well-suited to further explore and optimize this reaction.

FeCl, 10 mol % 50 mol %
CF CF,ClI temp. 210 °C 30 °C
3 BCl 2 PhCFCI, 211 —
—_— + BCl, 0.25 eq. 1.25 eq.
cat. FeCl, PhCCl; 212 time 5h 17h
208 NOMe 210 conc. 0.05M 0.50 M

Scheme 2.7. Design for the chloro-halex DOE

The BCl; halex reaction was analyzed with a response surface design (Scheme 2.7), using the
following five factors: FeCl; loading, temperature (T), BCl; equivalents (B), reaction time (t), and
concentration of ArCF; in the reaction (M). After the specified time, an aqueous workup was
performed to prevent further reactivity. The organic fraction was then analyzed with GC-MS to verify
the identity of the products formed, and '"F NMR spectroscopy to quantify the amount of
chlorodifluoromethane species 210 (as well as 211 and 208) using an internal standard. The conversion

values for 210 were used as the response for the model.

Figure 2.8 depicts the most important factors, based on their standardized effect (a t-statistic
quantifying the statistical significance of each effect). This revealed strong quadratic effects for both
temperature and concentration, with optimal values corresponding the maxima of the paraboloid
surface shown in Figure 2.9 (left). However, these factors did not have any significant interaction
effects with the three other variables. As such, temperature and molarity were kept at fixed values in

the ensuing investigations.
T2
M2

™™

0 1 2 3 4 5 6 7 8 9
standardized effect

Figure 2.8. Pareto chart for the chloro-halex DOE
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Figure 2.9. Surface plots from the DOE model
A second response surface DOE was performed to hone in on optimal conditions, using a narrower

range of the three remaining factors (Scheme 2.8). The high-level for BCls amount was also increased,

as the first DOE model implied that this may be beneficial (see positive slope in Figure 2.9 right).

CF; CF,Cl FeCl; 35 mol % l 55 mol %
©/ BCl; ©/ , [ PhCFCl 211 :EP' — 9°C —
cat. FeClj PhCCl; 212 timeS : ; heq- -17:1-
208 NOMe 210 conc. 0.29M

Scheme 2.8. Design for the chloro-halex DOE 11

The model was fit with an R? value of 95%, identifying time as the most critical factor, followed by
FeCl; loading, with a minimal contribution from the amount of BCl; (Figure 2.10). The predicted
conditions for maximum conversion are shown in Scheme 2.9. Empirical evaluation of these
conditions shows good agreement between the DOE model, and the experimental value of 17%
PhCF-CI (product distribution includes 4% PhCFCl, and 75% PhCF;).

Fe
12
Fe't
Fe'B

Fe?

0 2 4 6 8 10 12
standardized effect

Figure 2.8. Pareto chart for the chloro-halex DOE 11
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0.6 eq. FeCl3

CF3 CF,CI
1.7eq.BCl; model: 18.1%
4.5h, 9°C actual: 17.0%
2:1 NO,Me/DCM
208 (0.2M overall) 210

Scheme 2.9. Model accuracy for the chloro-halex DOE 11

In summary, a new protocol for BCl; halex was developed, using catalytic FeCls, and providing
ArCCls or ArCF,Cl products. There remained motivation to evaluate the catalysis of B—Br halex, and
potentially improve the sluggish reactivity of BBrs with ArCF; observed by Olah and Prakash (vide
supra).” In addition, the halex products (ArCF,Br/ArCBr3) are perhaps more appealing for subsequent

derivatization, given the greater leaving group ability of bromine versus chlorine.

2.3 Boryl Bromide Investigations

2.3.1 Reaction Screening

As with BCls, a variety of halophilic Lewis acids were screened for the ability to catalyze BBr3 halex
reactions (Table 2.1). The meta-fluoro derivative (214) was used for screening, allowing for facile
determination of conversion by '’FNMR spectroscopy, using the m-fluoro group as a reporter. In the
absence of a catalyst, the known background reaction provides mono-bromide compound 218 at 7%

conversion (entry 1).*

While silver (I), copper (I), iron(0) and iron (II) showed no improvements on C-F exchange
efficiencies (entries 2-5), iron(IIl) and gallium(IIl) compounds accelerated the halex process (entries
6-10), generating tribrominated product 220 in 83—91% conversion. Interestingly, the identity of the
halide on the Fe(III) center did not significantly affect the reaction, although could lead to mixed halide
transfer (e.g. entry 6, trace ArCF,Cl formed).

Ensuing investigations were performed with ferric fluoride. Solvent selection proved important
(entries 11-13), likely due to the varying solubility of the ferric fluoride reagent. However, it should
be noted that the iron complex showed a distinct increase in solubility upon boryl halide addition (see
Figure 6.11), and that the reaction performed similarly with different ferric halides. Use of hexanes
led to poor solubilization, whereas in nitromethane, coordination with BBr; was observed in the ''B

NMR spectrum, and was suspected to mitigate reactivity.

Different boryl bromides were also competent in the halex reaction (entries 14-15), although these
reactions were slow relative to those with BBr;. Tribromomethyl arene 220 could be formed as the
sole product, using excess BBr3; and an extended reaction time (entry 16). Consistent with their relative
Lewis acid strengths, BBrs; was noticeably more reactive that BCl;, still able to undergo halex at —10

°C (entry 17).
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Table 2.1. Conditions investigations for boryl bromide mediated halogen-exchange

F
) F 1 5;2 u(i:\j tzg;is;e F><F + F><B ' + Br)(B '
solvent Ar Br Ar Br Ar Br
214 218 219 220
entry catalyst halide solvent 218 (%) 220 (%) C-Fiotal (%)?

1 - BBr3 DCM 7 nd. 7
2 AgBr BBr3 DCM 8 nd. 9
3 Cul BBr3 DCM 7 nd. 8
4 Fe(CO)s BBrg DCM 7 nd. 8
5 FeCl, BBrs DCM 6 nd. 7
6 FeCls BBrs DCM 4 89 272
7 FeBrs BBr; DCM 5 83 256
8 FeFs BBrs DCM 5 83 255
9 Fe(OTf)3 BBr3 DCM tr. 91 273
10 Ga(OTf); BBr3 DCM tr. 83 249
11 FeFs BBr3 heptane tr. nd. tr.
12 FeFj BBr3 PhClI 14 tr. 27
13 FeF3 BBr3 MeNO, nd. nd. nd.
14b FeFj Me,BBr DCM 21 35 128
15b FeF, (cat)BBr DCM tr. nd. tr.
16° FeFj BBr3 DCM nd. 95 284
179 FeFj BBr3 DCM 12 nd. 15

Reactions performed at 1.0 mmol scale, 0.2 M molarity, 20 °C, and 5 hours. Conversions determined by F
NMR (relative to 4-fluorotoluene internal standard). 219 was trace in all entries (< 3% conversion). Cat =
catechol. #d. = not detected. T7. = trace. [a] C—F refers to the molar fraction of C—F bonds converted to
C—X bonds. [b] 3eq.R2BBrused. [c] 10 mol% FeFs, 1.5 eq. BBr3, 14 h. [d] Performed at —10°C.

2.3.2 Synthesis of Tribromomethyl Arenes

Using the optimized conditions, the tribromo compound 220 could be isolated after a standard
aqueous workup (without the need for additional purification), in 89% yield (Scheme 2.10). As in the
chloro-halex, p-methyl substrate 215 proved much more reactive than m-fluoride 214, with a reduced
reaction time and temperature. Substitution with a stronger electron-donating methoxy group (222)
increase reactivity further, with full defluorination achieved after 1.5 hours (along with cleavage of the
methyl ether). This increased arene electron-density is also thought to have accelerated the rapid
hydrolysis / methanolysis of the tribromomethane that occurred during workup, affording the methyl
ester 223.
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FeFs (10 mol %)

B
e 1.5eq. BBr, Xy B
R— > R—
L DCM 2
214 R=MF, 20°C, 14h: 220 (89%)
215 R=PMe, 0°C,5h: 221 (91%)
FeFs (10 mol %)
M
CFs 1.5eq. BBr, COMe
DCM, 0°C, 1.5h HO
MeO methoxide workup
222 223 (87%)

Scheme 2.10. Isolated yields of tribromomethyl derivatives produced via triple-halex

2.3.3 Mono-Halex Design-of-Experiment

As with the chloro-halex, tuning the reaction to target single bromo-halex was an appealing
challenge. Temperature was anticipated to be a critical, given the observation that lower temperatures
provided a higher ArCF,Br product ratio (Table 2.1, entry 17). A fractional factorial DOE was designed
with m-fluoro substrate 214 and the same 5 factors as the chloro-DOE, with conversion to ArCF,Br
218 as the response (Scheme 2.11). The levels for catalyst loading and temperature were somewhat

lower than with BCls, a result of the increased reactivity of BBrs.

. CF, FeF, 6 mol % 18 mol %
CF,Br 50° -10°
_ BBy 2 PhCFBr, 219 | - S0°C 10°C
cat. FeF3 PhCBr; 220 EBQ 0.30 eq. 1.30 eq.
DCM me 5h 15h
214 conc. 0.10M 0.30M

Scheme 2.11. Design for the bromo-halex DOE

Unlike the chloro-halex, no terms containing FeF3 loading were significant for model inclusion. This
is likely a result of sparing FeF; solubility in the reaction mixture, preventing any reaction acceleration
with increasing catalyst loadings. The loading was consequently fixed at 10% for the ensuing set of
experiments (Scheme 2.12). A second DOE was performed, using a response surface design to

examine the role of non-linear effects and hone in on optimal conditions for conversion to 218.

F CF, FeF; 10 mol %
CF,Br 75 o o
_ BBy 2 PhCFBr, 219 | -temP: 25°C 0°C
cat. FeF3 PhCBrs 220 I?Br3 0.7 eq. 1.7 eq.
DCM time 8h 16 h
214 conc. 0.12M 0.28 M

Scheme 2.12. Design for the bromo-halex DOE 11
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Evaluation of data normality and fit parameters of R*=77% and R?predicted = 50%, indicated a well-
fitted model for ArCF,Br conversion. Additionally, lack of any trend in the residuals as a function of
reaction order, indicated the model was free of systematic error. In order to further cross-validate the
model, a few testing points (not used for model generation), ranging throughout the reaction space,
were chosen and performed experimentally. The conversion values were then compared to those

predicted by the model, showing overall good agreement (Table 2.2).

Table 2.2. Test points for the bromo-halex DOE 11

temp. BBr; time conc. ArCF;Br (%)
O (eq.) (h) ™M) model actual
-3 045 6 032 252 26.5
-9 1.70 13 0.32 19.0 144
-9 1.70 16 0.32 19.0 154
3 1.40 7 0.10 8.9 9.7
-13 1.95 15 0.32 194 21.1
-13 1.50 14 0.25 182 229

The relative importance of each factor is shown in the Pareto chart below (Figure 2.9). Indeed,
temperature was found to be a vital factor, both as a linear term (T), and as a quadratic (T?). The non-
linear effect of temperature, as well as the significant T/BBr3 interaction effect can be seen in the

response surface shown below (Figure 2.10).

p=0.124

0 1 2 3 4 5 6
standardized effect

Figure 2.9. Pareto chart for the bromo-halex DOE 11

Interestingly, time was not a highly significant variable to the model, as shown by the shallow slope
in Figure 2.11. These results suggest that optimal conversion is more complex than identifying a time

point where a statistical mixture of products favors formation of ArCF,Br 218.
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ArCF,Br (%)
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temp (°C)

BBr; (eq.) 0.6 -30

Figure 2.10. Surface plots of ArCF,Br conversion as a function of BBr; equivalents
and temperature (constants: t = 12 h, conc. = 0.2 M).

20 |

ArCF,Br (%) 18

16

14

0.3

conc. (M)

time (h)

16 0.1

Figure 2.11. Surface plots of ArCF,Br conversion as a function of time

and reaction concentration (constants: BBry; = 1.2 eq., T = 12.5°C).

The DOE model predicted conditions for a maximum conversion to ArCF.Br 218 of 25 %.
Experimentally, these conditions resulted in 27% conversion, slightly outperforming the model (Table
2.3, entry 3). The model could also be used to identify the conditions that gave the best selectivity for
218, shown in entry 4. For comparison, entries 1-2 utilize conditions reported by Olah and Prakash
(q.v. section 1.3.4).%
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Table 2.3. Summary of conditions for the halogen-exchange of 214

218 (%) 219 (%) 220 (%)

entry ArCF;:BBr; conditions ArCF,Br ArCFBr, ArCBr,
1 10:1 neat, reflux, 2 h 13 4 3
2 3:1 DCM, 0.1 M, r.t, 5days 12 1 22
3 2.2:1 10 mol% FeF3, DCM, 0.32M, -3°C, 6 h 27 4 18
4 4:1 10 mol% FeF3, DCM, 0.32M, -17°C, 6 h 16 3 1

2.3.4 Synthesis of Bromodifluoromethyl Arenes

Given optimized reaction parameters for m-fluoro substrate 214, it was sought to apply conditions
favoring ArCF,Br formation to a selection of ArCF; substrates, as shown in Scheme 2.13. The product
distribution (quantified with "’FNMR spectroscopy), indicated that ArCF,Br was the major product in

all cases, with the majority of remaining material accounted for by the ArCF; starting material.

Scheme 2.13. Summary of scope investigations for the halex of trifluoromethyl arenes

FeF3 (10 mol %)

CF CF,Brj.
3 0.45eq. BBr; X
DCM, 0.32M, 0°C
CF;  51% 9
F . / % CFs  83% Sy CFs 58%
\@w’a gll::zBB;r 2:; © CF.Br 34% /©/ CF.Br 25%
2 o CFBr, 3% Me CFBr, 7%

CBrs  18%
218, 6h? 224,2h 225, 45 min
‘s{ CF; 57% ﬁ‘a CF; 60%
/@ CF,Br 20% /@ CF,Br 21%
cl CFBr, n.d. Br CFBr, n.d.
226, 18h 227,18h

CF; 43%

HO { orr son Br % CFa  71% 5 % CFs  56%
\C[ CFZB . 14; \(:E CF,Br 24% rk/©/ CF,Br 30%
18
F CBrZ 18%‘: | CFBr, 5% CFBr, 3%
3
228, 2h, (12%)° 229, 24h, (14%) 230, 2h, (11%)

0.40 mmol scale. Conversions determined by ’F NMR (relative to 4-fluorotoluene internal standard),

isolated yields of the CF,Br product in parentheses. [a] Performed at -3 °C. [b] 1.45 eq. BBr3 used.

Qualitative analysis of small-molecule substrates 224—227 (for which volatility affected isolated

yields) was performed with GC-MS, confirming the presence of CF3;, CF,Br, CFBr, and CBr3
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compounds. For heavier substrates 228—230, 232, 234, the mixture was purified using preparatory
reverse-phase HPLC. The spectra typically showed four closely-clustered peaks, corresponding to the
same four-component product distribution as above (Figure 2.12). The ArCF;Br product (previously

unknown) could be successfully isolated for these substrates, allowing for full characterization.

r"_\ % %
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Figure 2.12. Representative HPLC trace for a halex reaction mixture (compound 228)

Generally, only the reaction time had to be adjusted to account for differences between substrates,
with more rapid reactivity observed for electron-rich arenes. For example, with alkyl-substituted arene
230, six hours lead to poor ArCF,Br conversion (via over-reaction), and only when the time was
reduced to two hours was the conversion satisfactory (Table 2.4). Two hours was also effective for
moderately electron-neutral substrates 224 and 228, whereas the reaction time was further reduced to
45 minutes for para-methyl substrate 225. Conversely, substrates containing electron-withdrawing
groups 226, 227, 229 required much longer reaction times of 18 or 24 hours. For substrates containing
Lewis basic functionalities (228, 231, 233), an additional equivalent of BBr; was added at the outset,

in anticipation of its coordination and subsequent deactivation by the basic group.

Table 2.4. Summary of reaction time optimization for electron-rich substrates

Compound 230 Compound 225
time ArCF3 (%) ArCF,Br (%) time ArCF3 (%) ArCF,Br (%)
6h 58 1 90 min 56 4
standard . standard
4h conditions 57 12 45min  conditions 58 25
2h 56 30 30 min 83 15

The halex reaction was also applied to a triarylphosphine substrate (231), containing three CF3
groups (Scheme 2.14). The initial experiments were analyzed with *'PNMR spectroscopy (entry 1),
which indicated substantial formation of phosphine oxide products (~26 ppm). The remaining
experiments included a freeze-thaw-degas cycle to remove oxygen from the reaction mixture, which

successfully kept the phosphine oxide levels to < 10%.

A plethora of different products/intermediates can be envisioned during the progressive conversion
of the 3xCF; starting material 231 (19 possible intermediates). The reaction mixture spectra (‘*’FNMR)

were carefully examined in the vicinity of the starting material CF3 peak (A), as shown in Figure 2.13.
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A reasonable supposition was made that the two new peaks (B, C) also correspond to CF; groups,
given the <1 ppm shift from peak A (by comparison, CF,Br undergoes a ~19 ppm shift). However, the
identities of peak B/C were not clear, possibly corresponding to any of the 19 intermediates (or their
phosphine oxides). In addition, each of A, B, C may arise from overlapping peaks of different
intermediates. Indeed, the CF; peaks of both starting material (231) and product (232) are
indistinguishable and both corresponding to A. Thus, rather than quantifying particular species, the

total CF3; amount was determined using the sum of peaks A—C.

cat (10 mol %)

P CFj > P CF,Brs.
1.45eq. BBr3
3 0.32M DCM 3
231 232 mixture CF;
entry  time T cat. -4-CF3 (%) -3-CF,Br (%)
15h 0°C FeF 2

2 24 h 0°C FeFs 284 15

3 22h r.t. FeFs 269 31 17%

4 2h  0°C Fe(OTHy 243 49 isolated yield CF,Br

5 6h 0°C  Fe(OTf); 112 31 232

Scheme 2.14. Halogen exchange with a triarylphosphine substrate

The CF,Br region was integrated analogously, grouping together overlapping or closely-clustered
peaks (X, Y, Z). Thus, although the exact amount of 232 (relative to other CF,Br products) could not
be determined, this quantitation strategy was effective for providing a general illustration of reaction

behavior, and facilitated optimization studies.

A
Y /A
FsC P
231 3
A
/ [PhCFBr
X FiC P
J
J z ] T 232 ‘2
e (MNWWN\NJM/J{W J \k_d/ —_zgw
— - —
-44 -45 -46 -63 -64 ppm

Figure 2.13. Analysis of ’F NMR parameters for the reaction of triarylphosphine 231
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Formation of the CF,Br moiety was fairly slow at 0 °C, even after 24 hours (entry 2). Moderate
improvement could be achieved by increasing the reaction temperature (entry 3). However, even more
effective was the substitution of FeF3 with Fe(OTf)s, providing optimal conversion after 2 hours at 0
°C (entry 4), with 6 hours leading to over-reaction (entry 5). Using these optimal conditions, the mono-
CF»Br product (232) could be successfully isolated in 17 % yield.

The final substrate examined was a commercial insecticide flufenoxuron 233 (Scheme 2.15). No
reaction was observed with 1.45 equivalents of BBr3 (entry 1), so it was increased by a further
equivalent, given the presence of multiple sites with the potential to coordinate BBr;. With 2.45
equivalents, the ArCF,Br product was observed (entry 2), but only with an increase to room
temperature were satisfactory conversions obtained (entries 4, 5). Despite the complexity of this
substrate, functional group tolerance was excellent in these reactions, with '’F NMR quantitation of
the CF3/CF,Br/CFBr; species accounting for >85-95% of the product distribution, indicating that
minimal decomposition had occurred. Purification of the reaction mixture from entry 5, led to
successful isolation of the ArCF,Br compound 234 in 13 % yield.

F F

0 0
OYNH F . OYNH F

HN Cl CF3  FeF3(10mol%) HN Cl CF\Brs.«
D e O
F o} F 0

233 234 mixture
entry time T BBr; ArCF3 (%) ArCF;Br (%) ArCFBr; (%)
1 2h 0°C 1.45eq. 100 - -
ArCF,Br
2 17h 0°C 2.45 eq. 83 5.5 - 13%
3 3h rt. 2.45eq. 88 7 - isolated
yield
4 9h r.t. 2.45eq. 69 21 6
234
5 12h r.t. 2.45¢eq. 48 22 15

Scheme 2.15. Halogen exchange with a commercial insecticide flufenoxuron

In summary, substrates with substitution at ortho, meta, and para positions, including halides, alkyl,
and hydroxy groups, were all well tolerated, with similar conversions to the desired ArCF,Br product.
The reaction displayed excellent chemoselectivity for C(sps)—F bonds, with no apparent reactivity at
aryl C(sp2)—F, or other C(sp2)—X, bonds. The reaction with flufenoxuron 233 demonstrated tolerance
of the diaryl ether, aryl C—Cl bond, and benzoylurea moieties. With substrate 230, there was no
evidence of Friedel-Crafts alkylation or byproducts arising from other possible cationic pathways due

to activation of the alkyl bromide side chain.
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2.3.5 Mechanistic Investigations

At the outset of mechanistic investigations, both heterogeneous and homogeneous catalysis appeared
plausible in this system. Theoretical calculations were used to evaluate the viability of a homogeneous
process, given the high degree of solubilization of the iron complexes in the presence of the boron
trihalide reagents.” Should a homogeneous process appear reasonable, these calculations could shed

light on the potential role of an iron catalyst in the mechanism.

Unrestricted Kohn-Sham density functional theory (B3LYP/6-31G**),'% % was used to study
coordination energies between PhCF; (208), BBr3, and FeF; in dimeric and trimeric orientations. The
lowest dimeric coordination energy observed was between PhCF; and FeFs at —7.6 kcal/mol, and was
predicted to stretch the coordinated C-F bond by approximately 0.1 A (Figure 2.14 right). For
comparison, the optimized structure of free PhCF; was obtained, showing a slight elongation of the
C—F bond perpendicular to the phenyl ring, perhaps due to a stereoelectronic effect involving m-
donation into the o¢._g (Figure 2.14 left). However, this effect is relatively small (~0.003 A) compared

to that of FeFs coordination.

Figure 2.14. Geometries and bonding for PhCF; in isolation (left) and in coordination with FeF'; (right)

The binding energy of BBr3; to PhCF; was also calculated, and in contrast to FeFs, was predicted to
be uphill by 7.0 kcal/mol. "’FNMR experiments support these calculations and provide evidence for
solution activation of the C—F bond. The fluorine signal in PhCFj; is shifted downfield by 2.5 ppm in
the presence of FeCls, whereas BCl; only elicits a downfield shift of 0.2 ppm (CD,Cl,).

The lowest energy trimers (PhCF3, BBr; and FeF3) have interactions dominated by PhCF3 and FeF;
binding, with the lowest energy trimer at —0.78 kcal/mol relative to the monomers. Therefore, while
iron activation of the BBr3; remains a valid mechanistic possibility, calculations and NMR experiments

suggest that direct interaction of iron with PhCF3 is energetically favorable and weakens the C—F bond.

" Calculations performed by the Shepherd Lab (University of lowa)
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Dimers of iron halides (Fe;Fs and Fe,Clg) were also evaluated for their coordinating affinity for
either the PhCF3 substrate or the boron trihalide (BBr; and BCl3). These calculations suggest that

binding to monomeric species (FeX3) is more favorable than binding to a dimeric iron cluster (Fe,Xe).

Figure 2.15 shows plausible mechanisms based on these data. The nucleophilic bromide is likely
delivered from a boron halide complex, as the identity of the boron halide reagent determines the major
halex product. Subsequent transfer of the fluoride from the iron to the boron center is required for the

10 and this is corroborated by the

process to be exergonic overall (1% Br exchange: —25.7 kcal/mol),
experimental observations of gas evolution (BFs) and a disappearance of the ''B NMR signal. This
experiment also highlights that ligand exchange between FeFs; and BBr; is facile under the reaction

conditions, so heteroleptic iron complexes likely play an important mechanistic role.

Intermolecular
X [FeX3F]~  FeXs
1 Sn1 or Sp2 Br. F _
F><F S S A
.° S
Ar F' X BXAB - Ar F
5+ 3br BX3 BXs  [BXsFT
Intramolecular
X X +
EE Xx /éLAr o Br F FeXoF FeXs
JFel X J"x"'x ~X + +
Ar F’ X Br--=---F Ar F X;BX X,BF
- A\
F

Figure 2.15. Plausible mechanisms for the bromo-halex reaction.

To test this hypothesis, FeF; was combined with an equimolar amount of BBr; in an NMR tube,
containing a sealed BFs:OEt, capillary internal standard (Figure 2.16). After one hour, '’F NMR
showed as series of new peaks and the ''B NMR spectra showed a 32 % reduction in the BBr; peak
relative to internal standard. This substantiates the suggestion that ligand exchange and the formation

of heteroleptic complexes can occur.

CD.Cl,
FeF; + BBry ————=—» FeF,Br, + BFBr,

Figure 2.16. Formation of heteroleptic boron and iron complexes

2.4 Boryl lodide Investigations

2.4.1 Preliminary Screening

Iodine compounds are attractive intermediates for further functionalization, given the excellent
leaving-group ability of iodine. As such, extension of the halex reaction to include boron triiodide is

currently under investigation, and some preliminary results are presented herein.
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The halex reactivity of Bl; was evaluated using p-fluoro substrate 235, allowing for facile monitoring
by "FNMR spectroscopy, via the p-fluoro reporter. The conditions initially evaluated were similar to
those optimized for BBr; halex. However, this only resulted in trace conversion to ArCF.I 236, with
mostly starting material remaining (Scheme 2.16). Increasing Bl; to 1.4 equivalents allowed for
complete consumption of the starting material. However, 236 was absent from the '’FNMR spectrum,

and the formation of numerous new peaks indicated that a complex mixture was present.

R F .
04eq.Bl; |
FeF3 (5 mol %) g 4.2% conv.
F DCM,5°C,8h F
235 236

Scheme 2.16. Halex of a trifluoromethyl arene with boron triiodide

The next approach was evaluation of Ga(OTf); as the catalyst, given its positive performance in an
earlier screening (q.v. Table 2.1). Indeed, Ga(OTf); appeared similarly effective for BI3 halex,
especially with cyclohexane as the solvent. Initial inspection of crude '’F NMR and GC-MS spectra
showed clean conversion to a limited number of products, in contrast to the complex mixture observed
with FeX; catalysts. As such, these conditions were further evaluated with dihaloarene 237, using
varying amounts of Bl; (Scheme 2.17). The resulting reaction mixtures were then analyzed with GC-
MS (Table 2.5).

Il F F | H H l H
Bl
Ga(OTf3) (10 mol %) | | o
+ +
cyclohexane
20°C, 20h
Br Br Br
240

Scheme 2.17. C—F activation of a trifluoromethyl arene with boron triiodide

At low Bl loadings, GCMS indicated that the halex product 238 was major, and this result was
corroborated by the '’F NMR spectrum (entry 1). Interestingly, higher amounts of BI; resulted in the
formation of two unexpected products, benzyl iodide 239, and benzaldehyde 240. lodocyclohexane
was also observed, indicating that the cyclohexane solvent plays a non-innocent role in this reaction,
and is plausibly the source of hydrogen in the formation of 239/240. The oxygen in 240 is likely

incorporated during the aqueous workup via hydrolysis of an ArCI>H species.

The final reaction mixture was separated with column chromatography (entry 3), affording pure
benzyl iodide 239 (23 % yield) and benzaldehyde 240 (40 % yield). The identity of these products was
then confirmed by NMR and HRMS analysis.
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Table 2.5. GCMS analysis of products for the reaction of 237 with boron triiodide

- 237 238 239 240
entry conditions AICF;  ACF)l  ArCHl ArCHO
1 0.33 eq. Bl 65 24 7 3
2 1.05 eq. Bl 20 4 73 3
3 1.25 eq. Bl 1 0 53 42

* area-percent of starting material derived products

2.5 Conclusion

2.5.1 Future Work

Additional studies on the synthesis of ArCX3; compounds would be a natural area for expansion,
given the fairly small scope initially examined. In addition to ArCF; groups, there is interest in
applying the iron-catalyzed halex method to alkyl-CF3 and perfluoroalkane substrates, which tend to

be particularly inert and challenging to functionalize.

There is also potential to expand upon the derivatization reactions of both ArCXs; and ArCF,X
products. In particular, the development of one-pot methods would be beneficial, allowing for efficient
and rapid conversion of a CF3; moiety to a different functionality. For example, the CF3 group could
be used as a masked carboxylic acid in multi-step synthetic routes. Such a strategy is illustrated in
Figure 2.17, where an ArCF; starting material is used, and is then subjected to various reaction
conditions as the synthesis proceeds. The inert CF; group would have a minimal effect on these
reactions, whereas a more sensitive carboxylic acid could cause interference, or undergo side-
reactions. Upon completion of the synthesis, triple-halex of the CF; moiety, followed by in situ

hydrolysis, would afford the carboxylic acid compound.

step halex H2O A
‘_ .— hydrolysis

Figure 2.17. Strategy for using the CF; group as a masked carboxylic acid

Another area for future investigation is the synthesis of ArCF,X products using continuous flow
chemistry.!"" This approach is known to offer advantages in reactions with challenging selectivity
profiles. For example, a flow process was successfully employed in the synthesis of 2-fluoroadenine
242 (Scheme 2.18)."'"? The inherent challenge of this method is preventing further reaction of the

product 242, which contains an additional reactive amino group. Indeed, the batch synthesis was
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hindered by significant formation of the difluoro impurity 243, with increasing amounts formed upon
scale-up. Flow systems minimize extra reaction time experienced by the product after it has formed,
decreasing undesired further reactivity. In this example, the flow protocol produced high-purity 242,
with low amounts of 243, obviating the need for chromatographic purification, resulting in a > 10 %
yield improvement over the batch process. Similarly, the challenge of halex-mediated ArCF.X
synthesis is the continual reactivity of the product, suggesting that this reaction is a good candidate for

translation to a continuous flow protocol.

NH, NH;
N N\ tBUONO (1.3 eq.) . N7 N\
)|\ _ > HF/pyridine (70 wt%) )|\ _ >
HNT NT TN 0°C, 20 min tg F7oN" N
241 242 243

82% yield impurity

Scheme 2.18. Synthesis of 2-fluoroadenine using a continuous flow protocol

There are numerous areas for expansion in the boron triiodide reaction. Future studies will involve
optimization of this reaction to target a single product, as well as experiments to provide insight into
the mechanism. To probe the possibility of radical behavior, a trapping experiment may facilitate
detection of reactive intermediate species. An experiment with deuterated cyclohexane would also be
of interest, and could confirm the source of hydrogen in 239/240 if the corresponding deuterated
analogues were formed. Given the sensitive nature of this reaction towards water, it would be valuable
to evaluate bench-top versus glove-box protocols, as well as the effect of adding a known amount of
water to the reaction. Ultimately, this reaction is envisioned to be a powerful strategy for the late-stage
unmasking of stable CF3 groups, to much more reactive benzyl iodide or benzaldehyde moieties. These

reaction conditions are currently an area of active investigation in the Williams Group.

2.5.2 Summary

This chapter described a new method for boryl halide mediated halogen-exchange, utilizing ferric
halides as catalysts. Initially developed conditions favored full exchange of trifluoromethyl arenes with
BCl; and BBr3, providing ArCXs products. DOE proved to be a powerful tool for process optimization,
and was successfully employed to study the reaction in the context of single halogen-exchange. A
substrate scope of ArCF,Br products was performed, with successful application to electron-deficient
and electron-rich arenes, showing good functional group tolerance. These reactions are eminently
practical, using inexpensive, readily-available reagents and run at convenient temperatures. Notably,
mechanistic insight from computational analyses suggests that ferric halides may be direct activators

of the C—F bond, which has important implications for future C—F activation methods development.
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Chapter 3: Efforts towards the Synthesis of Radiolabeled Trifluoromethyl Arenes

3.1 Introduction

Positron Emission Tomography (PET) is an important medical tool for the diagnosis and monitoring
of various pathologies, such as cancer, heart disease, and brain disorders.!”® It is a leading technique
in nuclear imaging, a branch of medicine utilizing radiotracers — pharmaceuticals labeled with a
radioactive isotope. In particular, PET requires a positron (B") emitting radioisotope, an important

example being fluorine-18 (**F), which has been the subject of major research in recent years.''*!'8

This chapter provides a general overview of PET imaging, as well as '°F labeling procedures and
synthetic methods, with an emphasis on ['*F]ArCF; synthesis. Given the prevalence of ArCF; moieties
in bioactive compounds, the formation of ["F] ArCF; has been an appealing target in radio-
chemistry.""” However, most of these methods are indirect, and it remains an outstanding goal to
efficiently synthesize ['*F] ArCF; directly from the unlabeled ArCF; precursor (i.e. an isotopic

exchange halex reaction).

As the BX3 and FeX3 conditions described in the previous chapter were found to facilitate halex, it
was reasoned that combining these reagents with '*F could affect the direct formation of ['*F] ArCF;.
The research efforts undertaken towards this goal are discussed in this chapter. Although some positive

results were observed, further investigation is required to develop an efficient radiolabeling method.

3.1.1 Overview of PET Imaging

PET is an invaluable tool for non-invasive in vivo imaging.''* However, a sophisticated workflow
is required to facilitate PET, starting with the production of a " emitting isotope by a cyclotron.
Incorporation of this radioisotope into a bioactive compound of interest affords a radiotracer, which
then is purified and injected into the subject. The subject is placed into a PET scanner, which depicts
the radiotracer’s 3-dimensional localization within the body. The PET scan can provide functional
molecular information via the visualization of physiological and metabolic processes in real-time. As
such, PET is a powerful tool for medical diagnosis, particularly in oncology,'” cardiology,'*” and
neurology,'?! as well as for the drug development process.'* It provides complementary information
to structural imaging techniques (e.g. CT), often allowing for disease identification at an early

(presymptomatic) stage of development.
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Figure 3.1. Schematic depicting the operation of a PET scanner

The physical principles of PET are summarized in Figure 3.1, using the radioisotope '*F as an

123125 B* emission occurs as a result of nuclear instability, caused by an excess number of

example.
protons. The unstable nucleus undergoes a proton-to-neutron transformation, with concurrent
emission of a positron (positive electron) antiparticle to maintain charge balance, along with a neutral
neutrino (v.) particle. B-decay is stochastic, with a continuous energy spectrum for the emitted positron.
The remaining energy balance for each emission is accounted for by the neutrino, such that the total
decay energy is a constant for a particular isotope. In the example of '*F, the nucleus is proton-rich,
containing one less neutron than the stable '°F isotope. Thus, B emission occurs as '*F is transmuted

into '®O (equation 1).
18 — > 18 + * + V 1
9 F9 8 O1o B e (aD

After emission, the B* undergoes deacceleration along a short erratic path, before colliding with an
electron present in the surrounding medium. This collision results in annihilation — the process of
particle/antiparticle combination. The two particles cease to exist as all of their mass is converted to

energy, resulting in the emission of two equal energy y-photons (511keV) at 180° from each other.

The PET scanner contains a circular array of scintillation detectors, which utilize a technique called
coincidence detection to determine the location of emission. A response line is only acquired when
two photons are detected simultaneously at opposite sides of the chamber. Acquisition of a large
number of response lines can then be used to construct an image depicting the spatial location of

radioactivity.

PET is an extremely sensitive technique, requiring only nanomolar to picomolar amounts of
radiotracer. As such, perturbation to biological systems is minimal, and pharmacological effects are
typically negligible. A variety of radionuclides have been used for PET imaging, differentiated by a

number of important parameters, as shown in Table 3.1.'%
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Table 3.1. Physical parameters for a selection of positron-emitting radioisotopes

nuclide half-life (min) mean energy (MeV) [3+ decay
18 110 0.25 97%
e 20.3 0.39 99%
BN 10 0.49 100%
5o 2 0.74 100%
1241 60192 0.81 25%
8Ga 68 0.84 89%
64y 762 0.28 59%

Half-life dictates the amount of time available for synthetic manipulations, purification, and injection
following production of the radioisotope. This becomes a limiting factor for short-lived nuclides,
particularly *N and 'O, and to some degree for ''C, ®*Ga, and '8F as well. On the other hand,
contamination and waste-stream management are concerns for long-lived isotopes (‘*I, *Cu).
Additionally, these may give patients unnecessary radiation exposure after completion of the imaging,

especially if the clearance of the radiopharmaceutical is slow.

The average positron energy is a key parameter, determining the average distance travelled by the
positron before annihilation, known as the positron range (typically 1-4 mm). The larger this range,
the greater the loss in spatial resolution, and as such, isotopes with a lower positron energy are favored
for PET. Finally, isotopes that decay primarily by B emission are preferred, in contrast to those that

undergo a high proportion of electron capture, an alternative decay mode for some proton-rich nuclei.

Carbon-11 has a long history of use in biological sciences, and has been the most readily-available
B* emitter for many years, as well as the leading PET isotope.'* In addition to the favorable properties
discussed above, it is biogenic in nature, and can be incorporated into many biological compounds
without changing the structure. However, the properties of '*F are arguably superior, and as such, '*F

has been the focus of major research efforts in the last decade.''*!"®

3.1.2 Fluorine-18 Production

A key advantage of '°F is its low B*energy, resulting in a mean range of 0.6 mm in water, thereby
leading to excellent PET image resolution.'?® In addition, the 110 minute half-life is long enough to
facilitate radiolabeling, in vivo studies, and even transportation to remote PET facilities. The
prevalence of fluorine in pharmaceuticals is highly beneficial for their translation to '*F analogues,
allowing for the tracer to be chemically identical with the parent compound. Unlike many radiometals,
'8F is typically incorporated into the tracer via a strong covalent bond. The C—F bond is more resistant

to metabolic oxidation and hydrolysis than the corresponding C—H bond, leading to high stability in
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vivo.” It is crucial to prevent tracer breakdown in vivo, as this results in the release of '*F anions, which

tend to accumulate in calcium-rich fluorophilic bones, leading to increased noise in the PET image.

The most important PET tracer is ['*F] FDG, a glucose analogue containing a fluorine in place of the
2-hydroxy (see Figure 3.2)."*" ['*F] FDG is used to study changes to glucose metabolism, facilitating
the visualization of tumors and other cellular pathologies. It is a critical tool in oncology, and the
development of clinical PET centers is largely owed to ['*F]FDG. Another example of a clinical tracer
is the dopaminergic compound, ["*F] 6-fluoro-L-DOPA, used to monitor changes in dopamine
metabolism, allowing for detection of various malignancies, such as neuroendocrine and pancreatic
cancers.'*® Fluorine-18 is typically incorporated as an alkyl or aryl C—F, but some examples of CF;

inclusion are also known, for example in the hypoxia imaging agent ['*F] FTMISO.'?

"N o HO CO,H O:N
HO S 18F
"o G
18 15 NH2 N©
OH HO F OH F F
['F1 FDG ['8F] 6-fluoro-L-DOPA ['8F] FTMISO

Figure 3.2. Examples of fluorine-18 labeled radiotracers used for PET

As with most B-emitters, "*F is produced in a cyclotron facility, using accelerated particles to
bombard a particular target.'* It can be produced as aqueous fluoride (F) or as fluorine gas (F). To
produce gaseous fluorine, a target containing oxygen-18 and inert carrier gas (krypton) is bombarded
with high energy protons (Figure 3.3.A). The "*O undergoes a (p,n) reaction, in which the high energy
proton collides with the nucleus, kicking out a neutron. A small amount of non-radioactive (carrier) F»
is added to capture the '*F, facilitating formation of ["*F] F». This method has mostly replaced another
gas-phase method in which *’Ne is bombarded with deuterons (**Ne(d,a)'*F). Alternatively, a target
of '80 labeled water can be bombarded to afford an aqueous ['*F]F~ (Figure 3.3.B).

180 n 18F
[18F] F2 H2180 (p ) > [18F] F-

0.3 -2.0 GBg/umol B ~ 4000 GBq/umol

180, +Kr _ O(p,n)'°F
(trace F»)

A

Figure 3.3. Examples of nuclear reactions used for the production of fluorine-18

These methods differ significantly in molar activity (Aw) of the "*F produced.”® This quantity is
typically measured in units of GBq per pmol, with higher values corresponding to a higher "*F / °F
ratio. The becquerel (Bq) is the standard unit for radioactivity, corresponding to one nuclear decay per
second (dps). "*F can never be obtained near the maximum theoretical molar activity, as there are
numerous unavoidable sources for '°F contamination (‘*O water target, seals, transfer lines, synthetic

apparatus, reagents, etc.).
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Aqueous ['®F] F is typically preferred over ['*F] Fa, as it is obtained with 2-3 orders of magnitude
higher molar activity, and is easier to handle than as a highly reactive fluorine gas. Bergman and Solin
reported an alternative “post-target” method to indirectly produce ['*F] F, with higher activity, starting
by substituting CH;I with ['*F] F~ to afford ['*F] CH3F."' Subjecting ['*F] CH;F to an electric discharge

effects atomization, and trapping with carrier fluorine gas affords ['*F] F, at up to 55 GBg/umol.

The cyclotron produced "F is often derivatized to form a secondary reagent, allowing for different
reactivity profiles. This is usually the case with ['®F] F», as it is rather difficult to handle, and is very

reactive, often resulting in poor regio- and chemoselectivity. Figure 3.4 depicts some of the common

derivatives of ['*F] F», which also act as sources of electropositive fluorine.'**"**
CH,CI
N+
F z 0.0 0. 0 o
' | NN Ol O
Xe 07 °N NE - 0~ ~o Ph” N7 Ph cl ~~,N/Ts
18 1 1 20Tf . 18 18 )
18 18 F F 18F
['8F] selectfluor ['®FINFSI

Figure 3.4. Examples of electrophilic radiofluorination reagents

On the other hand, anionic ['®F] F is more often used without any derivatization. Some secondary
reagents do exist however, shown in Figure 3.5. For example, ['®F] acyl fluorides can be generated as
an anhydrous gas, beneficial for very water sensitive reactions,'* whereas ['*F] TBAF is typically used
to aid in solubility. The Doyle lab developed Pyfluor as a thermally-stable, easy-to-handle solid for

deoxofluorination, as well as the '*F analogue ['%F] Pyﬂuor.140

\\S//o O
H—18F  (M}—"%F Ny Bu,N" 1%~ PS
| _ 18F
N
['8F] Pyfluor ['8F] TBAF

Figure 3.5. Examples of nucleophilic radiofluorination reagents

3.1.3 Fluorine-18 Radiolabeling

Figure 3.6. depicts an overview of the general strategies for introduction of '*F to a molecule of
interest (referred to as the precursor)."'® Nucleophilic ['*F] fluoride sources are typically used for
nucleophilic fluorination of electron-deficient substrates, via leaving group substitution. On the other
hand, electropositive *F sources undergo electrophilic fluorination, often reacting with a carbon-based
nucleophile in the precursor (olefin, enolate, organometallic, etc.). A final strategy is the use of

prosthetic groups — small fragments containing preinstalled '®F, which are then coupled to the
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precursor using a robust conjugation strategy (e.g. active-ester addition, click chemistry, etc.)."*' This
approach offers the advantage that the challenging '®F bond formation step occurs on a simple
prosthetic molecule, obviating any stability/selectivity concerns that can arise in direct precursor
labeling. This strategy is particularly useful when the precursor is a sensitive biological molecule, such

as a peptide or protein.

m_
&0 OO
nucleophilic fluorination

NN

electrophilic fluorination

\ 4

@O

OGinke—"*F

prosthetic group conjugation

o

GO—CO-Gnked~"%F

Figure 3.6. Summary of strategies for molecular incorporation of fluorine-18

Another important group of methods for '*F labeling have emerged, referred to as non-canonical
labeling (Figure 3.7)."** These are a subset of nucleophilic fluorination, which involve the binding of
'8F to a heteroatom group present in the precursor, namely moieties based on boron, silicon, or
aluminum atoms (see Chapter 4 for more details).

['*F1F~

18
R/\Y non-canonical labelin > R/\Y/ -
Y: Al B, Si 9

Figure 3.7. Summary of non-canonical radiofluorination strategies

Radiochemical methods are typically evaluated by an important parameter termed radiochemical
yield (RCY).'* This quantity refers to the amount of radioactivity present in the final radioactive
compound, as a percentage of the starting activity. In other words, it is a yield relative to the limiting
reagent, which in radiofluorination is always "°F (~ picomolar quantities). Since "*F is continuously
decaying, longer synthetic procedures lead to lower values. However, RCY is usually decay-corrected
(d.c.) — adjusting the value to as if no decay had occurred, allowing for time-independent comparisons.

If RCY is not adjusted, it is specified non-decay-corrected (n.d.c.).

When discussing a single radiochemical step (e.g. single reaction), the term radiochemical
conversion (RCC) is used.'** In addition, methods can be classified as no-carrier-added (n.c.a.) or

carrier-added (c.a.), referring to whether a source of non-radioactive '°F has been actively added.'*
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3.1.4 Processing Nucleophilic Fluoride

A key challenge in performing reactions with the fluoride anion is ensuring that it has a high
nucleophilicity. However, ['F] F~ is produced as an acidic aqueous solution, wherein the fluoride is
extensively solvated by water, limiting its ability to be an effective nucleophile. As such, nearly all '"*F
reactions involve removal of water using a workflow of the type shown in Figure 3.8.'** The majority
of water, as well as trace radiometal impurities, are removed as the '*F solution is passed through a
quaternary methyl ammonium (QMA) cartridge, a small ion-exchange column. Water passes freely

through, but ['®F] F is retained as it exchanges with the free anions (X: CI" or HCO;") and binds to

stationary NR4" groups.
| l l %ent
_— K2CO3°K22

radio-TLC

- [ —NR; X
QVA % RCC
cyclotron % )
precursor

solution reagents
['8F] KF+Ka22 )
waste \ /
_— _— L —
azeotrop/c reso/ubi/ize> reaction N purify
" dying | &8 'y o @

Figure 3.8. Typical protocol used in processing aqueous fluoride-18 for radiochemistry

The "®F can subsequently be freed from the QMA using an elution solution. This is typically an
inorganic salt dissolved in a polar organic solvent (plus minimal water for solubility). This salt
facilitates anion exchange, and provides a counterion for the eluted fluoride. The most common
mixture is KoCO; and Ka2; dissolved in ACN/H,O, which produces ['*F] KF+K»2; upon elution. K2 is
a crown-ether cryptand that acts as phase-transfer reagent — binding K* and facilitating KF solubility
in organic media and the nucleophilicity of F. Similar phase-transfer properties are found in

tetraalkylammonium salts, such as BusN"HCOs", which produces ['*F] TBAF upon elution.

The next step is removal of residual water by azeotropic drying, typically at 110 °C, sometimes aided
by a stream of dry gas. Two-to-three cycles of heating to dryness, followed by dry solvent addition
(usually ACN) are performed. The carbonate/bicarbonate base added in the previous step is critical to

keep 'F in the fluoride form, and prevent loss of activity as volatile ['*F] HF.

The necessary reagents can then be added, and the reaction monitored with radio-TLC. With standard

silica TLC plates, unreacted ['*F] F~ stays at the baseline, and can be differentiated from a labeled
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organic compound which would typically have a higher R:. Finally, the labeled product is purified,
typically with radio-HPLC, which monitors radioactivity and UV absorbance in parallel. The RCY is
calculated relative to the starting activity of the cyclotron solution used, thereby encompassing all steps

of the workflow.

Although a number of alternations/improvements have been suggested, few have seen widespread
acceptance into this standard protocol, in which operational simplicity and quickness are of principal
importance. One interesting example from Sanford and Scott utilized acidic solution to elute the ['*F]
F~ from the QMA (Figure 3.9)."* Combining the eluent with an iron compound (Fe(acac)s), followed
by heating under pressure, led to the formation of a putative ['*F] “FeF” species (FeFXs), preventing
loss of volatile ['8F] HF during a subsequent drying step. This species was demonstrated to be effective

for the opening of hindered epoxides to form ['*F] fluorohydrins.

(0]
18
['SFIHF drying R—] £
— i = [ e A or
acidic eluent QmA FeX; R
e.g.0.5M TFA [18F] FeF

Figure 3.9. Acidic protocol used to form a putative iron fluoride species from aqueous fluorine-18

3.2 Introduction to ['*F] R—F Synthesis

3.2.1 Electrophilic Fluorination

The challenges of using ['®F] F; are illustrated in the following example, depicting the first synthesis
of ['"*F] FDG (302) from an olefin precursor 301 (Scheme 3.1)."*® In addition to requiring cryogenic
conditions, the product (302) is formed in a low yield of 8% RCY, along with the unwanted axial-
fluorine epimer in 3% RCY.

1. ['8F] F,, CFCls

AcO HQ ['8F] FDG

Acom —78°C, 25 min . Hgo/mav 8% RCY
ACOA— 2 HClyy B oy 0-3 GBajmol
301 130°C, 30 min 302

Scheme 3.1. Electrophilic radiofluorination of an olefin FDG precursor

Alternatively, derivatized reagents have tempered reactivity, and can often facilitate room
temperature reactions. For example, the ['*F]NFSI reagent was reported to perform a-radiofluorination
of aldehydes (e.g. 303), facilitated by a chiral organocatalyst (Scheme 3.2)."*” The fluorinated products
(e.g. 304) could be subsequently oxidized and deprotected to afford ['*F] fluoro amino acids. ['*F]NFSI
is also able to act as source of '°F radicals, as documented by Britton and coworkers, who described a

reaction with carbo-centered radical species.'*®
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CH,Ph

OY\ NH-DCA
N—$
65% RCC

H O'Bu > H . O'Bu
'BuOMe, r.t., 20 min : > 99% ee

NBOCZ [13F] NFSI 18—F NBOCZ
303 304

Scheme 3.2. Chiral organocatalytic o-radiofluorination of aldehydes

Fluoroarenes can also be formed using electrophilic '*F sources, typically with organometallic
precursors, such as aryl stannanes or boronic acids (Figure 3.10).'"” This fluorodemetallation strategy

is more effective with electron-rich rings, and for example, was used in the synthesis of ['*F] 6-fluoro-

6+
R_
electrophlllc L~
substitution
M: SnRs, B(OR),

Figure 3.10. Electrophilic radiofluorination of aryl organometallic precursors

L-DOPA.'¥

3.2.2 Aliphatic Nucleophilic Fluorination

The most common method to form ['*F] alkyl fluorides is via substitution of a precursor with a
suitable leaving group. This strategy is highlighted in the following example, describing the synthesis
of a radiolabeled analogue of the AT;R antagonist Irbesartan (Scheme 3.3)."*" Substitution of the
protected tosylate precursor 305 using standard conditions (K>COs3, K»2), followed by N-deprotection,

readily affords ['®F] fluoro-Irbesartan 306 in moderate radiochemical yield.

O OTs 1. ['8F] KF, Ka22 O 18

ACN, 10 min

<N > =N
PhsC—N" "} o N 2. 1M HCI, 10 min N 0
N=N | 0 N’N '
N 110°C N
11% RCY
305 306

Scheme 3.3. Radiofluorination via nucleophilic substitution of an alkyl tosylate precursor

Alcohols normally require conversion to a sulfonyl leaving group (e.g. OTs, OMs), before fluoride
substitution can be performed. However, the recently reported deoxofluorination reagent ['*F] Pyfluor

obviates the need for prefunctionalization."*® For example, Doyle and coworkers demonstrated the
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direct conversion of a protected glucose precursor (307) with ['8F] Pyfluor, affording protected ['*F]
FDG 308 (Scheme 3.4).

['8F] Pyfluor BnO
» 15% RCC
MTBD, ACN - e,
80 °C, 20 min BnO OBn
OBn OBn
307 308

Scheme 3.4. Radio-deoxofluorination of a protected glucose derivative

Sergeev and coworkers reported an interesting example in which aqueous ['*F] fluoride is used
directly in the substitution of alkyl tosylate precursors."”' A TiO, catalyst was found to adsorb the ['*F]
fluoride, activating it for the reaction, although high temperatures were still required (130 °C).
O’Hagan and coworkers demonstrated the ability of fluorinase enzymes to catalyze radiofluorination,

reporting ['*F] fluoride substitution with the biological molecule S-adenosyl-L-methionine.'*

Transition metals can also be used to facilitate radiofluorination, offering an alternative to
conventional substitution conditions that require basic conditions and high temperature. For example,
the Gouverneur and Nguyen Groups have reported allylic fluorination methods using iridium and

palladium catalysis (Figure 3.11), whereas ['*F] cobalt and iron fluorides have been found to affect

epoxide ring opening (see Figure 3.9).!%%
LG PdOLn {I\lll} [18F] F- 18F
or —» -
R/\)\R- L, RN . A o

Figure 3.11. Metal catalyzed allylic radiofluorination

3.2.3 Aromatic Nucleophilic Fluorination

Fluorine-18 can be readily introduced into a target arene using substitution (SyAr) chemistry
(Scheme 3.5).'"> However, the arene precursor typically requires an electron-withdrawing activating
group, or use of an electron-deficient heteroarene, such as pyridine. In order to surmount these scope
limitations, an ongoing area of research is focused on identifying novel active leaving groups, beyond

standard halides and pseudohalides.

Early attempts to use aryl diazonium salts or aryl triazenes for radiofluorination had limited success
(Balz-Schiemann and Wallach reactions, respectively). On the other hand, triarylsulfonium salts (310)

'3 When the two auxiliary arenes (i.e. those that

have been found to be appealing precursors for SNAT.
form the Ar,S leaving group) are both phenyls, the target arene must be electron-deficient to obtain

good chemoselectivity. However, the use of p-methoxyphenyls as auxiliary arenes leads to good
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selectivity for more neutral target arenes.'”’ N-arylsydnones (311) were also found to be excellent

leaving groups for aromatic substitution, albeit only with electron-deficient arenes.'*®

LG [18F]F - 18F
—_—
85-150°C @
(o]
+ ‘OTf +
NMe; N I o
‘ ‘ ‘ O i
(o] (o]
312 313

Scheme 3.5. Summarjy of activated arene precursors used for radiofluorination

Ritter, Hooker and coworkers developed an elegant method to radiofluorinate phenols directly, using
a diaryl-imidazolium to activate the oxygen.'”’ Inclusion of a ruthenium catalyst facilitated this

reaction with electron-rich phenols, via the formation of a n°-n-complex.'*’

Perhaps the most important class of precursors are those utilizing an iodine(III) moeity.'®" In
particular, diaryliodonium salts (312) are well-known, and have been used as precursors for a number
of clinical PET tracers.'®* With unsymmetrical iodoniums, the more electron-deficient arene of the pair
undergoes substitution preferentially. As such, 2-thiophene was introduced as an effective auxiliary
arene, imparting good regioselectivity for a number of target arenes.'®® Alternatively, Sanford and
coworkers found that copper(I) mediates the radiofluorination of diaryliodoniums, and that mesitylene
was an effective auxiliary under these conditions.'*" '** Mechanistically, the iodine(III) compounds are
thought to first react with fluoride to form a trigonal bipyramidal fluoro iodide species 314 (Scheme
3.6).'%® Transfer of fluoride to the arene, via a 3-membered transition state (315), results in formation
of the aryl fluoride product (316).

ol =il

Scheme 3.6. Mechanism of arene radiofluorination from a hypervalent iodine species

More recently, aryl iodonium ylides (e.g. 313) have been found to offer excellent regioselectivity
and high RCC for both electron-rich and electron-poor arenes.'®” A number of spirocyclic iodonium
ylides (SCIDYs) have also been reported, containing cyclo— butyl, pentyl, hexyl, as well as adamantyl

rings in place of the two methyl groups in 313.'6% 16

Another distinct grouping of methods for ['*F] aryl fluoride formation are transition-metal mediated

reactions.'”’ Most frequently, such reactions utilize copper complexes and aryl boronic acids/esters or
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aryl stannanes as precursors. The Ritter Group has also reported oxidative radiofluorinations using

Ni(II) or cationic Pd(IV) complexes.'”" 2

3.3 Introduction to ['*F] R—CF; Synthesis

This section will describe some examples of ['3F] trifluoromethane synthesis, highlighting the
different conceptual strategies that are used. As previously discussed (q.v. section 1.1), the CF3 group
is rapidly increasing in ubiquity in bioactive compounds. However, ['*F] RCF; are difficult to
synthesize efficiently, and often require multi-step routes. This chemistry is arguably under-explored,
and methods often cannot achieve high molar activities. One plausible contribution to this is the

occurrence of undesired '®F/'°F isotopic exchange reactions, leading to reduced molar activity.

3.3.1 Electrophilic Methods

The goal of achieving high molar activity ['"*F] RCFs compounds is poorly met by electrophilic
reagents, which have their own specific activity limitations. As such, electrophilic methods are fairly
uncommon (Scheme 3.7, 3.8). In the few reported examples, typical precursors are 1,1-difluoroolefins
(e.g. 317),'” or substrates that provide access to difluoromethyl anion synthons (e.g. 319).'”* The
synthesis of hypoxia tracer ['*F] EF5 (318) and ['*F] perfluoroethyl substrate 320 proceeded in low-to-

moderate radiochemical yields, and molar activities were not reported.'’* '™

18
N\)L [P > N\)J\
TFA, 30 min, r.t.
N02 NOZ

17% RCY

Scheme 3.7. Electrophilic radiofluorination of a l,l—diﬂuorooleﬁn precursor

EF

18F
~2\ 8 [15F] XeF, 0~2\
> F

70°C, 30 min F
1,2-DCE
Br 9% RCY Br
319 320

Scheme 3.8. Xenon difluoride mediated radiofluorination of a difluoroalkyl iodane precursor

Somewhat more attractive conditions were reported by Gouverneur and coworkers, utilizing
difluoroacetic acid derivatives (321) as precursors (Scheme 3.9).'” A silver catalyst effects

decarboxylative radiofluorination of 321, using the ['®F] selectfluor reagent, which is stable under
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aqueous conditions. However, the ['®F] ArCF; (322) products were obtained in fairly low molar

activities of no more than 3.3 GBg/umol.

NS ['8F] selectfluor R T
ol AN COH AgNO; (0-2eq) N X 18 9% RCY
! _ 1:1 acetone/water 1 _ 3.3 GBqg/umol
55°C, 30 min
321 322

Scheme 3.9. Electrophilic synthesis of labeled trifluoromethyl arenes

An alternative to ['*F] F, derivatives, is the use of ['*F]F~ with a stoichiometric oxidant, providing
sources of electrophilic or radical '*F in situ. For example, aryl difluoromethanes (ArCF,H) could
undergo radical C-H fluorination to afford the corresponding ['*F] ArCF; using ["*F]F~ and a

manganese(I11) salen precatalyst, and iodosobenzene as the oxidant.'”

3.3.2 Nucleophilic Methods

Among the most common methods for ["®F] RCF; synthesis are nucleophilic addition and
substitution reactions. For example, 1,1-difluoroolefins (323) undergo addition with fluoride to afford
the corresponding trifluoride 324 (Scheme 3.10), with trace water acting as the source for the vicinal
proton.'”” This strategy was recently applied in the synthesis of a clinical PET candidate (326), aimed
at detecting tau aggregation in the brain, a potentially powerful tool to advance understanding of
neurodegenerative disorders (Scheme 3.11).'”® The ['*F] lansoprazole derivative (326) was labeled in

low yield, but with high molar activity, facilitating first-in-human studies.

F ['°F1KF FF
R KoCOs, Ko2p R
_—
Z°F DMSO 1°F
R' 75°C, 5min R'
323 93% RCY 324

Scheme 3.10. Nucleophilic radiofluorination of a 1,1-difluoroolefin precursor

["8F1 KF
K2C03, Ko2o

)\ 0 \)\ " DMSO, IPA )\
90°C, 10 min “

5% RCY
120 GBq/umol

Scheme 3.11. Nucleophilic radiofluorination of a 1, ]—diﬂuom—lansapmzole precursor

Substitution can also be performed using a difluoromethyl moiety appended to a leaving group. For
example, bromodifluoromethyl arenes (327, 328) undergo fluorination to afford ['*F] ArCF; in
moderate-to-low RCY (Scheme 3.12).'%: ¥ Substitution of the chloro analogue (ArCF,Cl) is also
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possible, although somewhat harsher conditions are required (220°C, Sb,03).”*" An exception is 2-

CF,Cl indoles, which can be efficiently labeled under metal-free conditions at 85 °C.'*?

R F F F
['5F]KF
Br > 18F
KoCO3, Kooz
R 18-20 min R
327 R = NO,, DMF, 90 °C: 329 (4% RCY)
328 R = Cl, sulfolane, 160 °C: 330 (21% RCY)

Scheme 3.12. Nucleophilic radiofluorination of a bromodifluoromethyl arene precursor

This strategy using CF,Br precursors has been employed for the synthesis of various bioactive aryl-

and heteroaryl ['®F] CF; compounds, such as those shown in Figure 3.12 (labeling conditions in

183-

brackets)."*'® Low-to-moderate molar activities were obtained in these examples, sufficient to

perform preclinical animal studies.

Cl
ROF
g 18 9 Ph
G | 94 F
N—N N F
N ,
G e
N
NE HN
o)
NH, o)
['8F] celecoxib ['8F] DBPR211 ['8F] TMP195
10% RCY 7.6% RCY 4% RCY
4.4 GBq/umol 40 GBq/umol 0.5 GBq/umol
(150°C, 25 min) (100°C, 1h) (135°C, 20 min)

Figure 3.12. Labeled trifluoromethanes synthesized from bromodifluoromethyl precursors

Gouverneur and coworkers investigated alternatives to avoid the high temperatures typically
required for rapid ArCF,Br substitution with ['®F]F". They found that addition of silver(l) triflate was
rather effective, allowing the reaction to proceed in 20 minutes at room temperature for a range of
ArCF,Br substrates (10 examples, up to 80 % RCC).'® The same lab demonstrated that AgOTf could
also be used to facilitate ['*F] ArOCF;/ ArSCF; formation from CF,Br precursors, under mild

conditions (60°C, 20 minutes).'*’

Substrates containing a CF.Br group vicinal to a carbonyl (331) are also effective ['*F] CF;
precursors (Scheme 3.13). The Szabd Group reported a number of such examples, finding that the
addition of a nitrogenous base (DBU or TBD) was necessary to achieve a high RCC."**'® In another

aliphatic example, ['®F] 2-aminoethyl CF; substrates were synthesized via an oxidative fluoro-
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desulfurization reaction with a thioester or trithioorthoester precursor.'** '*! After '*F incorporation,

carrier HF-pyridine was added to facilitate full fluorination and formation of ['®F] EtCF; product.

R F ['°F] TBAF R F
R\”><Br DMF, 10min R\[RQSF
75-100°C
o 331 base @ 332
R: aryl, alkyl, aminyl, piperidyl, etc. up to 93% RCC

Scheme 3.13. Synthesis of radiolabeled o-trifluoromethyl carbonyl substrates

Nucleophilic substitution has also been used to prepare CF; containing prosthetic groups (Scheme
3.14). For instance, radiofluorination of ester derivative 333, followed by reduction and triflation,
affords ['$F] 2-trifluoroethyl triflate 335."> This prosthetic group can subsequently be incorporated

into a complex molecule via substitution of the triflate leaving group.

R F ['°F] KF FE F 1. AlH; -
EtO K>CO3, Koz EtO 40°C, 2 min ~ TfO\)<
Br - 18 > s
80°C, 5min 2. Tf,0 F
o 85% RCC o 0°C, 1 min
333 334 335

Scheme 3.14. Synthesis of a radiolabeled trifluoromethyl prosthetic group

3.3.3 Coupling Methods

The last few decades have seen a wealth of new methods for direct CF3 incorporation. The source of
CF; is often one of many specialty group transfer reagents, that can be a source of nucleophilic,
electrophilic, or radical CF;. Formation of '*F analogues of these reagents is challenging, and typically

utilizes CF building blocks to form ['®F] CF; reagents.

Perhaps the simplest difluoro building block is difluoroiodomethane 336. Vugts and coworkers
showed that it could undergo substitution with fluoride to produce ['*F] fluoroform 340 (Scheme
3.15).!%%- % Despite being a difficult to handle gas that must be trapped at low temperature and purified
by distillation, ['*F] fluoroform is a common intermediate in various synthetic methods. It is also
readily formed using the active difluoromethyl sulfonium reagent 337."° Alternatively, Pike and
coworkers showed that a two-step process, starting with substitution of mesylate 338, followed by C—

H fluorination, produces ["*F] fluoroform 340 in high molar activity (averaging 38 GBq/umol).'*®
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F><F KoCO3, Koo
[Ny 10min,20°C A [18F] KF
336 60% RCY F><F CoF3 H H K2C03, K222 H H
— -—
18p H 15 min 18 H DMSO MsO H
BAfr 020 [FITBAF _w (_ 340 280°C s39  15min 130°c MO
0,
Mes”-~Ph PhCN, 20°C 35% RCY 46% RCY
337 instantaneous

Scheme 3.15. Summary of methods for the synthesis of radiolabeled fluoroform

['8F] fluoroform (340) is an effective source of nucleophilic CF; (Scheme 3.16). For example, under
basic conditions it undergoes addition to aldehydes/ketones to form ['*F] a-(trifluoromethyl)benzyl
alcohols 342 (18 examples).'”® Alternatively, 340 can be converted into the "°F analogue of the
Ruppert-Prakash reagent (341), a common trifluoromethylating reagent in organic chemistry.'”* This
reagent adds to aldehydes/ketones under mild conditions, requiring only an activator (TBAT), rather

than strong base, to form benzyl alcohols 342 (13 examples).

(0]
CuBr F><F Ar)LR'
‘BUOK,DMF 18 5min, 20-80°C
Iy
340 BuOK, DMF
up to 99% RCC E F
F F -78°C | KHMDS HO 18F
to | MesSiCl
cu” 18 20°C | 90% RCY Ar R’
343 j.l\ 342
RF Ar” R
Me3Si 18 TBAT, THF
341 5min, r.t.

up to 95% RCY

Scheme 3.16. Summary of methods for nucleophilic radio-trifluoromethylation

['8F] fluoroform (340) can also be converted to ['*F] CuCF; (343) via addition of strong base in the
presence of a copper(I) species.'”> ' ['*F] CuCF; (343) is well-suited to undergo coupling with a
suitable arene precursor (e.g. ArX) to form ['*F] ArCF;, drawing upon a number of well-established
methods in organic chemistry.'”” For example, the trifluoromethylation of various aryl boronic acids
(344), aryl iodides (345), and aryl diazonium salts (346) has been reported by the groups of

Pannecoucke and Pike (Scheme 3.17)."%% %
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DMF R 18
5-25min

344 Y: B(OH), rt (air) 18-99%
345 Y: | 100-130°C RCY
346 Y: NS X~  rt

Scheme 3.17. Synthesis of labeled arenes using a radio-trifluoromethyl copper(l) reagent

An alternative strategy is the generation of ['*F] CuCFs; in situ, rather than pre-forming it in a separate
vessel. This was successfully applied to the trifluoromethylation of a range of aryl and heteroaryl
iodides 345 as shown in Scheme 3.18.'"”® This approach utilizes a difluorocarbene (:CF,) precursor,
methyl chlorodifluoroacetate (347), as a CF, building block. In the presence of Cul and a ligand
(TMEDA), 347 undergoes decomposition to form Mel, CO,, and :CF, which readily reacts with [*F]
F~ and copper(I) to form ["*F] CuCF;. These synthetic conditions were successfully employed to
synthesize tracers for small-animal PET studies — a nucleoside analogue ['*F] trifluridine for cancer
imaging,'” and ['"®*F]PTTP for the imaging of inflammation.*”® These one-pot methods have only been
demonstrated with iodo arenes, which require high temperatures to react. The more reactive aryl

boronic acids would likely interfere with the in situ formation of ['*F] CuCFs.

R F
X (347)
cl R F

CO,Me
! ["9F] KF, K,CO3, Kagp 18 upto
> )
Cul, TMEDA 87% RCY
245 DMF, 150°C, 20 min 322

Scheme 3.18. Synthesis of labeled trifluoromethanes with difluorocarbene and copper(l) reagents

Examples of radical ['®F] CF; reagents have been reported, such as the sulfinate 350 reported by
Gouverneur and coworkers (Scheme 3.19).*"' This reagent is also formed via a difluorocarbene,
formed upon the thermal decarboxylation of PDFA (348), followed by trapping with ["*F] F~ and an
SO, source 349. The sulfinate (350) was successfully employed for the radical trifluoromethylation of
tyrosine and tryptophan residues in native peptides, in the presence of a stoichiometric oxidant (TBHP)

and an iron(II) salt.

R F SOz K[1Z'(:)] KE - F>(F
. (\N:Me 2LU3s, Ro22 > .?\S 18
PhaP” NC o o\) DMF/PC NH; 11
110°C, 20 min o
348 349 11% RCY 350

Scheme 3.19. Synthesis of a labeled trifluoromethyl sulfinate prosthetic group
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In another example, the ['*F] Umemoto reagent (353), a source of electrophilic CF3, was synthesized
(Scheme 3.20).2? Substitution of ArCF,Br (351) afforded ['*F] trifluoromethyl sulfane 352, which
underwent an "CPBA-mediated oxidative cyclization to form 353. This reagent (353) was found to

effectively label a number of peptide substrates, reacting with cysteine residues to form ['*F] RSCFs;.

['9F1KF
AgOTf (2 eq.) O O
O diCy-18-cr-6 O "CPBA, THO

DCE DCE - $* 1o-
S*F 60°C, 20 min S*F 45°C, 20 min "
Br F 81% RCY 18p F 49% RCY : F F
351 352 353

Scheme 3.20. Synthesis of a labeled Umemoto trifluoromethylating reagent

['"F]RSCF; compounds can also be formed via trifluoromethylthiolation as shown in Scheme 3.21.
Liang and coworkers showed PDFA-derived difluorocarbene (355) reacts with octasulfur (Ss) and ['*F]
F to produce a nucleophilic thiolate species 356.°” The thiolate then can undergo substitution with a
heterobenzyl halide precursor (354) to afford the CF; thioether product (357). This protocol was later
expanded to the ['°F] trifluoromethylthiolation of a-bromo ketones/ esters, by the addition of a

copper(I) promoter (proceeding via a putative ['*F] CuSCF}; intermediate).**

; R F
18F1 KF, K,CO3, K
A Nx  + PDFA + Sg [*°FI 2003 Koz | Ar/\SXWF
DMF, 70 °C, 1 min
354 348 70% RCY 357
+ _ 18F_
PPh3CFQCOQ > FQC: —_— [18F]CF3S_
348 355 8 356

Scheme 3.21. Synthesis of labeled trifluoromethyl sulfides via in situ thiolate formation

3.3.4 Isotopic Exchange

Isotopic exchange (*’F/'F) is fairly uncommon for ['*F] RCFj; synthesis, and for C—F compounds in
general. In addition to the challenges of breaking the C—F bond, these methods are often especially
hard-pressed to produce high molar activity products. Unlike other methods, in which excess starting
precursor can be separated, the '°F compound simply dilutes the '*F product, lowering molar activity.
However, isotopic exchange offers some appealing advantages, namely that no specially
functionalized precursor is required. Rather, the target CF3 molecule can be used directly as the

precursor, offering a direct and straightforward approach.
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This isotopic exchange strategy was used in the preparation of CF; prosthetic groups ['*F] 358, 359
(Scheme 3.22).'? The mechanism is thought to proceed by o-deprotonation to form 360. This anion

eliminates fluoride to form difluoroalkene 361, which reforms ['*F] CF3 upon addition of ['*F] fluoride.

\B(F ['°F] KF, KoCO3, Koo Y\;(F
¥ F DMF - 18F

358 Y = OTs, 150°C, 10 min ['®F]358 (65% RCY)

359 Y =1, 130°C, 5min ['®F]359 (92% RCY)
R F F = R F
Y\)( _— Y\)\ - Y\)(
~" °F ZE 18F
360 361

Scheme 3.22. Synthesis of labeled aliphatic trifluoromethyl prosthetic groups via isotopic exchange

Comparable results were obtained with similar aliphatic CF3 compounds, including various
inhalation anesthetics (isoflurane, sevoflurane, etc.).?”°" Although radiochemical conversions were

high with most substrates, the products tended to have very low molar activities.

The only example of substrates without a-protons are from a short 1979 symposium abstract
documenting the isotopic exchange of aryl trifluoromethanes 362, including benzothiazole,

phenothiazine, and uracil heteroarenes (Scheme 3.23).2%

However, few details are given and molar
activities were not reported. The method is not ideal, utilizing fairly harsh conditions, and a very long

reaction time.

R F [18F] KF F F
18-crown-5 t
Y F > RN s roy
R4 100°C, 2h ] °
F sealed tube Z
362 ['8F]1362

Scheme 3.23. Synthesis of radiolabeled trifluoromethyl arenes by isotopic exchange

In a recent example, the Toste Group described a multi-step route to aliphatic ['*F] CF; groups, in
which C—F abstraction and reintroduction occur in distinct steps, termed a fluoride rebound mechanism
(a formal isotopic exchange).”? This method utilizes a CF; gold (IIl) complex (364), which undergoes
C—F cleavage upon treatment with BCF (Scheme 3.24). The resulting cationic difluoro intermediate
proceeds with migratory insertion of the R-group to form difluoromethyl substrate 365. This substrate
is primed for radiofluorination, with the inclusion of ["*F]1 F and subsequent reductive elimination
leading to the trifluoro product (367) and a reduced gold(I) species (366).
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R F F><F [18F] KF
IPre_ XF BCF IPr R KaCOs, Kog PrALCE. 4 F F
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364 365 eRCC 366 367
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R:
Cls __, IPr, CFs _, IPr( _CFs
+ —_— —_ z
TMSCF; FsC” Cl F3C/ R \/\/< |
363 364 y X

Scheme 3.24. Synthesis of labeled trifluoromethanes via a gold(Ill) mediated fluoride rebound

Although radiochemical yields were moderate (12—31% RCY) for the three examples reported, each
required a unique synthetic route. After proceeding through common intermediate 363, a functional
handle was introduced to the gold center, allowing for each R group to be constructed in a de novo
fashion. Thus, although an elegant strategy, this method is arguably limited by its complexity and lack

of generality.

3.4 Investigations on the Synthesis of [*F] ArCF;

As described above, there has been relatively little progress in the development of isotopic exchange
methods for trifluoromethyl compounds (ArCF; in particular). However, this remains a very appealing
goal. The ability to directly use a CF3 starting material, without the need for complex derivatization to
a functionalized difluoro substrate, would be very powerful and would expedite the synthesis of "*F-

analogues of existing bioactive CF3 compounds.

This section describes the efforts towards adapting the ArCF; substitution conditions described in
Chapter 2, into a radiochemical method. Given the ability of these conditions to cleave the C—F bond,
it was reasoned that this may facilitate conditions wherein isotopic exchange is kinetically viable.
Alternatively, a two-step method was envisioned, with an initial halex reaction to form ArCF,.:Br,

species in situ, followed by addition of ["F]F to facilitate nucleophilic substitution.

3.4.1 Conditions Screening

Various attempts to effect isotopic exchange using standard elution conditions were performed. This
involved elution of 300700 MBq '"®F with a solution of K,CO3 (~3mg, 20pumol) and Kz (~15mg,
40umol) in 4:1 ACN:H,O (1 mL), followed by azeotropic drying at 110°C (2—3 cycles of 2mL ACN
addition and evaporation to dryness). The dry residue was resuspended in a reaction solvent, and this

stock solution was then added into vials containing the ArCF; mixture (0.01-0.04 mmol scale). The 2-
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bromoethyl substituted ArCF; substrate 368 was used, as it had previously been found to have a high

reactivity, and its higher boiling point prevented evaporative losses.

Isotopic exchange was envisioned to occur as depicted in Figure 3.13, initiated by the binding of an
acidic iron species to fluorine. Substitution could then occur with either free ['*F]F, or a nucleophilic
['F] BX4™ species, to furnish the radiofluorine product. The FeX; and BX; species would likely be
heteroleptic in nature, given the propensity for ligand exchange to occur (q.v. section 2.3.5).
Additionally, incorporation of BBr; to the reaction mixture would result in halex reactivity with ArCF3,
further complicating the distribution of ligands (**F/F/Br) between the FeXs, BX;, and ArCF;, X,

species.

R F Sn1or SN2 F F
X _.FeXg % X + [FeXsF]~
A F . AT F
6+ or _
18|:_BX3

Figure 3.13. Plausible scheme for the isotopic exchange of trifluoromethyl arenes

Initial attempts, which involved simply combining ArCF; (368) with FeF; and ['*F] fluoride,
followed by stirring at room temperature, were unsuccessful at producing any ['%F]368 (Scheme 3.25,
entry 1). The addition of various Lewis acids to this mixture proved similarly ineffectual, including

both boryl bromides and fluorides (entries 2 —7).

R F R F
Br F 1. reagents ~ Br 18F
2. [¥F]KF, Ko,COs Kopp
368 DCM, rt. [19F]368
entry reagents time RCC
1 0.3eq. FeF3 20 min 0%
2 0.3eq. FeF3, 1eq. BF;0Et, 20 min 0%
3 0.3 eq. FeF3, 1eq. PhBF, 20 min 0%
4 0.3eq. FeF3, 1eq. AgOTf 20 min 0%
5 0.3eq. FeF3, 0.3eq. BBr3 30 min 0%
6 0.3 eq. Fe(OTf)3, 0.3eq. BBr3 30 min 0%
7 0.3 eq. Fe(OTf)3, ['®F] 369 1h 0%

Scheme 3.25. Evaluation of isotopic exchange for trifluoromethyl arene radiofluorination

The last entry (7) utilized a putative ['"*F]BF4 species (369) that was first formed in a separate flask,
via addition of ["*F] F~ to BBr;, along with excess carrier fluoride (Scheme 3.26). Paper TLC could
successfully distinguish free ["F] F~ from ['®F] BF4 as shown by the radio-TLC spectrum below. A
curcumin stain corroborated the presence of the putative boron species near the solvent front. However,

this species 369 was also unsuccessful at effecting isotopic exchange to produce ['*F] 368.
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Scheme 3.26. Synthesis of a labeled tetrafluoroborate and radio-TLC analysis

In the next attempts, the ArCFs, FeFs, and BBr; reagents were pre-combined to effect formation of
ArCF;.,Br, intermediates (370), as shown in Scheme 3.27. The ["*F]F solution was then added to the
same reaction vessel. A fairly high temperature and extended reaction time were required to achieve

trace conversion to the presumptive species 371 (entry2).

F><F reagents X)<X ["F] KF X)(X X Br or E
Ar F Th,rt. Ar X KoCO3, Kaoo  Ar” 18F
368 370 371
entry reagents solvent temperature time RCC
1 0.3eq. FeF3, 0.3eq. BBr3 DCM 50°C 2h 0%
2 0.1eq. FeF3, 0.5eq. BBr; DCE 110°C 2h 1%

Scheme 3.27. Evaluation of a two-step process for trifluoromethyl arene radiofluorination

One hypothesis explaining these low conversions is that K,COj is incompatible with the reaction
conditions that foster halex reactivity. Inspired by the work of Sanford and coworkers (q.v. section
3.1.4), alternative acidic elution methods were evaluated (Scheme 3.28). The eluent (1 mL) was
combined with FeBr; (5—10mg) to effect formation of a putative ['*F]FeFX, species (hence written
“FeF”), thereby preventing loss of ['*F]HF during the azeotropic drying step. Elution efficiency, which
quantifies the fraction of ['"*F]F~ that is removed from the QMA, was high with various acidic eluents
(entries 1—4). Trapping efficiency was initially low (entry 1), indicating limited ['*F] FeF formation,
relative to ['*F] HF losses. Variable improvements were observed by heating the eluted ['*F] HF
solution with FeBrs in a sealed vessel before proceeding with the drying step (entries 2—4). The process
was evaluated without the azeotropic drying step, removing water by flushing the QMA with dry
NO:Me before acidic elution (entries 5—6). Although this approach reduced losses of volatile ['*F]HF,

the elution efficiencies were lower.
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eluent A.
L e{ufion _ ( B ) «100%
» elution [ — — efficiency A+B
QA ['*FIHF | B | trapping drying | C trapping _ [_C ) .
g ['°F] W> ['°F] efficiency - ( B *100%
FeXs FeF FeF

entry elution efficency trapping efficency
1 HCI / H,0 (conc.) 97% FeBr; 23%
2 FeBr; / NO,Me (0.03 M) 85% 80°C, 10 min, sealed 27%
3 TFA/4:1 ACN:H,O (0.05M) 98% FeBr;, 100°C, 10 min, sealed 48%
4 TFA/ NO,Me (0.05 M) 86% FeBrs, 110°C, 10 min, sealed 19%
5 flush, then TFA/ NO,Me 57% FeBrs, no drying -
6 flush, then 370, FeF3, DCE 62% no drying -

Scheme 3.28. Evaluation of acidic elution and iron-mediated trapping of fluoride-18

The ['*F] FeF species produced were then evaluated for their ability to facilitate conversion of
ArCF,.3Br, species 370 to radio-fluorinated species 371. This proved unsuccessful, with no conversion
observed after heating 370 in a sealed vessel for an extended time with any of the ['*F] FeF species
(Scheme 3.29). Using the 370 reaction mixture itself for elution was moderately efficient, but also

failed to produce any product 371.

F><F 1.2eq. BBr3 X)<X reagents X)(X X: Br or F
Ar F 1Dhé Et. Ar X sealed Ar 18
368 370 371
entry reagents temperature time RCC
1 ['8F] FeF residue (entry c) 90°C 1.2h 0%
2 ['8F] FeF residue (entry d) 100°C 1.5h 0%
3 ['®F] FeF / HF mixture (entry e) 100°C 1.5h 0%
4 ['8F] “F~” mixture (entry f) 90°C 1.5h 0%

Scheme 3.29. Evaluation of iron fluoride species for trifluoromethyl arene radiofluorination

The lack of success with acidic elution prompted a return to more conventional elution conditions
(Scheme 3.30). Elution was highly efficient with K2, in ACN/H»O in the absence of K,CO; (entry 1).
When the dry residue was combined with a mixture of ArCF;.,Br, (370), a significantly improved
conversion of 6% was observed (Figure 3.14). However, the dry residue contained < 1% of the eluted
activity, indicating near complete loss of activity as ['*F] HF in the drying step beforehand. This
experiment confirms that K,COs inhibits the formation of 371. Further screening was performed, with
the aim of identifying a less basic eluent that would not interfere with acidic halex reactivity, while

also limiting activity losses from ['*F] HF formation.
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An organic solution of BCF proved incapable of eluting '*F from the QMA (entry 2). On the other

hand, tetracthylammonium carbonate solutions resulted in very high elution efficiencies (entries 3 —4).

It was reasoned that the reduced basicity of HCO;™ vs COs* may serve to cause less interference in

the '®F-halex. However, the reaction of the dried '*F-residue with 370 failed to produce any of the

desired ['®F] ArCF; product (371).

leluent
F F ) X X 18 ; X X
X 0.1-0.4 eq. BBr3 . F residue )( X Br or E
Ar F 0.05-0.2eq. FeF; Ar X DCE, A Ar 18
268 DCE, 1h, rt. 370 71
entry  eluent efficency temperature time RCC
1 Ko 99% 80°C 0.8h 6%
2 B(CeFs)3/ DCE (0.05M) <5% - - -
3 E4N*HCOs /4:1 MeOH:H,0 (0.06 M)  97% 100°C 1.0h 0%
4  EYEN'HCOs /99:1 MeOH:H,0 (0.1M)  96% 10°C 1.2h 0%
0,
5  E;N*OTs / MeOH (0.02 M) 50% 75°C ERE 0%
(] 0,
6 Et,N*OTs / EtOH (0.01 M) 93% 75°C 10h 0%
7 K,COs, Koy, after drying: oxalic acid 99% 75°C 1.5h 0%
8 KoCOg, Kyoo after drying: TEA 99% 75°C 1.5h 0%

Scheme 3.30. Evaluation of different eluents for trifluoromethyl arene radiofluorination
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Figure 3.14. Radio-TLC analysis for the radiofluorination of a trifluoromethyl arene (entry 1)

Containing an even less basic anion, tetracthylammonium tosylate was subsequently evaluated for

elution. A solution in methanol was only moderately effective (entry 5), with a significant improvement

upon switching to ethanol (entry 6). An alternative protocol was also evaluated, beginning with
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standard K>, / K2COs elution and subsequent azeotropic drying. A small amount of protic acid was
then added to neutralize the K,COs, before proceeding with the desired halex reaction (entries 7 —38).

Unfortunately, none of these approaches resulted in conversion to product 371.

3.4.2 Future Work

The experiment without K,CO; demonstrates the feasibility of this radiofluorination strategy.
However, significant research is still required to develop this approach into an efficient and workable
method. Further examination of different eluent mixtures may reveal one that is compatible with the
halex reactivity. In addition, new solvents could be evaluated, especially those with higher boiling
points that would allow for increased reaction temperatures to be readily accessed. Although some of
the reactions were performed at temperatures above solvent boiling point (sealed vessel reactions),
this presents some challenges. For example, with very small-scale or concentrated reactions, complete
loss of liquid solvent can occur. Thus, identifying a high-boiling solvent that is compatible with halex

reactivity would be beneficial.

An alternative possibility is to explore is a two-step approach, in which the ArCF; undergoes
complete defluorination, and the resulting ArCBr3 product is isolated and purified (Figure 3.15). In the
next step, AgOTf mediated fluorination (vide supra) could be performed, with the advantage that
ArCBr; would be more reactive than ArCF,Br. Excess carrier fluoride could then be added to complete
rapid reformation of ArCFs.

R F Br Br 18F1E = Br Br - R F
XF %):» ArXBr %O]:f» Ar)(”F ﬁ Ar><18F

Figure 3.15. Two-step strategy for trifluoromethyl arene radiofluorination via formal isotopic exchange

Ar

More investigations into the direct isotopic exchange are also warranted (as per Scheme 3.25). High
temperatures could be examined, as well as different iron(IIl) acids. To confirm that the reaction is
indeed forming the desired ['*F] ArCF; product, radio-HPLC analysis would also be required. This
would also act to purify the product, and allow for specific activity determination. Further, a range of

other CF; substrates could be examined.
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3.5 Conclusion

The full potential of PET imaging is arguably only beginning to be appreciated. The ability to non-
invasively probe the distribution and activity of a compound in vivo is extremely powerful. Fluorine-
18 has emerged as one of the most effective radioisotopes for PET imaging, as a result of its favorable
imaging and half-life properties. However, there are a number of unique challenges in this field,

including the development of robust and efficient radiolabeling methods.

This chapter summarized the major strategies used for "*F introduction, with special focus on the
synthesis of ['*F] ArCF; groups. These are attractive substrates, given the ubiquity of ArCF; groups in
pharmaceutical chemistry. However, the chemistry in this area is limited, with considerable potential
for the development of novel methods. A particular objective that has yet to be realized is the efficient

synthesis of ['*F] ArCF; through isotopic exchange.

This chapter discussed the efforts made towards developing a new method for direct ['*F] ArCF;
formation. This approach aimed to extend the BX3/FeX; conditions discussed in the second chapter
into a radiochemical method. A preliminary positive result was observed, demonstrating the feasibility
of this method. However, more research is required to further explore these conditions and develop a

complete radiolabeling methodology.
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Chapter 4: Efforts towards the Synthesis of a Novel PSMA Radiotracer

4.1 Introduction to Non-Canonical Labeling

As mentioned in the previous chapter, a particular group of radiofluorination methods termed non-
canonical labeling have recently emerged (Figure 4.1). These reactions utilize nucleophilic ['*F] F-,
which binds to a heteroatom moiety that has been incorporated into the precursor, namely a
functionality based on a boron, silicon, or aluminum atom (non-canonical moiety).

~ [1°F1F-

18
R Y non-canonical labelin > R/\Y/ -
Y: Al B, Si 9

Figure 4.1. Non-canonical radiofluorination strategies

The advantage of this approach is that labeling conditions are exceedingly mild. Labeling often
occurs readily at room temperature, without a need for the high temperatures (70 — 220 °C) that are
required for ['*F] C—F formation. Formation of a strong heteroatom-fluoride bond is the driving force
for these methods. This reactivity is similar to C—F activation chemistry, except that the heteroatom
mediates inclusion of fluorine to a molecule-of-interest, rather than its removal. However, some of the
challenges include the synthetic attachment of the non-canonical moiety to a target precursor, as well
as the stability of the heteroatom-fluoride bond in vivo.

209.210 these methods have only received major research interest

Despite early work from the 1960s,
in the last 15 years.?'"?!? There are two general reaction categories utilizing boron and silicon moieties:
fluorine displacement of a leaving group (LG) from the heteroatom, and isotopic exchange (/E) of a
1F precursor with '°F fluoride. Distinctly, aluminum-mediated methods are based on the formation of

an ['®F] AI-F species, and its chelation by a radiotracer target.

This chapter gives an overview of each of these strategies. In addition, their application in the design
of clinical radiotracer candidates is discussed, with special focus on those targeting PSMA, an
important biomarker for imaging prostate cancer. The synthesis of a novel PSMA radiotracer designed

in the Schirrmacher Group is also described.

To design a clinical radiotracer, an existing bioactive scaffold is typically used, with distal inclusion
of the non-canonical moiety. Although these moieties facilitate efficient radiolabeling, a number of
other critical parameters can be altered by their introduction, such as lipophilicity (logP), binding
affinity (Kp), and stability. The tracer must ultimately be evaluated in preclinical (e.g. mouse models)
and clinical studies to evaluate biodistribution, and accumulation in the target tissue (e.g. tumor
uptake). This is quantified by units of injected-dose-per-gram (%ID/g), calculated from the activity

concentration in the particular tissue (Bq/g), as a fraction of the total injected activity (Bq).
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4.1.1 Overview of Silicon-Mediated Radiofluorination

In 1985, Rosenthal et al. found that chlorotrimethylsilane could undergo substitution to form ['*F]
fluorotrimethylsilane, with high efficiency (80% RCY).2"* However, in vivo studies showed rapid
bone-uptake of radioactivity, indicating fast hydrolysis of the '*F from the silicon moiety. In 2005,
Perrin and co-workers reported the labeling of a biotin-linked alkyl triethoxysilane 401, using carrier-
added fluoride (KHF>) under aqueous conditions, forming the [**F] tetrafluorosilicate product 402 in

near quantitative radiochemical yield (Scheme 4.1).2"*

H 18
N OEt N F
1 RN
o} OEt ["F] KF, KHF3 o] F
HN NH NaOAc (aq) HN NH
\‘( >99% RCY \‘(
(@) (0]
401 402

Scheme 4.1. Radiofluorination of a biotin-linked trialkoxysilane

Shortly after, Schirrmacher and coworkers showed that a dialkylfluorosilane compound 403, termed
a silicon-fluoride acceptor (SiFA) compound, could undergo isotopic exchange to generate the
radiofluoride analogue ['®F] 403 (Scheme 4.2).2"* An alternative leaving group approach was reported
by Choudhry and co-workers, who showed rapid substitution of #-butyldiphenylmethoxysilane to form
['*F] t-butyldiphenylfluorosilane, with aqueous ['"F] F~ at room temperature.z“’ The two tert-butyl
groups on the silicon were found impart the necessary stability towards hydrolysis, albeit at the cost

of an appreciable increase in lipophilicity.?"’

A( F 18 A( 18F
Si’ ['°F] KF, K222 > Sl/
)v ACN, 15 min, r.t. )v
85-95% RCY
403 ['8F] 403

Scheme 4.2. Radiofluorination of a dialkylfluorosilane via isotopic exchange

Since these pioneering reports, there have been numerous innovations in SiFA radiolabeling
methods, both within the /E strategy, and the LG strategy, in which a variety of different silicon leaving

218 Both approaches are able to deliver labeled compounds in

groups have been explored (Figure 4.2).
high RCY, with moderate-to-high molar activities in the range of 25—225 GBg/umol. One benefit of
IE is that it typically proceeds at room temperature, whereas the LG methods require elevated
temperatures, potentially limiting their application towards sensitive biomolecules. In addition, /E
tends not to produce side products, and the '®F product is chemically identical to the '°F starting

material. Thus, purification can be performed rapidly using a solid phase cartridge (SPE), whereas LG
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methods typically require HPLC purification to separate the '*F product from the chemically distinct

starting material.

\ F \ 18F \ LG
N Si\/ 8F source R N Si\ ~ 8F source N Si\/
R—: R Isotopic Exchange i R—: R Substitution R—: R
= Z P
o™
H OH OR o_ _R i’\> o © ©
LG: }": ?77': }z: 31: \n/ }'Q N ?":( \/\09; ‘fo{o\):o O]
o) \ _o_J

Figure 4.2. Overview of strategies for radiofluorination of SiFA compounds

The principal disadvantage of the SiFA moiety is its high lipophilicity. Introduction of SiFA to a
small molecule has a major effect on its physiochemical properties, typically worsening biodistribution
and overall pharmacological performance (leads to rapid hepatobiliary clearance). It is often necessary
to counter the lipophilicity increase by introducing polar auxiliaries, such as PEG linkers, aspartic acid
residues, carbohydrates, or quaternary ammonium salts. Much of the SiFA labeling work has focused
on peptides, which are typically large enough to tolerate addition of the SiFA moiety and retain their
biological activity. Since various peptide receptors are upregulated in many cancers, there has been a

major focus on radiolabeling tumor-homing peptides for PET imaging.

4.1.2 Overview of Boron-Mediated Radiofluorination

As previously discussed, boron forms very strong bonds with fluorine. In the early 1960s, initial

attempts were made to incorporate '*F into small molecules via binding to a boron moeity.?'**** In

recent years, this strategy has been pioneered by the Perrin Group.??' In an initial report in 2005, they
documented the efficient radiolabeling of aryl boronic ester 404 using aqueous ['*F] F, along with

carrier KHF,, resulting in an easily isolable ['*F] aryltrifluoroborate precipitate 405 (Scheme 4.3).2'

H H
S N S N
4 4
0 \©\B,o ['%F1KF, KHFp o \©\B,_F
HN NH (|) H,O, 1h, r.t. HN NH 18F’ SE
80% RCY
(e}
404 O 405

Scheme 4.3. Radiofluorination of a biotin-linked phenylboronate

For in vivo applications, Perrin and coworkers studied the hydrolytic stability of ArBF; substrates at

physiological pH and found that they were reasonably stable after 60 minutes, without any significant

74



release of '*F anions.??? This work countered the common belief that radiofluorination cannot occur in

aqueous media, due to the attenuated reactivity of highly solvated '*F anions.

As with SiFA compounds, isotopic exchange has emerged as a viable approach for ['°F]
trifluoroborates synthesis. The mild reaction conditions (pH ~ 2, room temperature), and minimal side-
product formation, lead to facile purification, without the need for HPLC.****** The weakness of this
methodology lies in the problematic, pH-independent hydrolysis of the ArBF; group to the
corresponding boronic acid, and the concurrent release of '*F~ anions.”** Perrin and coworkers found
that there is a simple linear correlation between the rate of ArBF; hydrolysis and the pK, of the

corresponding carboxylic acid, allowing for predictable design of trifluoroborate precursors.?

A major improvement to trifluoroborate stability was achieved with the design of a new moiety
containing a quaternary ammonium linker, referred to as an alkylammoniomethyltrifluoroborate
(AMBF}).226 This was demonstrated using non-dried BF solution to synthesize ['*F] 406, a rhodamine-
linked AMBF;, achieving an A, of 150 GBg/umol (Scheme 4.4). Compound ['*F] 406 showed
minimal hydrolysis in 37 °C human serum after 150 minutes, as well as excellent in vivo stability in

mice models, with minimal bone uptake.

X: 9F 406
["9F] KF, Kago
DMF/H,0 (pH 4.5) | 25% RCY
~ SP 80°C, 15 min
N © N —— X: "°F ['®F]406

Scheme 4.4. Radiofluorination of an AMBF'3-rhodamine conjugate via isotopic exchange

4.1.3 Overview of Aluminum-Mediated Radiofluorination

Aluminum mediated radiofluorination methods are based on chelation, similar to established
methods with gallium-68, another well-studied positron emitting radionuclide.'> The general
mechanism involves the in situ formation of a ['*F] AIF** cation. This requires buffering to pH 4, as
too acidic conditions result in ['**F]HF formation, and too basic in the formation of insoluble aluminum
hydroxides.”?’?* The ['*F] AIF*" species then binds to the precursor via a chelating moiety. An
example is shown in Scheme 4.5, in which complex 408 is formed upon coordination of ['*F] AIF**
with cyclic chelator 407.2° Advantages of this approach include compatibility in aqueous medium, as

well as a straightforward one-step labeling procedure. In general, the highest radiochemical yields are
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obtained by keeping the final reaction volume small and buffer solutions concentrated. A slight excess
of the chelating substrate over the aluminum species is also beneficial, as is the addition of an organic

co-solvent, such as ethanol or acetonitrile.*!

0
/—COH gy, 18E- 18F\/\ —~ _

N NaOAc, pH 4 N ...
R—N j —» R-N-AIZT
Q/N 100°C, 15 min K/‘N/"--o
\—co,H _<o
407 408

Scheme 4.5. General scheme for aluminum-based radiofluorination

The negatively charged oxygens in the chelating moiety (carboxylates) are crucial to ensure a stable
aluminum(IIT) complex is formed. The ionic character of these interactions is essential and affinity is
linearly dependent on the basicity of the coordinating moieties.*”-**> The Al-F bond is robust, with a

strength of ~160 kCal/mol, leading to high stability in vivo, and good biological compatibility.**-**¢

A summary of chelating moieties is shown in Figure 4.3. DTPA derivatives have long been known
to form stable complexes with group 13 atoms, serving as inspiration for the first chelation studies
with ["*F] AIF species.”’” However, it was found that a peptide-DTPA complex with ['*F] AIF lacked
the necessary stability in water and human serum.”* Attempts with cyclic chelators such as DOTA

and hexadentate NOTA derivatives (written NOTA)), such as SCN-Bz-NOTA, lead to low RCY.

o OH o
HO R o ?H_/—/<
(0) OH ) — S
HLOH o) N N o) HO\P N/—ﬁ >
- (0]
NSNSy /\n/ R [ 07 \__\ ]
o o o) O,S N N0 N~ oH R
OH OH HO OH 3 o)
DTPA DOTA TRAP
diethylenetriamine- 1,4,7,10-tetraazacyclododecane- 1,4,7-triazacyclononane-N,N',N"-tris
pentaacetic acid 1,4,7,10-tetraacetic acid (methyl phosphinic acid propanoic acid)
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Figure 4.3. Examples of common moieties used for radiometal chelation
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Labeling efficiency could be significantly improved using chelators bearing a 3N, 20 configuration,
such as in NODA-MPAA, or pentadentate NOTA derivatives (NOTAs)). In this configuration, there
remains a free coordination site for fluoride binding, leading to the formation of a stable octahedral
complex.”’ In contrast, the extra coordination site in hexadentate derivatives disrupts the aluminum-

fluoride bonding, and favors chelate formation of with aluminum alone (as an Al** complex).

4.2 Clinical Applications of Non-Canonical Labeling
4.2.1 In Vivo SSTr2 Imaging

A prominent target in clinical imaging is the somatostatin type-2 receptor (SS7r2). It is
overexpressed in many tumors, and in particular, is targeted to facilitate PET imaging of
neuroendocrine tumors (NET). As such, various synthetic analogues of the native ligand somatostatin
have been developed. The most common for radiotracer development are try*-octreotide (TOC), and
tyr’-octreotate (TATE), which is used in the current clinical standard ®*Ga-DOTA-TATE (NetSpot®).

This compound uses the radionuclide ®*Ga, which has some disadvantages compared to '*F.

Fluorine-18 has a lower positron energy (0.64 vs 1.90 MeV), leading to higher resolution images. It
also has a longer half-life (110 vs 68 minutes), providing more time for the preparation, transport, and
injection of the radiotracer. In addition, large multi-dose batches of '*F can be easily produced in a

cyclotron facility, whereas ®*Ga is produced in low dosages from a generator system.

Schirrmacher and coworkers initially demonstrated conjugation of a SiFA moiety (409) to an amino-
oxy functionalized TATE derivative (411), followed by isotopic exchange to form SiFA-TATE ['*F]
411 in 95% RCY (Scheme 4.6).>'* However, the increase in lipophilicity imparted by the SiFA group
lead to substantial hepatobiliary excretion and non-specific binding in a rat tumor model, making ['*F]

411 unsuitable for PET imaging,

The increase in lipophilicity could be counteracted by introducing polar auxiliaries, including a
dimethylammonium moiety linked to the SiFA arene, termed a SiFA/in group. These additions resulted
in the development of the current clinical lead ['*F] SiFA/in-Glc-Asp,-PEG;-TATE (412), which can
be producing using isotopic exchange in 53 % RCY and 44 —63 GBg/umol A, (Figure 4.4).**
Preclinical studies in tumor-bearing mice showed favourable performance of 412, with improved
tumor accumulation at 60 minutes post-injection over ®*Ga-DOTATATE (18.5 vs 14.1 %ID/g).**!
Bone uptake was minimal, and high tumor-to-blood and tumor-to-muscles ratios were observed (> 55

and >210 respectively).
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Scheme 4.6. Synthesis and radiofluorination of a SiFA octreotate conjugate

The first clinical evaluation of 412 (renamed ['*F] SiTATE) was recently published, wherein it was
evaluated for the imaging of NET, relative to [**Ga] DOTA-TOC.****** Although uptake was slightly
higher in the liver, spleen, and adrenal glands, and much higher in the kidneys, 412 also showed very
good tumor uptake, greater than [®*Ga] DOTA-TOC in almost all tumor lesions. Overall, image quality
was comparable between the two tracers, indicating that 412 represents a viable alternative for NET

imaging.
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Figure 4.4. Structure oflabeled SiTATE

The AMBF; moiety developed by Perrin and coworkers was also combined with tyr’-octreotate to
develop a candidate for NET imaging. This compound, ['*F] AMBF;-TATE (413), was synthesized
via isotopic exchange under aqueous conditions in 20—25% RCY, with a A, of 111 GBg/umol (Figure

4.5).2% Preclinical studies confirmed that 413 binds to SSTr receptors, and that clearance from non-
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targeted tissue is rapid. An outstanding safety profile was observed, with no adverse effects observed
upon treatment with a 1000-fold clinical dose.**® A clinical study on the effectiveness of 413 to image

NET is ongoing.
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Figure 4.5. Structure of fluorine-18 AMBF3-TATE
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4.2.2 In Vivo GRPr Imaging

The imaging of Gastrin-Releasing Peptide receptors (GRPr) is important in the diagnosis of several
cancers, particularly prostate cancer, utilizing radiolabeled analogues of bombesin-type peptides. The
latest SiFA conjugates with bombesin have also included polar auxiliaries to counterbalance the
lipophilicity, such as the cysteic acid containing derivative (414) reported by the Ametamay Group
(Figure 4.6).**” However, despite improvements from the first generation of SiFA derivatives (without

polar auxiliaries),”** 414 was found to have poor tumor uptake and significant hepatobiliary clearance.

Wiingler and coworkers evaluated SiFA bombesin analogues with added PEG chains, along with
carbohydrates and other acidic resides.”*” However, these compounds had high liver accumulation,
and were unsuccessful in imaging the target tumors. These issues might be alleviated by introducing

the SiFA/in moiety, but no such bombesin analogue has been reported to date.

SOgH

0
T N ﬁa/\ﬂ/ “GIn-Trp-Ala-Val-N\MeGly-His” Y N /'\f
: i H
Bu ~s ) 0 0]

s0,H
Bu M4

Figure 4.6. Structure of a SiFA bombesin derivative

4.2.3 In Vivo Integrin Imaging

Angiogenesis is a fundamental process in the growth and metastasis of many cancer types. Integrin
glycoproteins, in particular o83 and o,Bs are highly upregulated in vascular endothelial cells during
this process, and as such, are important targets in oncological imaging.”* These are targeted by various
probes containing the arginine-glycine-aspartic acid (RGD) amino acid motif, a prominent example
of which is the bicyclic RGD compound Fluciclatide.”®' Wingler and coworkers demonstrated that the
SiFA group could be readily incorporated into the Fluciclatide scaffold. SiFA carboxylic acid 415 was
readily incorporated at the end of a solid-phase peptide synthetic sequence, under standard FMOC
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conditions (Scheme 4.7).*

Resin cleavage, and subsequent radiofluorination produced tracer 418,
with molar activities of up to 60 GBg/umol. As with other SiFA tracers, introduction of polar
auxiliaries was vital to ensure favorable pharmacokinetics, exemplified by compound 419. This tracer
showed encouraging tumor uptake at U87MG tumor-bearing mice (5.3 %ID/g), as well as favorable

biodistribution, and rapid blood clearance.
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Scheme 4.7. Synthesis and radiofluorination of SiFA fluciclatide conjugates

Perrin and coworkers utilized the boron-based strategy to label a dimeric cyclic RGD peptide,
labeling an arylborimidine precursor with carrier-added ['®F] F to form an ['*F] ArBF; tracer.?>
Alternatively, an alkyne-linked arylborimidine can first undergo radiofluorination to form ['*F] ArBF;,

followed by CuAAC conjugation with an azide-linked RGD peptide to form the tracer.”*?

Isotopic exchange of trifluoroborates has also been used to radiolabel RGD peptides. The Perrin
group used this approach to label a dimeric cyclicRGD under acidic conditions, achieving the ArBF;
product ['*F]420 in 65% RCY, with a very high A, of 518 GBg/umol (Scheme 4.8).>** This radiotracer
was administered to U87MG tumor bearing mice, but was found to have somewhat low tumor uptake

0f 2.0 %ID/g at 30 minutes post injection, and a moderate tumor-to-muscle ratio of 3.9.
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Scheme 4.8. Radiofluorination of a cyclic RGD trifluoroborate conjugate via isotopic exchange

The ['®F] AIF strategy was also applied to the labeling of RGD peptides. Cheng and coworkers
reported the synthesis of labeled cyclicRGD dimer, combined with a NOTA moiety (AIF-NOTA-
RGD,).> This radiochemistry showed improved efficiency relative to previous methods for RGD
dimer synthesis, and promising in vivo stability. Further modifications were made to this scaffold,
such as addition of PEG-linkers between the RGD and NOTA moieties, resulting in the development
of Alfatide I and Alfatide II. These have been investigated in a number of clinical trials, showing their

potential to become useful tools for the early detection and monitoring of various cancers.

4.2.4 In Vivo PSMA Imaging

Prostate cancer is one of the most prevalent cancers in men, and leads to circa 3 million deaths each
year.”*® Although the discovery of prostate-specific-antigen (PSA) has improved early diagnosis and
treatment, it fails to account for the heterogenous nature of prostate cancer, which can range from
localized and slow growing, to highly aggressive and metastatic.*”-?>* In addition, established imaging
strategies are limited in their ability to evaluate metastatic progression, and thus determine which of
numerous treatment options are warranted.””” These problems demonstrate the need to develop new

diagnostic tools for monitoring prostate cancer.

In 1987, a new antigenic marker was discovered, a transmembrane protease termed prostate-specific
membrane antigen (PSMA), also known as glutamate carboxypeptidase type II (GCPII).**® Almost all
prostate cancers show significant PSMA overexpression, up to 1000-fold over healthy cells, with levels
directly correlating with the progression of the disease.”®":2%? These are ideal properties for a biomarker,
and as such, there has been significant focus on the development of PMSA-targeting radiotracers, for
either imaging or therapeutic applications.”**** In addition, the PSMA complex undergoes cellular
internalization upon binding of the ligand, contributing to the high tumor retention of targeting

radiotracers.?®

81



Elevated PSMA expression has also been observed in other solid tumors, offering further clinical

1 266

potential.””” However, PSMA is found in some healthy tissues, including cells of the nervous system,

the small bowel, as well as the kidneys, and the salivary glands, the latter two of which often account

for the majority of off-target uptake with PSMA tracers.?** 267

Structurally, PSMA consists of an intracellular, transmembrane, and extracellular domain. The
extracellular domain contains the active site, which is comprised of two pockets.*®® The S1° pocket is
involved in the binding of a glutamate residue in native ligands, whereas the other pocket S1 is more
flexible and is less selective in its binding mode. This active site also contains two zinc ions, which

bind to the ligand and aid in cleavage of the peptide bond.

PSMA is also known as N-acetyl-alpha-linked acidic dipeptidase (NAALADase), as it acts to cleave
NAAG (421) to liberate acetylaspartate (422) and glutamate (423) in the central nervous system
(Scheme 4.9). This is an important process in neurological signaling, as glutamate is the primary
excitatory neurotransmitter. However, excessive glutamate can lead to neuronal damage and is
associated with various neurodegenerative diseases.”® The first inhibitors were developed in this
context, with the potential to provide a neuroprotective effect.’”” A series of analogues were developed
based either on NAAG (urea compounds), or the tetrahedral intermediate that is formed during NAAG

hydrolysis in the active site (phosphates, phosphonates, phosphoramidates), as shown in Scheme 4.9.
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Scheme 4.9. Hydrolysis of the NAAG peptide and structures of related synthetic analogues

Modern PSMA-targeting agents continue to utilize one of these two binding motifs, and have been
used to form various bioconjugates, including antibodies, antibody-drug conjugates, toxin conjugates,
and photodynamic therapy conjugates.”®® In the radiotracer context, there are numerous examples
under clinical investigation, utilizing a range of different isotopes, chiefly gallium-68 (e.g. “*Ga-
PSMA-11) and fluorine-18 (see leading examples in Figure 4.7).*"' These established '*F-tracers
utilize tradition methods for radiofluorination, and as such, there has been recent focus on applying

non-canonical methods to PSMA tracer design, given the advantages they offer (vide supra).
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Figure 4.7. Structure of leading PSMA targeting fluorine-18 radiotracers

The aluminum strategy was first non-canonical approach to be applied to PSMA targeting, given the
similarity to already existing tracers for radiometal chelation. Malik et al. demonstrated proof-of-
principle in 2012, designing a NOTA derivative based on the lysine-urea-glutamate (KuE) scaffold
(see Figure 4.8).27* The tracer, ['*F] AIF-NOTA s-DUPA-Pep, was synthesized in a high RCY of 83%,

although no follow-up biological studies were performed.

A subsequent tracer incorporated the acyclic chelator HBED, resulting in ['®F] AIF-PSMA-11
(Figure 4.8). This was inspired by previous HBED tracer **Ga-PSMA-11, which exhibited strong
chelation with Ga®* ions. Incorporation of ['*F] AIF** was fairly efficient, with optimal yields occurring
at lower temperatures (49 % RCY at 35°C). Production-scale optimization on automated synthesis
units affords 18 — 21% n.d.c. RCY, and high molar activities of 120 — 544 GBq/umol. In vitro studies
were performed using a human prostate carcinoma cell line LNCaP, finding that binding affinity Kp
was comparable to the ®*Ga-analogue (10.3 vs 12.6 nM). Tumor uptake was also comparable (10.8 %
ID/g) in a tumor-bearing mice study, as were the typical high values for kidney, bladder, and salivary
gland uptake. Slight bone uptake was observed, indicating formation of free fluoride and hydrolysis

of the ['8F] AIF species. However, this did not have any impact on tumor uptake or visualization.

In a recent example, a new radiotracer ['®F] AIF-PSMA-BCH was reported, along with preclinical
data, as well as a pilot clinical study (11 patients).”” The manual synthesis was moderately efficient,
with an RCY of 32%, and molar activities of 13 — 19 GBq/umol. Both in vitro and in vivo studies
suggested good tracer stability. Good tumor uptake of 7.9 %ID/g was observed, along with typical
off-target accumulation (kidneys, salivary glands). The detectability of tumor lesions in the clinical

study was also found to be good, indicating promise for further investigation.
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Figure 4.8. Strucutre of PSMA targeting cheltor-AIF radiotracers

In 2019, the Perrin Group designed a series of eight trifluoroborate PSMA-ligands, also based on the
KuF scaffold (select examples in Figure 4.9), and screened their labeling performance, as well as a
number of in vitro and in vivo parameters.’”* Binding affinities (Kp) were determined using LNCaP
cells, and biodistributions values were obtained using LNCaP-xenograft bearing mice. The structures
contained either the AMBF; moiety (e.g. 424) or a pyridnium-BF; scaffold (e.g. 426). The smaller
unelaborated structures, such as 424 and 426, displayed low relative affinities (Kp = 12 —28nM),
whereas introduction of a naphthylalanine-tranexamic acid motif (425) led to improved affinities (Kp
< 2nM). The best affinity of 0.22 nM was obtained in an extended analogue of 425, containing two
glutamate-triazole-AMBF3; motifs (427, not shown).
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Figure 4.9. Structure of PSMA targeting BF; radiotracers
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All eight analogues were obtained after HPLC purification in moderate yield (4 — 16 % RCY n.d.c.)
and high An, (56 —278 GBg/pmol). They all showed normal high renal uptake, and good tumor uptake
in the biodistribution studies, with the highest obtained for 427 at 16.7 %ID/g. This compound also
displayed low hepatobiliary clearance, and overall low background activity, identifying it as the lead
compound for future research. High hepatobiliary clearance is problematic as it often leads to poor

tumor uptake, and hinders detection of small lesions in the pelvis and liver.

In the following year, Perrin and coworkers reported another KuFE analogue, containing a DOTA
moiety (DOTA-AMBF;-PSMA) that can be labeled in two distinct ways (Figure 4.10).>” Incorporation
of "¥F can occur via the AMBF; moiety, whereas various radiometals can be incorporated by DOTA

276

chelation. As such, this tracer can form a theranostic pair,”"” two chemically identical compounds, but

containing differing radionuclei (isotopologues), illustrated by the example in Figure 4.11.

CO;
0 [
SN N
SN \n/\ N >
H H
Glu-urea-Lys N p o N \\
N
j/ e} \) COs
Naphth <
COy
N ] i
) [_F

DOTA-AMBF;-PSMA ‘,:l_z’ /;B(
("9F / free form) lil"'\ F
Figure 4.10. Structure of a PSMA targeting DOTA AMBF; radiohybrid

In this example, compound A could be formed by chelation of non-radioactive lutecium (**Lu), and
isotopic exchange to incorporate '°F, forming a compound suitable for PET imaging. Conversely,
compound B could be labeled with '""Lu, thereby acting as a therapeutic agent via the emission of .-
particles that kill the surrounding cells. Since A/B would exhibit identical in vivo behavior, imaging
with species A also provides the exact biodistribution profile of B. This strategy allows for therapeutic
targeting and dosimetry to be tuned to a specific patient, offering exciting precision in the field of

personalized medicine.

PSMA Ligand PSMA Ligand

A (imaging) B (therapy)
Figure 4.11. Conceptual example of the radiohybrid strategy

85



Alternatively, two B emitters could be used to form an identical imaging pair, for instance "'Ga/'*F
and *Ga/'’F. This offers extra synthetic flexibility, allowing either isotope to be used for labeling,
easing the challenge that the target isotope is not always available in every radiopharmaceutical facility
at all times. More generally, these compounds that are able incorporate two different radionuclei can

be classified as radiohybrid ligands.

The DOTA-AMBF3-PSMA compound was first evaluated for binding affinity, showing no significant
difference from previous analogues at 9.3 nM.?”* Various radionuclei combinations were synthesized
and evaluated in LNCaP-xenograft bearing mice, summarized in Table 4.1. Yields and molar activities
varied, but were unoptimized, and proved sufficient for this preliminary study. Tumor uptake was good
in all cases, supporting the feasibility of theranostic strategies for PSMA imaging. In addition, the
metal-free complex (‘°F/free) showed low liver uptake, indicating that, regardless of radiohybrid

applications, either bound or unbound DOTA appears to act as an effective polar auxiliary.

Table 4.1. Labeling and in vivo performance for different forms of DOTA-AMBF ;-PSMA

. . molar activity tumor uptake
nuclide pair RYC (%) (GBq/ umol) (%ID/ )
BE/ free 1.0 137 10.6
Bp/micy 2.7 178 14.3
b Ao 10 3.3 11.6
natp 77y 41 348 11.2

A similar radiohybrid strategy was employed by the Wester Group, synthesizing a series of five
tracers containing with both a SiFA group and a chelator moiety (rhPSMA-5 to -10).>”” The PSMA-
binding motif was comprised of either the KuFE motif (vide supra) or the analogous EuFE scaffold (as
in thPSMA-7), and either a DOTA or TRAP chelator (Figure 4.12). The EuE compounds showed
improved affinities (ICso) over those containing the KuFE motif, with values of 2.5 — 4.5 nM. Notably,
there was no appreciable difference in binding affinity between the gallium-chelate and free form of
each inhibitor. Similarly, additional in vitro studies showed comparable levels of receptor

internalization between each form, with slightly higher values for the metal-free species.

Each of the FuFE compounds was labeled with gallium-68 (ca. 60% RCY, 59 GBq/umol) and
evaluated in LNCaP tumor-bearing mice, showing good tumor uptake, comparable with the clinical
standards (7 — 12 % ID/g). Undesired liver uptake and ensuing hepatobiliary clearance were also
minimal, correlating with other examples in which cyclic chelator moieties act as effective polar
auxiliaries. Indeed, logP values were between —2.0 to —3.5, corresponding to a marked increase in

hydrophilicity relative to typical SiFA compounds.

The thPSMA-7 compound was identified as a lead, and the free ['*F] thPSMA-7 was synthesized for

in vivo comparison with the [**Ga] "’F-rhPSMA-7 analogue. Although biodistribution was similar
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between the two species, the free ['®F] thPSMA-7 species showed somewhat higher renal uptake and
lower tumor uptake (5.5 vs 8.6 %ID/g), despite being slightly favored in the in vitro studies (with a
higher degree of internalization). Although somewhat ambiguous, these results seem to indicate the
benefit of gallium inclusion. Interestingly, the gallium complexes were also less lipophilic than the

free complexes.
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Figure 4.12. Structure of a PSMA targeting SiFA DOTA radiohybrid

Subsequently, clinical studies were performed with ['*F] " Ga-rhPSMA-7, which was optimized for
production on an automated synthesis unit, with an average of 49% RCY and 291 GBq/pmol A,.*"™
Biodistribution in healthy subjects was similar to preclinical observations, and allowed for
determination of radiation dosimetry. Studies on prostate cancer patients showed that ['*F] Ga-
rthPSMA-7 had a similar ability to detect metastatic lesions as an established tracer [**Ga] PSMA-11.

In these initial studies, ['*F] Ga-thPSMA-7 was present as a mixture of four stereoisomers (Figure
4.12). The individual isomers were synthesized to compare their in vivo performance, identifying
modest advantages for the isomer referred to as hPSMA-7.3 (R at the SiFA arm, S at the DOTA arm),
showing high tumor uptake with minimal increase in kidney, liver, and blood uptake.”” As such, '*F-
rthPSMA-7.3 is currently being evaluated in phase III clinical trials, with initial results suggesting it is

superior for determining metastasis in newly diagnosed prostate cancer.**’

Schirrmacher, Wuest, and colleagues also designed a series of PSMA-targeting tracers that
incorporated the SiFA group to the lysine-urea-glutamate (KuE) scaffold (select examples in Figure
4.13).*"! The first analogue (428) integrated a SiFA moiety via a simple oxime ether linkage, and was
found have moderate lipophilicity (LogD74=-1.0) and receptor affinity (ICso = 106 nM). Introduction
of a PEGq linker (427) lead to a slight improvement of LogD, but decreased binding potency 5-fold.
As a result of their hydrophobic nature, these compounds showed very high liver/intestine uptake in
LNCaP-bearing mice, resulting in favored hepatobiliary clearance and low tumor uptake. To combat
these issues, the authors introduced a series of polar auxiliaries, with the aim of reducing the

hydrophobicity imparted by the SiFA motif.
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Introduction of sulfonamide linkers proved ineffective at improving LogD values. On the other hand,
introduction of one-to-three aspartic acids residues, along with a PEG3 chain (e.g. 429), had a major
impact on hydrophilicity, reducing the LogD7.4 values to circa —3.1. However, only the analogues
containing two-or-three aspartic acid residues were found to have improved tumor uptake, and showed
a shift away from hepatobiliary clearance to a primarily renal pathway. The Asp, compound 428 was

recognized as the lead, showing a tumor uptake of 5.6 %1D/g.
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Figure 4.13. PSMA targeting SiFA radiotracers

A new labeling protocol was also reported, allowing for the manual synthesis of 429 in > 70 % RCY,
with an A, of 86 GBq/umol. The standard procedure (q.v. section 3.1.4) was adapted such that only ~
1/10 of the eluent solution is used to elute the '°F (termed the four-drop-method). Elution efficiency
remained high (>80%), relying on the fact that the '°F is largely trapped at the top of the QMA during
passage of the '®F-cyclotron solution, and can thus by recovered efficiently by reversing the direction
of flow before passage of the eluent. The leading advantage of this method is that it keeps the amount
of base eluted to a minimum and increases consistency, thereby assuaging the need to perform a pH
adjustment after the azeotropic drying is complete. This subsequently allows for low precursor loading

(10 nmol), facilitating the formation of high molar activity products.

4.3 Synthesis of a Novel PSMA-Targeting Radiotracer
4.3.1 Radiotracer Design

Although the initial evaluation of SiFA-Asp,-PEG3;-PSMA (429) was fairly positive, there remained
opportunities for improvement. An intriguing possibility was the inclusion of a polar

dimethylammonium motif to a PSMA tracer, given the improvements observed upon its introduction
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to octreotate analogues. Paradoxically, previous tracers seemed to benefit from the inclusion of a
hydrophobic naphthylalanine-tranexamic acid motif (e.g. 425), adjacent to the KuFE scaffold. A new
tracer was designed to incorporate both of these elements, while maintaining the diaspartic acid
scaffold present in the previous lead compound (429). An 8-carbon linker was introduced adjacent to

the KuE, as a simple mimic of the hydrophobic tranexamic motif, while a quaternary ammonium

O

moiety was placed adjacent to the Asp, to maintain hydrophilicity (Figure 4.14).
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Figure 4.14. Structure of a lead PSMA targeting SiF A radiotracer

This compound SiFA-Asp:-QA-Cs-PSMA (430) was previously synthesized on a trace scale in the
Schirrmacher Group to perform preliminary biological evaluation (unpublished). Excitingly, this
compound 430 showed significant improvements over previous analogues, with a tumor uptake in
LNCaP-bearing mice of 9.6 %ID/g. This is depicted by the PET images shown in Figure 4.15, wherein
the LNCaP tumor is somewhat visible with the Asp, compound 429, but strongly visible with the new
compound 430. By comparison, the tumor is not visible in the first-generation compounds (428, 427),

which only show diffuse abdominal uptake (intestines).

['8F] SIFA-PSMA ['8F] SIFA-PEG,-PSMA ['8F] SIFA-ASP,-PEG,-PSMA  ['8F] SIFA-Asp,-QA-C4-PSMA
428 427 429 430

Figure 4.15. PET scans of LNCaP-mice with different PSMA targeting tracers

It therefore become an important goal to synthesize a larger batch of 430 (~200mg), to enable further
in vivo evaluations, as well as in vitro studies, such as determination of binding affinity and cellular
internalization. This required the synthesis of multiple building blocks, starting on a multi-gram scale,

as presenting below in Scheme 4.10.
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4.3.2 Synthetic Progress

The synthesis began with introduction of the SiFA motif, following protocols previously established
in the Schirrmacher Group.?**** Lithium-halogen exchange was performed with aryl bromide 431,
facilitating in situ formation of the corresponding aryl lithium species. Addition to the silylfluoride
reagent (‘Bu),SiF; resulted in the formation of SiFA arene 432, isolated in 82% yield after column
purification. However, this decreased to approximately 50% yield upon scale-up from 0.5 to 4.5 g, as

a result of difficult separation between the starting material and product on a large-scale silica column.

Acidic deprotection of the silyl protecting group in 432 afforded SiFA alcohol 433. Stepwise
oxidation to the corresponding aldehyde (434), and subsequent carboxylic acid (435) proceeded
efficiently. The carboxylic acid was then activated with EDCI, followed by coupling with N-
hydroxysuccinimide to afford active ester 436 (~900 mg).

OTBDMS OTBDMS OH
1. BulLi, Et,0 aqg. HCI PCC
— ‘B > ‘Bu >
o 2 (BukSF, - MeOH si’ 0°C - rt.
r —78°C > rt. JF 80% yield o F 98% yield
431 432 BU over two steps 433 Bu

iINE 85% yield 1'SE 70%yle/d

(0]
aq. KMnQg4 EDCI
H NaH,PO4 HO NHS
_——
_,’Bu DCM, ‘BuOH _,'Bu tBu
Si S
435 ' E

434 'Bu Bu
'BuO,C._ BquC
437 1. NHS, EDCI
_DMF__ Ho\n/\ _DMF6h \n/\
DIPEA 24 tBu
33% yield 26% yield ‘BuO,C
t

Scheme 4.10. Progress towards the synthesis of SiFA-Asp,-QA-Cy-PSMA

Amidation was then achieved via the addition of #-butyl protected aspartic acid 437 (L-Asp(O'Bu)-
OH) to the NHS-ester 436, in the presence of base. However, the reaction proved difficult to push to
completion, and often stalled before all the starting material was consumed. As such, the product 438
was isolated in fairly low yield after column purification. The second amidation was performed via a
two-step method, starting with activation of the free carboxylic acid with EDCI/NHS, followed by

addition of aspartic acid 437. Purification could not be performed on silica, requiring reverse-phase
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preparatory HPLC to afford the product 439 in a low yield of 26 %. Further optimization of the HPLC

method is anticipated to improve this yield.

The route to complete of the synthesis of 430 is depicted in Scheme 4.11. An additional amide
coupling with the quaternary ammonium fragment 440 would afford species 441. This azide-
containing species could act as a partner for a CuAAC (click) reaction. The alkyne partner for this
reaction 443, containing the KuF scaffold, can be readily synthesized from amino acid building blocks.
After azide-alkyne coupling, treatment of the resulting product with aqueous acid would affect
universal deprotection of the z-butyl esters to reveal free carboxylic acids. Finally, radiofluorination

via isotopic exchange of the SiFA moiety would afford the final radiotracer 430.

BUOCL
H : 1. NHS, EDCI, DMF, 3 h
N Y Ny ' m---m--mss s sssmssssmsss===- ]
" \g/\H By % \N/ :
Bu .
tBUOzC Si\ /\/ \/\NHz 1
439 | ~F 440 v
Bu
tBUOzC
1. 443, Cu cat.
N
2. HCI, MeOH
[1%F] SiFA-ASp-QA-Cy-PSMA == ===Z1 === - - \/\N \ﬂ/\ ’B
3. [BF KF, Kypp u
430 N3 ’BquC
I
-
CO,'Bu
a2 T co ‘B
25U 443
t
ClHsN™  "CO2'Bu ‘BuO,C”~ COZ’Bu
\_ _J

Scheme 4.11. Future efforts required to complete the synthesis of SiFA-Asp,-QA-Cy-PSMA

4.4 Conclusion

Since the seminal reports in the mid-2000s, non-canonical labeling strategies for fluorine-18
incorporation have grown substantially. Initial drawbacks of these methods included insufficient '*F-
bond stability in vivo, and significant changes to pharmacological behavior imparted by the non-
canonical group. Major advances from the application of new chelator moieties have addressed these
issues for aluminum methods. Boron/silicon methods have benefited from modulating the groups
surrounding the heteroatom, and via introduction of polar auxiliaries, with numerous developments in

both the leaving group and isotopic exchange approaches.
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The simplicity and practicality of these methods for labeling and purification represent a major
advantage over the classical C—F bond forming reactions. As such, the use of these methods to label
peptides are becoming more common, with many examples of integration into clinical imaging
candidates. This includes the imaging of important cancer biomarkers, such as SS7r2 and GRPr
receptors, integrin glycoproteins, and PSMA membrane receptors. The latter is a critical marker able

to identify the progression of prostate cancer, and has been a prevalent tracer target in recent years.

PSMA analogues incorporating a non-canonical moiety have been thoroughly investigating by the
networks of Perrin, Wester, and Schirrmacher. The initial compounds disclosed by the Schirrmacher
Group suffered from a number of limitations, including low tumor uptake and high hepatobiliary
clearance in tumor-bearing mouse studies, although moderate improvement was observed upon
introduction of a diaspartic acid motif. To further improve these properties, an aliphatic linker and
quaternary ammonium salt were incorporated to the tracer design, and the resulting compound SiFA-

Asp2-QA-Cs-PSMA was found to have excellent performance during preliminary in vivo evaluation.

As such, a higher-scale synthesis of this compound was undertaken to achieve greater quantities to
facilitate further in vivo and in vitro evaluations. Moderate synthetic progress was made, with the
completion of seven synthetic steps. To finish the tracer synthesis, three additional synthetic steps are
required, followed by a radiofluorination step, utilizing the SiFA moiety to perform isotopic exchange.
This compound is a promising candidate for clinical evaluation, with the potential to be a

transformative tool in the diagnosis of prostate cancer and related pathologies.
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Chapter 5: Summary and Conclusion

5.1 Thesis Summary

Organofluorine compounds have long fascinated chemists for their unique physical properties, and
have found numerous applications in the pharmaceutical, agrochemical, and materials science fields.
In addition to the various developments for introducing fluorinated moieties, there has been much
recent attention on C—F activation, chemistry designed to target the cleavage of C—F bonds. This offers
a valuable tool for degrading environmentally harmful fluorine waste streams, as well as a singular
strategy for accessing complex fluorinated functionalities. For example, mono-functionalization of the
ubiquitous ArCF; moiety affords a range of valuable difluoromethane compounds (Figure 5.1), as

highlighted in the opening chapter.

single electron reduction . Ar/CFz « 4+ F- \ —_——

Ar _CF,H
—

CF }oxidative addition CF,—[M|—F —0—44 8 » CF,X | high-value
[A"/ 3 > A7 2 Ar” difluoro motifs

—

CF,;R

. ) . / Ar/ 2

fluoride abstraction > A /CFZ + F—LA ___

Figure 5.1. Summary of C—F activation strategies and products of mono-functionalization

A wealth of different strategies have been used for C—F activation, such as electrochemistry,
photoredox, transition-metal mediated methods, and the exciting field of Lewis acid activation. The
latter was highlighted by the description of several recent cutting-edge examples in the opening
chapter, with leading work from the groups of Oestreich, Stephan, and Young. Acidic boron and silicon
reagents are forefront in this area, driving reactivity via the formation of strong bond with fluorine.
C-F activation remains a hot topic in organic chemistry, and will likely continue to see exciting new

developments in the years to come.

Although initiated by a serendipitous discovery, the appeal of achieving C—F activation of ArCF3
moieties became readily apparent within the Williams Group. The ability of ferric halides to catalyze
ArCF; halogen-exchange of was investigated experimentally, and through computational studies
which suggest that the iron species is the direct activator of the C—F bond. This platform was used to
readily synthesize ArCXs products, whereas targeting ArCF,X products necessitated the use of a
design-of-experiment approach for optimization (Figure 5.2). This highlighted the utility of DOE for

organic methods development, wherein it has seen relatively little uptake.

This method is rather practical, utilizing low-cost and readily available reagents, without the need

for any delicate techniques or equipment. As with many of the precedents for C—F functionalization,
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the use for an acidic boron reagent was the driving force for this reactivity. The synthesis of ArCF.X
products was found to run smoothly with a range of functionalized substrates, including the
agrochemical flufenoxuron. It is envisioned that this method will find use in medicinal chemistry,
given its potential to facilitate late-stage diversification. Although moderately yielding, much of the
product distribution was accounted for by the starting material, which can be recovered after the

reaction.

CFs cat. FeXs BX3 CXs CFX
> or
Aliphatic C-F cleavage

Iron catalysis X: Cl, Br

practical conditions
DOE optimized

Figure 5.2. Summary of the method developed for the halex of trifluoromethyl arenes

The central role of PET in modern medical imaging was discussed, as well as the increasingly
important role of the '*F isotope, which has a number of intrinsic advantages over other B emitters.
As aresult, the development of new radiofluorination methods have garnered much recent interest. An
attractive goal is the radiosynthesis of ['*F] ArCF; substrates, given the increasing prevalence of the
CF; moiety in pharmaceuticals. However, literature reports on the direct formation of ['8F] CF;
moieties via isotopic exchange have been minimal, and necessitated the use of harsh conditions. As
such, this area was deemed worthy of further study, with the aim of achieving mild conditions for CF3

isotopic exchange.

Screening reactions were performed using BX3/FeXs reagents, wherein these would drive the initial
C-F abstraction, along with potential to participate in the redelivery of an '°F anion. Effecting the
desired reactivity with these conditions proved rather challenging, with the majority of conditions
generating zero-value conversions. However, a single preliminary encouraging result was observed,

indicating that this approach may be feasible.

The fourth chapter provided a discourse on non-canonical labeling, a class of methods that are also
contingent on the formation of a strong fluorine bond with boron, silicon (or aluminum) moieties.
However, rather than using these elements for defluorination, they are incorporated to a bioactive
compound, as a handle that facilitates rapid "*F-incorporation. There are various clinical candidates
containing non-canonical moieties, namely those targeting cancer biomarkers to facilitate tumor
imaging. In particular, the PSMA receptor has been an attractive target for tracer development, and the
synthetic efforts towards a new compound SiFA-Asp>-QA-Cs-PSMA were described. Excellent
performance in initial in vivo studies suggest that this compound is a promising candidate for imaging

prostate cancer.
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5.2 Future Directions

The ArCF; halogen-exchange work was the first incursion into C—F activation by the Williams
Group, and is anticipated to serve as a foundational study to guide continued investigations in this area.
One potential opportunity is to expand the scope of ArCXs synthesis, which was not central to this
work. Another appealing avenue for investigation is the development of one-pot methods, combining
the formation of ArCXs/ ArCF,X products with a subsequent reaction. For example, one could
envision the rapid conversion of ArCF; to the corresponding ArCO;H, proceeding via an ArCXs

intermediate that is hydrolyzed in situ.

A potential approach to improve the yield of the ArCF,X products, is to apply this reaction to a
continuous flow system, as these are known to facilitate selectivity control in reactions with a complex
kinetic profile.""! The preliminary boron triiodide studies revealed intriguing divergent reactivity, with
the potential to form benzyl iodide or benzaldehyde products, which are well-suited to undergo
addition of nucleophilic species. As such, this method has the potential to facilitate late-stage
unmasking of the inert CF3 group and facilitate further reactivity. The application of these methods to
alkyl-CF3 substrates or perfluoroalkanes is also of interest, given their propensity to be unreactive or

sluggish under most conditions.

In the ['*F] ArCF; investigations, a greater examination of eluent mixtures could allow for
identification of conditions compatible with halex reactivity. For example, application of the four-
drop-method may avoid the issues of KoCO; shutting down reactivity. Upon achieving a protocol for
efficiently introducing dry 'F to the halex reaction mixture, various parameters can be altered for

optimization, including reaction temperature, solvent, and ratio of '*F-to-precusor.

A fairly straightforward scheme has been established to complete the synthesis of SiFA-Asp,-QA-
Cs-PSMA. Biological studies will then be performed, including in vitro studies to determine binding
affinity and cellular internalization, as well as in vitro mouse-studies to further evaluate biodistribution
and tumor uptake. If results are positive, clinical studies will ultimately be performed, first on healthy
volunteers, followed by prostate cancer patients. The radiofluorination step will also require

optimization to ensure the product is formed with high molar activity and radiochemical purity.
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5.3 Conclusion

An underlying theme of this thesis has been the use of boron or silicon moieties to control the
reactivity of fluoride or organofluorine species. These heteroatoms evidently have a special role in the
fluorine chemistry field, yet are quite diverse in the type of reaction that they can perform. Their
functions range from catalytic initiators, active catalytic species, FLP partners, intramolecular fluoride
abstractors, to participators in the new bond-forming step, with the ability to facilitate various C—F
functionalizations, such as hydrodefluorination, halogen-exchange, and defluorinative C—C formation.

A diverse set of boron and silicon reagents are also often readily-available and inexpensive.

Even in thermodynamically neutral reactions, such as isotopic exchange, boron/silicon moieties tend
to have low activation energies for the addition of fluoride. These proceed via an addition-elimination
pathway, in which the high C—F bond strength lowers the energy of intermediate, thereby lowering the
energy barrier of the reaction. As such, attachment of these heteroatom moieties into a target bioactive
molecule facilitates the rapid kinetics for inclusion of '*F by isotopic exchange. Given their expansive
role in fluorine chemistry, boron and silicon moieties will no doubt continue to play a key role in the

future developments in this field.
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Appendix

A.1 Procedures and Characterization (Chapter 2)

A.1.1 General Considerations

Reactions were performed in glass test-tubes (16x100mm) that were fitted with a stir bar and rubber
septum, and then flame-dried under high vacuum. Solid reagents were weighed directly into the test
tube, via temporary removal of the septum. Reactions were kept under a static dry nitrogen atmosphere,
and all liquid reagent additions were performed using standard Schlenk techniques. Dichloromethane
(DCM) was obtained from a LC Technology Solutions SP-1 solvent purification system.
Nitromethane was stored over CaH» and distilled under nitrogen prior to use. All other reagents were
obtained commercially and used without additional purification. Temperature control was achieved

using a Neslab CryoCool (CC-65) immersion cooler, or an ice bath for 0 °C.

GC-MS spectra were obtained using a Bruker Scion TQ 456 System. HRMS spectra were obtained
from a Kratos Analytical MS50G EI-MS. FTIR spectra were obtained using a Thermo Nicolet 8700
with an attached continuum microscope. HPLC purification was performed using an Agilent 1260
preparatory system, with a C8 Zorbax column (PrepHT, 21.2 x 150 mm, 7 um). NMR spectra were
obtained using one of the following Varian (Agilent) spectrometers: MR DD2 400 MHz, VNMRS 500
MHz, VNMRS 600 MHz, VNMRS 700 MHz.

NMR chemical shifts () are reported in ppm, and are referenced to residual protonated solvent in
'"HNMR (7.26 ppm for CHCl3), deuterated solvent in *C NMR (77.06 ppm for CDCls), or internal
standard in ’F NMR (-161.64 ppm for CFs in CDCls) or (-119.5 ppm for p-FPhCH; in DCM/CDCls).
Coupling constants (J) are reported in Hertz (Hz). The following splitting pattern abbreviations are
used: doublet (d), triplet (t), quartet (q), doublet of triplets (dt), triplet of doublets (td), multiplet (m),
apparent (app.), broad (br). Carbon multiplicities were determined from HSQC, using the following
abbreviations: C = no attached hydrogens, CH = one attached hydrogen, CH, = two attached
hydrogens, CHs = three attached hydrogens.

Reaction conversions calculated from '’FNMR spectra are reported to one decimal place. To validate
this level of precision, a general baseline deviation error was calculated based on integration values of
the baseline. Three spectral regions (3000 Hz): left of peaks, center of the spectra, and right of the
peaks, were evaluated in four different representative '’F NMR experiments (with internal standard
integral = 100). The average baseline error was calculated to be 6.6 = 2.2 x 10™ integration per Hz,
with no significant difference between the spectra examined (ANOVA, p = 0.163). When applied to
the ArCF,Br peak, this translates to an error of 0.12 + 0.04% for ArCF,Br conversion.

Using this higher level of precision for ’FNMR derived conversions was deemed beneficial for use

in DOE analysis, in particular, due to the presence of many low value numbers. It is readily
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acknowledged that workup procedures (separate from NMR precision), likely produce an additional
1-2% error. Nevertheless, the combined effects of these errors were small enough (or systematic

enough) to provide good fits for the DOE analysis.

DOE experiments were created and analyzed using Minitab 19 software. In the DOE models
described below, the reagent amounts shown in brackets correspond to the high and low values of the
model. Model fitting utilized stepwise regression, in which terms were added to maintain a hierarchy
at each step. In other words, if a higher order term (i.e. T?) is included, then so is the respective lower
order term (i.e. T). Standard R? and R*-adjusted analyses were performed, as well as a leave-one-out

analysis (referred to as R?-predicted), which is calculated as follows.

y; = i observed response value
Zllr g 2 y = mean response
., _ - V1 —h n = number of observations
Ri{pred) =1 - SERESEI = — 1—) e = i residual
Z'.r'f i~Y) h; = i diagonal element of X(X'X)~'X'
T X = design matrix
A.1.2 Chloro-Halex Optimization
FeCl, 10 mol % 50 mol %
CF CF,CI temp. -10 °C 30 °C
3 BCl 2 PhCFCI, 211 :
_— + BCl,4 0.25 eq. 1.25 eq.
cat. FeCly PhCCl; 212 time 5h 17h
208 NOzMe 210 conc. 0.05M 0.50 M

Scheme A.1. Design for the chloro-halex DOE

A 5-factor Fractional Factorial DOE (2°') was performed (with 4 center points), followed by
augmentation with 10 axial points (a = 1.2), forming a Response Surface Design. Reaction vessels
were charged with ferric chloride (5 mg, 50 mg), nitromethane (1.25 mL, 12.3 mL), and a,0,0-
trifluorotoluene 208 (75.5 pL, 0.615 mmol). After adjusting the mixture to the target temperature,
boron trichloride (1M in DCM) was added (155 pL, 770 uL). Additional DCM was added (615 pL)
such that the total DCM volume was equal to 770 puL. After the target reaction time, CsFs was added
directly to the mixture (20 uL). An aliquot was taken and combined with equal parts CDCl3 in an NMR
tube. Immediate analysis with "’FNMR showed PhCF; 208 (-62.8 ppm), PhCF,Cl 210 (—48.6 ppm)
and PhCFCl, 211 (-52.6 ppm), which were quantified relative to the C¢Fs internal standard (—161.6

ppm). DOE regression analysis was performed using stepwise regression (a=0.05).
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Table A.1. Raw data and statistical analysis for the chloro-halex DOE

Raw Data
FeCl3 | temp. BCl3 time conc. | CF,Cl FeCl; | temp. BCl3 time conc. | CF,Cl
(%) O (eq.) (h) M) (%) (mol | (°C) (eq.) (h) M) (%)
5.0 -10 025 5 0.50 0.6 50.0 30 025 17 0.05 0.7
50.0 -10 0.25 5 0.05 0.0 5.0 -10 1.25 17 0.50 83
5.0 30 025 5 0.05 0.0 50.0 -10 1.25 17 0.05 15
50.0 30 0.25 5 0.50 1.2 5.0 30 1.25 17 0.05 43
5.0 -10 1.25 5 0.05 0.0 50.0 30 1.25 17 0.50 0.0
50.0 -10 1.25 5 0.50 7.0 0.5 10 0.75 11 0.28 8.6
5.0 30 1.25 5 0.50 0.0 545 10 0.75 11 0.28 113
50.0 30 1.25 5 0.05 79 27.5 -14 0.75 11 0.28 0.6
5.0 -10 025 17 0.05 0.0 275 34 0.75 11 0.28 04
50.0 -10 0.25 17 0.50 5.6 27.5 10 0.15 11 0.28 4.0
5.0 30 025 17 0.50 15 275 10 1.35 11 0.28 14.7
27.5 10 0.75 11 0.28 15.1 27.5 10 0.75 3.8 0.28 8.2
275 10 0.75 11 0.28 144 275 10 0.75 18.2 0.28 135
27.5 10 0.75 11 0.28 14.0 27.5 10 0.75 11 0.00 0.4
275 10 0.75 11 0.28 13.6 275 10 0.75 11 0.55 3.1
Analysis of Variance Coded Coefficients
Source DF Adjss Adjwms Fuvae  Pualue Term Coef  SEcoett  Tvate  Pvatue
Model 10 8309 83.1 27.6 0.000 Constant 12.17 0559 218 0.000
Blocks 1 943 943 314 0.000 FeCls (A) 0.66 0399 1.64 0.117
Linear 5 82.4 16.5 55 0.003 temp (B) -041 0399 -1.02 0323
FeCls 1 8.1 8.1 2.7 0.117 BCls (O) 171 0399 428 0.000
temp 1 3.1 3.1 1.0 0323 time (D) 0.60 0.399 1.51 0.147
BCl; 1 55.0 55.0 183  0.000 conc (E) 0.70 0399 1.75 0.096
time 1 6.9 6.9 23 0.147 temp *temp -6.45 0.729 -8.84 0.000
conc 1 9.2 9.2 31 0.096 conc*conc -5.56  0.729  -7.63 0.000
Square 2 642.5 3212 1069 0.000 FeCls*time -1.36 0433 -3.13  0.005
temp *temp 1 2350 2350 782 0.000 temp*conc -1.89 0433 -436 0.000
conc*conc 1 1750 1750 582 0.000
2-Way 2 86.6 433 144  0.000 Regression Parameters
FeCls*time 1 295 295 98  0.005 s R Ry R o
temp*conc 1 57.1 571 19.0 0.000 1.73 94%  90% 85%
Error 19 571 3.0
Lack-of-Fit 16 55.8 35 8.1 0.055 Regression Equation
Pure Error 3 1.3 0.4 CF,Cl=-7.1+0.14A+042B+34C-0.38D+
Total 29 888.1 68E —0.016B”~ 110E*~ 0.010AD - 0.42BE
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Figure A.1. Full Pareto chart for the chloro-halex DOE
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FeCl, 35 mol % 55 mol %

CF CF,CI 5
°  BCl 2 . [ PheFel; 211 temp. 9 °C
— .80 eq. 1.50 eq.
cat. FeCls PhCCl; 212 g:l:j Oioheq qu

208 NO;Me 210 conc. 0.29M

Scheme A.2. Design for the chloro-halex DOE II

A 3-factor Response Surface DOE was performed (4 center points, axial points at oo =1.63). Vessels
were charged with ferric chloride (44.0 mg, 69.0 mg), nitromethane (2.65 mL), and a,0,0-
trifluorotoluene 208 (95 pL, 0.77 mmol). After adjusting the mixture to the 9 °C, boron trichloride (1M
in DCM) was added (620 pL, 1160 pL). Additional DCM was added (710 pL, 170 uL) such that the
total DCM volume was equal to 1330 pL.. After the desired time, the mixture was slowly quenched by
adding a few drops of water. The mixture was transferred to a separatory funnel containing sat.
NaHCOs solution (15 mL), brine (15 mL) and DCM (20 mL). The test tube was rinsed forward with 5
mL water and 10 mL DCM. The DCM layer was removed, and the aqueous layer washed with
additional DCM (20 mL). The combined organic layers were then filtered through a bed of Na,;SOs,
into a beaker, followed by the addition of 100 puL of 4-fluorotoluene. After stirring well, an aliquot was
taken and combined with equal parts CDCl; in an NMR tube. Analysis with '’FNMR showed PhCF;
208 (—62.8 ppm), PhCF>Cl 210 (—48.6 ppm) and PhCFCl, 211 (-52.6 ppm), quantified relative to the
4-fluorotoluene internal standard (—119.5 ppm). Regression analysis was performed using stepwise

regression (a=0.05), in which terms were added to maintain a hierarchical model at each step.

Table A.2. Raw data and statistical analysis for the chloro-halex DOE 11

Raw Data

FeCl; | temp. | BCl3 time conc. | CF,Cl FeCl; | temp. | BCl3 time conc. | CF,Cl
(%) O (eq.) (h) ™ (%) (%) O (eq.) (h) ™ (%)
35.0 0.8 7.0 16.3 45.0 1.2 11.0 13.8
55.0 0.8 7.0 14.3 45.0 1.2 11.0 13.0
35.0 1.5 7.0 12.2 28.7 1.2 11.0 15.7
55.0 1.5 7.0 14.8 613 1.2 11.0 8.3

35.0 9 0.8 15.0 0.29 11.6 45.0 9 0.6 11.0 0.29 15.2
55.0 0.8 15.0 1.6 45.0 1.7 11.0 13.7
35.0 1.5 15.0 94 45.0 1.2 4.5 17.8
55.0 1.5 15.0 5.2 45.0 1.2 17.5 1.2

45.0 1.2 11.0 135 45.0 1.2 11.0 11.8
45.0 1.2 11.0 14.3 45.0 1.2 11.0 155
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Analysis of Variance Coded Coefficients
Source DF Adjss Adjms  Fuae  Puatue Term Coef  SEcoett  Tvatue  Pualue
Model 7 386.1 552 305  0.000 | |Constant 138 0468 294  0.000
Linear 3 2940 980 543  0.000 | |FeCls (A) -193 0368 -523  0.000
FeCls 1 495 495 274  0.000 | |BCl: (B) 035 0368 -095 0362
BCls 1 1.6 1.6 09 0362 | |time (C) 427 0368 -11.6 0.000
time 1 2429 2429 1345 0.000 | |FeCls*FeCls -0.88 0369 -237 0.035
Square 2 513 256 142  0.001 | |time*time -1.81 0369 -492  0.000
FeCls*FeCl; 1 102 102 56 0035 | |[FeCl*BCls 130 0475 274 0018
time*time 1 437 437 242 0000 | |FeCls*time  -1.85 0475 -3.89 0.002
2-Way 2 409 205 113 0.002
FeCls*BCls 1 135 135 75 0018 | Regression Parameters
FeCls*time | 274 274 152 0.002 S R Ry R
Error 12 217 18 1.34 95% 92% 81%
Lack-of-Fit 8 139 1.7 09 0585
Pure Error 4 7.7 1.9 Regression Equation
Total 19 4078 CF,Cl= 020 +0.68A+18B+3.5C—0.11C?
~0.0088A2 +0.37AB - 0.046AC
Term

cC

AC

& g 10 12

standardized effect
Figure A.3. Full Pareto chart for the chloro-halex DOE Il
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initial: FeCl; + NO>Me after BCl3 addition at completion time

Figure A.5. Representative images of the chloro-halex reaction

A.1.3 Bromo-Halex Optimization

FF
5% catalyst
F R F R Br Br. Br
F 1 equiv. halide X + X . X
solvent Ar Br Ar Br Ar Br
214 218 219 220

Scheme A.3. Bromo-halex reaction screening investigations

Reaction vessels were charged with the metal catalyst (0.05 mmol), followed by the reaction solvent
(5mL, 0.2M) and 3-fluoro(trifluoromethyl)benzene 214 (126 pL, 1.00 mmol). The boryl halide reagent

was slowly added, and the mixture stirred at the target temperature for the designated time. The mixture
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was quenched by adding 2—-3 mL DCM and a few drops of water (fuming observed). The mixture was
then transferred to a separatory funnel containing saturated aqueous NaHCO3 (20 mL), brine (20 mL)
and DCM (20 mL). The test tube was rinsed-forward with 15 mL water and 15 mL DCM. The DCM
layer was removed, and the aqueous layer washed with additional DCM (20 mL). The combined
organic layers were then filtered through a bed of Na,SO4 into a beaker, followed by a DCM wash.
The internal standard (100 pL 4-fluorotoluene) was then added to the beaker, and the solution was
stirred well, before an aliquot was taken and combined with equal parts CDCl; in an NMR tube.
Analysis with ’F NMR showed ArCF; 214 (—63.3 ppm CF3, —111.5 ppm "F), ArCF,Br 218 (—44.5
ppm CF, —111.5 ppm "F), ArCFBr; 219 (-54.4 ppm CF, —111.8 ppm "F) and ArCBr; 220 (-112.5

ppm "F) which were quantified relative to the 4-fluorotoluene internal standard (—119.5 ppm).

Table A.3. Reaction details for bromo-halex screening investigations

metal catalyst boryl halide F NMR Conv. (%)
temp | time | solvent C-Frotal
reagent amount | reagent mmol amount (214 218 219 220
1 ]20°C| 5h | DCM - - BBr; 1.0 965uL (893 7.1 0.1 0.0 7
2 | 20°C| 5h | DCM AgBr 94 mg BBr;3 1.0 965uL |877 76 07 0.0 9
3 120°C| 5h | DCM Cul 9.5 mg BBr3 1.0 965puL |882 73 05 0.0 8
4 | 20°C| Sh | DCM | Fe(CO)s 6.6 uL BBr; 1.0 965uL (887 73 05 0.0 8
5 120°C| 5h | DCM FeCl, 6.3 mg BBr; 1.0 965uL |812 59 07 00 7
6 | 20°C| 5h | DCM FeCl; 8.1 mg BBr3 1.0 965puL |43 38 03 892 272
7 120°C| 5h | DCM FeBr; 148 mg| BBr3 1.0 965uL [ 73 6.1 09 82.6| 256
8 [ 20°C| 5h | DCM FeF; 5.6 mg BBr;3 1.0 965uL |55 47 05 83.1| 255
9 | 20°C| 5h | DCM | Fe(OTf); 252 mg| BBr3 1.0 965puL | 0.8 05 05 90.6| 273
10| 20°C| Sh | DCM | Ga(OTf); 258 mg| BBr3 1.0 965uL [ 1.5 03 0.0 829| 249

11| 20°C| 5h | heptane| FeF; 56mg | BBr; 10 965uL [925 09 00 00| 1
12| 20°C| 5h | PhCl | FeFs 56mg | BBrs 1.0 965uL [82.8 141 32 23| 27
13| 20°C| 5h | MeNO, | FeF; 56mg | BBrs 1.0 965uL [967 00 00 00| o0
14| 20°C| 5h | DCM | FeF; 56mg | Me;BBr 3.0 293 puL |425 208 10 352| 128
15| 20°C| 5h | DCM | FeFs  5.6mg |(cat)BBr® 3.0 596mg [928 0.7 00 00| 1
16 | 20°C|14h| DCM | FeFs 113mg| BBrs 15 145uL [00 00 0.0 94.6| 284
17 [-10°C| 5h | DCM | FeF; 56mg | BBr; 10 965uL |[838 118 15 00| 15

(8] C-Fyy(a1 = [CF2Br] + 2 x [CFBr3] + 3x[CBr3] " B-bromocatechol borane.
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FeF, 6 mol % 18 mol %

F. CF; CF.Br 500 10 ©
_ BB 2 PhCFBr, 219 | -¢mP: S0°C 10°C
cat. FeF3 PhCBrs 220 ]?Br; 0.30 eq. 1.30 eq.
DCM time 5h 15h
214 conc. 0.10M 0.30 M
Scheme A.4. Design for the bromo-halex DOE

A 5-factor Fractional Factorial DOE (2°') was performed (3 center points). Reaction vessels were
charged with ferric fluoride (4.3 mg, 129 mg), DCM (2.1 mL, 64 mL), and 3-
fluoro(trifluoromethyl)benzene 214 (80 uL, 0.63 mmol). The mixture was place in a —78 °C bath,
before the addition of boron tribromide (18.5 uL, 79.5 uL). The mixture was transferred to a bath at
the target reaction temperature. After the desired reaction time, the mixture was quenched by adding
2-3 mL DCM and a few drops of water (fuming is expected). The mixture was then slowly transferred
to a separatory funnel containing saturated NaHCO3 solution (15 mL), brine (15 mL) and DCM (20
mL). The test tube was rinsed forward with 5 mL water and 10 mL DCM. The DCM layer was
removed, and the aqueous layer washed with additional DCM (20 mL). The combined organic layers
were then filtered through a bed of NaSOy, into a beaker, followed by the addition of 100 pL of 4-
fluorotoluene. The solution was stirred well, before an aliquot was taken and combined with equal
parts CDCl; in an NMR tube. Analysis with '’FNMR showed ArCF; 214 (-63.2 ppm CFs, —111.5 ppm
"F), ArCF;Br 218 (—44.5 ppm CF;, —111.5ppm "F), ArCFBr; 219 (-54.4 ppm CF, —111.8 ppm "F) and
ArCBr;3 220 (-112.5 ppm "F) which were quantified relative to the 4-fluorotoluene internal standard
(=119.5 ppm). DOE regression analysis was performed using stepwise regression (¢=0.05), in which

terms were added to maintain a hierarchical model at each step.

Table A.4. Raw data and statistical analysis for the bromo-halex DOE

Raw Data

FeF; temp. | BBr; time conc. | CF:Br FeF; temp. | BBr3 time conc. | CF;Br

(%) O (eq.) (h) ()] (%) (%) O (eq.) (h) ()] (%)
6 -50 03 5 0.30 0.6 6 -10 03 15.0 030 223
18 -50 0.3 5 0.10 0.9 18 -10 0.3 15.0 0.10 11.0
6 -10 03 5 0.10 1.7 6 -50 1.3 15.0 0.30 5.2
18 -10 0.3 5 0.30 84 18 -50 1.3 15.0 0.10 7.5
6 -50 1.3 5 0.10 1.4 6 -10 1.3 15.0 0.10 24.2
18 -50 1.3 5 0.30 2.1 18 -10 1.3 15.0 030 18.7
6 -10 1.3 5 0.30 14.5 12 -30 0.8 10.0 020 3.7
18 -10 1.3 5 0.10 124 12 -30 0.8 10.0 020 4.0
6 -50 03 15 0.10 0.3 12 -30 0.8 10.0 020 4.7
18 -50 0.3 15 0.30 1.5

117



Analysis of Variance Coded Coefficients

Source DF  Adjss Adjms Fuane  Pualue Term Coef  SEcoerr  Tvae  Pvaiue
Model 6 8964 1494 13.63 0.000 | |Constant 764 08  10.1  0.000
Linear 4 8056 2014 1837 0.000 | [FeFs (A) - - - -
temp 1 548.7 548.7 50.06 0.000 temp (B) 5.86 0.8 7.1 0.000
BBr; 1 96.5 96.5 8.81 0.012 BBr; (O) 2.46 0.8 3.0 0.012
time 1 1482 1482 1352 0.003 time (D) 3.04 0.8 3.7 0.003
conc. 1 12.1 12.1 1.10 0315 conc (E) 0.87 0.8 1.1 0315
2-Way 2 908 454 414 0043 | |temp*time 186 08 22 0.045
temp*time | 551 551 503 0045 | |BBr*conc  -149 08  -18  0.096
BBr*cone, | 357 357 326  0.096
Error 12 1315 110 Statistical Summary
Curvature 1 437 437 548  0.039 S R Rag R reo
Lack-of-Fit 9 873 970  36.82 0.027 331 87% 81% 68%
Pure Bror 2 053 026
Total 18 1028 Regression Equation
ArCF,Br = -57+0.11B+11C+1.2D

+33E-0.019BD-30CE

Term 1.782
T

BD

CE

0 1 2 3 4 5 & 7 8
standardized effect

Figure A.6. Full Pareto chart for the bromo-halex DOE
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Figure A.7. Residual plots for the bromo-halex DOE
F CF, FeF; 10 mol %
CF,Br 95 o o
_ BBy 2 PhCFBr, 219 | -femP: 25°C 0°C
" cat FeF, PhCBr; 220, -0 0.7 eq. L.7¢q.
DCM time 8h 16h
214 conc. 0.12M 0.28M

Scheme A.5. Design for the bromo-halex DOE I1

A 4-factor Response Surface DOE was performed (4 center points, axial points at o= 1.5). Reaction
vessels were charged with ferric fluoride (7.2 mg), DCM (2.3 mL, 53 mL), and 3-
fluoro(trifluoromethyl)benzene 214 (80 pL, 0.63 mmol). The mixture was place in a -78 °C bath,
before the addition of boron tribromide (43 pL, 104 pL). The mixture was transferred to a bath at the
target reaction temperature. After the desired reaction time, the mixture was quenched by adding 2—-3
mL DCM and a few drops of water (fuming is expected). The mixture was then slowly transferred to
a separatory funnel containing saturated NaHCOj3 solution (15 mL), brine (15 mL) and DCM (20mL).
The test tube was rinsed forward with 5 mL water and 10 mL DCM. The DCM layer was removed,
and the aqueous layer washed with additional DCM (20 mL). The combined organic layers were then
filtered through a bed of NaSQy, into a beaker, followed by the addition of 100 puL. of 4-fluorotoluene.
The solution was stirred well, before an aliquot was taken and combined with equal parts CDCls in an
NMR tube. Analysis with ’FNMR showed ArCF; 214 (-63.3 ppm CFs, —111.5 ppm "F), ArCF,Br
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218 (-44.5 ppm CF,, —111.5 ppm "F), ArCFBr; 219 (-54.4 ppm CF, —111.8 ppm "F) and ArCBr3 220
(-112.5ppm "F) which were quantified relative to the 4-fluorotoluene internal standard (—119.5 ppm).

DOE regression analysis was performed using stepwise regression (c=0.15).

Table A.5. Raw data and statistical analysis for the bromo-halex DOE 11

Raw Data
FeF3 temp. | BBr3 time conc. | CE:Br FeF; temp. | BBr; time conc. | CF,Br
(%) O | (eq) (h) M) (%) (%) O | (eq) (h) M) (%)
25 0.70 8 0.12 1.9 25 0.70 8 028 53
0 0.70 8 0.12 | 204 0 0.70 8 028 | 20.
25 1.70 8 0.12 4.7 25 1.70 8 028 ¢
0 1.70 8 0.12 | 131 0 1.70 8 028 | 15.6
25 0.70 16 0.12 1.6 25 0.70 16 028 55
0 0.70 16 0.12 | 183 0 0.70 16 028 | 177
L 25 1.70 16 0.12 52 L 25 1.70 16 028 | 119
0 1.70 16 0.12 0.1 0 1.70 16 028 | 135
-13 1.20 6 0.20 9.7 31 1.20 12 0.20 4.1
-13 1.20 18 020 | 224 6 1.20 12 020 24
-13 1.20 12 008 | 138 -13 0.45 12 020 | 158
-13 1.20 12 032 | 20.6 -13 1.95 12 020 | 182
-13 1.20 12 020 | 188 -13 1.20 12 020 | 172
-13 1.20 12 020 | 207 -13 1.20 12 020 | 204
Analysis of Variance Coded Coefficients
Source DF Adjss Adjwms Fuae  Puatue Term Coef  SEcoett  Tvate  Pvatue
Model 7 10845 1549 929 0.000 | |Constant 174 118 147  0.000
Linear 4 3658 914 549  0.004 | [temp (A) 363 090 403 0.001
temp 1 2704 2704 1622 0.001 BBr; (B) -085 090 -094 0358
BBr; 1 148 148 089 0358 | [time (O) 030 090 033 0.747
time 1 1.8 1.8 0.11 0747 conc (D) 1.96 090 217  0.042
conc. 1 78.8 78.8 4.73 0.042 temp*temp -6.94 1.22 -5.67 0.000
Square 1 5354 5354 32.12 0000 | [temp*BBr;  -296 1.02 -2.90 0.009
temp*temp 1 5354 5354 3212 0.000 | [temp*time  -1.64 1.02 -1.60 0.124
2-Way 2 1833 917 55 0013
temp*BBrs 1 1404 1404 842  0.009 Regression Parameters
temp*time 1 429 429 257  0.124 S R R R preo
Error 20 3334 167 4.08 T1%  68%  50%
Lack-of-Fit 17 3256 192 734  0.063
Pure Error 3 7.8 2.6 RegreSSion Equation
Total 27 14179 ArCF,Br= 22+0.14A+7.6B+0.34C+25D

—0.044A2-047AB - 0.033AC
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Figure A.8. Full Pareto chart for the bromo-halex DOE Il
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Figure A.9. Residual plots for the bromo-halex DOE I1
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Figure A.10. Complete set of surface plots for bromo-halex DOE I1

initial: FeFs; + DCM after BBr; addition at completion time
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Figure A.11. Representative images of the bromo-halex reaction
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A.1.4 Mono-Halex General Procedure and Scope

The reaction vessel was charged with FeX; catalyst, then dry solvent. It was adjusted to temperature
T, and the ArCF; reagent was added, followed by BX; (three cycles of freeze-thaw-degas included for
substrate 232). After stirring for time #, the mixture was quenched by slow addition of H,O at 0 °C
(fuming expected). It was transferred to a separatory funnel containing aq. NaHCO;3 (15 mL), brine
(15mL) and DCM (20 mL). The test tube was rinsed forward with 5 mL H,O and 10 mL DCM. The
DCM layer was removed, and the aqueous washed with additional DCM (20 mL). The combined
organics were filtered through Na,SOy4, followed by 4-fluorotoluene addition (100 pL). After stirring
well, an aliquot was combined with equal parts CDCIl; in an NMR tube. Conversion to ArCF,X was

quantified by '’FNMR spectroscopy (376 MHz), relative to 4-fluorotoluene (—119.5 ppm). Conversion

values are the average of a set of duplicate runs.

Table A.6. Experimental details for the synthesis of halodifluoromethyl compounds

product FeX; solvent ArCF 3 BX; r ! . —

(%) mass (%)

(1.7 eq.)

I AR
20 | O ol (0dsey | 0C2m [ 34%
i
229 4-?origelz:)F3 llicshi{nL (01:8'151123) 17(5.4u5Le131£;r3 0°C 24h | 24% |[47mg 14%
230 4?0?1%?)& l1')2051\1/1“ (0.46;3'21::;1) 17('05.4}15L e?)“ 0°C  2h |[30% [27mg 11%
234 4'%?12? lécstL (01.491(5)'1511251) 5(62.221:33 00012k 2% STme 3%
e o AR I ke
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Table A.7. Summary of '°’F NMR shifts and product distributions for halodifluoromethyl mixtures

Substrates 210, 218, 224, 225, 226, 227 were also analyzed with GC-MS, confirming the presence
of ArCF;, ArCF»X, ArCFX,, and ArCX3; compounds. The synthesis of 218 was scaled-up, and the
product isolated by distillation. Duplicate runs (0.40 mmol) for 228, 229, 230, 232, 234 were combined
(0.80 mmol total) before using preparatory reverse-phase HPLC for purification. Spectra typically
contained four clustered peaks, also corresponding to the ArCF;, ArCF,X, ArCFX,, and ArCX;

& conversion (%) d conversion (%)
(ppm) runl run2 mean (ppm) runl run2 mean
ArCF; -63.1 787 703 745 ArCF; -633,-111.6 | 438 573 505
210 ArCF,X | -48.9 159 179 169 )18 ArCFX | -445,-111.6 | 284 252 268
ArCFX, -529 33 5.0 42 ArCFX, | -54.5,-112.0 39 3.8 39
ArCX; - - - - ArCXs -112.6 196 168 182
ArCF; -63.1 505 558 531 ArCF; -622,-126.8 | 482 372 427
ArCF,X | -439 346 342 344 ArCF,X | -45.1,-124.1 | 220 173 19.7
2 ArCFX, -53.5 2.8 23 2.5 228 ArCFX, | -554,-119.0 | 14.1 135 138
ArCXs - - - - ArCX; -1123 153 215 184
ArCF; -62.7 475 68.8 582 ArCF; -62.9 555 564 559
ArCE,X | -429 251 244 247 ArCF,X -43.6 284 310 297
225 230
ArCFX, -525 9.8 5.0 74 ArCFX, -53.1 25 2.6 25
ArCX; - - - - ArCXs - - - -
ArCF; -63.0 580 552 566 -CF; -63.4 235 252 243
226 ArCFX | -442 203 202 202 232+ -CF,X -44.7 46.8 502 485
ArCFX, - 0.0 0.0 0.0 -CFX; - - - -
ArCX; - - - - -CX3 - - - -
ArCF; -63.2 612 581 597 ArCF; -62.7 477 473 475
ArCF,X | -444 216 209 213 ~ ArCFX -43.6 220 225 223
227 2347
ArCFX, - 0.0 0.0 0.0 ArCFX, -53.7 15.1 155 153
ArCXs - - - - ArCX; - - - -
ArCF; -63.6 75.1 668 709 * conversions refer to combined total of overlapping
ArCF,X ~46.7 227 253 240 or closely-clustered peaks for each CFy moiety
229 ArCFX, -50.1 37 6.0 4.8 t species also contain Ar-F peaks (—111.3, —125.5 ppm)
ArCX; - - - -

compounds, allowing for isolation and characterization of the ArCF,Br product.
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Large Scale Synthesis of Compound 218

A flame-dried 50 mL RBF was charged with ferric fluoride (113 mg, 1.0 mmol, 0.10 eq.), followed
by dichloromethane (31 mL, 0.32M). The mixture was cooled to 0°C, and 3-fluoro(trifluoromethyl)
benzene 214 was added (1.26 mL, 10.0 mmol), followed by the dropwise addition of BBr3 (434 uL,
4.5mmol, 0.45 eq.). After 4 hours, the mixture was diluted with ~10 mL DCM and quenched by adding
water dropwise at 0 °C (significant fuming). The mixture was transferred to a separatory funnel
containing aq. saturated NaHCO; solution (30 mL), brine (30 mL) and DCM (50 mL). The RBF was
rinsed forward with 10 mL water and 20 mL DCM. The DCM layer was removed, and the aqueous
layer washed with additional DCM (40 mL). The combined organic layers were dried over NaSO4 and
filtered. '’F NMR revealed the following relative product ratio: 50 % ArCF; (214), 24 % ArCF>Br
(218), 5% ArCFBr> (219), 21 % ArCBr; (220). The DCM was gently evaporated using a rotovap (T <
20°C, using mild vacuum). The resulting oil was purified using a Hickman still apparatus, using mild

vacuum and heating, affording a high purity (>95%) fraction of 218 (127 mg, 6 %).

3-(bromodifluoromethyl)-1-fluoro-benzene (218). Colorless oil. '"H NMR (CDCl;, 500 MHz): &
7.43 (m, 2H), 7.32 (dt, 1H, J = 9.0 Hz, 2.5Hz), 7.19 (t, 1H, J = 8.3 Hz) ppm. *CNMR (CDCl;, 126
MHz): 6 162.3 (C, d, Jcr = 248.7Hz), 140.2 (C, td, Jcr = 24.5Hz, 7.8 Hz), 130.6 (CH, d, Jcr = 8.0Hz),
120.1 (CH, app. q, Jcr = 13.3 Hz), 118.4 (CH, d, Jcr = 20.9Hz), 117.2 (C, td, Jcr = 303.9 Hz, 2.8 Hz),
112.0 (CH, dt, Jcr = 24.5 Hz, 5.3 Hz) ppm. FNMR (CDCl;, 376 MHz): 6 —44.1 (s, 2F), —110.6 (m,
1F) ppm. HRMS (EI, C7H4F3Br, M"): calcd.: 223.9448, found: 223.9448. FTIR (cast film): 3074,
2925, 2853, 1589, 1483, 1434, 1242, 1135, 700 cm™.

Identification of Volatile Compounds
Known compounds 210°%, 2247, 225* 2267, 227%* matched their respective reported F NMR

spectra. Product identity was verified with GC-MS, which was performed using the following method:

column: Zebron ZB-5MS (30mx 0.25cm), 0.25um film
injection: 1 pL, (50:1 split)

gradient: 50°C to 300°C gradient (20 min). 300°C (8 min)
mass range. 35— 500 amu
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Isolation of Heavy Compounds
The DCM solution produced after workup was gently concentrated under vacuum. The resulting
residue was taken up in 3-5 mL acetonitrile, and divided into 3—6 portions for injection into a

preparative-HPLC, allowing for separation of the ArCF,Br compound from the other components.

method A: 40 min gradient 58% ACN (H20) to 66% ACN (H>0), 30mL/min, C8 column. (229)
method B: 30 min gradient 50% ACN (H20) to 85% ACN (H»0), 30mL/min, C8 column. (230)
method C: 35 min gradient 78% ACN (H20) to 85% ACN (H20), 30mL/min, C8 column. (232)
method D: 35 min gradient 30% ACN (H20) to 50% ACN (H»0), 30mL/min, C8 column. (228)
method E: 40 min gradient 55% ACN (H20) to 75% ACN (H»0), 30mL/min, C8 column. (234)

After combining the desired fractions from each injection, the solution was partially concentrated
under vacuum to reduce the amount of acetonitrile present. The solution was transferred to a separatory
funnel along with DCM (~150 mL) and solid NaCl was then added until the aqueous layer became
saturated. The organic phase was separated, and the aqueous layer was washed with additional DCM
(2x75mL). The organic layers were combined, dried over NaSOy and filtered, then evaporated under

vacuum to afford the pure ArCF,Br compound.

3-(bromodifluoromethyl)-4-fluoro-1-phenol (228). Yellow oil (24 mg, 12%). HPLC (method D)
R.T.=17.8 min. '"HNMR (CDCl;, 500 MHz): § 7.05 (t, 1H, J = 9.5Hz), 6.99 (dd, 1H, J= 5.8 Hz, 3.1
Hz), 6.93 (dt, 1H, J= 8.9 Hz, 3.4 Hz), 4.28 (br. s, IH). *C NMR (CDCl;, 126 MHz): & 152.9 (C, dt,
Jor =249.0Hz, 3.4Hz), 151.2 (C, d, Jor = 2.3 Hz), 126.2 (C, td, Jcr = 24.6 Hz, 12.4 Hz), 119.8 (CH,
d, Jcr = 8.0Hz), 118.2 (CH, d, Jcr = 23.0Hz), 114.0 (C, td, Jcr = 303.9Hz, 2.2 Hz), 111.9 (CH, t, Jcr
= 6.4 Hz) ppm. YF NMR (CDCl;, 376 MHz): § —44.5 (d, 2F, J = 15.0 Hz) , —122.8 (m, 1F) ppm.
HRMS (EI, C;HsOF;Br, M"): caled.: 239.9398, found: 239.9395. FTIR (cast film): 3388, 3081, 2930,
2856, 1602, 1503, 1303, 1228, 1109, 952, 836, 774 cm™.

4-bromo-2-(bromodifluoromethyl)-1-iodobenzene (229). Beige solid (47 mg, 14%). HPLC (method
A)R.T. = 13.8 min. '"HNMR (CDCls;, 700 MHz): § 7.88 (d, 1H, J=8.4Hz), 7.75 (d, 1H, J= 2.4 Hz),
7.26 (dd, 1H, J= 8.4, 2.4Hz) ppm. *C NMR (CDCl;, 176 MHz): § 143.9 (CH), 141.1 (C, t, Jcr = 23.1
Hz), 135.3 (CH), 128.9 (CH, t, Jcr = 8.6 Hz), 122.5 (C), 115.9 (C, t, Jcr = 305.5 Hz), 89.6 (C, t, Jcr =
2.7Hz) ppm. "’F NMR (CDCls, 376 MHz): § —46.3 (s, 2F) ppm. HRMS (EI, C;H;Br2F>1, M™): calcd.:
409.7614, found: 409.7613. FTIR (cast film): 3090, 2924, 1571, 1551, 1456, 1377, 1275, 1232, 906,
870, 752 cm™.
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1-(bromodifluoromethyl)-4-(2-bromoethyl)-benzene (230). Yellow oil (27 mg, 11%). HPLC
(method B) R.T. = 11.7 min. "HNMR (CDCls;, 700 MHz): § 7.57 (d, 2H, J = 8.4 Hz), 7.31 (d, 2H, J =
8.4Hz), 3.58 (t, 2H, J = 7.4 Hz), 3.22 (t, 2H, J = 7.4 Hz) ppm. *C NMR (CDCl;, 176 MHz): § 142.4
(0), 136.9 (C, t, Jcr = 23.7Hz), 129.0 (CH), 124.7 (CH, t, Jcr = 5.0Hz), 118.4 (C, t, Jcr = 303.9 Hz),
38.9 (CH»), 32.1 (CH,) ppm. “F NMR (CDCl;, 376 MHz): § —43.0 (s, 2F) ppm. HRMS (EI,
CoHgF2Br2, M"): caled.: 311.8961, found: 311.8954. FTIR (cast film): 3043, 3015, 2966, 2852, 1615,
1418, 1277, 1055, 884 cm™.

4-(bromodifluoromethyl)phenyl bis[4-(trifluoromethyl)phenyllphosphine (232). Yellow oil (71
mg, 17%). HPLC (method C) R.T. = 14.5 min. '"H NMR (CDCl;, 700 MHz): § 7.64 (d, 4H, J = 8.0
Hz), 7.61 (d, 2H, J= 7.6 Hz), 7.42 (app. t, 4H, Jun, Jou = 7.6 Hz), 7.38 (app. t, 2H, Juu, Jen = 7.8 Hz)
ppm. *C NMR (CDCls, 176 MHz): § 140.3 (C, d, Jep = 14.3 Hz), 139.7 (C, d, Jcp = 14.0 Hz), 139.1
(C, t, Jcr = 24.0 Hz), 134.0 (CH, d, Jcp = 19.9 Hz), 133.9 (CH, d, Jcp = 19.9 Hz), 131.6 (C, q, Jcr =
32.6 Hz), 125.7 (CH, dq, Jcp = 7.3 Hz, Jcr = 3.7Hz), 124.8 (CH, dt, Jcp = 7.0 Hz, Jcr = 5.0 Hz), 123.9
(C, q, Jor = 272.5Hz), 117.9 (C, t, Jor = 303.9 Hz) ppm. ’FNMR (CDCls, 376 MHz): § —44.2 (s, 2F),
—62.9 (s, 6F) ppm. *’PNMR (CDCl;, 162 MHz): § —6.0 (s) ppm. HRMS (EI, C2H2BrFsP, M"): caled.:
525.9732, found: 525.9741. FTIR (cast film): 3043, 1607, 1398, 1169, 1132, 1017, 889, 701 cm™.

N-[[4-[2-chloro-4-(bromodifluoromethyl)phenoxy]-2-fluorophenyllaminocarbonyl]-2,6-
difluorobenzamide (234). Off-white solid (57 mg, 13%). HPLC (method E) R.T.=20.1 min. 'HNMR
(CDCl3, 700 MHz): 6 10.68 (s, 1H), 9.56 (s, 1H), 8.00 (t, 1H, J = 8.9Hz), 7.74 (d, 1H, J = 2.3 Hz),
7.51 (tt, 1H, J = 8.5Hz, 6.3 Hz), 7.47 (dd, 1H, J = 8.6 Hz, 2.3 Hz), 7.03 (t, 2H, J = 8.2 Hz), 6.99 (d,
1H, J=8.5Hz), 6.85 (dd, 1H, J=10.9Hz, 2.7Hz), 6.77 (ddd, 1H, J = 8.9 Hz, 2.6 Hz, 1.2 Hz) ppm.
BC NMR (CDCl, 176 MHz): § 162.1 (C), 160.1 (C, dd, Jcr = 256.0, 6.0 Hz), 154.9 (C), 153.5 (C, d,
Jor = 248.8 Hz), 152.2 (C, d, Jcr = 9.8 Hz), 150.9 (C), 134.5 (C, t, Jcr = 24.7Hz), 133.7 (CH, t, Jcr =
10.5Hz), 127.4 (CH, t, Jcr = 5.2 Hz), 125.4 (C), 124.4 (CH, t, Jcr = 5.1 Hz), 123.1 (CH, d, Jcr = 2.0
Hz), 122.2 (C, d, Jcr = 10.7 Hz), 119.1 (CH), 116.9 (C, t, Jcr = 303.8 Hz), 114.7 (CH, d, Jcr = 3.4 Hz),
112.4 (CH, dd, Jcr = 21.6, 3.7Hz), 112.2 (C, t, Jcr = 18.1 Hz), 106.9 (CH, d, Jcr =22.4 Hz) ppm. °F
NMR (CDCls, 376 MHz): 6 —43.1 (s, 2F), —110.2 (s, 2F), —124.2 (s, 1F) ppm. HRMS (ESI,
C21Hy1BrCIFsN,Os3, (M+Na)"): caled.: 547.9562, found: 547.9565. FTIR (cast film): 3234, 3134,
2966, 1701, 1626, 1599, 1555, 1492, 1289, 1260, 1068, 918, 797 cm™.
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A.1.5 Triple-Halex General Procedure and Scope

A flamed-dried reaction vessel was charged with FeX; catalyst, followed by dry solvent. It was
adjusted to target temperature 7, and the ArCFj3 reagent was added (1.0mmol, 1 eq.). The BXj; reagent

was then added, and the mixture stirred for the specified reaction time ¢.

Table A.8. Experimental details for the synthesis of various trihalomethanes

yield
product FeX3 solvent ArCF 3 BX3 T t
mass (%)
97.5 mg
1.0 mL 4 mL BCl 141
215 FeCl; Nooznl\;le 126 pL r(r;e ?3 30°C 16h m 66%
(0.6 eq.) 4 £
32.5mg
1.0 mL 4 mLBCl; 146
FeCl 140 puL 20°C 3h 709
216 o NO:Me K (4 eq.) mg |10%
(0.2 ¢q.)
113 mgFeF; 3.1mL 145 pL BBr3 307
22 126 pL 20°C 14h Y
0 (0.1 eq.) DCM o (15eq) 20°€ mg 3%
113 mgFeF; 3.1 mL 145 pL BBr3 313
221 140 pL 0°C 5h 919
(0.1 eq.) DCM H (15 eq.) mg %
113 mg FeFs 3.1 mL 145 puL BBr3 133
223 147 puL 0°C 15h 879
(0.1 eq.) DCM H (15 eq.) mg %

Isolation of Compounds

The mixture was quenched with H,O, added dropwise at 0 °C (fuming is expected). It was then
transferred to a separatory funnel containing saturated aq. NaHCOs3 (15 mL), brine (15mL) and DCM
(20 mL). The test tube was rinsed forward with 5 mL H>O and 10 mL DCM. The DCM layer was
separated, and the aqueous layer washed with additional DCM (20 mL). The combined organic layers
were dried over Na;SO4. The solution was concentrated with a rotovap, followed by drying under high

vacuum for 1-3 hours. No further purification was required.

3-fluoro-1-(trichloromethyl)benzene (215). Orange-brown oil (141 mg, 66%). 'HNMR (CDCls, 700
MHz): 6 7.73 (dd, 1H, J= 8.1, 1.4 Hz), 7.65 (dt, 1H, J=10.0, 2.2 Hz), 7.42 (td, 1H, J = 8.2, 5.8 Hz),
7.14 (td, 1H, J = 8.2, 2.2 Hz) ppm. *CNMR (CDCl;, 176 MHz): § 162.1 (C, d, Jor = 247.7 Hz), 146.4
(C,d, Jer =7.6 Hz), 130.1 (CH, d, Jcr = 8.1 Hz), 121.3 (CH, d, Jcr = 3.1 Hz), 117.4 (CH, d, Jcr =21.3
Hz), 113.3 (CH, d, Jcr = 25.2 Hz), 96.3 (C) ppm. YFNMR (CDCl;, 376 MHz): § —111.3 (d, 1F, J =
6.4 Hz) ppm. HRMS (EI, C;H4FCl;5, M"): caled.: 211.9363, found: 211.9360. FTIR (cast film): 3079,
1593, 1487, 1439, 1249, 1141, 809, 777, 752 cm’".
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4-methyl-1-(trichloromethyl)benzene (216). Characterization is consistent with the literature.**
Yellow oil (146 mg, 70%). "H NMR (CDCls;, 700 MHz): § 7.82 (d, 2H, J = 8.6 Hz), 7.23 (d, 2H, J =
8.7Hz), 2.40 (s, 3H) ppm. *CNMR (CDCls, 176 MHz): § 141.7 (CH), 140.7 (CH), 129.0 (CH), 125.5
(CH), 97.8 (C), 21.1 (CH3) ppm.

3-fluoro-1-(tribromomethyl)benzene (220). Clear orange oil (307 mg, 89%). "HNMR (CDCl;, 700
MHz): & 7.80 (ddd, 1H, J= 8.1, 2.2, 0.8 Hz), 7.73 (dt, 1H, J=10.3, 2.3 Hz), 7.37 (td, 1H, J= 8.3, 5.9
Hz), 7.06 (tdd, 1H, J=8.1, 2.5, 0.8 Hz) ppm. *CNMR (CDCls, 176 MHz): § 161.6 (C, d, Jcr = 247.9
Hz), 149.0 (C, d, Jcr = 7.6 Hz), 129.6 (CH, d, Jcr = 7.9Hz), 122.4 (CH, d, Jcr = 2.5Hz), 117.1 (CH,
d, Jor = 21.0 Hz), 114.3 (CH, d, Jcr = 25.5 Hz), 33.9 (C, s) ppm. ’FNMR (CDCls, 376 MHz): &
~111.6 (d, 1F, J=7.1 Hz) ppm. HRMS (EI, C;H4FBr3, M"): calcd.: 345.7827, found: 345.7823. FTIR
(cast film): 3074, 1588, 1483, 1434, 1273, 1242, 1135, 725, 701 cm™.

4-methyl-1-(tribromomethyl)benzene (221). Characterization is consistent with the literature.*
Beige solid (313 mg, 91%). "H NMR (CDCl3;, 700 MHz): § 7.90 (d, 2H, J = 8.6 Hz), 7.20 (d, 2H, J =
8.3 Hz), 2.41 (s, 3H) ppm. *C NMR (CDCl;, 176 MHz): § 144.5 (C), 140.5 (C), 128.6 (CH), 126.4
(CH), 36.2 (C), 21.1 (CH3) ppm.

Isolation of Compound 223

The mixture was quenching by slowly adding 10 mL of methanol at 0°C, followed by potassium
hydroxide (1 g). The mixture was stirred at room temperature for 1 hour, before being concentrated to
dryness under vacuum. The resulting residue was taken up in DCM (40 mL) and brine (30 mL), and
transferred to a separatory funnel. The mixture was adjusted to ~ pH 4, using 2M HCI. The DCM layer
was removed, and the aqueous layer washed with additional DCM (30 mL). The combined organic
layers were dried over Na,SO4. Removal of the solvent under vacuum afforded compound 223 as a

white powder. No further purification was required.

Methyl 4-hydroxybenzoate (223). Characterization is consistent with the literature.®® White solid
(133 mg, 87%). "HNMR (CDCls, 600 MHz): § 7.94 (d, 2H, J = 8.4 Hz), 6.89 (d, 2H, J = 8.4 Hz), 6.48
(br.s, 1H), 3.90 (s, 3H). *CNMR (CDCls, 151 MHz): § 167.5, 160.3, 132.0, 122.3, 115.3, 52.1 ppm.
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A.1.6 Boryl lodide Procedures

A flamed-dried reaction vessel was charged with gallium triflate catalyst, followed by dry solvent.
It was adjusted to target temperature 7, and the ArCF3 reagent 237 (5-bromo-2-iodo-
trifluoromethylbenzene) was added (1.0mmol, 1 eq.). The BI; reagent was then added, and the mixture

stirred for the specified reaction time ¢.

Table A.9. Experimental details for the boron triiodide reaction

ArCF 239 240
entry cat. solvent s BIs T t
237) mass (%) [mass (%)
1 52 mg )
(0.33 eq.)
1.6 mL | I
21 mg c cir(i
5 | Gaotp | Y 1405mg  165ME | o090 20n )
0.1 eq) hexane (1.05 eq.)
(025 M) _—
196 mg 38 50
2 o, 4 o
3 (125 eq) 3% me 0%

After the specified time, the mixture was quenched with H>O, added dropwise at 0 °C (fuming is
expected). It was then transferred to a separatory funnel containing saturated aq. NaHCO; (15 mL),
brine (15mL) and hexane (20 mL). The test tube was rinsed forward with 5mL H,O and 10 mL hexane.
The hexane layer was separated, and washed with a saturated aq. Na>S;0s solution. The combined
aqueous layers were washed with additional hexane (20 mL). The combined organic layers were dried
over NaSO4. A small (ca. 0.5mL) aliquot was taken for GC-MS analysis. The solution was
concentrated with a rotovap, followed by drying under high vacuum for 1-3 hours. TLC analysis (1%
EtOAc in hexanes) revealed the presence of starting material ArCF; 237 (Rr= 0.60), ArCF>I 238 (Rr=
0.57), ArCHaI 239 (Rr = 0.40), and ArCHO 240 (R = 0.07). The mixture in entry 3 was purified using
a silica gel column (0% — 5% EtOAc in hexane), affording pure 239 and 240.

5-bromo-2-(iodomethyl)-1-iodobenzene (239). Off-white solid (38 mg, 23%). '"HNMR (CDCl;, 500
MHz): & 7.65 (d, J=8.0Hz, 1H), 7.59 (d, J=2.5Hz, 1H), 7.06 (dd, J= 8.5, 2.0 Hz, 1H), 4.47 (s, 2H)
ppm. *CNMR (CDCls, 126 MHz): § 143.6, 141.5, 132.6, 132.5, 122.9, 97.7, 10.4 ppm. HRMS (EI,
C7HsLBr, M"): caled.: 421.7664, found: 421.7653.

5-bromo-2-iodo-benzaldehyde (240). Characterization is consistent with the literature.”®” Off-white
solid (50 mg, 40%). '"HNMR (CDCls, 500 MHz): § 9.99 (s, 1H), 7.99 (d, J = 2.5Hz, 1H), 7.81 (d, J =
8.0Hz, 1H), 7.41 (dd, J = 8.5, 2.5Hz, 1H) ppm. *C NMR (CDCl;, 126 MHz): & 194.3, 141.9, 138.3,
136.4, 133.2, 123.5, 98.3 ppm.
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A.2 Procedures and Characterization (Chapter 4)

A.2.1 General Considerations

Moisture-sensitive reactions were performed with oven-dried glassware, while maintaining a static
dry argon atmosphere, using purchased anhydrous solvents. Reagents and solvents were obtained
commercially and used without additional purification. Flash chromatography was performed using

EDM Millipore 60 40—63 um silica gel. TLC was performed on glass-backed plates of silica 60 Fsa.

NMR spectra were obtained using one of the following Agilent spectrometers: MR DD2 400 MHz,
VNMRS 500 MHz, VNMRS 700 MHz. NMR chemical shifts (§) are reported in ppm, and are
referenced to residual protonated solvent in 'HNMR (7.26 ppm for CHCl;), deuterated solvent in '*C
NMR (77.06 ppm for CDCl;). Coupling constants (J) are reported in Hertz (Hz), with abbreviations:
doublet (d), triplet (t), quartet (q), doublet of triplets (dt), multiplet (m), apparent (app.), broad (br).

HPLC purification was performed using an Agilent 1220 system, with a C18(2) Luna column (10 %
250 mm, 5pm, 100A), a flowrate of 3 mL/min, and the following solvent mixture (Method F):

0-5min: 70% A — 85% A Solvent A: 0.05% TFA in ACN.
5-35min: 1socratic 85% A Solvent B: H,0.

A.2.2 PSMA Compounds

The synthesis was performed following the route delineated in reference 281.

Synthesis of Compound 433

Compound 431 (660 mg, 2.2 mmol) was added to a flame-dried RBF, followed by dry diethyl ether
(13mL). The solution was then cooled to —80°C. A 1.7 M tert-butyl lithium solution in pentane (2.7
mL, 4.6 mmol, 2.1 eq.) was then slowly added via syringe, and the mixture stirred for 30 minutes at
—80 °C. This solution was then transferred via cannula to a second RBF containing di(tert-
butyl)difluorosilane (0.51 g, 2.6 mmol, 1.2 eq.) in diethyl ether (10 mL) at —80°C. The reaction mixture
was allowed to warm slowly to room temperature over 12 hours, and was then quenched by via
addition of saturated aq. NaCl solution (10mL). The organic layer was separated and the aqueous layer
extracted with diethyl ether (3 X 25 mL). The combined organic layers were dried over NaSQOs, and
then concentrated in vacuo, affording a yellowish oil (432). This oil was dissolved in methanol (19
mL) and 0.5 mL concentrated HCl was added. The mixture was stirred at room temperature for 21
hours. The mixture was concentrated in vacuo, then reconstituted in diethyl ether (20 mL) and washed
with a saturated aq. NaHCO3 (20 mL). The organic layer was separated and the aqueous layer washed

with additional ether (3 x 20 mL). The combined organics were dried over NaSQOs, and then
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concentrated in vacuo. The resulting oil was dried overnight under high-vacuum, affording 433 as an
off-white solid (474 mg, 80 %).

4-(di-tert-butylfluorosilyl)benzyl alcohol. '"H NMR (CDCl;, 400 MHz): § 7.61 (d, 2H, J = 7.9 Hz),
7.34 (d, 2H, J = 7.9 Hz), 4.59 (s, 2H), 3.29 (s, 1H), 1.08 (s, 18H) ppm. *C NMR (CDCls, 126 MHz):
6 142.2, 134.3 (d, Jcr = 4.4 Hz), 133.0 (d, Jcr = 13.8 Hz), 126.2, 65.2, 27.4, 20.3 (d, Jcr = 12.2 Hz)
ppm. ’F NMR (CDCl;, 469 MHz): § —188.9 (s, 1F) ppm. Characterization is consistent with the

literature.?%?

Synthesis of Compound 434

SiFA alcohol 433 (1.08 g, 3.95 mmol) was dissolved in dry DCM (20mL) in an RBF and cooled to 0
°C. A solution of pyridinium chlorochromate (2.15 g, 10.0 mmol, 2.5 eq.) in dry DCM (50 mL) was
slowly added, and the mixture stirred for 30 minutes at 0 °C and an additional 2.2 hours at room
temperature. The mixture was added to a short silica pad (~3 x 8 cm), and the RBF rinsed with diethyl
ether (3 x35mL), which was then added to the silica pad (leaving black gum material remaining). The
ether was eluted through the pad, and the resulting solution was concentrated in vacuo, affording 434
as a brown solid (1.04 g, 98 %).

4-(di-tert-butylfluorosilyl) benzaldehyde. '"H NMR (CDCl;, 498 MHz): § 10.04 (s, 1H), 7.88 (d, 2H, J
= 7.8Hz), 7.79 (d, 2H, J = 7.7 Hz), 1.07 (s, 18H) ppm. *C NMR (CDCl;, 126 MHz): § 192.5, 142.2
(d, Jer = 13.4 Hz), 137.0, 134.5 (d, Jor = 4.4 Hz), 128.4, 27.2, 20.3 (d, Jor = 12.2 Hz) ppm.

Characterization is consistent with the literature.**

Synthesis of Compound 435

The SiFA aldehyde 434 (1.04 g, 3.87 mmol) was added to an RBF, and dissolved in #-butanol (22.5
mL), DCM (2.5 mL), and 1.25M NaH,PO4-H>O buffer (15 mL). Aqueous 1 M KMnOs (22 mL) was
then added at room temperature, and the mixture stirred for 25 minutes. It was quenched by the addition
of saturated aqueous Na>SOs solution (15 mL), and conc. HCI was then added until the purple color
disappeared. The resulting solution was extracted with diethyl ether (3x200 mL), and the combined
organic layers dried over NaSO, and then concentrated in vacuo, to afford 435 as a white solid (0.93
g, 85%).

4-(di-tert-butylfluorosilyl) benzoic acid. ' HNMR (CDCl;, 400 MHz): § 8.09 (d, 2H, J= 8.1 Hz), 7.74
(d, 2H, J = 8.1 Hz), 1.07 (s, 18H) ppm. *C NMR (CDCl;, 101 MHz): § 172.1, 141.3 (d, Jor = 13.7
Hz), 134.1 (d, Jcr = 4.4 Hz), 130.2, 129.0 (d, Jcr = 1.0Hz), 27.3 (d, Jcr = 1.1 Hz), 20.3 (d, Jcr = 12.3

Hz) ppm. Characterization is consistent with the literature.***
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Synthesis of Compound 436

N-hydroxysuccinimide (413 mg, 3.59 mmol, 1.6 eq.) was added to an RBF. A solution of SiFA benzoic
acid 435 (628 mg, 2.22 mmol) in DMF (10mL) was subsequently added, followed by EDCI (538 mg,
2.80 mmol, 1.25eq.). The reaction was stirred at room temperature for 18 hours. The addition of water
(8 mL), led to formation of a precipitate, which was collected by filtration, and rinsed with addition
water (10 mL). The filtrate was extracted with diethyl ether (200 mL). The organic layer was washed
with saturated NaCl solution (100 mL), then dried over NaSQs, and concentrated in vacuo, to afford
436 as a white shiny solid (584 g, 70 %).

5-dioxopyrrolidin-1-yl 4-(di-tert-butylfluorosilyl)benzoate. '"H NMR (CDCl;, 400 MHz): & 8.13 (d,
2H, J = 8.0Hz), 7.77 (d, 2H, J = 8.4 Hz), 2.92 (s, 4H), 1.07 (s, 18H) ppm. *C NMR (CDCl;, 176
MHz): 8 169.2, 162.0, 142.9 (d, Jcr = 13.7Hz), 134.3 (d, Jcr = 4.2 Hz), 129.2, 126.0, 27.2, 25.7, 20.2
(d, Jer = 11.6 Hz) ppm. YF NMR (CDCl;, 376 MHz): § —188.5 (s, 1F) ppm. Characterization is

consistent with the literature.?®?

Synthesis of Compound 438

SiFA compound 436 (582 mg, 1.54 mmol) was combined with H-L-Asp(O’Bu)-OH 437 (322 mg, 1.69
mmol, 1.1 eq.) in an RBF, along with DMF (19 mL) and DMSO (1 mL). Hiinig’s base (92 pL, 0.54
mmol, 0.35 eq.) was then slowly added, and the mixture stirred at room temperature for 20 hours. The
mixture was concentrated in vacuo to circa ' the original volume. The residual solution was then
combined with brine (150 mL) and extracted with DCM (3%x150 mL). The combined organics dried
over NaSQs, and concentrated in vacuo, to afford a crude yellow oil, which was then purified by
column chromatography (2.8x11 cm silica column), using a gradient of 100% hexanes — 100% ethyl
acetate. The combined fractions were concentrated in vacuo, affording 438 as a white powder (232
mg, 33 %). Ry (6% MeOH in DCM) = 0.20.

(S)-4-(tert-butoxy)-2-(4-(di-tert-butylfluorosilyl)benzamido)-4-oxobutanoic acid. "H NMR (CDCl;,
700 MHz): 8 7.80 (d, 2H, J=7.7Hz), 7.69 (d, 2H, J=7.0Hz), 7.41 (d, 1H, J= 7.0 Hz), 5.07 (app. s,
1H), 3.07 (app.d, 1H, J = 14.7 Hz), 2.89 (app. d, 1H, J= 16.8 Hz), 1.44 (s, 9H), 1.04 (s, 18H) ppm.
BCNMR (CDCls;, 176 MHz): § 175.0, 170.7, 167.5, 138.9 (d, Jor = 13.4 Hz), 134.3, 134.3 (d, Jcr =
4.2 Hz), 126.2, 82.3, 49.2, 37.2, 28.0, 27.3, 20.2 (d, Jcr = 12.0 Hz) ppm. Characterization is consistent

with the literature.?®'
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Synthesis of Compound 439

SiFA compound 438 (270 mg, 0.60 mmol) and N-hydroxysuccinimide (84 mg, 0.73 mmol, 1.2 eq.)
were combined in an RBF, and dissolved in DMF (10 mL). EDCI (100 mg, 0.64 mmol, 1.1 eq.) was
then added, and the mixture stirred at room temperature for 6 hours. The reagent H-L-Asp(O‘Bu)-OH
437 (135mg, 0.71 mmol, 1.2 eq.) was added, followed by stirring at room temperature for 14 hours.
The reaction mixture was co-evaporated with toluene to provide an off-white syrup. The syrup was
dissolved in diethyl ether (50 mL), resulting in the formation of white precipitate, which was removed
by filtration. The organic filtrate solution was washed with 10% aqueous NH4Cl (50 mL), water (50
mL), and brine (50 mL). The combined aqueous layers were extracted with DCM (3 x50 mL). The
combined organics were dried over NaSOs, filtered, and concentrated in vacuo, to afford a crude yellow
oil. The crude was purified using reverse-phase HPLC (method F), affording 439 as a white powder
(95 mg, 26%). R.T. = 15.6 min.

(S)-4-(tert-butoxy)-2-((S)-4-(tert-butoxy)-2-(4-(di-tert-butylfluorosilyl) benzamido)-4-oxo-
butanamido)-4-oxobutanoic acid. 'HNMR (CDCl;, 500 MHz): § 7.82 (d, 2H, J = 8.0 Hz), 7.74 (d,
1H, J=8.0Hz), 7.70 (d, 1H, J= 8.0 Hz), 7.67 (d, 1H, J= 8.0 Hz), 5.06 (m, 1H), 4.84 (dt, 1H, J=".5,
4.4Hz), 3.00 (dd, 1H, J = 16.7, 4.2 Hz), 2.97 (dd, 1H, J = 17.0, 4.5Hz), 2.74 (dd, 1H, J=17.3, 4.7
Hz), 2.70 (dd, 1H, J=16.7, 6.2 Hz), 1.47 (s, 9H), 1.38 (s, 1H), 1.06 (s, 18H) ppm. *C NMR (CDCl,
126 MHz): 6 172.2,171.8, 170.9, 170.3, 167.3, 139.0 (d, Jcr = 13.7Hz), 134.3 (d, Jor = 4.4 Hz), 134.3,
126.1, 82.5, 82.4, 49.8, 48.9, 37.0, 36.7, 28.1, 28.0, 27.3, 20.3 (d, Jcr = 12.1 Hz) ppm. “F NMR
(CDCls, 376 MHz): § —188.6 (s, 1F) ppm. Characterization is consistent with the literature.*®'
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A.3 Spectra of Reaction Mixtures and Pure Compounds
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