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“If you cannot explain something in
simple terms, you don’t understand it”

Attributed to R. Feynman, A. Einstein and several others... does it really matter who? A quote |
agree with, regardless of the source, and something | bear in mind every time | teach, and
every time | hear someone make something sound more complicated than necessary.
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Abstract

Even though carbon-fluorine bonds are uncommon in nature, fluorination of organic
molecules is well-known to induce desirable biological properties. Methods for
fluorination are therefore highly sought after; however, one of the most convenient
sources of fluorine, inorganic fluoride salts, are inconvenient reagents. Inspired by the
fluorinase enzyme’s binding of fluoride through hydrogen bonding, this work describes
the computational investigation of the effects of hydrogen bonding on fluoride reactivity
and selectivity, in collaboration with experimental chemistry, to develop novel catalytic

methods for asymmetric fluorination of organic molecules with simple fluoride reagents.

Chapter 1 summarizes the current state of the art for using fluoride as a reagent for
fluorination of organic molecules. Computational methods and challenges in modeling
such systems are also described. Chapter 2 describes the study and rationalization of
experimental data on the effect of hydrogen bond donor strength on the reactivity and
selectivity of urea-fluoride complexes as reagents in a model Sn2 vs E2 reaction with
primary bromide substrate. This chapter also describes benchmarking of computational
methods for accurate description of fluoride. Chapter 3 describes the development of
hydrogen bonding phase-transfer catalysis (HB PTC) and its application to asymmetric
fluorination with group 1 metal fluoride salts and chiral urea organocatalyst, including
mechanistic study and computationally guided catalyst design. Chapter 4 describes the
application of HBPTC to asymmetric desymmetrization of aziridinium ions.
Computation yields insight into the origins of enantioselectivity and the activation of
potassium fluoride as fluoride source. The final chapter discusses the computational
insight into the effects of hydrogen bonding on fluoride, including consequences for

enantioselectivity and catalytic kinetics.
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1 Introduction

1.1 The Significance of Fluorine

Fluorine is the lightest of the halogens, located at the top of group 17 in the periodic table,
with atomic number 9. It has an estimated abundance in the Earth’s continental crust of
525 ppm, making it approximately the 15" most abundant element, though estimates
vary.! Despite this, fluorine is rarely found incorporated into organic natural products,
with an estimated ~5-15 isolations;?>™ a figure obscured by misidentifications, such as
through contamination with synthetic fluorinated compounds.®’ This is in contrast to the
rest of the halogens, with more than 5000 halogenated natural products known in total
including over 110 iodinated metabolites despite iodine’s low abundance.® A plausible
explanation for the dearth of organofluorine compounds is the low solubility of naturally
occurring inorganic fluoride salts, and that the process of incorporating fluorine into an
organic molecule using an inorganic fluoride source is challenging. Only one natural

enzyme, the fluorinase, is known to synthesize a carbon-fluorine bond in nature.°

In contrast to the lack of fluorinated natural products, fluorine is well-known to impart
desirable biological properties on organic molecules, such as by improving affinity,
efficacy, metabolic properties and modulating lipophilicity and pKa.**” Approximately
25 % of drugs'® and 25 % of agrochemicals!® contain at least one fluorine atom. Over
150 fluorinated drugs have been approved to date, on an upward trajectory that’s set to
continue, with approximately 40 % of pharmaceuticals entering phase Il clinical trials
containing organic fluorine.?° Fluorine may be incorporated into pharmaceuticals in one
of many functional groups, including a fluorine atom itself (aliphatic or aromatic), the
difluoromethyl group and the trifluoromethyl group, each with a unique set of properties

(Figure 1.1). The prevalence of fluorine in medicinal chemistry may also be attributed to



R, _C7 I': R = alkyl, aryl

Figure 1.1: Common fluorinated motifs.

the fact that it can act as an (bio)isostere for common functional groups, such as hydrogen
and hydroxyl, meaning that a molecule may be fluorinated without significantly changing
its steric properties.?* More exotic (bio)isosteres include replacement of an amide for an
a,a-difluoro ketone,?? ketones for a C—F bond, and enols for alkenyl fluorides.?® Chemical
methods for the conversion of abundant “inorganic fluorine” to “organic fluorine” are

therefore highly sought after.?4-2¢

The remarkable effects of fluorine on molecules ultimately stems from the properties of
the element itself. Fluorine is the most electronegative element, with a Pauling
electronegativity of 3.98. Fluorine is also one of the smallest elements, with a covalent
radius of 50-60 pm,2"?8 behind only hydrogen and helium, due to a low number of
electron shells (valence electrons have principal quantum number of 2) and high effective
nuclear charge. Its anionic form, fluoride, has a charge of -1, formed by gaining a single
electron with electron affinity second only to chlorine,?® and is the smallest singly
charged anion with ionic radius of 117 pm and 119 pm for four-coordinate and
six-coordinate fluoride respectively.®® The small radius of fluoride results in the anion
having one of the highest anionic charge densities, 24 C/mm?, despite carrying only a
single negative charge.3! This is exceeded by the oxide, O* (40 C/mm?q), and nitride, N*
(50 C/mm3), anions however the extreme basicity of these ions means they are rarely
encountered in solution. The charge density of fluoride greatly exceeds that of chloride
(8 C/mm?) and multiply charged anions such as phosphide, P* (14 C/mm?), and sulfide,

S (16 C/mmd). Fluoride therefore is highly hydrophilic, with a hydration enthalpy of



515 kJ/mol,* and forms salts with high lattice energies, such as its naturally occurring
form, fluorite, CaF,, with lattice energy of 2640 kJ/mol.?*® Fluoride forms strong
hydrogen bonds, and when uncoordinated, is highly basic with pKa4 = 3.2 in water and

15 in dimethyl sulfoxide (DMSO).*

When incorporated into organic molecules, the properties of fluorine change
dramatically. The carbon-fluorine bond is the strongest single bond to carbon, with bond
dissociation energy of 460 kJ/mol in fluoromethane.3* Perfluorocarbons, most notably
poly(tetrafluoroethylene) (Teflon), are renowned for their inertness to chemical attack
and their thermal stability.®® The strength of the C—F bond is the primary reason behind
fluorine’s high metabolic stability, although there are certain structural motifs that may
be susceptible to metabolism.3 The C—F bond also has a strong dipole moment due to
the large electronegativity difference. Despite this, fluorine substitution is often
associated with lipophilicity.>” Mono-, or di- substitution of aliphatic chains often
decreases lipophilicity due to the polarity of the bond, whereas aromatic fluorination
increases lipophilicity due to the bond’s non-polarizable nature.®® Organic fluorine is
generally a poor hydrogen bond acceptor in contrast to its anionic form.3® Fluorine can
also alter lipophilicity indirectly, for example by lowering amine basicity, or through

conformational effects.1213

1.2 Fluorination Methods and Reagents

Due to the ubiquity of fluorine in high-value molecules, developing novel methods for
fluorination has been actively pursued. Besides radical fluorination,*>** these methods
can be divided into two classes — those that use electrophilic sources of fluorine and those
that use nucleophilic sources of fluorine. The former are formal sources of “F*™, including

F. itself, and have established an exquisite toolbox of bench-stable electrophilic

3



—> MF, TBAF

HpSO4 —— > HF reagents Nucleophilic Reagents

CaF, ——> HF —

> F, >, Electrophilic Reagents

Figure 1.2: Tracing the origins of fluorine. All fluorine is ultimately derived from fluorite, with varying
degrees of processing. Data from Harsanyi and Sanford. Ref 42.

fluorinating reagents. The latter are formal sources of “F~, including the F~ anion itself,
which are generally cheap, abundant and easy to handle, however use of fluoride for
fluorination is not as trivial as it first appears. All fluorinating reagents are ultimately
derived from fluorite (CaF2) with varying degrees of processing*? — use of fluorite directly

is a holy grail of fluorination chemistry (Figure 1.2).

Whilst most syntheses incorporate fluorine by using fluorinated starting materials,?*
thereby avoiding the need for a fluorination step, there is high demand for late-stage
fluorination methods for incorporating fluorine into an already elaborated molecule.*®
Such techniques can be useful in medicinal chemistry where an intermediate can be
diversified by fluorination at various positions, without having to repeat the whole
synthesis. An application where late-stage fluorination is essential is for ®F positron
emission tomography (PET).**# PET is a medical imaging technique used to aid
diagnosis and requires injection of a patient with a radionuclide labelled tracer molecule.
The radionuclide is a positron emitter, most commonly *8F, which allows location of the
PET tracer in the body from coincident gamma rays emitted by positron-electron
annihilation events. Due to the relatively short half-life of ®F of 110 minutes, the

radioisotope must be incorporated, late-stage, into an already elaborated tracer molecule,



before purification and administration to the patient. Due to the high synthetic demands
of such a procedure, the (in)ability to synthesize PET tracers is a current limitation to

research.*®

The following sections outline common reagents and reactions for fluorination, with

particular focus on methods suitable for asymmetric fluorination.

1.2.1 Electrophilic Fluorination

Electrophilic fluorination uses reagents that act as sources of “F*” — the simplest of which
is F2 () — but this is notoriously hazardous, reactive and unselective, with few facilities in
the world able to handle it. F2 g) can, however, be used to derive alternative electrophilic
fluorinating reagents with improved properties. XeF; retains high reactivity, however as
a white solid it is easier to handle and doesn’t require specialist facilities.*® A major class
of reagents contain an N-F bond,*® including N-fluoropyridinium salts,***! Selectfluor™

5233 Synfluor™ >* and N-fluorobenzenesulfonimide (NFS1)* (Figure 1.3). Such reagents
0. 0

= 0 0
l . \éf.r \\S/f
I}l* A IT.I ,
F -OTf F

N-Fluoropyridinium triflate NFSI

Relative Reactivity

-5 -4
(Hodgson) 10 10

F 2BF, /—Cl
+ 'N+
L7
F  2BFy F-Xe—F
Synfluor Selectfluor Xenon difluoride
0.1 1

Figure 1.3: Common electrophilic fluorinating reagents, with their relative reactivity as determined by
Hodgson and co-workers, Ref 47.



are surprisingly safe and easy to handle, being bench stable and commercially available
and have been successfully applied to asymmetric fluorination. The scaffold supporting
the “F* provides a means of controlling reactivity, which may be quantified by redox
potentials, or through kinetic experiments. Whilst such reagents represent a source of
“F™, reactions may also proceed via a radical pathway. Selected electrophilic
fluorination reactions are summarized in Scheme 1.1. Successful fluorination reactions
have also been achieved with electrophilic fluorine sources under ion pairing catalysis,

notably by Maruoka and Toste (see section 1.4).

Electrophilic fluorinating reagents, however, are often fine chemicals, with many step

syntheses from natural resources and often have poor atom economy, with a significant

F* Source

i) ONa F O

EtOzC\b F* Source (1.5 eq.) EtOzc\:Eg

NoF

Lang 1988 63 % yield, 70 % ee 0

i) 0 o
| Pd(I1) (10 mol%) |
A F* Source (1.0 eq.) N %, BF4
RT = R? — R = R? .
r?J+
F F
Yu 2018 15 examples, 36-61 %
86-99 % ee
ii) Pd(I1) (5 mol%)
X H  F* Source (2.0 eq.) N F
R4 s R NFSI or Selectfluor
= =

Ritter 2018 16 examples, 30-85 %
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Scheme 1.1: Selected fluorination reactions involving electrophilic fluorinating reagents. i) First
enantioselective fluorination reaction®® ii) enantioselective Pd(I1) catalyzed benzylic C-H fluorination®’

iii) Pd(I1) catalyzed aromatic C—H fluorination® iv) enantioselective organocatalyzed a-fluorination of
aldehydes.®



organic scaffold to support a single fluorine atom. Nucleophilic fluorination has an
inherent advantage in this regard — using simple fluoride salts is appealing, whereas using

simple F2 () is not.

1.2.2 Nucleophilic Fluorination

1.2.2.1 Reactivity of Fluoride

Nucleophilic fluorination uses sources of “F™, for creation of a carbon-fluorine bond.
Reagents include inorganic fluoride salts and hydrogen fluoride (HF), as well as more
specialist reagents such as diethylaminosulfur trifluoride (DAST) for
deoxyfluorination.®® Fluoride is a charge dense ion, due to its small ionic radius, and as
such, it is strongly coordinating. Once fluoride is in solution, its reactivity and selectivity
profile is highly sensitive to its coordination environment. When strongly solvated,
particularly by hydrogen bond donating solvents, fluoride becomes unreactive, as
reaction would involve breaking one or more of the strong interactions with the solvent.
Conversely, when poorly solvated or in gas phase, fluoride is highly basic, favoring
elimination reactions over substitution, making incorporation of fluorine into a molecule

challenging.5*%

1.2.2.2 Hydrogen Fluoride

Hydrogen fluoride (HF), forming hydrofluoric acid in aqueous solution, is a nucleophilic
fluorinating reagent, readily soluble in a variety of solvents.®® This reagent has excellent
atom economy, with 95 % of the reagent mass in the fluorine atom, and the realistic
possibility that the hydrogen atom may also be incorporated. Hydrogen fluoride is a weak
acid, with pKa of 3.17 in water,33 comparable to that of a carboxylic acid rather than other
hydrogen halides, testament to the charge density of the conjugate base, fluoride.®” HF is

highly toxic and hazardous, readily penetrating tissue and causing severe burns due to
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Figure 1.4: Hydrogen fluoride-based reagents for nucleophilic fluorination.

fluoride content, rather than acidity, with risk increased by the volatility of the reagent.
HF sequesters calcium ions the body, potentially causing cardiac arrest.®® As a result of
these hazards, multiple hydrogen fluoride reagents have been developed, not just to
reduce toxicity and increase ease of handling, but also to allow tunability of the reagent.
Tunability, however, is far more challenging than with electrophilic reagents. Examples
of HF reagents include pyridine-HF (Olah’s reagent),®® DMPU-HF,”
triethylamine*3HF,”* dimethylether<2HF,’> KHF,. (Figure 1.4). These reagents have
enjoyed much success, however do not fully negate the drawbacks of HF and may reduce

advantages such as atom economy.

1.2.2.3 Reagents Containing the Fluoride lon

Inorganic fluoride salts are bench-stable, easy to handle, abundant and cheap, and
therefore appear the obvious choice of fluorination reagent. However, their use is
hindered by high lattice energies, low solubility in organic solvents and
reactivity/selectivity problems depending on the degree of solvation of the fluoride anion,
typically requiring harsh conditions (vide supra). The low solubility of inorganic fluoride
salts can largely be attributed to the high lattice energies of the salts which cannot be
overcome by solvation. This is typical for organic solvents (particularly aprotic solvents)
where the solvation of the fluoride is poor. Alternative fluoride sources, designed to

overcome the drawbacks of simple metal fluoride salts, have seen enormous success,
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Figure 1.5: a) Examples of organic soluble fluoride sources b) problems caused by water of hydration in
TBAF. Hofmann elimination upon drying, and hydroxide formation in situ.

particularly tetrabutylammonium fluoride hydrate (TBAF) — an organic-soluble fluoride
source. Tetramethylammonium fluoride (TMAF)”® and tetrabutylammonium
(triphenylsilyl)difluorosilicate (TBAT)™* were designed to overcome the limitations
originating from water of hydration in TBAF, namely hydroxide formation and Hofmann
elimination induced by drying (Figure 1.5). These reagents don’t provide direct control
over fluoride reactivity and selectivity, however. Asymmetric fluorination using
nucleophilic fluorine sources has lagged behind those using electrophilic fluorine
sources,” however, several successful protocols have been developed with metal
catalysts (Scheme 1.2). Organocatalytic asymmetric nucleophilic fluorination remained

a challenge.”7®
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Scheme 1.2: Selected asymmetric nucleophilic fluorination reactions. All require transition metal
catalysts. i) Co(ll) catalyzed enantioselective ring opening of epoxides’” ii) Pd(0) catalyzed regio- and
enantio- selective allylic fluorination® iii) Co(ll) catalyzed enantioselective ring opening of aziridines
with Ti(1V) co-catalyst™ iv) Rh(ll) catalyzed enantioselective ring opening of oxabicyclic alkenes.®

The fluorinase enzyme is the only known enzyme in nature that synthesizes a product
containing a carbon-fluorine bond.”® The fluorinase mediates reaction of S-Adenosyl
methionine (SAM) with the fluoride anion under aqueous conditions — the latter may be
derived from group 1 metal salts. The mechanism of the fluorinase enzyme has been
extensively studied since being reported in 2002 and established to proceed via an Sn2
reaction at the sulfonium ion, mediated by hydrogen bonding to fluoride (Scheme

1.3).8%82 Initially, fluoride is weakly bound to the enzyme through hydrogen bonding,
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Scheme 1.3: Fluorinase mediated Sn2 reaction of SAM with fluoride to produce 5’-fluoro-5’-
deoxyadenosine. Amino acids involved in fluoride binding determined by Senn et al.®

releasing two of the four water molecules solvating the fluoride anion. The positively
charged SAM substrate binds strongly to the fluorinase-fluoride complex, displacing the
final two waters of solvation coordinated to the fluoride. SAM binds to fluoride in a
reactive conformation, with the fluoride anion pre-organized to attack the substrate C-S
o*. Fluoride substitution is then rapid, with inversion at carbon, producing 5’-fluoro-5-
deoxyadenosine and L-methionine as products, which are released to turn over the
enzyme. Limited progress has been made at broadening the substrate scope of the
fluorinase in nearly two decades since its discovery, suggesting that it is an extremely

challenging task.>83-8

1.2.2.5 Activating Simple Metal Fluoride Salts

Due to their highly attractive potential as fluoride sources, considerable research has
focused on the “activation” of metal fluoride salts, without requiring harsh conditions.
Such attempts have aimed to i) solubilize the fluoride source in synthetically useful,
typically organic, solvents, ii) tune the reactivity profile of the solvated fluoride towards
productive substitution reactions, rather than elimination, iii) create a chiral environment

for asymmetric fluorination.
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Many attempts have aimed at solubilizing the salts by binding the metal cation with crown
ethers (Figure 1.6a).8~° This approach, however, does not provide control over the
solubilized fluoride, causing selectivity problems, and making asymmetric fluorination
challenging. Further, the crown ether is often a promoter, rather than a catalyst. Chiral
crown ethers have successfully been employed for trifluoromethylation.® Hybrid
approaches have been developed, by incorporating hydrogen bond donors to bind
fluoride, giving more control over the anion (vide infra).®*°" An elegant approach, by
Song and co-workers, involves cleaving the crown ether and introducing terminal
hydroxyl groups which bind fluoride (Figure 1.6b).%® This promoter has also been
combined with electrochemical methods,*® and a similar promoter used under ion pairing

catalysis for kinetic resolution of alcohols (Section 1.4).

a) b)
o. + .0 O.._ :/O\H
(ki ) F C ok M
o ' o o’ E F
1 O\
L/O\) 18-Crown-6 k/ H Song
KF Complex Bis-hydroxy polyether
C) Me
Me/\/\N
N w
Me J<.i Mo
N H™ N° O35-Me
1 S 1 25 H Py
OHHET N Me-SCO  Hy P
Me-SZO o ~Hpy 6
O g 958 Z( """
‘Csh,,, o5
O Me Me
Sn2 Transition States
Lee

[bmim][OMs] mediated fluorination with CsF

Figure 1.6: Selected methods for fluorination using metal fluorides. a) 18-Crown-6 bound potassium
fluoride, b) Bis-hydroxy polyether promotor of Song and co-workers. Terminal hydrogen bonds bond
fluoride and electrophile,®® ¢) Sn2 transition state structures for ionic liquid ([omim][OMs]) mediated
fluorination with CsF.%®
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An alternative approach is to solubilize the metal fluoride in ionic liquid solvents, 010

Koguchi has also used an ionic liquid to support a crown ether.% Mechanistic study of
ionic liquid promoted fluorinations reveals key interactions with both the metal cation
and the fluoride anion, as well as binding of the leaving group in some circumstances

(Figure 1.6¢).1%°

1.2.2.6 Hydrogen Bonding Promoted Fluorination

Hydrogen bonding has long been exploited as a key interaction for the recognition of
fluoride, with large quantities of literature describing hydrogen bonding sensors for
fluoride.%1 Inspired by the fluorinase, many, including the Gouverneur group, have
realized the potential of hydrogen bonding to activate fluoride and control its reactivity
and selectivity. Examples of hydrogen bonding promoted nucleophilic fluorination have
been achieved and have been well reviewed.!'?3 One approach is to use hydrogen
bonding solvents, breaking the dogma that protic solvents are universally detrimental for
Sn2 reactions of anions.!**1%> Inspired by these advances, Gouverneur and co-workers.
extensively characterized numerous stoichiometric hydrogen bonded alcohol and urea
fluoride complexes, synthesized from TBAF, in the solid state, revealing striking
structural diversity (Figure 1.7a).2*%%" Further, kinetic studies of an Sn2:E2 competition
reaction with primary bromide substrate were performed, establishing decreased
reactivity, but increased Sn2 over E2 selectivity with increasing hydrogen bond donor

strength.

Attempts have been made to exploit hydrogen bonding to aid in the solubilization of
metal fluorides including the method of Song (vide supra). More elaborate structures
have been developed with explicit cation binding groups and hydrogen bonds for fluorine

binding, such as BACCA and BTC5A of Kim and co-workers (Figure 1.7b).%6:118:119
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Figure 1.7: Selected examples of hydrogen bonding promoted fluorination. a) stoichiometric
urea-fluoride complexes of Gouverneur and co-workers.**” b) Bis-tert-Alcohol-Functionalized Crown-
6-Calix[4]arene of Kim and co-workers. incorporating metal and fluoride binding groups*® ¢) Transition
state structure “receptor” of Pliego, designed to bind fluoride and leaving group in the Sy2 TS.*20

A distinct approach, partly theory led by Pliego and co-workers., develops the idea of a
transition state structure (TS) “receptor” to achieve catalysis mediated by hydrogen
bonding (Figure 1.7¢).9"120-122 Both the fluoride nucleophile, and the leaving group are
bound by hydrogen bonds, lowering the energy of the TS. This method has the potential
to work with solvated fluoride, as well as for insoluble metal fluoride salts by the addition
of a metal binding group to the catalyst, however no catalyst for asymmetric fluorination

has been proposed.

1.3 Hydrogen Bonding
A hydrogen bond is a type of non-covalent interaction first reported over 100 years ago,
123124 and now pervasive in our understanding of biology and chemistry, explaining

fundamental concepts such as DNA base pairing and the anomalous properties of water.
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Despite being well-known, our understanding of hydrogen bonds has changed
significantly during that time period. In 2011 the International Union of Pure and Applied
Chemistry (IUPAC) recommended the definition of “The hydrogen bond is an attractive
interaction between a hydrogen atom from a molecule or a molecular fragment X—H in
which X is more electronegative than H, and an atom or a group of atoms in the same or
a different molecule, in which there is evidence of bond formation” which may be denoted
as X—Hes*Y—Z where X—H is the hydrogen bond donor and Y-Z is the hydrogen bond
acceptor.'? Intriguingly, this definition requires “evidence ” to support the assignment of
a hydrogen bond, rather than being defined simply on the basis of the species involved,

testament to the difficulties and controversies in defining the interaction®?

Many traditional definitions require X (of the hydrogen bond donor) to be
electronegative, such as N, O and F (not just more electronegative than hydrogen), with
the broadening of the definition now including C—H bonds as hydrogen bond donors,
which were formerly controversial.*>’~*3 Hydrogen bond acceptors require electron
density (commonly a lone pair of electrons) to interact with the 8" hydrogen, with both
charged and neutral acceptors commonplace. Hydrogen bonds that fall within the
traditional definition may be referred to as classical and those that don’t as non-classical.
Hydrogen bond strengths may range from 1 to 170 kJ/mol, depending on the system, but
are typically up to ~20 kJ/mol.*32135 Naturally, the strength of a hydrogen bond is also
strongly dependent on the medium in which it is determined. Hydrogen bonds are

directional interactions,'?6:1%21% influencing molecular geometry.

Besides the species that can form a hydrogen bond, the exact nature of the bonding is also
controversial. Because of the definition of the X—H bond as polar, there is naturally an

electrostatic contribution, with debate surrounding the degree of covalent
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contribution.**"13 Observations in favour of a covalent contribution are the overlap of
van der Waals radii and the directionality of the interaction.'®® “Covalent” hydrogen
bonds have been reported**® and studies using natural bond orbital analysis have
concluded that electrostatics are a minor component after charge-transfer.X* A much
more recent study by Stone, however, has disputed the latter as fundamentally flawed.'4?
Other recent studies, including one published recently by Galbraith, support covalency

as the dominant factor.36:143

Whilst the nature of hydrogen bonding remains controversial, there appears consensus
that the factors involved in hydrogen bonding are varied, and dependent on the species

involved and the geometry of the bond formed.

1.3.1 Hydrogen Bonding Catalysis

Hydrogen bonding catalysis is a major subdiscipline of organocatalysis, focusing on the
use of small molecule hydrogen bond donors to accelerate the rate of a reaction.
Hydrogen bonding catalysis is closely related to Brgnsted acid catalysis, with the
distinction lying in whether the catalyst fully protonates the substrate in the mechanism

— a distinction that is not always clear.*® Hydrogen bond donors may be one of a diverse
HB Catalyst
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Scheme 1.4: Selected example of hydrogen bonding catalysis a) Urea catalyzed enantioselective
hydrocyanation of ketoimines!* b) Alcohol catalyzed enantioselective Diels—Alder reaction. 4
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array of species including alcohols, amines, (thio)ureas and phosphoric acids which are
typically used to bind an electrophile, lowering its LUMO, and thus increasing its
reactivity towards nucleophiles.}*”148 Use of a chiral hydrogen bond donor can facilitate
an asymmetric transformation by providing a chiral environment. Typical hydrogen

bonding promoted reactions are shown in Scheme 1.4.

1.3.2 Hydrogen Bonding Promoted Activation of Carbon-Fluorine Bonds

It has long been established that acidic and/or hydrogen bonding conditions can assist in
the activation of carbon-fluorine bonds, particularly with g-unsaturation, by binding of
the fluorine leaving group.!**® More recently in 2013, Paquin and co-workers
demonstrated that water co-solvent accelerated the rate of substitution of a benzylic
fluoride with morpholine through hydrogen bonding, forming a carbon-nitrogen bond.*>
This was followed by a report that stoichiometric quantities of a small molecule hydrogen
bond donor could promote the same transformation, including in aprotic solvents
(Scheme 1.5).12 DFT and isotopic labelling studies support an Sn2 mechanism. 3154
Further, the strong hydrogen bonding to fluoride permits activation of C—F bonds, in
contrast to other carbon-halogen bonds. Other examples of the activation of carbon-
fluorine bonds include for Friedel-Crafts, which likely proceeds via a more Sn1 type

mechanism with strong hydrogen bond donors.*>**>’

OH

OH
1.1 eq.
- ( q.)

R1@ﬁp RZRNH (2.0eq) R1@/\NRZR3
7 100 °C, 24 h —2

11 examples, 56-86 % yield

Scheme 1.5: Hydrogen bonding promoted activation of a benzylic carbon—fluorine bond by a
stoichiometric alcohol promoter, under neat conditions.*2
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1.4  Asymmetric lon Pairing Catalysis

Asymmetric ion pairing catalysis is a contemporary field of catalysis, where a chiral
catalyst takes part in an ion pair, generating an asymmetric environment for an ensuing
transformation. The field can be broadly split into four mechanisms — chiral cation-
/anion- directed catalysis and cation/anion binding catalysis.*>® Generation of the chiral
ion pair for ion pairing catalysis may be done through phase-transfer catalysis (PTC) —a
mechanistic concept where a reaction is run with multiple phases, which separate the
reagents, and a catalyst mediates the transfer of one or more reagents between the phases,
allowing them to react. Typical chiral cations include quaternary ammonium salts and
chiral anions include chiral borates or phosphates. Good enantioselectivity requires tight

ion pairing and therefore, typically, low polarity solvents.

The cation-binding mechanism often involves binding of a metal cation with a chiral
crown ether or polyether, which may solubilize a group 1 metal fluoride.*®
Anion-binding catalysis typically involves a hydrogen bonding catalyst binding an anion,
rather than an electrophile as in classical hydrogen bonding catalysis. This anion may be
formed by direct removal of a leaving group in situ, referred to as anion-abstraction
catalysis.*8%162 \With a chiral hydrogen bond donor, this anionic complex can ion pair
with a cationic substrate, providing a chiral environment for the ensuing transformation.
Examples of the four principal asymmetric ion pairing catalysis mechanisms are given in
Scheme 1.6. Fluorinations have been performed under chiral anion-directed catalysis by
Toste and co-workers'®® and chiral cation-directed catalysis by Maruoka and

co-workers'4 using electrophilic fluorine sources (Scheme 1.6i and ii).
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Scheme 1.6: Selected examples of the four main types of anion-binding catalysis. i) Chiral
cation-directed catalysis. Asymmetric electrophilic fluorination under liquid-liquid phase-transfer
catalysis with a chiral cationic quaternary amine catalyst'®* ii) Chiral anion-directed catalysis.
Asymmetric electrophilic fluorination under solid-liquid phase-transfer catalysis with a chiral anionic
phosphate catalyst'®® iii) Cation-binding catalysis. Deprotective kinetic resolution of silyl protected
alcohols with a chiral polyether catalyst for binding of potassium ion*® iv) Anion-binding catalysis.
Asymmetric Mannich reaction with a chiral thiourea catalyst. Thiourea abstracts chloride leaving group
to form a chiral-anion.'®> Section A: Reaction conditions. Section B: Key reaction step
(enantiodetermining/enantioselective) involving the chiral ion pair. lon pair enclosed within curly
braces. Chiral catalyst is highlighted in blue.
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1.5 Computational Organic Chemistry

The roots of computational organic chemistry stretch back over 60 years with the advent
of semi-empirical methods, however the widespread application of density functional
theory (DFT) to small molecules in the 1990s has led to the surge of the field that defines
modern computational organic chemistry.%®1” The hybrid functional, B3LYP (Becke 3-
parameters, Lee, Yang, Parr), was developed over the course of the 1980s and early
1990s, and rapidly implemented in quantum chemistry software packages — a functional
that still sees widespread use to this day.®8-1"1 Advancing theory and models, more
efficient algorithms and vastly increased computational power have seen this discipline

rapidly become a practical tool for organic chemistry.

It is the case, and likely will remain so, that exquisitely accurate computational methods
are reserved for a small number of systems that have little practical importance for
organic chemistry — small, conformationally inflexible molecules, in the gas phase.
However, there is a large appetite for computational assistance and insight into the study
of ‘real’ reactions, optimized for their experimental significance rather than
computational convenience.}’> The ultimate goal is for computation to alleviate the
burden of experimental screening (aka trial and error) by performing accurate
calculations on the same timescale as experiment, ideally in a predictive capacity.
Computational organic chemistry has been highly successful in explaining chemical
phenomena,t® 1" and is coming of age with increasing reports of computational

prediction.178-182
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1.5.1 Common Computational Methods
A computational organic chemist has many methods at their disposal, implemented in
various software packages. These methods can be broadly separated into those that

depend upon quantum mechanics and those that depend upon classical mechanics.

1.5.1.1 Quantum Mechanical Methods

Quantum mechanics (QM) famously came to prominence at the turn of the 19"/20"
century, when experimental observations came to light that could not be explained with
classical mechanics, including Young’s slits, the photoelectric effect, black-body
radiation and atomic emission spectra. In 1926, Schrédinger published his eponymous
equation — an equation that underpins all wave function theory (WFT) computational
methods (Equation 1.1 — the time independent Schrédinger equation).t8 In this equation,
Y represents the wave function of a system — a mathematical function that contains all of
the dynamical information, H represents the Hamiltonian operator — a quantum
mechanical operator for energy, and E is the energy of the wave function, ¥. Despite the
simple form of the equation, solution is challenging for all but the simplest systems,

requiring a number of approximations.

As nuclei are much more massive than electrons, it can be assumed that electrons can
instantly adapt to movement of the nuclei, thus their motions can be deconvoluted — the
Born-Oppenheimer (BO) approximation.'8* This allows the electronic wave function to
be solved for a given set of atomic coordinates, returning the energy of the system. If
these energies are considered as a function of the positions of the nuclei, the result is a
potential energy surface (PES), a fundamental concept in computational chemistry and

frequently used to rationalize the kinetics and thermodynamics of organic reactions.
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AY = EY (1.1)

One of the earliest approximate methods for solving the Schrodinger equation is Hartree—
Fock theory (HFT), also known as the self-consistent field (SCF) method. In the linear
combination of atomic orbitals (LCAO) approach, a trial solution is constructed where
each molecular orbital is described as a linear combination of atomic orbitals. Finding
the optimum solution set then becomes synonymous with optimizing the coefficients of
the linear combinations to find the lowest energy. The trial solutions are successively
optimized in the average field of all the others until a converged, “self-consistent”
solution is obtained. HFT has been highly successful, however, its key limitations,
notably incomplete treatment of electron correlation and subsequent lack of dispersion,
have led it to become obsolete for computational organic chemistry as a method in itself.
Its exact treatment of exchange leads it to be included in hybrid density functionals, in
varying proportions. Successive theoretical methods have been based upon HFT, referred
to as post-Hartree—Fock methods, which generally improve on accuracy, but at increased
computational cost. Such methods include configuration-interaction (CI), many-body
perturbation theory — including the Magller—Plesset perturbation methods!® (Mp2,186-1%0
MP3,191192 MP41%%) and coupled cluster theory (CC).1%*1% The MPn methods and
coupled cluster methods remain in widespread use. The accuracy of coupled cluster can
be increased by treating excitations — singles (S), doubles (D), triples (T), quadruples (Q)
— with methods denoted, for example, as CCSD. The most commonly used method

includes singles, doubles and perturbative triples, denoted CCSD(T).

CCSD(T) is frequently referred to as the “gold-standard” of computational chemistry,%¢-
198 however its high computational cost, and very strong scaling with system size (~O(N")

where N is system size)'®® renders it impractical for most systems. Recent developments
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have established a more efficient form of CCSD(T) known as DLPNO-CCSD(T)
(domain-based local pair natural orbitals), which achieves a remarkable near-linear

scaling with system size, making it a practical method for typical organic systems.?%

A popular alternative to WFT approaches are those based upon density functional theory
(DFT). DFT has its origins back in the 1970s, when Hohenberg and Kohn proved the
existence of the exact density functional,?* however it only became suitable for small
molecule chemistry 20 years later in the 1990s. DFT bypasses the difficulties associated
with WFT methods, where the latter involves solving equations in 4N variables (3 spatial
coordinates and spin coordinate for each electron), by using a density functional that acts
upon the electron density of a system (itself a function of only 3 spatial coordinates) and
returns energy. Thus, the need to solve the Schrédinger equation is bypassed in exchange
for a much less costly calculation — it is this substantial decrease in computational cost
that has led to the ubiquity of DFT in computational organic chemistry. Further, DFT
methods scale much more favorably with system size than WFT methods at ~O(N?3),

where N is system size.1%

Whilst it is proved that such an exact functional exists to return the energy, this functional
is unknown, resulting in the development of a large number of functionals, pejoratively
referred to as the “functional zoo”, with different functionals optimized for different
tasks. As DFT is not variational, there is no certain way of knowing whether one
functional returns a more accurate energy than another, leading to the necessity to
benchmark DFT methods against WFT methods or experiment. Further, whilst the initial
trend in density functional design was increasing both the accuracy of the electron density
and the energy, more recently functionals have sacrificed the former in favor of the latter

— a trend away from the exact functional .2%
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Kohn and Sham proposed conversion of a conventional DFT system to an equivalent but

fictitious system of non-interacting electrons with the same electron density,%

yielding
Kohn—Sham density functional theory (KS-DFT, Equation 1.2). Each term in equation
1.2 can be computed exactly, with the exception of the exchange-correlation functional,

Exc, which is not exactly known — different approximations to the Exc result in different

density functionals.

E[p] = T[p] + Vip] + J[p] + Exc[p] (1.2)

E[p] is the KS-DFT ground state energy; T[p] the electron kinetic energy; V[p] the electron-nuclear
interaction potential; J[p] the Coulombic interaction and Exc[p] the exchange-correlation functional.

Whilst there are no guarantees about the relative accuracies of the final energies,
approximations to the exchange-correlation functional can be ranked in a hierarchy,
commonly referred to as “Jacob’s Ladder”.?* Key approximations include i) the
local-density approximation (LDA), where Exc is described solely by the electron density
at a given point in space (first rung), ii) the generalized gradient approximation (GGA),
where Exc may also depend upon the gradient of the electron density, with respect to
position (second rung), iii) the meta-generalized gradient approximation (MGGA), where
Exc may also be dependent on the second derivative of the density with respect to position
(equivalent to the kinetic energy density — third rung). The fourth rung is defined by
inclusion of ‘exact’ Hartree—Fock exchange, with the fifth rung reached by dependence

on virtual orbitals yielding a double hybrid functional.

Two functionals used extensively in this work are M06-2X and ®B97X-D3. M06-2X is
a hybrid mGGA exchange correlation functional incorporating ‘double’ Hartree—Fock
exchange (‘2X’ — giving a total of 54 %),%% therefore sitting on the fourth rung of the

ladder. M06-2X is a highly parametrized functional, with 32 parameters fitted to known
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data. M06-2X describes dispersion well in the medium range, due to the mGGA and the
functional’s parametrization, however it fails to reproduce long range dispersion with 1/r
range dependence.?®® ©B97X-D3 is a range-separated hybrid GGA functional, also
located on the fourth rung, consisting of the ®B97X functional?®®’ and an empirical
dispersion correction (D3).2%82% »B97X is built up from the B97 GGA functional (rung
2),2% with range-separation (w) and incorporation of exact exchange (X).
Range-separation (long-range correction) is designed to overcome inaccurate long-range
behavior by treating long- and short-range interactions differently. To describe
dispersion, Grimme’s empirical pairwise atom-atom DFT-D3 dispersion correction is
added.?™* This treats dispersion as an add-on to DFT, with minimal increase in
computational cost, by considering the dispersion interaction between pairwise and
3-body groups of atoms, enforcing the correct 1/r® distance dependence at long range.
The dispersion correction is damped at short range, such as by the method of Becke and
Johnson (BJ).222> No knowledge of electronic structure, nor atom connectivity is

required for the DFT-D approach.

With both WFT or DFT methods, a basis set is used to describe the solutions of an
electronic structure computation. A basis set is a series of basis functions typically located
on each atom, with the solution described as a linear combination of these functions. A
basis function typically has a similar form to an atomic orbital, though use of
gaussian-type basis functions, with e~ behavior, far exceed the use of Slater type basis
functions with the “correct” e™" dependence, due to their computational efficiency. A
basis set that has one basis function per (partially) filled atomic orbital is referred to as a

single-C basis set, however this is inadequate for most chemistry. Double-C and triple-(
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basis sets double and triple the number of basis functions respectively and are both in

common use.

Basis set size has a large effect on the cost and accuracy of a computation — the ideal of
an infinite basis set is unachievable, however extrapolation techniques can be used to
estimate the complete basis set (CBS) limit.?!® Too small a basis set and the electrons do
not have the freedom required to reach a realistic solution, with loss of accuracy in the
chemistry. A basis set superposition error (BSSE) is also introduced when calculating
complexation energies, as each fragment in the complex is also described by the basis
functions of the other fragment, leading to a lowering in energy of the complex. BSSE
may be reduced by increasing basis set size, or by employing a correction such as the
counterpoise correction.?!’ Larger basis sets give a lower energy, and a more theoretically
correct solution than smaller basis sets. The error induced by using a finite basis set is
smaller for DFT methods than WFT methods, meaning that a smaller basis set can be
used for DFT, for a given accuracy, resulting in further relative performance benefit. As
chemistry largely affects the valence electrons, basis sets are biased towards their
description over core electrons — core electrons may even be replaced by an effective core
potential (ECP). Notable exceptions to the importance of valence electrons are nuclear
magnetic resonance calculations (NMR) where the behavior of the electrons around the
nuclei is most important, and contracted basis sets give a superior description. Quantum
mechanical methods are implemented in many quantum chemical software packages

including Gaussian,?'8 Jaguar,*® Orca,??%??* Turbomole??? and ADF.?%3

1.5.1.2 Classical Mechanical Methods

Classical mechanical methods aim to describe the energy, geometry and mechanics of

molecules using classical mechanics, necessarily without understanding the fundamental
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quantum mechanics that determines the behavior of the system. Such models may be
described as “ball and stick”, with each atom treated as a (charged) particle, and the forces
involved described by a force field. Common force fields include AMBER,?*
CHARMM,?® MMFF,?% OPLS?"2%8 and UFF.?° The total energy of a system is
partitioned into contributions from bonded and non-bonded interactions — Ebonded and
Enon-bonded respectively. The bonded term is further composed of contributions from
distortion of bonds (Ebond), angles (Eangle), and dihedrals (Edinedrar), from their equilibrium
values. Non-bonded interactions are composed of van der Waals (Evow) and electrostatic
(Eelectrostatic) terms. The energy of the system is the sum of these terms over all

atoms/groups of atoms. Their functional form varies between force fields (Equation 1.3).

EMM = Ebond + Eangle + Edihedral + EVDW + Eelectrostatic (1-3)

L J | )
Y T

Ebonded Enon—bonded

Static optimizations using a force field are referred to as molecular mechanics (MM).
Whilst classical methods obviously compromise on theoretical rigor, computation is
trivial and has favorable scaling with system size, allowing large systems solvated in a
box of solvent to be simulated over time in molecular dynamics (MD) simulations.

Simulation of such large systems is inaccessible to QM methods.

The accuracy of MM and MD calculations depends entirely on the validity of the force
field used. Parameters may be assigned to a given molecule on the basis of its molecular
connectivity, or a system may be parametrized against quantum mechanical methods, to
generate parameters specific to an individual system. Further, chemical reactivity cannot

be studied using traditional force fields, as bonds cannot be broken and formed.
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1.5.2 Conformational Flexibility, Sampling and Scaling

A consideration before computing a system is the amount of computational time it will
take. When a molecule is subjected to a geometry optimization, the algorithm will
optimize the molecule to the local minimum geometry — a single, structurally similar,
conformer. It is the global minimum conformer, however, that most greatly influences
the properties and chemistry of a molecule, and an unfortunate fact is that it is not possible
to verify whether a particular conformer is the global minimum.72177.2%° Finding the
dominant conformers for a system is essential to accurately describing it. %% For a
conformationally inflexible molecule, it may be possible to compute all of the conformers
systematically, thereby identifying the global minimum. However, conformational space
increases rapidly with the number of rotatable bonds in a molecule, rapidly becoming
infeasible. For example, n-butane has 1 rotatable bond (Me—C—C—Me dihedral), forming
3 conformers (1 anti, 2 gauche, though the gauche conformers are degenerate). Doubling
the chain length to n-octane results in 5 rotatable bonds with a predicted 3° =243
conformers ignoring degeneracy. In reality, the situation is much more complex, with

347 conformers:23¢

clash of the ends of the alkyl chain when brought into proximity
invalidates the assumption of only three minima for the rotation of an individual bond.
Complete computation of octane would therefore take approximately 1000x more
computer time than butane using a DFT method — a factor of ~100 arising from increased
conformational space, and a factor of ~10 arising from DFT scaling. Common practice
in computational chemistry is therefore to truncate “extraneous” substituents, such as a
propyl substituent to a methyl substituent, to reduce conformational space.
Conformational searching may be done manually — using chemical intuition, however,
software exists to automate the exploration of conformational space, by rotating rotatable

bonds in a molecule.?®” Classical molecular mechanics tends to be used for energy
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evaluations due to low computational cost. Conformational search may be done

systematically; using a search algorithm such as Monte-Carlo;?®

or simulation using
MD.2%9240 Dye to the relatively low accuracy of force field energies, the energy of a large
number of conformers must be computed using QM methods before conformers may be
discarded. State of the art, efficient QM methods are currently being developed for

conformational sampling, notably Grimme’s XTB tight binding.?44

1.5.2.1 lon Pairing

A related issue occurs with non-covalently bonded systems such as ion pairs. lon pairing
occurs between ions of different charge, in low polarity solvents, creating a net neutral
species in solution. Whilst not strictly speaking conformers, ion pairs can adopt many
different geometries depending on the relative positions of the ions, each with a different
energy.2*4?4 The importance of counterions in modern ion pairing catalysis is in contrast
to the approach traditionally taken in computational chemistry of neglecting counterions
— though this remains an appropriate approximation in polar solvents and with
non-coordinating counterions. Favorable error cancellation (due to the systematic nature

of the approximation) also increases its applicability.

Sampling of ion pairs is more challenging than typical conformational sampling as the
relative positioning of the ions can’t easily be described in terms of internal coordinates
(i.e. bond dihedral angles). Further, as the dominant coulombic interaction is of low
directionality, the resulting potential energy surface is often very flat. Though, in
situations where the ion pair is formed in a particular orientation, by chemical reaction,
the ion pair may be able to maintain its orientation on a reasonable timescale, such as in
the proton-slide mechanism.?*6-4% Besides manual sampling, methods for sampling of

ion pairs have been developed including those based upon semi-empirical methods,?°%:25
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or using MD simulations.?®® Note that the conformers of the individual ions themselves
must be considered simultaneously with the relative orientation of the ions in the ion pair.
Several recent examples of computation gaining useful insight into ion pairing reactions

have been published.?5?-2%

1.5.3 Solvation Models — Implicit and Explicit

When a molecule is solvated for a typical organic reaction, there are typically on the order
of 100-1000 solvent molecules per solvated molecule (0.1 moles/kg, solvent 10-100 Da).
This poses the problem of system size and also ‘conformations’, where the solvent
molecules can rearrange in a near infinite number of ways. Modelling of such explicitly
solvated systems is possible using classical methods (MD) due to the low computational
cost of the method (Figure 1.8a). This brings the benefit that explicit solvent-molecule
interactions are included and can be studied — a particularly important factor in protic

solvents, where hydrogen bonding interactions are critical.

Explicitly solvated systems cannot be modeled using QM methods due to the high
computational cost of the methods and poor scaling. Solvent, however is a very important
factor in organic reactivity, with large differences to energetics in the gas phase,
particularly with polar or ionic interactions. A solution to this conundrum is provided by
implicit solvation models, whereby a molecule is located in a solvent cavity, and the
solvent is modelled as a continuum by its bulk dielectric constant, &, at minimal additional
computational cost (Figure 1.8b).25"2%0 No solvent molecules are explicitly modelled,
trading loss of specific solvent-molecule interactions for computational feasibility.
Implicit solvation models are ubiquitous in computational organic chemistry and may be
applied to optimization/frequency calculations or just as a single point energy correction.

The self-consistent reaction field (SCRF) method is used whereby the charges on the
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species polarize the surrounding continuum, which in turn alters the charge distribution
of the molecule. Calculation is iterated until a self-consistent solution is obtained.?!
Examples of implicit solvation models include CPCM,%52-264 [EFPCM,65-267 COSMO?%8
and SMD.?®® This approach has been developed further by COSMO-RS, whereby the
properties of the solvent are derived from QM calculations, such as the screening charge
density.?’%2"3 This keeps computational cost low, however, describes to some extent,

explicit solvent-molecule interactions.

A compromise approach is the concept of microsolvation, where only “key” solvent
molecules, adjacent to the molecule of interest, are modelled (Figure 1.8¢c).83274-282 An
implicit solvation model is typically applied to the whole system, including the explicit
solvent molecules. This has the advantage that explicit solvent-molecule interactions are
modelled using QM, at the same level of theory as the molecule of interest. However,

even a complete first solvation shell does not accurately describe the behaviour of bulk

a)

CH ool H O oy
-\ H Cl \

Cl

Explicit Solvation Microsolvation

Figure 1.8: Three common models of solvation for computational chemistry. a) modelling of solvent
molecules explicitly, at a low level of theory b) implicit solvation, with solvent modelled by a continuum
with relative permittivity, . The molecule of interest is enclosed within a cavity c) microsolvation by a
small number of explicit solvent molecules, at a high level of theory. This approach may be combined
with an implicit solvation model (b) to the whole system, including the explicit solvent molecules.
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solvent — it neglects the interaction of these solvent molecules with the second solvation
shell and so on. The unavoidable question, therefore, is how many solvent molecules are
required to accurately describe solvation. Further, even with a small number of solvent
molecules, the number of possible orientations of the solvent molecules is high, rapidly
becoming implausible to consider and compute. It is therefore subjective where the
solvent molecules are added. The microsolvation approach is not in common use for the
general study of organic reactivity due to the high computational cost and the additional
problems entailed, however it can give qualitative theoretical insight into the importance

of solvation effects in some systems.

1.5.4 Transition State Theory

To investigate reaction rates, computational methods can be readily used to calculate
Gibbs free energies of activation, (AG*), by calculation of ground state and transition
state structures. Experimental kinetic measurements, however, yield rate constants, k.
Transition state theory provides the means for interconverting between energy barriers

and rate constants for elementary reactions.

The fundamental premise of TST is that the activated complex (a transient structure near
to the TS, with lifetime of less than a vibration) and the reactants may be regarded as in
equilibrium. The activated complex can then proceed to products. A statistical
mechanical or thermodynamics-based derivation yields the Eyring equation (1.4),

relating k and AG¥,

P = KT ~AG* »
=K Y exXp| %= (1.4)
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where x is the transmission coefficient and the other constants have their usual
definitions.?83-2% The transmission coefficient represents the probability that an activated

complex proceeds to product, and is usually set to 1, assuming no re-crossing of the TS.

The Eyring equation is of a similar form to the Arrhenius equation that preceded it
(equation 1.5), but they describe distinct concepts. The Arrhenius equation refers to the
macroscopic activation energy and rate constant for a reaction (i.e. one of each for a
multi-step reaction), whereas the Eyring equation refers to an individual elementary step.

k =Aexp (%) (1.5)

An intimate understanding of reaction mechanism is required to relate the rate constants
of individual steps in the mechanism to the macroscopic rate constant of the whole

reaction.

A practical application of the Eyring equation in computational organic chemistry is for
calculating kinetic selectivity, for example for two competing mechanisms, or transition
state structures to enantiomeric products. Under kinetic control, the ratio of the products

is equal to the ratio of the rates of their formation (Equation 1.6).

kB—Tex —_AGli ex —_AGl*
k, h “P\7RT P{™RT AAGH , ,
= = = ex AAG* = AG,™ — AG;™ (1.6)

ke kgT  (=AGY\ _ [=AGT\ T\ RT
h™ **P\7RT P\ TRT

The ratio of products therefore depends on the difference in Gibbs free energy of

activation for the two processes. When ki and k2 represent formation of enantiomeric
products, equation 1.6 relates the enantiomeric ratio (e.r.) to the Gibbs free energy
difference of the competing diastereomeric TSs. In general, however, there are multiple
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TSs to each enantiomeric product, arising from conformational flexibility, resulting in an
ensemble of transition state structures. In this case, the enantiomeric ratio is the ratio of
the sum of the rates to each enantiomeric product via each TS in the ensemble (Equation

1.7).

kgT —AG;* —AG;*
ZMajor TSs E eXp( RTI ) ZMajor TSss €XP <R—Tl>

— — = (1.7)
Kminor kgT _AGj# _AG]'*
ZMinor TSs™ h exp RT ZMinor TSs €XP T

_ kMajor _

e.r.

Besides the validity of the underlying TST, a challenge for computation is that k depends
exponentially on Gibbs free energy differences, amplifying uncertainty in the computed

value.

1.5.5 Energy Decomposition Methods

Computational results tend to directly give numbers, rather than insight.?®® Converting
numbers into chemically useful conclusions can be challenging, however successful
approaches include natural bond orbital analysis (NBO)?72% the non-covalent
interaction index (NCI)?8%2% and atoms in molecule (AIM).?*! To explain the origins of
energy differences, various energy decomposition analyses (EDA) have been developed,
attempting to assign contributions of an energy difference to chemically meaningful
factors.2%2-2%  Several successful approaches have been devised, including
truncated/fragmented models®329"2% and the distortion/interaction-activation strain
method.?%":300-303 Tryncated models involve the deletion of part of the two structures of
interest and reevaluating the energy difference. If necessary, loose valence is plugged

with hydrogen atoms in a consistent manner. How the energy difference between the two

34



structures changes upon truncation highlights the relative contribution of that structural

feature to the energy difference.

1.55.1 The Distortion/Interaction-Activation Strain Method

The distortion/interaction-activation strain model (DI-AS) was developed independently
in the labs of Bickelhaupt and Houk and partitions the activation barrier of a reaction into
the “distortion” and “interaction” of the components of the reaction. This model has been
successfully applied to many systems, including rationalizing Sn2 vs E2

competition,2933%

An intrinsic reaction coordinate (IRC) calculation is run for each system of interest, from
reactants to TS. The system is partitioned into different components, typically the
reactants. For each point on the IRC, the energy of each component is evaluated
individually (i.e. by deleting all other atoms), without changing the geometry. The energy
of each component in its distorted geometry, for a given point on the pathway, relative to
its energy when undistorted defines the distortion energy of that component. For a given
point on the IRC, the distortion of the individual components can be summed to give the
total distortion energy. The hypothetical energy released when the distorted components
are brought together, is referred to as the interaction energy — mathematically the
difference between the total energy of the system at that point and the total distortion
energy. Comparison of the relative contributions of the distortion and interactions terms
between multiple systems can then give insight into the origins of selectivity. An outline
of this approach is given in Figure 1.9. One significant advantage of DI-AS analysis is
that it can be run using any quantum chemistry package capable of running an IRC

calculation.
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Figure 1.9: The distortion/interaction-activation strain method for decomposing contributions to an
activation barrier. An Sn2 reaction is used as example. The system is separated into component 1
(substrate) and component 2 (nucleophile). a) Plot of energies over the reaction coordinate, up to the TS.
Total distortion energy (AEsmin(C)), interaction energy (AEin(()) and total energy (AE({)). b) Structures
over the reaction coordinate, illustrated by the three points, i-iii. At each point, the system is separated
into the two components and the energies evaluated in the distorted geometry — the difference in energy
from the equilibrium geometry defines AEstrain({). In this particular example, as Y is an atom, it has 0
distortion energy at all points. Interaction energy can then be calculated as AEin({) = AE({) — AEstrain(C).

1.5.6 Hammett Equations

Hammett equations are a type of linear free energy relationship (LFER) where Gibbs free
energies (or logarithms of rate/equilibrium constants), for a series of molecules with
differently substituted aromatics, are correlated against a Hammett substituent constant,
o. Providing there are no changes to the underlying chemical mechanism, the plot is
expected to be linear — indeed a plot with a discontinuity is indicative of a change in
mechanism for activation barriers/rate constants. Hammett substituent constants have
been derived for common functional groups, substituted at the para and meta positions
of an aromatic — op and om respectively.3%=% Hammett substituent constants were
originally derived from the equilibrium constants of benzoic acid derivatives and the
relative rates of hydrolysis of their esters, however demonstrate remarkable

generality.308:309
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1.6 Thesis Summary

This work describes the computational investigation of the effects of hydrogen bonding
on the reactivity and selectivity of fluoride, with a focus on developing novel fluorination
methodology in collaboration with experimental chemistry. The computational work
described herein is solely my own, except where otherwise acknowledged, whereas all

experimental work was performed by co-workers in the Gouverneur Group.

This work begins with an investigation into the reactivity and selectivity of stoichiometric
urea-fluoride complexes in a model Sn2 vs E2 reaction with primary bromide substrate,
using published experimental data (Chapter 2). Computational methods are benchmarked
against high level quantum mechanical benchmarks and experimental data to establish an
appropriate level of theory for describing fluoride. The experimental results are
reproduced and rationalized, revealing the fundamental influences of hydrogen bonding
on fluoride reactivity and selectivity. Applying this knowledge, computation alongside
experiment, exploits hydrogen bonding to fluoride in a catalytic process — hydrogen
bonding phase-transfer catalysis (HB PTC, Chapter 3-4). Computation investigates
mechanism and guides chiral catalyst design for asymmetric fluorination. Investigation
of the key factors for reactivity and selectivity reveal the strengths and weaknesses of the
transformation, with a view to expanding the synthetic benefits of the mechanism, such
as by increasing substrate scope. The thesis concludes by discussing the implications of
using hydrogen bonding to fluoride as a means of controlling reactivity and selectivity,
by applying kinetic models, and uses this knowledge to propose novel reactions (Chapter

5).

This thesis also demonstrates how using computation can aid experimental reaction

development in real-time, and how theoretical insight into fundamental reactivity can be
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used practically in developing novel reactions. Further, how close collaboration of

computation and experiment can create a synergy, achieving an outcome greater than

either could achieve alone.
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2 Establishing the Fundamentals of Fluoride
Reactivity and Sn2:E2 Selectivity in Hydrogen
Bonded Complexes

2.1 Introduction

To extend the understanding of the effects of hydrogen bonding on the reactivity and
selectivity of fluoride, Gouverneur and co-workers synthesized stoichiometric hydrogen
bonded fluoride complexes from TBAF with various alcohol and urea hydrogen bond
donors.>? These fluoride complexes were used as stoichiometric fluoride reagents for a
model Sn2 vs E2 reaction with primary bromide substrate (1), with select results
summarized in Table 2.1. SN2 is the desired reactivity of fluoride, producing a fluorinated
product (2), whereas E2 reactivity is undesired, producing alkenes not containing fluorine
(3). The general trends are that reaction rate decreases with increasing urea hydrogen
bond donor strength (increasing substituent Hammett op), but Sn2 over E2 selectivity
increases. Ureas provide superior selectivity over alcohols, achieving up to an 8.7

selectivity ratio in favor of Sn2, unprecedented at the time of publication.

The motivation for investigating such complexes was ultimately to use hydrogen bonding
for catalytic fluorination, inspired by the mechanism of the fluorinase enzyme. This
chapter describes initial computational work to reproduce and rationalize the observed
kinetic and selectivity data of stoichiometric urea-fluoride complexes. In the process, a
level of theory is established to accurately describe hydrogen bonding to fluoride, to
apply to future work. Further, the origins of the change in Sn2 over E2 selectivity are
probed. This chapter focuses on the reactivity and selectivity of 6 para-disubstituted
diarylurea complexes (Ux), with X = CFs3, H, F, Cl, Me and OMe substituents. All

experimental results refer to those published in the two papers cited above.
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Table 2.1: SN2:E2 Reactivity and Selectivity of Stoichiometric Hydrogen Bonded Fluoride Complexes
of Formula U2F with Primary Bromide Substrate.

O._~_Br BuN'U I (2eq.) O\/\/F % o\/\
—>
‘O ‘e MeCN (0.25 M)

Si2 E2
70°C, 48 hr
1 2 3
AeN Ve
’.“)L'.“
H H
Uy Tri-(p-tolyl)-methanol
Donor Type X Rate Constant/10°M* s* Selectivity (Sn2/E2)
Sn2 E2
Diarylurea (Ux) OMe' 12.7 2.45 5.2
Mef 9.8 1.65 5.7
Ht 5.76 0.85 6.8
Ff 5.67 0.80 7.1
clt 5.83 0.84 6.9
CF5f 1.65 0.19 8.7
Tri-(p-tolyl)-methanol** 1700 810 2.1

* 0.5 M concentration. ¥ Results of Gouverneur and co-workers. }: ref 1. 1: ref 2.

2.2 Computational Methods and Benchmarking
2.2.1 Density Functional Theory

Geometry optimizations and frequency calculations were performed in Gaussian 09, rev
D.01.2 Single point energy calculations were performed in Orca 3.0.3 due to superior
implementation of ab initio methods.* Calculations in Gaussian with Minnesota type
functionals were performed using the 99,590 ultrafine integration grid.®> Solvation in
Gaussian was modeled using the conductor-like polarizable continuum model (CPCM)&
8 and in ORCA by the conductor-like screening model (COSMO).° Stationary points were
classified by vibrational frequencies — those with no imaginary frequencies as minima,
and those with a single imaginary frequency as transition state structures (TSs).

Thermochemistry was calculated from frequency analysis using GoodVibes python
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script.X® A free-rotor approximation was applied to vibrational modes below 50 cm™, as
proposed by Grimme.! Gibbs free energies were evaluated at 1 M concentration and
298.15 K for equilibrium constants, and 0.5 M/343.15 K for kinetic studies in accordance
with the experimental conditions. Charges were calculated using natural population
analysis (NPA) in natural bond order calculations (NBO).'? 1-Bromopropane is used as

model primary bromide nucleophile.

2.2.2 Benchmarking

The TS benchmarking described herein is based upon preliminary work performed by
Paton and co-workers.'®* Geometries of Sn2, anti-E2 and syn-E2 TSs were benchmarked
relative to Mapller—Plesset perturbation theory (MP2)* method with quadruple-¢
def2-QZVPPD basis set.!>!® Single point energy accuracy was benchmarked through
reproducing activation barrier heights for the three mechanisms relative to domain based
local pair natural orbital coupled cluster singles, doubles, perturbative triples (DLPNO-
CCSD(T))*"® with ma-def2-TZVPP basis set.*>!® Wavefunction theory (WFT) methods
such as MP2 and DLPNO-CCSD(T) are suitable for benchmarking against due to their
general accuracy and the fact that they do not depend on the arbitrary choice of a density
functional, unlike DFT approaches. Calculations were performed in acetonitrile solvent

in both cases.

Benchmarking of computational methods can be separated into two branches: a)
comparison of methods to high-level theoretical calculations and b) comparison to
experimental observables.?’ The former has the advantage that no experimental data is
required, increasing practicality, but also enabling benchmarking of properties that are
challenging, or impossible to observe experimentally, such as solution phase geometries

and TS geometries. Even high-level theoretical methods, however, employ
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approximations and have uncertainty, with the results of the benchmark depending
completely on their validity. Further, the high computational cost of the methods limits
benchmarking to small systems. Benchmarking against experimental values is often
preferred due to the definitiveness of the experimental results, subject to the experiments
being correctly carried out. These results, however, must be measured experimentally,
requiring appropriate laboratory equipment. Further, it may be non-trivial to construct a
computational model that is directly comparable to the experimental conditions, leading

to some uncertainty in the comparison.

Once a system has been computed at a given level of theory, further comparison with
experimental data can be used to support that computation is getting the right results for
the right reasons. Examples of comparisons include i) experimental observation of
computed low energy intermediates, or catalyst resting state, ii) explanation of relative
substrate yields (including unreactive substrates), iii) explanation of relative substrate

selectivities, iv) kinetic isotope effects and v) side reactions.

Initial benchmarking is performed relative to high-level WFT calculations to ensure
accurate TS geometries (unobservable experimentally) and fluoride delivery barrier
heights (difficult to deconvolute from experimental data). The rest of this chapter
involves the application of the chosen method to reproduce experimental data (e.g.
fluoride binding energies, Sn2:E2 selectivity), which may be considered as benchmarking
of the method against experimental data, for the work in future chapters. The close
interplay of computation and experiment in Chapters 3 and 4 also ensures that

computational results and hypotheses are regularly compared with experimental results.
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2.2.2.1 Geometry Benchmarking

The key bond lengths of TSs for Sn2, anti-E2 and syn-E2 mechanisms were measured
and compared to the MP2/def2-QZVPPD benchmark (Figure 2.1). The root-mean-square
deviation (RMSD) of the bond lengths was used as a measure of the accuracy of each

method (Table 2.2).

F F
H F H \ Br
WH L HH
) Y HP Hy =4
‘Br H Br H H
Sp2 anti-E2 syn-E2

Figure 2.1: Transition state structures used for geometry and energy barrier benchmarking. Bonds used
in calculation of geometry RMSD are highlighted in blue. Energy barriers are the energies of the TSs
relative to the energy of the reactants.

Table 2.2: Geometry Optimization Benchmarking of TSs Relative to MP2 Benchmark Geometries.

i Sn2 anti-E2 syn-E2
Functlhonall Basis Set RMSD
Method C-F CBr H-F CH C-Br H-F C-H C-Br
MP2 QzvPPD 200 236 1.21 135 228 118 135 229 0
®B97X-D*%2 Small 212 243 130 128 250 132 126 256 0.15

TZvPPD 209 241 127 131 238 126 129 243 0.08

QZVPPD 209 241 126 131 238 126 129 243 0.08

OLYPZ Small 218 248 131 129 252 136 125 261 0.18
TZVPPD 213* 246 129 130 239 130 128 247 0.11

QZVPPD 214 246 129 130 239 130 128 247 0.11

B3LYP-D3%+%8 Small 215 245 132 129 254 134 125 262 0.18
TZVvPPD 212 243 130 129 243 131 126 250 0.12

QZVPPD 212 243 130 129 243 131 126 250 0.12

MO06-2X% Small 206 241 125 132 236 125 131 240 0.06
TzZVvPP(D) 204 239 125 132 230 122 133 233 0.03

TZVPPD 204 239 125 132 230 122 133 232 0.03

QZVPPD 204 239 124 132 230 121 133 232 0.03

MO06-L% TzZVvPP(D) 214 236 126 135 228 123 136 2.60 0.15

TPSSTPSS®  TZVPP(D) 215 238 129 131 242 127 132 250 0.11

Ahlrichs type basis sets have been abbreviated by removing def2 prefix. Figures highlighted in light blue
indicate results by Paton and co-workers.*® *Corrected value. The basis set referred to as ‘small’ consists
of 6-31+G(d) on fluorine,3?35 LANLO8(d)/LANL2DZ on bromine3®3” and 6-31G(d) on all other atoms.
def2-TZVPP(D) refers to def2-TZVPPD on fluorine and bromine, with def2-TZVPP otherwise.
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All functionals show good basis set convergence by the time triple-C quality is reached,
with RMSD indistinguishable at 0.01 A resolution, and a significant deterioration in
geometry quality when the small basis set is used. Comparing the def2-TZVPP(D) and
def2-TZVPPD basis sets with MO06-2X functional demonstrates that diffuse basis
functions are only required on the electronegative atoms, which have a net negative
charge in the TSs. The best performing functional by some margin is M06-2X, with
RMSD of 0.03 A with triple-C basis set, compared to the next best, ®B97X-D with RMSD

of 0.08 A.

The geometry of urea-fluoride complexes with unsubstituted diphenylurea, Un, were also
benchmarked to ensure accurate description of fluoride hydrogen bonding (Table 2.3).
Due to the size of the system, geometries were benchmarked against MP2/def2-TZVPPD,
rather than the larger def2-QZVPPD basis set. Further, quadruple-C basis sets were not
benchmarked due to the degree of basis set convergence seen with the TS benchmarking,

and the impractical computational cost.

Again, the larger basis set is found to produce geometries closer to the benchmark
geometry for all functionals, notably in the length of the hydrogen bonds to fluoride
themselves. The best performing functionals were M06-2X and TPSSTPSS, both with
RMSDs of 0.01 A. Given the high performance of the former, and the poor performance
of the latter in TS benchmarking, M06-2X with def2-TZVPP(D) basis set was selected

to study the reactivity and selectivity of urea-fluoride complexes.
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Table 2.3: Geometry Benchmarking of Urea-Fluoride Complexes Relative to MP2 Geometries.

Functional Basis Set Bond Distances / A RMSD
/ Method N-F N-H H-F
MP2 def2-TZVPP(D) 2.635 1.038 1.648 0

©B97X-D Small 2.697 1.034 1.716 0.05
def2-TZVPP(D) 2.660 1.034 1.676 0.02
MO06-2X Small 2.683 1.035 1.703 0.04
def2-TZVPP(D) 2.647 1.035 1.664 0.01
OLYP Small 2.747 1.039 1.755 0.09
def2-TZVPP(D) 2.702 1.040 1.707 0.05
B3LYP-D3 Small* 2.701 1.035 1.718 0.06
def2-TZVPP(D)*  2.661 1.036 1.675 0.02
MO6-L Small 2.683 1.035 1.703 0.04
def2-TZVPP(D) 2.661 1.034 1.675 0.02
TPSSTPSS Small 2.685 1.048 1.688 0.04
def2-TZVPP(D) 2.647 1.050 1.645 0.01

*Single low imaginary frequency. The basis set referred to as ‘small’ consists of 6-31+G(d) on fluorine
and 6-31G(d) on all other atoms. Def2-TZVPP(D) refers to def2-TZVPPD on fluorine and bromine,
with def2-TZVPP otherwise.

2.2.2.2 Activation Barrier Benchmarking

To assess the performance of different functionals at computing activation barriers,
DLPNO-CCSD(T)/ma-def2-TZVPP single points  were evaluated on
MP2/def2-QZVPPD geometries, for the Sn2, anti-E2 and syn-E2 mechanisms and used
as a benchmark for DFT methods. The barrier heights are tabulated in Table 2.4. The
basis set denoted (ma)-def2-TZVPP was used to benchmark methods, corresponding to
def2-TZVPP on carbon and hydrogen, and ma-def2-TZVPP otherwise. A mixed basis set
was used to remove diffuse functions from carbon, which prevented reliable SCF

convergence in some cases, due to linear dependence of the basis functions.

TS barrier benchmarking demonstrates that the functional used for optimization,
MO06-2X, is inferior for barrier heights, with RMSD of 15 kJ/mol. However, ®B97X-D3,

similar to ®B97X-D used for optimization, but with updated dispersion correction,
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Table 2.4: Activation Barrier Benchmarking Relative to DLPNO-CCSD(T).

1 1 i 1
Functional / method (éNEZ) (arﬁil?EZ) (syArllj:EZ) RMSD (SﬁZA—EEZ)

DLPNO-CCSD(T) 68.2 82.2 124.3 0.0 -13.9
RI-SCS-MP2 78.9 92.0 136.2 10.9 -13.1
®B97X-D3 66.6 78.9 118.3 4.0 -12.3
MO06-2X 60.2 66.0 104.8 15.3 -5.8
OLYP 78.3 63.8 102.4 17.5 14.6
B3LYP-D3 51.9 60.2 99.5 21.3 -8.3

All calculations were performed with the (ma)-def2-TZVPP basis set. Energies are given in kd/mol.

performs very well for activation barriers, reproducing both the benchmark barrier
heights (4.0 kd/mol RMSD) and the Sn2:E2 selectivity (-12.3 kJ/mol c.f. -13.9 kJ/mol).
Single point energy corrections were therefore chosen to be performed using
®B97X-D3/(ma)-def2-TZVPP. Interestingly, OLYP uniquely calculates the opposite
selectivity to the benchmark, with Sn2:E2 AAE* 28.5 kJ/mol off the benchmark. This
result is surprising given the successes of OLYP in describing the geometries and energy
barriers in similar systems in gas-phase.3®° Its inaccurate description of hydrogen
bonding, as reproduced in urea-fluoride complex benchmarking is, however,

documented.®®

2.2.3 Optimized Level of Theory

The optimized level of theory used for the remainder of this work uses the hybrid
meta-GGA exchange-correlation functional M06-2X, with a mixed triple- basis set,
referred to as def2-TZVPP(D), consisting of def2-TZVPPD on fluoride ion and substrate
bromide, and def2-TZVPP otherwise for geometry and frequency calculations. The use
of diffuse functions assists in describing anions but are generally superfluous for other
atoms.*142 Augmenting a basis set with diffuse functions on specific atoms is an efficient

way to increase accuracy with minimal increase in basis set size.!®* The M06-2X
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functional is well established to accurately describe non-covalent interactions?>#+-47 and
incorporates dispersion through the parametrization of the functional.*® All calculations
were performed in implicit acetonitrile solvent. Single point energy corrections were
performed using the range-separated hybrid functional, ®B97X-D3, incorporating

Grimme’s D3 dispersion correction,?® with the full ma-def2-TZVPP basis set.

2.3 Selectivity for Sn2 vs E2 Reactivity

Experimentally, Gouverneur and co-workers used homoleptic NBus[U2F] complexes as
stoichiometric fluoride sources, where U represents a para-disubstituted diarylurea. A
urea with X para-disubstitution is referred to as Ux. Figure 2.2 outlines the potential
reactivity of the [U2F]" complexes. Firstly, one, or both of the ureas in the complex can
dissociate producing alternative potential fluoride sources, [UF] and F". Each one of
these species can potentially react productively via Sn2 to form fluorinated product, or
unproductively via E2 to form undesired alkene product. Experimentally, Kinetic

experiments demonstrate that the bis urea-fluoride complexes, [U2F]", were unreactive.
“/O\/\
RBrTS

Fast
\©\ /O/X low RBr \E2
X
0
S o O

N -
= =
,F\\ F

/ \ +U H H +U
\\ f/
/©/ \©\x RBr | Slow RBr
SN2 -U Fast
SN2

o\/\/F

Figure 2.2: Possible reactive pathways of stoichiometric [U2F]" complexes as fluoride source with
primary substrate, RBr. Experimental substrate is shown, PrBr is computed as surrogate.
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Additionally, F, where both ureas have dissociated, would be expected to behave
similarly to TBAF in terms of both reactivity and selectivity. The focus of this study is

therefore on the mono urea-fluoride complexes, [UF]".

2.3.1 Fluoride Complexes and Binding Energies

Experimental fluoride binding energies were determined by UV-vis and NMR titrations.
Computational binding energies were evaluated by taking the Gibbs free energy
difference between urea-fluoride complex, and separated urea and fluoride. This gives a
reasonable model, however the influence of the cation, explicit solvent interactions and
solvent entropy changes are neglected. As the binding constants were determined in
MeCN with TBAF fluoride source, neglect of the cation is reasonable as the polar solvent
facilitates dissociation of ion pairs, and the TBA cation is relatively non-coordinating.
Neglect of explicit solvent interactions and solvent entropy are standard approximations
in computational chemistry due to the impracticality of computing explicit solvation with

quantum mechanical methods (see Chapter 1).

All ureas studied are non-planar due to steric clash of the aromatic groups and urea
oxygen, resulting in two low energy conformers, with approximate symmetries of Cs and
C> (Figure S1). The lowest energy C> conformers are used for further study. Ureas with
substituents with larger op generally adopt a structure closer to planarity and, upon
fluoride binding, all ureas adopt a planar structure. A plot of computed binding energies
against experimental binding energies is given in Figure 2.3. BSSE was confirmed to be
small at 1.2 kJ/mol for Un, using the counterpoise method, and will affect all ureas
similarly. The computed binding energies correlate well with experimental values, with
R2=0.96, however the trend with changing urea substituent is stronger than seen

experimentally, with gradient of 3.66. Complexation is enthalpically dominated,
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Figure 2.3: Computed Gibbs free energies, enthalpies and entropies of binding for [UF]- complexes,
plotted against experimentally determined Gibbs free energies of binding (298.15 K, computed
concentration of 1 M). Points from left to right represent Ux where X = OMe, Me, H, F, Cl, CFs.

contributing the largest term to AG and dominating the trend with urea substituent. Good
correlations are also achieved against Hammett op (Figure S4, R?=0.99 for AG). Whilst
both AG and AH increase with Hammett op, the entropy term, TAS becomes generally
less unfavorable. This is despite stronger hydrogen bonding with op, and is consistent
with a smaller loss in vibrational entropy upon binding by ureas that adopt a geometry
closer to the planar structure enforced upon fluoride binding (Table S2). Good correlation
is seen between a measure of this distortion from planarity (represented by the dihedral

between aromatic ring and urea) and entropy of binding (Figure S5).

Bis urea complex, [U2F]", geometries computationally optimized in solution all favor a
n-n stacked geometry (Figure 2.4). This contrasts strongly with the solid-state crystal
structures where a diverse array of coordination geometries is seen. It may be inferred
from this result that the diversity of solid-state structures arises from packing forces rather

than an intrinsic geometric preference of fluoride with different hydrogen bond donors.
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Figure 2.4: Bis urea-fluoride complex geometry, exhibiting interurea n-n stacking ([Un 2F]" illustrated).
Correlation of N—F distances (indicative of hydrogen bond length) in both mono and bis
complexes is strong against substituent Hammett constant, p, With R? of 0.99 and 0.98
respectively. This is in contrast to the average N—F distances measured in the solid-state
which do not illustrate a clear trend with op, likely as a result of the dominance of packing
forces, and lie intermediate in length between the solution phase mono and bis complexes

(Figure 2.5). Hydrogen bond lengths are longer in the bis complexes over the mono by
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Figure 2.5: Hydrogen bond distances (N-F distance) in mono ([UF]) and bis (JU2F]) computed
structures compared to experimental distances in crystal structure. Note that 2o, is plotted as each urea
has 2 para substituents. Points from left to right represent Ux where X = OMe, Me, H, F, Cl, CFa.
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approximately 0.1 A, as expected from the competition of a larger number of hydrogen
bonds for fluoride. This difference in hydrogen bond length becomes greater as op

increases.

The charge on fluoride in the hydrogen bonded complexes display a strong correlation
against substituent op, with R? of 0.98 and 1.00 for mono and bis complexes respectively
(Figure 2.6). As the hydrogen bond strength increases (increasing op), the charge on
fluoride is lowered on the order of 0.01 e. Mono complexes have more negative charge
on fluoride, due to the formation of fewer hydrogen bonds, with charge on fluoride
becoming less negative more strongly with op than with the bis complexes. In the
calculation of the urea-fluoride complexes, density functional theory calculations are
sensitive enough to display clear trends in Gibbs free energies, geometries and atomic

charges, laying the groundwork for study of the reactivity of the complexes.
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Figure 2.6: NPA charges on fluoride for mono and bis urea-fluoride complexes against Hammett
Constant. Points from left to right represent Ux where X = OMe, Me, H, F, CI, CFa.
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2.3.2 Transition State Structures and Kinetics

Transition state structures (TSs) for Sn2, anti-E2 and syn-E2 mechanisms were computed
with the non-hydrogen bonded fluoride anion (Figure 2.7), with Gibbs free energy
barriers of AG* =90.7, 86.0 and 124.9 kJ/mol respectively. These barriers demonstrate a
modest preference for anti-E2 over Sn2 mechanism by 4.7 kJ/mol, highlighting the high
basicity of uncoordinated fluoride. The syn-E2 mechanism is uncompetitive, with a
barrier exceeding anti-E2 by 38.9 kJ/mol and is therefore not considered further — future
reference to the E2 mechanism thus implicitly refers to anti-E2. The energy barriers, AE¥,
for the 3 mechanisms are 66.6, 78.9 and 118.3 kJ/mol respectively, and enthalpy barriers
of 62.2, 60.1 and 98.6 kJ/mol respectively. The large changes in relative barrier heights
highlights the importance of enthalpic and entropic corrections in comparing the relative
favorability of the substitution and elimination pathways, rather than using electronic

energies.

Sn2 and anti-E2 TSs were calculated with each of the 6 [UF] complexes. Conformational
sampling established that Van der Waal’s contact of the urea with the PrBr substrate was
favored in all cases. Example TSs with unsubstituted urea, Un, are shown in Figure 2.8.

Key distances are plotted in Figure 2.9 and tabulated in Table S3.

c) o
s @

Figure 2.7: Computed transition state structures for a) Sn2 b) anti-E2 ¢) syn-E2 mechanisms.

64



U K
1.78*(; 1. 7%

P

2.47

®

Figure 2.8: Transition state structures for urea mediated fluoride delivery for a) Sn2 reaction b) E2
reaction. Exemplified by unsubstituted urea-fluoride complex, [UnF]". TSs with other ureas are given in
the Appendix, Figures S6 and S7.
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Plots of key TS distances against op shows that all follow a strong linear correlation (R?
> 0.96), though the overall changes in distances are small, on the order of 0.1 A. As o
increases, TS positions for both Sy2 and E2 mechanisms become later, demonstrated by
elongating C-Br distance, and shortening C—F or H-F distances respectively. Activation

barriers are tabulated in Table 2.5 and plotted against op in Figure 2.10.

Table 2.5: Activation Barriers to Sy2 and E2 Mechanisms.

Sn2 / kd/mol E2 / kJ/mol
AE*  AH* TASH AGH AE*  AH* TASH AGH
No urea n/a 64.7 623 -285 90.7 767 601 -260 86.1
U OMe 630 675 -520 1195 865 77.0 -521 129.0
Me 629 676 -545 1221 86.8 775 -50.8 128.3
H 634 684 -546 1230 878 786 -53.6 1322
F 642 69.2 552 1243 885 793 -523 1316
Cl 652 701 -549 1250 897 808 -53.6 1343
CFs 657 713 -59.3 1306 909 823 -56.4 138.7

Species  Sub"
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Figure 2.10: Key energy barriers for Sx2 and E2 reactivity plotted against Hammett constant 6p. Points
from left to right represent Ux where X = OMe, Me, H, F, CI, CF.
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All activation parameters correlate strongly against Hammett op, with increasing
activation barrier as the Hammett op increases (i.e. as the urea becomes a stronger
hydrogen bond donor). This correlation is particularly strong in the case of activation
enthalpies, with R? of 0.98 for both Sn2 and E2 mechanisms. Entropy (-TAS¥), however,
correlates more weakly, with R? of 0.85 and 0.81 for Sn2 and E2 respectively, and
contains considerably more noise. The largest (absolute) residuals are 1.4 kJ/mol and 0.92
kJ/mol for Sn2 and E2 respectively, with an overall change of 4.8 kJ/mol and 6.0 kJ/mol
between Uowme and Ucrs read from the regression line. The uncertainty in the entropic
term is thus significant relative to the degree of change caused by changing urea
substituents. Generally, the low degree of noise in the calculations is remarkable, with
kJ/mol precision in the trends — particularly as the trends involve comparison of systems
containing different ureas, reducing the potential for favorable error cancellation. Gibbs
free energies show a slightly weaker correlation than enthalpy, with R? of 0.96 for both
mechanisms, due to the addition of the entropic term, but demonstrate a clear increase in
activation barriers with Hammett constant. Note that the activation barriers themselves
cannot yet be directly compared with experiment, as they do not account for the formation

of the [UF]" complex.

2.3.2.1 Sn2:E2 Selectivity

Sn2:E2 selectivity depends on the difference in AG* for the Sn2 and E2 mechanisms
(AAGY). When looking at the enthalpic contributions, the barrier to E2 reaction is
significantly higher than to Sn2 for all substituents. The regression lines show that AH*
for the E2 reaction increases more rapidly with op than the Sn2 barrier with gradients of
3.41 and 2.55 respectively. Ignoring entropic changes, this corresponds to increasing

Sn2:E2 selectivity as op increases, in agreement with experimental kinetics.
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Table 2.6: Sy2:E2 Selectivity Calculated by Various Methods.

U
OMe  Me H F Cl CFs
20p -0.54 -0.34 0 012 046 1.08
AAG*/ki/mol  Experimental* 4.7 5.0 55 56 55 6.2
Approach 1 9.5 6.1 9.2 7.3 9.3 8.1
Approach 27 816 818 823 825 829 838
Approach 3 7.5 7.9 8.2 8.2 8.7 9.0
Sn2/E2 Experimental 5.2 5.7 6.8 7.1 6.9 8.7
Approach 1* 28.0 8.6 247 129 261 17.0
Approach 2* 17.4 176 179 180 183 189
Approach 3* 14.0 160 178 177 209 231

* Conversion between Sn2/E2 ratios and AAG* assumes that all reactivity results from reaction of the
[UF]- complexes. Background reactivity is likely to influence the values. THigher precision values are
reflective of the regression method used but do not imply higher accuracy — see text.

Due to the uncertainty in the entropy values, calculation of the Sn2:E2 ratios requires
care. Three distinct approaches were taken to convert the computed energy values into
the kinetic representation, specifically, the ratio of Sn2 product to E2 product for each

urea, summarized as:

Approach 1: direct calculation from the AAG* with each urea.
Approach 2: estimation of AAG* from the lines of best fit of AG¥(Sn2) and AGH(E2)
against Gp.

Approach 3: use of an averaged entropic contribution, AAS?.

The energy values and selectivities calculated through the three approaches are

summarized in Table 2.6.

The first approach, with direct calculation of AAG* for each urea, is unsuccessful, leading
to scattered values with no correlation of selectivity with op. The strength of this approach

is that it uses the calculated Gibbs free energies without further processing. This,
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however, forgoes the opportunity to reduce uncertainty through averaging, leading to

erratic results.

The second approach exploits the correlation of the activation barriers with o to reduce
the uncertainty arising from the entropy calculation. Necessarily this approach assumes
that such a correlation exists (a reasonable approximation given the strong correlations,
but omits the opportunity to explain anomalies, such as Uci vs Ug). From the equations
of the trend lines for AG*(Sn2) and AG*(E2), equations can be derived for AAG* and

Sn2/E2 ratio (Equations 2.1 and 2.2).

AAGH = AG*(Sy2) — AG¥(E2) = —(0.2750,, + 8.23) (2.1)

k 0.275 0y, + 8.23

Sn2 i

N® — ¢ 343.15R (2.2)
ks

Using this equation with the op values of the substituents leads to very uniform
selectivities (17.4 — 18.9), with an increasing trend with op. The selectivities are higher
than seen experimentally, though no account is made for the competing background
reaction which lowers selectivity. Further, the change in selectivity with op i weaker than
seen experimentally. The strengths of this method are that it reproduces the smooth trend
in selectivities seen experimentally, whilst still using the calculated Gibbs free energies
directly. The method, however, assumes a correlation with op, which enforces the smooth
trend. The fitting of the trendlines to the points and noise in the energies themselves can
still have a large influence on the equations, and therefore on accuracy, particularly how
strongly selectivity changes with op. High precision Gibbs free energies are given in
Table 2.6 to reflect that this method necessarily yields values where the relative ordering
is known to high precision (reflected at the second decimal place), but this should not be

interpreted as high accuracy of the values themselves.
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The final method targets the uncertainty in the entropy values directly, by assuming that
AAS? (that is, AS*(Sn2) — AS*(E2)) is independent of 6. Whilst the individual AS* would
be expected to be dependent on op — as op increases, the TS positions get later, and thus
more ‘ordered’, so AS* increases — it is reasonable to assume that the effect is similar for
both the Sn2 and the E2 TSs thus largely cancelling out and AAS* remaining roughly
constant. The appropriateness of this approximation is supported by the fact
that -TAS*(Sn2) correlates with o, with gradient of 3.70 and R? = 0.85, as does -TAS*(E2)
with gradient of 2.96 and R? = 0.81. -TAAS! however, has no correlation with op, With
R? = 0.09. The averaged value of -TAAS* =2.0 £ 1.3 kJ/mol is added to AAH? for each
urea and used to calculate selectivity (Table 2.6). The computed AAG* and Sn2/E2
selectivity values correlate well with op (which has not been assumed) and show an
increase in selectivity with op from 14.0 to 23.1. The computed values are plotted against

the experimental values in Figure 2.11.

Both the AAG* values and the derived Sn2/E2 selectivities correlate well against

experimental values, with R? of 0.87 and 0.86 respectively. The largest residuals occur
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Figure 2.11: Correlation of computed selectivity vs experimental selectivity, assuming only reactivity
of [UF]- complexes.
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with Ur and Uci, partly arising from the apparently anomalous experimental results which
don’t correlate with op. AAG* has approximately unit gradient, however computation
consistently overestimates by 3 kJ/mol, assuming reactivity only by [UF]". These
computed results are in agreement with experiment in terms of the effects of o, on
selectivity and are consistent with competition between [UF]™ reactivity and the
uncoordinated background reaction. The experimental reversal in selectivity of Cl and F
as inferred from their o, values is not reproduced computationally, suggesting that this
arises from factors not accounted for in the model — this is further supported by the strong
correlation of experimental fluoride binding energies with op. Possible reasons for this
could be interactions with the naphthyl substrate specifically, or solubility related factors.
As the energy change involved is less than 1 kJ/mol it is unrealistic for computation to

provide an explanation with any degree of certainty.

2.3.2.2 Comparison with Alcohol-Fluoride Complexes

In addition to urea-fluoride complexes, Gouverneur and co-workers previously studied
the reactivity of various alcohol-fluoride complexes.! Monodentate donor, tri-(p-tolyl)-
methanol (ArsCOH), was used to generate a bis alcohol-fluoride complex, which was
used as fluoride source for Sn2:E2 competition (Table 2.1). The corresponding mono
alcohol-fluoride complex ([AF]), in addition to TSs for Sn2 and E2 reactivity, were
calculated and are illustrated in Figure 2.12. Experimentally, the bis complex is also seen
to be reactive, however the size of this system makes computation impractical at this level
of theory. Conformational sampling and preliminary calculations were performed by
Paton and co-workers.*® Key bond distances are tabulated in Table 2.7 and key energies

in Table 2.8, with selected urea data for comparison.
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Figure 2.12: Structure of ArsCOH-fluoride complexes and transition state structures for Sy2 and E2
mechanisms.

Table 2.7: Key Bond Distances.

SN2 E2 [AF]

Species
C-F C-Br X-F H-F C-H C-Br X-F \ X-F

Fluoride nla 2.045 2394 nla 1.247 1.319 2.299 nl/a n/a

ArsCOH [AF]" 1.995 2472 2536 1265 1314 2403 2.624 2.422

U OMe 1983 2471 2750 1244 1335 2417 2.809 2.656

H 1.979 2473 2743 1241 1337 2421 2.804 2.647
CFs 1973 2481 2725 1238 1339 2431 2786 2.621

PrBr nfa 1968 nla n/a 1.094 1968 nla n/a
PrF 1.400 nla n/a n/a n/a n/a n/a n/a
HF n/a n/a n/a 0.923 n/a n/a n/a n/a

Bond lengths reported in A. N-F distances are reported as an average.

Table 2.8: Activation Barriers to Sn2 and E2 Mechanisms.

Sn2 / kJ/mol E2 / kJ/mol

Species
P AE¥ AH* TASH AGH AE¥  AH* TASH AGH

Fluoride n/a 64.7 623 -285 90.7 76.7 60.1 -26.0 86.1

ArsCOH [AF] 442 491 -56.4 1055 671 586 -50.7 109.3
MeOH 676 727 -455 1181 875 786 -39.9 1185

U OMe 630 675 -520 1195 1865 77.0 -521 129.0
H 634 684 -546 1230 878 786 -536 1322
CFs 657 713 -593 1306 909 823 -564 138.7
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Bond distances show that fluoride delivery by a single alcohol, ArsCOH, as [AF]
complex, makes the Sn2 TS later than with uncoordinated fluoride. Compared with
fluoride delivery by Un the C—Br distances are similar, however the forming C—F bond
is significantly longer with the alcohol, indicating a looser TS. For the E2 mechanism,
compared to free fluoride, the H-F and C-Br distances are elongated, however the C-H
distance is shorter. Comparing to Un, the ArsCOH TS is significantly earlier, consistent

with the effects of a weaker hydrogen bond donor.

There are several influences on the activation barriers. For Sn2 reactivity, the
Ar3COH-fluoride complex results in a lowering of AE* by 20 kJ/mol relative to free
fluoride. This contrasts with the ureas where AE?! is essentially unchanged. Coordination
by more hydrogen bond donors increases AE?, however this is opposed by
donor-substrate interactions which stabilize the TS relative to the reactants. The energetic
barrier to fluoride delivery with the ArsCOH-fluoride complex is therefore lowered
relative to uncoordinated fluoride by interaction of the alcohol aromatic rings that
envelope the substrate. For comparison, the Sn2 and E2 TSs were reoptimized with
MeOH as hydrogen bond donor (Figure S8), leading to an increase in AE* to 67.6 kJ/mol
and 87.5 kJ/mol for SN2 and E2 mechanisms respectively, an effect exceeding the
difference in fluoride complexation strength (AE of -35.6 kd/mol compared

with -37.9 kJ/mol for MeOH).

The entropic barrier, AS*, is consistent for alcohol and urea-fluoride complexes, however
both are approximately double the penalty for uncoordinated fluoride. In both situations,
the molecularity of the reactions are the same (fluoride source + substrate), resulting in a
similar contribution from loss of translational entropy, however only in the case of the

hydrogen bonded complexes is rotational entropy lost in the TS. Fluoride itself is
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therefore an intrinsically entropically favored fluoride source as there is no loss of
rotational entropy on substrate attack. This difference can be quantified using statistical
thermodynamics, where the rotational partition functions of linear and non-linear

molecules have the following form in the high temperature limit:*°

N|w

. kpT . 1 (kT
Linear = = Anon-linear — —\ 7
chcB o\ hc

T\
(—) (2.3)

where 4, B, C are the rotational constants of the molecule and o is the symmetry number
— the number of orientations of a molecule that can superimpose upon itself — equal to 1,
in a molecule with no symmetry. Rotational partition functions can be used to compute

the rotational entropy using:*

dln(q®
SR — Rln(qR)+RT< 6(7? )) (2.4)
v
resulting in the following expressions
R R R R 3
= Slinear = RIN(@") + R SNon-tinear = RIn(q") + ER (2.5)

As the rotational entropy, SR, is a function of the rotational constants of a molecule, and
therefore its molecular composition and geometry, SR can take a range of values. In this
case, as the urea-fluoride complexes have lower rotational constants than the substrate,
the rotational entropy loss in the TSs with coordinated fluoride is approximately the
rotational entropy of the substrate, with TAS = 32 kJ/mol (PrBr, rotational constants of
11.1, 2.3 and 2.0 GHz => SR(343.15 K) = 92 J/K/mol). In principle, using a linear
hydrogen bonded fluoride complex is entropically superior to a non-linear complex,

however this significantly limits the possible hydrogen bond donors.
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Overall, the balance of entropy and enthalpy leads to larger activation barriers for all
hydrogen bonded fluoride sources over uncoordinated fluoride. The effect on the entropic
contribution is similar for both Sn2 and E2 mechanisms, however the energetic barrier
for E2 is raised, in contrast to the Sn2 energy barrier which remains approximately

constant, leading to an increase in Sn2:E2 selectivity.

2.4 The Origins of Tuning Fluoride Sn2:E2 Selectivity with Hydrogen
Bonds

2.4.1 Background

The origins of the relative favorability of Sn2 and E2 reactivity with different potential
nucleophiles/bases has been extensively studied,>** including the effects of hydrogen
bonding on fluoride in the context of solvation.> A summary of these results has recently
been incorporated into a review on the distortion/interaction-activation strain analysis —
a method that has proved particularly fruitful for this type of system.*® The
distortion/interaction-activation strain model (DI-AS) is herein applied to probe the
origins of the differing reactivity and Sn2/E2 selectivity of urea-fluoride complexes with

primary bromide substrate, in a solvated environment.

2.4.2 Distortion/Interaction-Activation Strain Analysis

Distortion/interaction-activation strain (DI-AS) analysis was undertaken over the
intrinsic reaction coordinate (IRC) for a representative subset of ureas (Uome, Un and
Ucrs). To enable comparison of the different ureas, the IRC was projected as breaking
C—Br distance minus forming F—C distance for Sn2 reactions, and breaking C—Br distance

minus forming F—H distance for E2.%’

In the first analysis, the system was treated as being composed of [UF]™ and PrBr. Thus,
the zero point on the energy scale is of these two species infinitely separated; distortion
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Figure 2.13: Graphical illustration of distortion/interaction-activation strain model with urea-fluoride
complex and PrBr substrate — Sn2 reaction used as example. a) schematic illustration of the evolution of
the system from reactive complex to TS over the IRC pathway. The system is partitioned into two
fragments, illustrated by different coloring. b) Overview of the energy decomposition of the DI-AS
approach. Left: Separated undistorted fragments, used as energy zero point. Middle: Separated
fragments are distorted to their geometry for a given point on the IRC pathway, costing the distortion
energy. Right: Distorted fragments are brought together into the reactive geometry, releasing the
interaction energy.

is the sum of the distortion of the [UF]’, and of PrBr, relative to their equilibrium
geometries; and interaction is the energy of bringing these distorted fragments together

(Figure 2.13). The profiles for E2 and Sn2 reactions are given in Figure 2.14.

For both the E2 and Sn2 mechanism, changes in urea substituent have little effect on
distortion, which is dominated by distortion of PrBr substrate. In contrast, interaction is
significantly weakened as the hydrogen bond strength of the urea donor is increased,
particularly later along the IRC pathway. The balance of these two factors leads to the

total energy being higher for stronger hydrogen bond donors consistently over the IRC
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for both mechanisms. A secondary effect of the weaker interaction is that the TS position
becomes later, causing a further increase in the activation barrier. This analysis suggests
that the strength of interaction is a larger effect than the position of the TS, however the

energy differences are too small to be conclusive.

The E2 mechanism has higher distortion than the Sn2 mechanism due to more bonds
breaking (~110 c.f. ~140 kJ/mol distortion at TS). Distortion of the substrate leads to
LUMO lowering in both mechanisms, but to a greater degree in the E2 mechanism,
creating a better HOMO-LUMO match and therefore stronger interaction. This only
partially compensates for greater distortion, however, resulting in a higher barrier for the
E2 mechanism.® An additional factor is that the hydrogen bonding between urea and
fluoride is weakened over the IRC as fluoride is neutralized — contained in the interaction
term. The charges on fluoride in the E2 TSs are lower than the corresponding Sn2 TSs,
indicating more charge transfer, consistent with the stronger interaction terms. This is

despite the resulting decrease in hydrogen bond strength, suggesting this is a minor factor.

The origins of increased Sn2 over E2 selectivity with stronger hydrogen bond donors can
also be understood. The difference in interaction strength between different ureas is larger
in the E2 mechanism than for Sn2. This originates from the greater LUMO lowering in
the E2 mechanism, creating a better HOMO-LUMO energy match and therefore greater
discrimination in interaction strength based on the energy of the nucleophile
HOMO.535456.58 A stronger hydrogen bond donor therefore weakens interaction for both
mechanisms, but to a greater degree for the E2 mechanism, causing the difference in
activation barriers to increase. A further point of interest is that if DI-AS analysis is only
performed at the TSs for this system, it would be erroneously concluded that interaction

is invariant with urea substitution and the differing activation barriers result from

78



different levels of substrate distortion — a potential pitfall that has been previously

highlighted for the model.>®

DI-AS analysis can also be performed by treating the system as being composed of urea,
fluoride and PrBr fragments. The zero point on the energy scale now corresponds to
infinite separation of these three species (Figure 2.15). A strength of fragmenting the
system in this way is that the zero point is consistent between the different ureas — i.e.
transitioning from the Total Energy curve of one urea to another corresponds
energetically to dissociation of the first urea, and association of the second. The energy

profiles for the E2 and Sn2 reactions are given in Figure 2.16.
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Figure 2.15: Graphical illustration of distortion/interaction-activation strain model with urea, fluoride
and PrBr substrate — Sn2 reaction used as example. a) schematic illustration of the evolution of the
system from reactive complex to TS over the IRC pathway. The system is partitioned into three
fragments, illustrated by different coloring. b) Overview of the energy decomposition of the DI-AS
approach. Left: Separated undistorted fragments, used as energy zero point. Middle: Separated
fragments are distorted to their geometry for a given point on the IRC pathway, costing the distortion
energy. Distortion energy of fluoride is necessarily 0. Right: Distorted fragments are brought together
into the reactive geometry, releasing the interaction energy.
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In all cases, both the total energy curve and the interaction curve begin strongly negative,
dominated by the formation of hydrogen bonds between urea and fluoride. Distortion
remains approximately consistent (dominated by PrBr distortion, as in previous analysis),

and differences in interaction energy are the origin of the differences between the ureas.

A significant change from the previous analysis is that the order of the Total Energy and
Interaction curves is reversed, with stronger hydrogen bond donors leading to a lower
total energy and stronger interaction. As the zero point of this analysis is consistent
between ureas, this reflects the ‘true’ energy ordering, where a stronger hydrogen bond
donor leads to a lower energy TS. This fact can be reconciled with a slower reaction by
recognizing that the stronger hydrogen bond donor stabilizes the starting materials to a
greater degree, creating a larger barrier (highlighted by the previous DI-AS analysis
where the zero point was taken as the reactants, [UF]™ + PrBr). If the system is mentally
partitioned into the core TS unit (fluoride attacking PrBr) and the urea, coordination of a
stronger hydrogen bonding urea to the TS unit resulting in a lower total energy is

consistent with chemical intuition.

In the E2 mechanism, interaction of the stronger hydrogen bond donor begins as
significantly more favorable than with the weaker donor. This originates from the
formation of stronger hydrogen bonds to fluoride with the stronger hydrogen bond donor.
Along the IRC pathway, however, the distinction between the 3 interaction curves
diminishes strongly due to a larger HOMO-LUMO mismatch for the stronger donor (vide
supra). This trend in interaction also occurs for the Sn2 mechanism, however the curves
converge to a much lesser degree due to a larger HOMO-LUMO mismatch intrinsic to

the mechanism.
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The different contributions to the distortion term are illustrated in Figure 2.17. Early
along the IRC, distortion is dominated by distortion of the urea, caused by hydrogen
bonding to fluoride. As fluoride is delivered to the substrate, urea distortion decreases
due to the weakening hydrogen bonding. This occurs to a greater extent in the E2
mechanism, with urea distortion approaching zero at the TSs. In contrast, PrBr distortion
increases rapidly over the IRC pathway, becoming the dominant factor. No significant
differences in distortion with different urea substituents can be determined, with

distortion of all components relatively consistent.
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2.4.3 Choosing the Right “Zero”

The importance of the choice of zero point is illustrated in Figure 2.18 with a schematic
depiction of the Gibbs free energy profiles for an Sn2 reaction for a stronger hydrogen
bond donor, Ustrong, and a weaker hydrogen bond donor, Uweak. The inclusion of entropy
does not affect the schematic shape of the profiles, nor does the exact identity of the
hydrogen bond donor (all factors not relating to hydrogen bonding of fluoride are
assumed constant). In most cases, entropy differences between different hydrogen bond
donors are a minor factor compared to the differences in enthalpic contributions,
particularly when comparing similar donors. The Sn2 mechanism is used to illustrate the

concept, however it is equally applicable to E2.

In the first case, Figure 2.18 a), the reactants for each respective reaction are set to a
Gibbs free energy of zero. The stronger the hydrogen bond donor, the higher the
activation barrier to reaction. The overall exergonicity of the reaction (i.e. the relative
energy of the products) is dependent on the urea-fluoride reagent, as it includes the
breaking of the hydrogen bonds in the complex, overall resulting in a more exergonic
process with a weaker hydrogen bond donor. This way of viewing the reaction can,
however, be misleading as comparing the energies of the pathways with different ureas
(i.e. the relative heights of the blue and red curves) is meaningless, and it may erroneously
be concluded that a weaker hydrogen bond donor lowers the energy of the TS, leading to
faster reaction. Each curve is shifted by the Gibbs free energy of complexation of fluoride

with the respective urea, on the order of 30-40 kJ/mol.

In the second case, Figure 2.18 b), the zero point is set with the urea dissociated. As
illustrated, the products of the reaction (Ux + PrF + Br) are at equal energy and, similarly,

hypothetical reactants of Ux + F + PrBr, are also at equal energy. As the urea is
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dissociated at the zero-point, transition between the red and blue curves corresponds to
dissociation and association of the respective ureas. That is, that the pathway of the red
curve may be regarded as occurring with Usirong Spectating the reaction at infinite
separation, and the pathway of the blue curve may be regarded as occurring with Uweak
spectating the reaction at infinite separation. The activation barriers are, of course,

unchanged and the kinetics implied by both profiles is consistent.

At all points of the profile with urea coordinated, the energy of the system is lower when
coordinated by a stronger hydrogen bond donor — naturally, due to the formation of
stronger hydrogen bonds. This difference is however less pronounced at the TS than in
the reactants and reactive complex, as discussed extensively in the DI-AS analyses,
resulting in a higher activation barrier and slower Kinetics, despite stabilizing all species

on the Gibbs free energy profile relative to the weaker donor.

a) Urea-fluoride reagents set as zero point b) Separated ureas and fluoride set as zero point
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Figure 2.18: lllustration of the choice of energy zero point for Sn2 fluorination with different hydrogen
bonded fluoride complexes. a) The reactants of each fluorination ([UF]" + PrBr) are set to 0. This
viewpoint prominently illustrates the relative reaction barriers that dictate the reaction kinetics. b) The
products of each fluorination (Ux + PrF + Br) are set to 0. This viewpoint accurately depicts the relative
thermodynamic stability of the pathways with different ureas, with transition between the red and blue
curves corresponding to dissociation and association of the respective ureas.
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2.5 Fluoride Geometric Preference

Fluoride has four valence electron pairs and may therefore be expected to preferentially
form four hydrogen bonds, with greatest angular separation between donors, resulting in
a tetrahedral geometry. Both experimental x-ray structures and computed solvated
fluoride donor complexes, however, deviate substantially from this ‘ideal’ geometry due
to packing forces, or Van der Waals contacts, suggesting that the intrinsic preference of
fluoride for a particular coordination geometry is low. The geometries of small fluoride
hydrogen bond donor complexes have been investigated before by both experiment and
theory, establishing favored geometries with up to 6 hydrogen bond donors. HF
complexes with 2-4 donors adopt bent, trigonal planar and tetrahedral geometries
respectively, whilst complexes with water adopt geometries where the water donors can
interact with each other.>®°2 To our knowledge, there is no study that investigates the
energetic penalty on distortion of these complexes from the ideal geometry. Herein, a
model system of complexes of the form [F(HF)n]” where n=1-6 are optimized, and then
distorted to assess the energetic penalty of distorting hydrogen bond donor geometry
around fluoride. In order for the results to have practical application, both optimizations
and single point energy evaluations are performed in solvent (acetonitrile). Calculations
were performed at the DLPNO-CCSD(T)/ma-def2-QZVPP/COSMO(MeCN)//
MP2/def2-TZVPP(D)/CPCM(MeCN) level of theory and energies are quoted as

electronic energies.

The geometries of the hydrogen bonded complexes are shown in Figure 2.19, in
agreement with published work. Geometric data are tabulated in Table S4. Fluoride
complexed by 2 HF molecules was subjected to a bend of the H-F-H angle and the energy

computed. Similarly, the tridentate complex was subjected to an in-plane bend and an
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[F(HF)I [F(HF)2] [F(HF)3T

[F(HF)4] [F(HF)s]" [F(HF)6l
Figure 2.19: Ground state geometries of HF complexes of fluoride, of formula [F(HF),]" where n=1-6.
umbrella distortion. The tetradentate complex was distorted by increase of one H-F-H
angle, similar to an E symmetry bend, as well as flattening towards planar geometry,
through reduction of the H-H-H-H dihedral angle. The energy profiles are given in Figure

2.20.

It can be seen in all cases that the energy profiles are very flat for small distortions,
indicating a low preference for the precise equilibrium geometry. In the cases of the
in-plane bends for [F(HF)n]” n=2-4 (Figure 2.20a), all three potential energy curves are
very similar. At small angles (a state far from equilibrium — indicating close angular
separation of two hydrogen bond donors), the energetic penalty of distortion increases
rapidly once this angle in smaller than approximately 75°. Donors can approach slightly
closer with increasing numbers of hydrogen bond donors due to the longer hydrogen bond

distances.
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Figure 2.20: Energy profiles for distortion of HF fluoride hydrogen bonded complexes subject to various
geometric distortions. a) In-plane distortion, where the angle between two of the hydrogen bond donors
is varied. b) Umbrella distortion of 3 donor complex. The angle denotes the angle between any two of
the hydrogen bond donors. ¢) Flattening of tetrahedral complex. Angle denotes that of dihedral 1,2,3,4
as depicted in the figure.

For the n=2 complex, the energy profile is very flat for angles greater than 75°. From an
equilibrium angle of 118°, distortion to linear Doh geometry (6=180°) results in an
energetic penalty of only 3.8 kJ/mol, suggesting little intrinsic geometric preference
arising from hydrogen bonding. For n=3, the profile is very similar to that with 2 donors,

indicating little geometric preference for the Dan trigonal planar structure (6=120°) over,
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for example, a T-shape structure (6=180°, AE < 10 kJ/mol). Similarly, with 4 donors, the
penalty of forming a seesaw geometry (6=180°) is approximately 10 kJ/mol. The
increasing penalty of linearizing the in-plane angle with increasing number of hydrogen

bond donors is consistent with closer angular approach to the other donors.

An umbrella distortion was applied to the n=3 complex, resulting in Cay structures. A low
energetic penalty is paid for this distortion, with a preference of approximately 2.5 kJ/mol
for a planar structure (6=120°) over pyramidal. The n=4 complex was also subjected to a
flattening distortion, towards a Dan square planar geometry (6=0°), found to be
accompanied by an energetic penalty of approximately 12 kJ/mol — a small amount

considering the degree of geometric distortion involved.

Whilst the above analysis is not exhaustive, it demonstrates that fluoride does not have a
strong geometric preference for the arrangement of hydrogen bond donors around it. At
least moderate distortion of all modes investigated is tolerated with less than a 5 kJ/mol
energetic penalty. Significant energetic penalties are only encountered when ligands are
forced into Van der Waal’s contact. Such small energetic terms are likely to be
overwhelmed by other factors in most systems, consistent with the n-n stacked geometries
observed for bis urea-fluoride complexes in solution. When considering assigning small
energy differences, for example in explaining the origins of enantioselectivity, small
distortions of the hydrogen bond donors from the ideal geometry can be safely neglected
as the source of energetic difference. Larger distortions, particularly if hydrogen bond

donors are forced into close Van der Waal’s contact, do however, require investigation.
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2.6 Conclusions

This chapter explores the fundamental effects of hydrogen bonding on the reactivity and
selectivity of fluoride. The behavior of diarylurea-fluoride complexes, with different para
substituents on the urea, as nucleophilic reagents in an Sn2 vs E2 competition reaction is
investigated, based upon experimental results. Complexation energies, urea-fluoride
hydrogen bond lengths and charge on fluoride in the reactive mono urea-fluoride
complexes correlate strongly with the Hammett op of the diarylurea substituents. For Sn2
and E2 reactivity, the transition state structures of both mechanisms smoothly becomes
later with increasing hydrogen bond donor strength. Experimental results are reproduced,
where activation barriers and Sn2:E2 selectivity increase with hydrogen bond donor
strength. Using distortion/interaction-activation strain analysis, it is established that the
different reactivity and selectivity of the urea-fluoride complexes arises from changes in
interaction energy between complex and substrate, whilst distortion remains constant.
The lowering of the nucleophile HOMO with stronger hydrogen bond donors leads to a
poorer energy match with the LUMO of the substrate, resulting in weaker interaction.
This effect is greater for the E2 mechanism than the Sn2, causing an increasing preference

for Sn2 reactivity with increasing hydrogen bond donor strength.

Coordination of both the fluoride complexes and the Sn2 and E2 TSs by stronger
hydrogen bond donors results in a lower energy species than with a weaker donor, due to
the formation of stronger hydrogen bonds. Stabilization of the TS, however, is exceeded

by stabilization of the complex, resulting in a larger kinetic barrier to fluorination.

Comparison of urea-fluoride complexes with an alcohol-fluoride complex establishes
that donor-substrate interactions are significant in lowering the energy of the alcohol TS

and are a potential vector for increasing the reactivity of hydrogen bonded fluoride
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complexes. Further, the reactivity of all complexed fluoride is inherently disadvantaged
over free fluoride due to the loss of rotational entropy on fluoride delivery, with a penalty

on the order of 20-30 kJ/mol.

An investigation into the energy required to distort the coordination geometry around
fluoride, complexed by hydrogen bond donors in solution, demonstrates that fluoride
does not have a strong preference for the ideal geometries. When coordinated by 2 HF
molecules, the angle between the donors can be varied by approximately 90° with less
than a 5 kJ/mol energy penalty. All other modes investigated tolerate moderate distortion
for similar energy penalties. Larger distortions, such as flattening of the tetrahedral
tetracoordinate complex to a planar Dan geometry incurs an energy penalty of just over
10 kJ/mol. These results rationalize the preference of bis urea-fluoride complexes to
adopt a geometry where the two ureas n-m stack, as well as the structural diversity of
homoleptic urea-fluoride complexes in the solid state, where packing forces override the

geometric preference of fluoride.

A level of theory appropriate to the study of hydrogen bonding to fluoride is established
to underpin future work on catalytic fluorination, particularly the use of a large, triple-C,
basis set on fluoride. The M06-2X functional most accurately reproduces geometry
benchmarks for Sn2 and E2 transition state structures, as well as hydrogen bond lengths
in urea-fluoride complexes. Barrier heights and Sn2:E2 selectivity computed with
DLPNO-CCSD(T) is most accurately reproduced with the ®B97X-D3 functional, which
is used for single point energy corrections. Remarkably, this level of theory is sensitive
enough to reproduce the relative reactivity of differently substituted ureas with accuracy
down to the kJ/mol level, supporting the use of this level of theory for enantioselective

catalysis, where selectivity is governed by small energy differences.
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3 Nucleophilic Fluorination Mediated by
Hydrogen Bonding Phase-Transfer Catalysis

3.1 Introduction

Building on the successes of work with stoichiometric complexes, we looked to exploit
hydrogen bonding of fluoride in a catalytic reaction. As hydrogen bonding of fluoride
decreases its reactivity, a prerequisite to catalytic fluorination using this activation mode
is to ensure that uncoordinated fluoride is unable to react with the substrate. The solution
developed in the Gouverneur group was to use an insoluble source of fluoride,
specifically an alkali metal fluoride in organic solvent, and exploit the strength of
hydrogen bonding to fluoride to render the fluoride soluble, if and only if, coordinated by
catalyst. In the case of a chiral urea, this would render fluoride available in a chiral
environment, thus opening the door to asymmetric fluorination. Proof of concept was
demonstrated with catalytic quantities of simple achiral urea 1, commonly referred to as
‘Schreiner’s urea’, in dichloromethane for the desymmetrization of in situ generated
episulfonium ions with cesium fluoride (Scheme 3.1). The reaction occurs in very good

yield at room temperature, without exclusion of air or rigorous exclusion of water.

Episulfonium ions were chosen as the reactive electrophile through inspiration from the

fluorinase enzyme, which fluorinates an (acyclic) sulfonium ion, S-adenosyl methionine

S(CH,),Ph S(CH,),Ph E CF3 CF3

Br 1 (X mol%) " F 5
O CsF (1.2 eq.) O ; j\
— !
CH,Cl, (0.25 M) ' CF3 N"ON CF,
i, 1.5h ; H H

rac-2 rac-3 ' 1 - Schreiner's urea

10 mol%: 80 % yield '
0 mol%: 0 % vyield

Scheme 3.1: Simple reaction demonstrating the HB PTC concept. In the absence of hydrogen bonding
catalyst, 1, no reaction is observed between CsF and the episulfonium precursor. When catalytic quantities
are added, very good yields of fluorinated product are formed.
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(SAM). Sulfonium ions are highly reactive electrophiles, with episulfonium ions having
additional ring strain, ensuring that the reaction of fluoride with the electrophile is facile

once fluoride is rendered available by the catalyst.

The activation of insoluble nucleophiles with hydrogen bonding catalysts through
phase-transfer constitutes a novel catalytic mechanism that we call hydrogen bonding
phase-transfer catalysis (HB PTC). This concept is not specific to the nucleophile,
electrophile nor hydrogen bonding catalyst used, however, we demonstrate the utility of
this mechanism in this context, by performing an unprecedented organocatalytic

asymmetric nucleophilic fluorination.

The experimental work in this chapter was performed by members of the Gouverneur
group, notably Gabriele Pupo, Francesco Ibba and Anna Chiara Vicini. Initial
experimental mechanistic work was performed by Lukas Pfeifer. All computation in this
publication was performed by me with supervision from R. S. Paton, concurrently with
the experimental development of HB PTC. The work described in this chapter features
in the publication Asymmetric nucleophilic fluorination under hydrogen bonding phase-
transfer catalysis, G. Pupo*, F. Ibba*, D. M. H. Ascough*, A. C. Vicini, P. Ricci, K. E.
Christensen, L. Pfeifer, J. R. Morphy, J. M. Brown, R. S. Paton, V. Gouverneur, Science
2018, 360, 638-642.* This work been reused in accordance with the AAAS License to

Publish.
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3.2 Computational Methods

3.2.1 Density Functional Theory

Geometry optimizations and frequency calculations were performed in Gaussian 09,
revision D.01.2 The M06-2X? hybrid functional with ultrafine (99,590) integration grid*
was used with a mixed basis set, denoted def2-SVP(TZVPPD). This basis set consists of
the triple-{ quality def2-TZVPPD®>® basis set on heteroatoms (including ECP for
cesium’), excluding those of the urea catalyst, and the split-valence def2-SVP® basis set
on all other atoms. Use of such a mixed basis set is necessary for feasible computation
on a system size of ~100s of atoms, whilst adequately describing the behavior of fluoride.
Benchmarking demonstrates negligible change in critical bond lengths compared to use
of def2-TZVPP in place of def2-SVP. (See 3.2.3, benchmarking). Solvation in
dichloromethane (DCM) was modelled using the conductor-like polarizable continuum
model (CPCM).21° Stationary points with all real frequencies were classified as minima,
and those with a single imaginary frequency as transition state structures (TSs).
Thermochemistry was evaluated using GoodVibes python script!! at 298.15 K and 1
mol/dm® concentration, implementing a quasi-harmonic approximation for entropy
calculation and a free-rotor description for low frequency vibrational modes (v <
100 cm™).22 Single point energy corrections were performed in the ORCA 3.0.3 software
package.’®* The ©B97X-D3*!° functional, incorporating Grimme’s D3 dispersion
correction'® was used in combination with the (ma)-def2-TZVPP basis set, consisting of
ma-def2-TZVPPY on heteroatoms, with corresponding ECP for cesium, and def2-
TZVPP on carbon and hydrogen. Solvation in DCM was modelled using the conductor-
like screening model (COSMO).® The optimization density was used to compute non-
covalent interactions (NCIs) using the non-covalent interaction index.!®?® The Spartan

’16 software package®! was used for conformational sampling of small molecules, by
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systematic scanning of rotatable dihedrals, using the Merck molecular force field
(MMFF).?2 Density functional theory (DFT) single point calculations were performed on

all conformers in Gaussian and those within a 40 kJ/mol window were optimized.

3.2.2 Molecular Dynamics

Due to the nature of the reaction, involving ion pairing, and a highly conformationally
flexible catalyst, conformational sampling was performed in explicit solvent using
molecular dynamics (MD) in the GROMACS v. 5.1.4 software package.?? The
optimized potential for liquid simulations (OPLS-AA 2005)?=° forcefield was used, with
compatible parameters generated from Schrodinger Maestro,® corrected for restrained
electrostatic potential (RESP) charges.323® RESP charges were fitted to HF/6-31G(d)
electrostatic potential map using Ambertools.3* Parameters for the episulfonium ion were
generated by analogy to the aziridinium ion. DCM solvent topology was obtained from

virtualchemistry.org.3>3¢

The species of interest was centered in a cubic box, with 3-dimensional periodic boundary
conditions (PBC), and minimum distance to the boundary of 15 A. The genion command
was used to insert a cesium counterion in a random position in the box where applicable.
System temperature was maintained by the velocity rescaling method (time constant of
100 fs),*” and constant pressure was maintained (NPT simulations) using the Parrinello—
Rahman barostat (time constant of 2 ps, reference pressure of 1 bar, compressibility of
4.5 x 10 bar1).38*° Van der Waals interactions and the particle mesh Ewald method
were used with 1 nm cut-off.*° Simulations used the linear constraint solver algorithm

(LINCS).4
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Systems were minimized by steepest-descents method for 5000 steps. Initial random
velocities were generated according to a 173 K Maxwell-Boltzmann distribution to
initiate equilibration under constant volume (NVT), with 1 fs timestep, and heavy atom
position restraints. System temperature was raised to that required for the NPT production
run over the course of the NVT simulation, followed by an equilibration period, totaling
200 ps. The timestep was increased to 2 fs under constant pressure equilibration (NPT),
with a total equilibration time of 400 ps, during which time it was verified that system
volume was stabilized. A continuation of NPT simulation was used for the production

run, from which results were derived.

Conformers were generated from the production run through heavy atom
root-mean-squared deviation (RMSD) clustering of frames using the GROMOS
algorithm.*> Molecular symmetry was accounted for in calculation of the RMSD values
using an in-house python script written by the author. Fluorine atoms in CF3z groups were

omitted from RMSD calculation.

Use of classical MD simulations for conformational sampling of ion pairs has been
demonstrated by Duarte and Paton.** We investigated catalyst-fluoride binding modes
and reactive ion pair (catalyst-fluoride-episulfonium) conformations using a similar
classical MD approach. To accelerate conformational sampling, the catalyst and its
complexes were simulated at elevated temperature of 373 K. Simulations of the reactive
ion pair were performed at reaction temperature of 298 K. When investigating fluoride
binding modes, it was further found that the presence of an explicit Cs* cation was

essential for efficient equilibration of binding modes on the simulation timescale.
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3.2.3 Density Functional Theory Basis Set Benchmarking

Due to the large size of the experimental bis-urea catalysts used for asymmetric HB PTC,
the use of a triple-{ basis set is prohibitive for optimizations. A large basis set is, however,
essential for accurately describing the reactivity of fluoride due to its high charge density
(Chapter 2 benchmarking), particularly with strong hydrogen bond donors that are
susceptible to deprotonation, and highly reactive electrophiles (episulfonium ions) that
react with low activation barriers. A mixed basis set, denoted def2-SVP(TZVPPD), and
defined above was therefore essential, retaining a large basis set on critical heteroatoms,
such as fluoride, but using a smaller basis on, for example, the catalyst backbone which
would tremendously increase computational cost for minimal increase in accuracy if
described with the triple-C basis set. A full triple-C basis set was used for single point

energy corrections, so the impact was assessed on the quality of the geometries produced.

Benchmarking of the urea-fluoride complex and key TSs are given in Table 3.1 and Table
3.2 respectively. In both cases, the mixed def2-SVP(TZVPPD) basis set performs
comparably to the full def2-TZVPP(D) basis set benchmark with RMSDs of 0.01 A and
0.01 A. Use of a small basis set on all atoms (def2-SVP), however, is detrimental, with
RMSD of 0.06 A for the TSs, but complete deprotonation of the urea catalyst in the
fluoride complex. The latter result is qualitatively incorrect, compared to experimental
results, demonstrating that this basis set is too small to accurately describe the hydrogen

bonding interactions to fluoride.

Further benchmarking of the uncoordinated TSs for bromide loss and fluoride delivery
(TSerand TSk respectively) was undertaken to probe the effects of the basis set size on
individual atoms in more detail (Figure 3.1). Itis readily seen for both TSs that the mixed

def2-SVP(TZVPPD) basis set performs virtually indistinguishably from the full def2-
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TZVPP(D) basis set. Reduction in size of the basis set on the leaving group (sulfur) to
def2-SVP from the def2-SVP(TZVPPD) basis set (orange), significantly decreases
performance. Ironically, the C-S bond length in both examples is little changed, with the
change occurring in the forming/breaking C-X bond distances. Of similar performance is
the smaller def2-SVP(D) basis set, with diffuse functions on sulfur and bromide/fluoride.
The worst performing basis set by some margin was the smallest, def2-SVP basis set on

all atoms with large deviations in all distances benchmarked.

Benchmarking therefore confirms that def2-SVP(TZVPPD) is an accurate basis set,
capable of reproducing the geometries of a full triple-C basis set without the prohibitive
computational cost. The smaller split-valence def2-SVP(D) basis set performs slightly
worse, however, would be sufficiently accurate for many purposes — inclusion of diffuse

basis functions on critical heteroatoms is essential.

2.30 2.10
TSg, TS,
e e 4 ®TZDTZD T2
225 g 2.05 °
< =< TZD SV SV
Y g
O e @ TZD TZD SV
I 3 °
3590 2 500 @SV SV SV
w 1
2 4 @ SVD SVD SV
2.15 1.95
2.70 2.75 2.80 2.85 2.20 2.25 2.30 2.35
C-Br distance / A C-F distance / A

Figure 3.1: Comparison of key bond lengths in bromide removal (TSgr) and fluoride delivery (TSF)
transition state structures. In both cases the mixed def2-SVP(TZVPPD) basis set performs near identically
to the full def2-TZVPP(D) basis set. Names in the legend take the format of (basis on fluoride/bromine,
basis on sulfur, basis on other atoms). TZD = def2-TZVPPD, TZ = def2-TZVPP, SVD = def2-SVPD, SV

= def2-SVP.
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3.2.4 Naming and Numbering Conventions
The following naming and numbering conventions are adhered to for describing the

catalyst-fluoride complex (Figure 3.2) and the episulfonium substrate (Figure 3.3).

Figure 3.2: Naming and numbering conventions for tridentate BINAM-based catalyst fluoride complexes.
Hydrogen bonds are numbered 1-3. Atoms used to define the BINAM dihedral are emphasized in dark red.

Figure 3.3: Naming and numbering conventions for meso cationic substrates (episulfonium and
aziridinium. S/N atom colored in green — Additional alkyl group for aziridinium transparent). The phenyl
groups are named by their relative positioning to the forming and breaking bonds. Atoms used to define
the a-dihedral (dihedral of the a-phenyl ring) are emphasized in dark red. The B-dihedral is defined
analogously. As drawn, a positive dihedral angle is defined as a clockwise rotation about the a-dihedral
and a counter-clockwise rotation about the 3-dihedral.

3.3 Results and Discussion

3.3.1 Hydrogen Bonding Phase-Transfer Catalysis with an Achiral Urea —
Mechanistic Investigation

3.3.1.1 Proposed Catalytic Cycle

After the initial result, given in Scheme 3.1, evidence was sought to support the HB PTC
mechanistic hypothesis and to rule out plausible competing mechanisms, notably anion-

binding catalysis pioneered by Jacobsen. The substrate used for the following
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calculations, in anticipation of an asymmetric variant of the reaction, was stilbene-derived
substrate 4, generating meso-episulfonium ions 6. The initially proposed mechanistic

hypothesis is given in Scheme 3.2, using achiral Schreiner’s urea catalyst 1 (Figure S9).

Formation of episulfonium 6, could potentially be urea promoted, by binding of the
bromide leaving group. The plausibility of this is a balance between the unfavorable
entropic loss from coordination of the catalyst versus the favorable enthalpy of hydrogen
bonding to the bromide. Urea may then be involved in the transport of the bromide
leaving group, through apolar solvent, to the solid. The critical mechanistic step is
phase-transfer, modelled by an exchange of the bromide leaving group for fluoride
nucleophile in solution in an ‘anion-exchange’ step. As solids cannot be computed in the
same way as small molecules, a different approach must be taken for this step. Once
fluoride is brought into solution, ostensibly due to catalyst binding, this complex can ion
pair with the episulfonium ion and deliver fluoride in an Sn2 reaction, generating product

5 and regenerating catalyst.

Catalytic Cycle

. Me.
Ph& JL AT it episulfonium S
rac-5 Ph Vit \g\ formation Ph)\"\Br
fluoride catalyst Ph
Me delivery coordination 4 - precursor
s* — -
ph~J CatF PhﬁhCat-Br e
Ph v i 8

i i ion pair Ph/ﬂ
ion pair
recombination dissociation ) Ph

6 - episulfonium

R3S . R3S
o Iiv iii o
Are AL A Ar\I}IJ\I}I Ar
I I
H H anion exchange H H

A =
CSBT(S) CSF(S)

Scheme 3.2: Proposed catalytic cycle for fluorination of in situ formed episulfonium ions, using CsF under
hydrogen bonding phase-transfer catalysis. Own work adapted from Ref. 1.
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3.3.1.2 Modelling Phase-Transfer

The thermodynamics of the anion-exchange phase-transfer step was modelled by
incorporating experimental thermodynamic enthalpies, such as enthalpies of formation,
in a thermodynamic cycle and combining this with entropy data to obtain a Gibbs free
energy change (Figure 3.4, Tables S11-13). A similar approach has been taken in the

context of crown-ether binding.*+4°

By combining enthalpy changes of formation, an experimentally derived 112 kJ/mol for
the process CsF) + Brig)— CsBrs) + F(g) can be evaluated. Experimental molar entropies
are available for all species in the equation, resulting in an associated entropy change of
2.3 J/K/mol, from which the Gibbs free energy change of 111 kJ/mol is derived. This
process is highly unfavorable, primarily due to the high lattice energy of CsF manifesting
in a highly favorable free energy of formation (AH#(CsF) = -533.5 kd/mol c.f.
AH#(CsBr(s)) = -405.8 kJ/mol) which is not recovered by any other factors in the process.
Upon inclusion of solvation effects in dichloromethane, modelled computationally,

formation of fluoride ion is still unfavored, but to a lesser degree, with AGpt =

Ega(Br7) - Eza(F7)

CS[5)+ F(g) + Br_(g)

TA armH(F 2 )
Css) + ¥aF2g) + Brg
lAfH(CsF(s))
E i tal
_ Experimental o Rp 0
Computation
iﬂ solvH( Br 7)

CsFs) + Bripewy

+U TA xiH(Br)
CsF,, + [UB]-

APTH, Uncatalyzed

(DCM)

——» Csp) +Brg+F

TAamlH(Brz)
Cse) + V2Brag + Fg

lAfH(csBr(S,)
Experimental

CsBrs) + F- -
© ® Computation

iAsolvH(F-)

——»  CsBri) + Fooom

+U TA xiH(F")
CsBr(S) + [UF}’(DCM)

AP [H, Catalyzed

Figure 3.4: Thermodynamic cycle for calculation of the thermodynamics of phase-transfer. All values
above the horizontal score are experimentally derived, and those below are computed. Own work

reproduced from Ref. 1.
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+33.7 kJ/mol due to the much higher solvation energy of fluoride (AGsow(F)
= -310 kJ/mol c.f. AGso(Br?) = -233 kJ/mol). This value describes the unfavorability of
bringing fluoride into solution in the hypothetical uncatalyzed pathway. Inclusion of urea
binding to both fluoride and bromide results in a favorable AGpt = -16.7 kJ/mol, due to
the much stronger binding of the urea to fluoride over bromide, indicating that the

hydrogen bonding catalyst can make this step thermodynamically plausible.

Evaluation of the thermodynamics of phase-transfer for different catalysts and group 1
metal salts are given in Table 3.3. With Schreiner’s urea, phase-transfer becomes
progressively less favorable for the group 1 metal salts CsF, KF and NaF. This is due to
the increasing lattice energy with decreasing metal ion radius. Specifically, breaking apart
the MF lattice is compensated to a lesser degree by formation of the corresponding MBr
lattice as the cation decreases in size. The trend in Gibbs free energy for this process
qualitatively correlates with the trend in experimental yields with the different salts. In
the case of the unsubstituted urea 7 — a weaker hydrogen bond donor — weaker hydrogen
bonds are formed to both fluoride and bromide, however this has a greater effect on
fluoride binding, leading to the process being thermodynamically less favorable. A
further notable result in that Schreiner’s thiourea, 8, is expected to be a competent
HB PTC catalyst on the basis of hydrogen bond donor strength, however experimentally,
no yield is obtained due to reaction of the catalyst, through sulfur, with the in situ formed
episulfonium. Computationally, therefore, we predict that thioureas are capable HB PTC
catalysts if such deactivation pathways are avoided, such as by introducing steric bulk

around the thiourea sulfur atom.
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There are several limitations of the model used to model phase-transfer. Firstly, the model
does not provide mechanistic insight into the process. Secondly, the description is purely
thermodynamic — the model cannot exclude large Kinetic barriers for processes that are
thermodynamically favored. The thermodynamics of the model can, however, have direct
implication on Kinetics — the endergonicity of the process in the absence of urea stipulates
a minimum Gibbs free energy barrier for this process. Thirdly, bulk properties are used.
The values from this process assume consumption of bulk MF lattice and formation of
bulk MBr lattice due to the use of experimental molar Gibbs free energies of formation.
During the reaction, phase-transfer occurs at the surface of the solid, and MF) and MBr s)
lattices may become mixed. This description, however, adequately describes the overall
process at molar quantities. A further practical limitation is that the method can only be

applied to salts where the relevant experimental thermodynamic quantities are known. As

Table 3.3: Computed Gibbs Free Energies of Anion-Exchange Phase-Transfer for Different (Thio)urea
Catalysts and Group | Metal Salts Compared to Experimental Reaction Yield.

Catalyst Salt ApTG / kJ/mol Yield / % *
Uncatalyzed CsF +33.7 0
CF; CF3 CsF -16.7 80

2 Q)
:
FSCQNJL'}' . KF +7.0 55
: 1 : NaF +43.1 0
@ JOL Q CsF -7.0 5

N” N

b KF +16.7 n.d.
7 NaF +52.8 nd.

CF, CF,
DD e oaw
FsC I}IJ’LI*I‘I CFs '
H H

8

* 10 mol% thio(urea) loading, 1.2 eq MF, 1.5 h, rt, DCM (0.25 M). T 24 h. Experimental work
performed by co-workers.
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such, the method requires adapting to more exotic salts, such as through estimation of

lattice energies using, for example, the Kapustinskii equation.

3.3.1.3 The Gibbs Free Energy Profile

Computation of the rest of the pathway results in the free energy profile in Figure 3.5.
Formation of the episulfonium ion in the presence and absence of urea have comparable
barriers, with the barrier in the absence of urea favored by 10 kJ/mol. The barrier height
of 90 kJ/mol to auto-ionization (i*) is achievable at room temperature, corresponding to
a rate constant of approximately krst =1 x 102 s at 298.15 K. This result is initially
surprising, however the entropic penalty of coordination is significant and the hydrogen
bonding to bromine, with only partially formed negative charge, is weak. Considering the
uncertainty in the computational methods, and the concentration dependence of Gibbs
free energies for the bimolecular catalyzed TS, an unqualified assertion that Schreiner’s
urea does not catalyze this step is difficult to justify, however the result is inconsistent
with anion binding catalysis, where the catalyzed process would need to be significantly
lower than the uncatalyzed process to rationalize the experimentally observed catalytic
effect. Once bromide is fully formed, coordination of the urea to the anion in the ion pair
is favorable (ii—ii.Cat). The charge on the bromide is now sufficient to form hydrogen

bonds to the catalyst that overcome the entropic penalty of coordination.

Steps ii—iv concern anion transport and phase-transfer, and are the steps at which the
catalyzed and uncatalyzed pathways diverge in Gibbs free energy. Initially, the ions are
separated (ii—diii) — after which urea coordination of the separated bromide leads to 26
kJ/mol lower Gibbs free energy. Phase-transfer, described by the anion-exchange step
(ili—iv), leads to further divergence in energy, with the hypothetical uncatalyzed

pathway reaching a prohibitive energetic span of 122 kJ/mol. Meanwhile, the catalyzed
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Figure 3.5: Computed reaction profile for HB PTC fluorination of in situ formed episulfonium ion

catalyzed by Schreiner’s urea, 1. Gibbs free energies are evaluated at reaction temperature of 298.15 K.
Own work adapted from Ref. 1.
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pathway remains at plausible energies, stabilized by the strong coordination of fluoride

by urea catalyst.

Formation of an ion pair between episulfonium and (urea) fluoride occurs (iv—v)
followed by formation of fluorinated product via transition state structure (vi*). From the
ion pair, the barrier to fluoride delivery (v—vi?) is increased minimally when fluoride is
bound by urea (AGeat*t = 34 kJ/mol c.f. AGuncar = 33 kJ/mol). Product is formed
irreversibly with a barrier to the reverse process in the absence of catalyst of 169 kJ/mol.
This barrier remains prohibitive in the presence of catalyst at 136 kJ/mol despite being
reduced significantly. The large effect of catalyst coordination on episulfonium formation
with loss of fluoride (vi*) is in stark contrast to the inability of the catalyst to lower the
barrier with loss of bromide (i*). The origin of this effect is the catalyst forming much
stronger hydrogen bonds to the forming fluoride anion than the forming bromide anion,

due to the former’s much higher charge density.

The reaction profile makes it clear that the critical difference between the two profiles is
in the steps describing anion-transport and phase-transfer (ii—iv), and that these steps are
prohibitive in the absence of catalyst. This is further supported by computing the profile
with unsubstituted urea 7 (Figure 3.6), experimentally found to be poorly active (5 %
yield). Comparison of the profiles reveals little difference in solution-phase barriers,
consistent with work on stoichiometric urea-fluoride complexes in Chapter 2. Much
larger differences in the profiles emerge during phase-transfer, reflecting the
experimental reactivity observed and supporting the hypothesis that the urea acts through
accelerating the phase-transfer process, thereby supporting the HB PTC mechanistic

hypothesis.
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3.3.1.4 Insight

Transition state structures for bromide removal and fluoride delivery with, and without,
urea catalyst are shown in Figure 3.7a. In all cases, there is a preference for the a-phenyl
ring to conjugate with the forming and breaking bonds, as typical for a benzylic
substitution. This preference is more pronounced with fluoride than bromide. In the cases
with urea hydrogen bond donor, the urea favors n-x stacking with the aromatic groups of
the substrate. If both TSerand TSk are viewed from the perspective of anion delivery, urea
coordination makes both TS positions later, consistent with work on alkyl bromide
substrates in Chapter 2. In the lowest energy geometry of the reactive
fluoride-episulfonium ion pair, fluoride is bound on the exo-face of the episulfonium
3-membered ring, interacting with the acidified C—H bonds. In order to react, the fluoride

must align with one of the episulfonium C-S o*. This ion pair, with fluoride aligned, is

TSg(Cat)

Rearrange lon Pair Form/Break Bonds
v —_—
©
Gre| /kJ/mol 0 26 33

g ., Rearrange lon Pair ¢

. Form/Break Bonds /3 o
e oL > :

+"158

Hrel /kJimol ¢ 0 19 35 d
Gre| /kd/mol 0 16 34
Lowest Energy lon Pair Reactive Geometry lon Pair Transition State

Figure 3.7: a) Transition state structures for bromide removal and fluoride delivery, with and without urea
hydrogen bond donor (1). The a-phenyl ring favors conjugation with the forming and breaking bonds. b)
relative Gibbs free energies of the lowest energy fluoride ion pair and the reactive conformation of the ion
pair.
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a shallow energy minimum, with AG = +26 kJ/mol relative to the minimum energy
geometry and resides 7 kJ/mol lower in Gibbs free energy than the fluoride delivery TS.
Therefore, remarkably, just 20 % of the barrier from minimum energy ion pair to TS
originates from the breaking of the C—S bond, with the rest arising from the loss of C-H
and ionic interactions with fluoride in the ion pair (Figure 3.7b). This effect remains but
is diminished when fluoride is coordinated by urea. Destabilizing the reactive ion pair by
preventing fluoride from sitting next to the exo-face of the episulfonium ring is therefore
the approach with the most potential to influence the kinetics of this step. Key geometric

parameters of the species are tabulated in Table 3.4.

When considering asymmetric catalysis, the computed free energy profile allows some
insight into whether asymmetric HB PTC is plausible with a chiral urea. The profile
shows that the enantiodetermining TS is not the rate-limiting TS. The rate-limiting
process being either episulfonium formation, or phase-transfer (the model does not
quantify the kinetics of the latter process), and the enantiodetermining TS being fluoride
delivery. Once episulfonium product is formed, loss of fluoride is prohibitive. Thus, if
product is formed enantioenriched, it will not racemize, even in the presence of urea
catalyst. Also, once the catalyst brings fluoride into solution, it will not readily dissociate
(steps iv—vi*) prior to the fluoride delivery TS. This is crucial to prevent a racemic

background reaction from reducing enantiocontrol.

Table 3.4: Key Geometric Data for Episulfonium Containing Species.

Species Key Distances / A Key Angles/°
C-X C-S HBondl HBond2 | e-dihedral p-dihedral
TSer 2.713 2.256 - - 3.4 -41.0
TSer(Catl) 2.672 2.283 2.523 2.475 -41.2 83.9
TSk 2.238 2.065 - - 18.2 -53.3
TSr(Catl) 2.099 2.229 1.760 1.678 -4.8 -66.5
IPsr(Cat 1) - - 2.378 2.507 - -
IP(Cat 1) - - 1.580 1.771 - -
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3.3.1.5 Episulfonium Isomers

The bromide episulfonium precursor, 4, can form one of two episulfonium isomers. Thus
far, only the anti-isomer has been considered, however the syn-isomer is also plausible.
The reaction profile was recalculated with the syn-isomer of episulfonium intermediate,
6, formed in step i*. This isomer of episulfonium is then maintained until fluoride delivery
in step vi*. The Gibbs free energy profile for syn episulfonium is shown in Figure 3.8,
superimposed with the anti profile for clarity. Formation of the episulfonium ion is
favored without coordination of urea 1, with equal kinetic favorability to the syn and
anti-isomers. The formed ion pair is however significantly more favored for the
anti-isomer both uncoordinated (AG = 14 kJ/mol) and when coordinated by urea catalyst
(AG = 20 kJ/mol). An energy difference of 14 kJ/mol manifests as a preference of anti
over syn by a factor of 300 at 298.15 K — a preference increased when coordinated by
catalyst. As formation of the episulfonium occurs prior to the enantiodetermining TS, in
the case of a chiral urea, the anti-isomer will dominate and so is considered for future

work. Stationary points are illustrated in Figure S11, with geometric data in Table S15.

3.3.1.6 Leaving Group Effects

The effect of changing leaving group of the episulfonium precursor was investigated for
chloride and trichloroacetimidate (TCA). The barriers to auto-ionization are given in
Figure 3.9. The height of the free energy barriers agrees well with the experimental
reactivity at room temperature. Reaction with bromide leaving group is rapid. Reaction
with chloride is slower, but still achievable with barrier of 104 kJ/mol, and reaction with
unactivated TCA leaving group is prohibitive at 143 kJ/mol. The full Gibbs free energy
profile of the reaction with chloride leaving group was computed for comparison to the

bromide leaving group (Figure 3.10). The favorability of the overall reaction, as well as
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the anion-exchange process is largely unchanged with the leaving group due to
cancellation of effects. The overall exergonicity of the reaction is reduced by 15 kJ/mol
with the chloride leaving group — a stronger C-CI bond is broken on formation of the
episulfonium, however this is largely compensated for by the formation of the higher
lattice energy CsCI salt. Similarly, the favorability of the anion-exchange process is
reduced by only 1 kJ/mol indicating near complete compensation of the stronger
urea-chloride hydrogen bonds by the formation of the CsCl salt. Stationary points are

illustrated in Figure S12, with geometric data in Table S16.

m Trichloroacetimidate

m Chloride
B Bromide
— Me.
= S i Me R3S
£ P = Fx- —
‘; Ph X~
SM ii iii
0 episulfonium ion pair episulfonium ion pair
SM formation dissociation formation dissociation

Figure 3.9: Computed barriers to auto-ionization of substrates with different leaving groups. Computed
barriers correlate well with experimental reactivity. Own work reproduced from Ref. 1.
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3.3.2 Hydrogen Bonding Phase-Transfer Catalysis with a Chiral Urea for
Asymmetric Fluorination

3.3.2.1 Determining Catalyst-Fluoride Binding Mode

Calculations on the mechanism of fluorination of meso-episulfonium ions using an
achiral catalyst supports the HB PTC hypothesis and the proposal that use of a chiral urea
should be capable of performing the desymmetrization enantioselectively.
Experimentally, several classes of chiral urea catalyst were screened before identification
of bis-ureas based on the BINAM scaffold as most promising and synthetically tractable
to modification (Figure 3.11). These catalysts are highly active, however,
enantioselectivity is low (Scheme 3.3). Synthetic modification of many positions, leading
to a library of tens of catalysts, failed to find a catalyst with improved enantioselectivity

over the prototypical catalyst, 9.

As the BINAM based catalysts are of moderate size, have many rotatable bonds and are
highly flexible, this system presents a significant computational challenge. The most
important factor to determine is how the bis-urea catalyst family binds fluoride. With four
hydrogen bond donors, there are many potential binding modes of fluoride — those
initially considered were a ‘bis’ tetracoordinate complex and a ‘co-operative’
dicoordinate complex (Figure 3.12) as both binding modes have been implicated

previously in hydrogen bonding catalysis.*®*® To probe the plausibility of these binding

6 R3
“COL g O
N
LY
RG' ' =

R3

ZIT ITZ
ZI IZ

Figure 3.11: Chiral urea catalysts based upon the BINAM scaffold, with positions of easiest synthetic
modification indicated.
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bis-urea, 9. Yields are excellent, however enantioselectivity is poor.

modes, molecular dynamics simulations were performed of the catalyst-fluoride
complex, in explicit dichloromethane solvent. Initial simulations were performed without
an explicit cesium counterion. Simulations at 298.15 K showed no interconversion of
binding modes after 100 ns of simulation time. To enhance sampling, simulation
temperature was raised to 373.15 K and an explicit cesium counterion included in the
simulation. 6 simulations of 20 ns were run, 3 beginning from co-operative binding and
3 with bis binding. In the combined 120 ns of simulation, 0 % of frames were in the
co-operative binding mode, whereas 58 % were binding via the tetracoordinate bis
binding mode. An unexpected result was that the remaining 42 % of frames were for a
tricoordinate binding mode, resulting from the isomerization of one of the urea groups

from anti-anti to anti-syn (Figure 3.13, Table S17).
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o o H H CF;
o
FiC
Bis - Tetracoordinate Cooperative - Dicoordinate

Figure 3.12: Plausible fluoride binding modes for BINAM based bis-urea catalysts. Own work adapted
from Ref. 1.
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Figure 3.13: Molecular dynamics predicted tricoordinate fluoride binding mode with anti-syn urea. Left:
ChemDraw representation. Right: Ball and stick representation of MD frame. Bottom: Illustration of urea
isomerization. Figure adapted in part from own work in Ref. 50.

The driving force behind this isomerization is the geometric improvement of hydrogen
bonding in the tricoordinate complex and increased conjugation of the ureas with the
BINAM backbone, rather than an intrinsic preference of the urea functional group. It is
not geometrically possible for the catalyst to form 4 non-elongated hydrogen bonds to
fluoride and maintain full conjugation of one or more ureas with the BINAM backbone.
Conversely, syn-anti isomerization of one urea permits the formation of 3 non-elongated

hydrogen bonds and maintains full conjugation of the other urea with the BINAM.

Permitting isomerization of the urea functional groups vastly increases the number of
plausible fluoride binding modes of the catalyst that must be considered computationally,
to the extent that it is impractical to compute. To further investigate this result, two
transition state structures were computed using catalyst 9 to deliver fluoride to

episulfonium ion 6 — one with catalyst forming four hydrogen bonds to fluoride, and one
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Figure 3.14: Trial TSs for fluorination of episulfonium ion with tetracoordinate and tricoordinate fluoride
binding. The tetracoordinate TS cannot maintain all four hydrogen bonds, however the tricoordinate TS
maintains all three, with a pyramidal geometry around fluorine. The distortion in hydrogen bonding is
reflected in the relative Gibbs free energies. Figure adapted in part from own work in Ref. 50.

forming three hydrogen bonds, with syn-anti isomerized urea. A plausible TS geometry
was chosen using chemical intuition. In the resulting TSs, the tricoordinate TS is favored
over the tetracoordinate TS by 21.3 kJ/mol — a very large Gibbs free energy difference,
corresponding to a ratio of 5.4 x 10° at 298.15 K. Additionally, in the tetracoordinate TS,

the catalyst cannot maintain all four hydrogen bonds to fluoride (Figure 3.14, Table S18).

Despite the preliminary DFT calculations supporting the tricoordinate binding mode,
other binding modes (including tetradentate) contributing to selectivity through low
energy TSs cannot be ruled out unreservedly, and full conformational sampling would
need to be undertaken to pursue this conclusion. The ability of the catalyst to bind fluoride
in numerous ways is a plausible origin of the experimental difficulty in optimizing the
substituents of BINAM based bis-urea catalysts for high enantioselectivity. The
computation does, however, predict that one hydrogen bond donor is superfluous to
catalyst activity. Alkylation of this nitrogen, preventing it from acting as a hydrogen bond
donor, should maintain catalyst activity and vastly reduce the conformational flexibility

of the catalyst, most notably when binding fluoride where only a single binding mode is
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Figure 3.15: LHS: Improved catalyst proposed on the basis of computation, with mono-alkylated urea
highlighted in red. RHS: Single, tricoordinate fluoride binding mode predicted for the alkylated catalyst.

anticipated (Figure 3.15). Molecular dynamics simulations of the N-methylated catalyst
10 were performed, binding fluoride in the presence of cesium counterion. After 100 ns
of simulation, the tridentate binding mode dominated (96 % of frames) and was stable
once formed, supporting the hypothesized binding mode, and resulting in only 2
conformationally similar high-weighted clusters (1.1 A RMSD), both with tridentate

binding (Figure S14).

This vastly reduced conformational space has large benefits for computational
investigation of the system, and also experimentally as structure-activity relationships
should become more tractable. Of note is that alkylation of the catalyst (9—10) may have
a positive or negative effect on enantioselectivity — the resulting system should, however
be more rationalizable and therefore easier to optimize to high enantioselectivities

through modification of the catalyst or conditions.

Methylation studies of the catalyst were undertaken experimentally to investigate the
computational hypothesis and to probe the role of the individual hydrogen bond donors.

The results of the methylation study are shown in Table 3.5.
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Table 3.5: Experimental Catalyst Methylation Studies.

CF;

; 0
S(CH,),Ph S(CHy),Ph O /@
S(CHz); S(CHz), | O N)LN CF

Br Cat (10 mol%)

7 F ‘ 1 2
O CsF (1.2 eq) O : l; 23
—b. :
Solvent (0.25 M) ' N__N CF,
O i, 1.5 h O ; OO \g/ ©/

3

rac-2 3
Cat CFs
Cat# R? R? R3 R* Solvent Yield / % e.r.
9 H H H H CHCI> >95 82:18
9 H H H H 1,2-DFB >95 86:14
10 H H H Me 1,2-DFB >95 88:12
- H H Me H 1,2-DFB 15 53:47
- Me H H Me 1,2-DFB 0 n/a
- H Me Me H 1,2-DFB 0 n/a
11 H H H Et 1,2-DFB >95 91:9
13 H H H 'Pr 1,2-DFB >95 90:10
13 H H H 'Pr CH.Cl; >95 88:12

DFB = difluorobenzene. Experimental work performed by co-workers.

Notably, the computational prediction is borne out, with alkylation of position 4
preserving catalyst activity, and simultaneously increasing enantioselectivity. As the size
of the alkyl group is increased to iPr, enantioselectivity increases, achieving acceptably
high levels when the temperature is reduced. Interestingly, the enantioselectivity of the
unalkylated catalyst does not increase as the temperature is reduced, possibly due to

catalyst aggregation or the behavior of the complex ensemble of TSs.

3.3.2.2 Computing the Transition State Structure Ensemble

Substrate scope was performed with the optimized catalyst and is shown in (Figure 3.16).
Simultaneously, we turned our attention to rationalizing the observed enantioselectivity.

Key outstanding questions included i) which is the major enantiomer (at this point
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Figure 3.16: Substrate scope for asymmetric desymmetrization of meso-episulfonium ions. Substrate scope
is limited to stilbene derived episulfonium ions, however a broad range of substituents are tolerated on the
aromatic rings. Experimental work performed by co-workers.

unknown), ii) what are the key factors and interactions that determine enantioselectivity

and iii) why is good enantioselectivity only achieved with stilbene derived substrates?

To begin to answer these questions, the lowest energy TSs to major and minor product
must be located. A molecular dynamics (MD) sampling protocol was performed on

N-methylated catalyst, 10, to locate the lowest energy TS conformations. From previous
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MD simulations, this catalyst has only 2 binding modes for CsF; both of which bind
fluoride in a tricoordinate manner and rapidly interconvert. The cesium cation was
replaced by the stilbene derived episulfonium ion, 6, (corresponding to product 5 in
Figure 3.16) forming the “reactive ion pair” between tricoordinate catalyst-fluoride
complex and episulfonium. This ion pair was simulated for 100 ns at reaction temperature
of 298 K to sample conformations. The resulting output was clustered by RMSD (cut-off
= 1.0 A, every fifth frame, clusters taken with weighting > 1.5 %), with the 12 most
populated ion pairs retained. To ensure that novel conformations were retained, the lower
weighted clusters were manually inspected before being discarded. Clustering of the
frames was performed with hydrogen and CF3 fluorines removed, with awareness of the
symmetry of the system (16 ways of superimposing the system on itself). The use of
every fifth frame in the trajectory was a result of practical limitations in the calculation

of the symmetry aware RMSD matrix.

Each of the 12 ion pairs were optimized using DFT and used as the starting point for TS
searches (Figure 3.17). The episulfonium substrate was advanced forward to align either
of the C-S o* with fluoride nucleophile, generating TSs to both products. After
optimization, a total of 16 unique DFT optimized TSs were obtained, with 9 to (S,S)
product and 7 to (R,R) product with (S) catalyst, with a total Gibbs free energy span of
42.2 kJ/mol (Figure S15). The distribution of Gibbs free energies of the ensemble is

illustrated in Figure 3.18, with key geometric parameters in Table 3.6.
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IP Cat 10 Fepi 1 IP Cat 10 F epi 2 IP Cat 10 F epi 3
0.0 kJ/mol + 1.2 kJ/mol + 2.3 kd/mol

IP Cat 10 F epi 4 IP Cat 10 F epi 5 IP Cat 10 F epi 6
+ 6.0 kd/mol + 7.2 kd/mol + 9.7 kdJ/mol

IP Cat 10 Fepi 7 IP Cat 10 F epi 8 IP Cat 10 Fepi 9
+12.3 kJ/mol + 13.7 kJ/mol +19.2 kJ/mol

IP Cat 10 F epi 10 IP Cat 10 F epi 11 IP Cat 10 F epi 12
+21.5 kJ/mol + 26.1 kJ/mol + 28.3 kJ/mol
Figure 3.17: DFT optimized ensemble of episulfonium-fluoride-catalyst reactive ion pair. Relative
Gibbs free energies evaluated at 298.15 K. Own work reproduced from Ref. 1.
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Figure 3.18: Gibbs Free energy distribution of Jt(;z:lnsition state strucltr:JOr:as to major (S,S) and minor (R,R)
product at 243.15 K. Own work reproduced from Ref. 1.
To enable direct comparison with experimental work, the structures were reoptimized
with N-'Pr group (catalyst 13) on the catalyst in place of Me. Dihedral scanning of the iPr
group revealed a favored conformer with hydrogen pointing towards the BINAM core.
The lowest energy catalyst-fluoride complex was superimposed with the subsequently

determined solid-state structure from x-ray crystallography and excellent agreement was

found, including fluoride binding geometry and catalyst conformation (Figure 3.19).

Figure 3.19: Overlay of the computed minimum energy geometry for catalyst 13-fluoride complex with
Cs cation (conventional coloring) with subsequently determined solid-state structure from crystallography
with TBA cation (green wireframe), demonstrating excellent agreement. Cations are removed for clarity.
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TS Cat 13 major 1 TS Cat 13 major 2 TS Cat 13 major 3
243.15 K: + 0.0 kJ/mol 243.15 K: + 10.0 kJ/mol 243.15 K: + 10.7 kJ/mol

TS Cat 13 minor 1 TS Cat 13 minor 2 TS Cat 13 minor‘r3
243.15 K: + 7.8 kJ/mol 243.15 K: + 9.1 kJ/mol 243.15 K: + 10.6 kJ/mol

Figure 3.20: DFT optimized ensemble of transition state structures with N-'Pr catalyst 13. Own work
adapted from Ref. 1.

The lowest energy TSs in the ensemble were reoptimized with iPr group on the catalyst.
Due to an absence of TSs between 11.0 and 18.0 kJ/mol and the limited contribution of
higher energy TSs, only TSs within the 11.0 kJ/mol window were reoptimized. Different
conformers of the iPr group were considered but were not found to be energetically
competitive. A total of 17 TSs with iPr catalyst 13 were located, however only six were
within the original 11.0 kJ/mol window and are used for further analysis (Figure 3.20).
Boltzmann weighting of the TSs at 243.15 K in dichloromethane gives an e.r. of 96.5:3.5,
aligning well with the experimental e.r. of 91:9 in 1,2-difluorobenzene. Key geometric
data for all 17 optimized TSs is given in Table 3.7 and geometries of TSs not included in

the final ensemble are given in Figure S17.
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3.3.2.3 Transition State Structure Analysis

For more detailed analysis, we focus on the two highest contributing transition state
structures — the lowest energy TS to major product (TS Cat 13 major 1 herein referred
to as TSmajor) and the lowest energy TS to minor product (TS Cat 13 minor 1 herein

referred to as TSwminor), with AAG* = 7.8 kd/mol.

The conformation of the catalyst in both the major and minor is similar and is in very
good agreement with the subsequently determined single-crystal x-ray structure of the
ground state fluoride complex (Figure 3.21). The following compare favorably i)
tricoordinate binding of fluoride, ii) catalyst conformation including urea conformation
and BINAM angle, iii) isopropyl group orientation, iv) episulfonium substrate

superimposes on the position of the TBA cation in the x-ray structure.

Figure 3.21: Overlay of TSwmajor (cOnventional coloring) with experimentally determined crystal structure
(green). The episulfonium substrate in the TS overlays well with TBA in the crystal structure.
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Substrate conformation plays a key role in determining selectivity. When studying the
system with achiral Schreiner’s type urea, we noted a preference for the stilbene derived
substrates to maintain conjugation of the a-phenyl ring with the forming and breaking
bonds. This can be attributed to the fact that the Sn2 is benzylic and favors conjugation
of the aromatic ring. In TSmajor this dihedral is 21° whereas in TSwminor it is further from
conjugation at 40°, measured relative to the C—C bond of the episulfonium ring. For the
ensemble of optimized TSs, nearly all low energy TSs have a dihedral angle close to
conjugation (the notable exception being TSwinor), demonstrating the ubiquity of this
effect. In order to estimate the energetic contribution to selectivity, a dihedral scan of the
TS with achiral Schreiner’s urea (TSr(Cat 1)) was run at fixed C-S and C-F distance

(Figure 3.22).

The scan confirms that T Swmajor is closer to the energetic minimum than T Sminor, With an
energetic difference of ~4 kJ/mol, contributing approximately half of AAG* of 7.8 kJ/mol.
A complementary approach was taken where the two TSs were separated into
episulfonium-fluoride + catalyst units and the distortion of the former group evaluated.
Distortion was greater in TSwminor, by 4 kJ/mol, concurring with the dihedral scan.

25
20

15

Relative Energy (kJ/mol)

-60 40 40 60

- -20 . 0 20
Minor Major Dihedral (degrees)

Figure 3.22: Dihedral scan of a-phenyl ring in fluoride delivery TS with Schreiner’s urea, 1. Dihedral
angles for TSwmajor (green) and TSwminor (red) are indicated. Own work adapted from Ref. 1.
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TSMajor

TSMinor

Cation - 7

Figure 3.23: Non-covalent interaction plots for TSmajor (top) and TSminor (bottom), with key NCIs labelled.
Own work adapted from Ref. 1.
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Non-covalent interactions are responsible for the positioning of the substrate in the
catalyst pocket and are similar for both TSmajor and TSminor. All TSs in the ensemble
form three hydrogen bonds to fluoride. Additionally, a key cation-n interaction docks the
episulfonium into the naphthyl backbone of the BINAM catalyst. The catalyst adopts
intramolecular n-7 stacking and also a C—H - & interaction between catalyst 0-C—H and
substrate phenyl ring. Key differences between TSwmajor and T Swminor are that the cation-n
interaction is 0.05 A shorter in TSwmajor, COnsistent with a stronger interaction, however
TSwminor has some additional n-n stacking, between stilbene and BINAM backbone. The
non-covalent interactions were visualized using the non-covalent interaction index and

are annotated in Figure 3.23.

Evolution of the system over the intrinsic reaction coordinate (IRC) pathway was
examined with methylated catalyst, 10, for the pathway leading to major product
(IRCwmajor) and pathway leading to minor product (IRCwinor), revealing similar evolution

of bond distances from reactant to product in both pathways (Figure 3.24).

In order to compare the IRCs for the two pathways, the IRC was reduced to C-S distance
minus C-F distance. The plot of key distances can be interpreted in two
domains: -0.5<IRC < 1.2, describing main bond forming and breaking, and
1.2 < IRC < 1.3 primarily describing substrate relaxation (note approximately constant
C-F distance in this region). Changes in distances in the first domain are all
approximately linear with respect to the IRC; gradients for this region are evaluated
for -0.5 < IRC < 1.0. The TS positions for TSmajor and TSwminor are 0.14 A and 0.12 A

respectively, with the y-axis intercepting at the position of T Swmajor.
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Figure 3.24: Evolution of key bond distances over the intrinsic reaction coordinate pathway to major (solid
lines) and minor (dashed lines) product. Own work adapted from Ref. 1.
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The forming and breaking bonds (C-S and C—F) evolve similarly over IRCmajor and
IRCwminor, with IRCwmajor marginally looser prior to the TS. The cation-rt in IRCwmajor iS
consistently shorter than that in IRCwminor. The evolution of the 3 hydrogen bonds for both

IRCs is similar.

At the TS, all hydrogen bonds remain (< 1.9 A), however all elongate over the IRC
pathway due to neutralization of the charge on fluoride. Notably H-bond 3, corresponding
to the N-H on the monodentate alkylated urea, elongates much more rapidly than the
other two hydrogen bonds (gradient of 0.30 compared to 0.12 average for the other
H-bonds) and is broken in the product complex. Further, for IRCmajor, H-bond 2
elongates once the C—F bond is formed. This behavior of hydrogen bonds over the IRC
pathway parallels the behavior of the hydrogen bonds in the fluorinase enzyme.
Fluorinase binds fluoride with a bidentate Ser-158 residue and forms a third hydrogen
bond contact, on substrate binding, with a monodentate Thr-80 residue. In our system,
the catalyst binds fluoride primarily through a bidentate urea, with a third hydrogen bond
formed to the monodentate syn-anti isomerized alkylated urea. In the fluorinase, the
hydrogen bond to monodentate Thr-80 is broken over the reaction coordinate and is no
longer present in the product complex, similar to the behavior of our system where the

third hydrogen bond to the monodentate urea is broken over the IRC pathway.5*3

3.3.3 BINAM-Based Catalyst Mechanism

The chiral BINAM-based ureas can solubilize CsF stoichiometrically — in contrast to the
achiral Schreiner’s urea — determined experimentally by stirring urea and fluoride salt,
before filtration and evaporation of the solvent.>* Further, the tricoordinate binding is
sufficiently strong to catalyze formation of the episulfonium ion through coordination of

the bromide leaving group. This was demonstrated by taking the lowest energy TS for
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fluoride delivery to the episulfonium ion and replacing fluoride with bromide (Figure
S16). Whilst thorough conformational sampling was not undertaken, the barrier to
bromide loss was lowered from 90.2 kJ/mol to 82.7 kd/mol. Under reaction conditions,
this effect is expected to be of minimal importance, however, as the sub-stoichiometric
levels of catalyst bind much more favorably to fluoride than bromide, demonstrated
computationally (AGki(Br) =-21.9 kJ/mol and AGki(F) =-76.1 kJ/mol, methylated
catalyst 10) and experimentally (K1(Br) =3.3+0.3 x 10° M* and K1(F) = 1.7 £0.2 x
10°% M1, measured with TBAB and TBAF respectively, iPr catalyst 13). The binding and
solubilization of fluoride is therefore expected to outcompete the removal of the bromide
leaving group, however challenging microkinetic modelling for the heterogeneous

system would need to be undertaken to gain further insight.

Regardless of the precise nature of its formation, the overall neutral reactive ion pair,
consisting of catalyst-fluoride-episulfonium, undergoes the enantiodetermining
transformation. This is supported by the independence of enantioselectivity from leaving
group identity (Br or CI) and cation identity (Cs* or K*) and the absence of non-linear
effects confirming the involvement of only one molecule of catalyst in the

enantiodetermining step.

3.3.4 Role of the ortho-CH in 3,5-Bis(trifluoromethyl)phenyl Substituted Ureas

The role of the ortho-CH of the 3,5-Bis(trifluoromethyl)phenyl group have led to this
group being regarded as ‘privileged’ in the context of (thio)urea catalysis.>® This group
features in our preferred catalysts, both for the achiral HB PTC reaction (Schreiner’s
urea, 1) and also the final chiral catalysts (10-13). The role of this group is potentially
2-fold; the inductive nature of the CFs groups increases the acidity of the urea and thus

increases the strength of the hydrogen bonding to fluoride. Alternatively, the ortho-CH
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can directly participate via non-classical hydrogen bonding, due to its acidity, again

arising from the inductive properties of the CF3 groups.

Firstly, the HB PTC reaction does not require this group, as the reaction proceeds with
unsubstituted diphenylurea, 7, however yield is significantly reduced. In the case of
Schreiner’s urea, there is evidence of interaction of the 0-CH protons, however this
interaction is intramolecular, with the oxygen of the urea itself. Interaction with bound
fluoride is hindered geometrically and is not detected by the non-covalent interaction
index (Figure 3.25). The former intramolecular interaction can strengthen hydrogen
bonding through acidifying the urea, as well as reduce entropy loss from aryl group
rotation on binding, by rigidifying the free urea.>® Comparison of the urea-fluoride

complexes for the unsubstituted urea, 7, and Schreiner’s urea reveal that it is the 0-CH--

~" “-—- 1 219 219 ]'
N A N
o ? VTN ~f \ _ / S o

“\) ~ \r\f‘%« ~~ Yy P

Figure 3.25: Geometry of achiral ureas and fluoride complexes. Left: urea 1, Right: urea 7. NCI plot and
distance analysis suggest stronger interaction of the 0-CH in the CF3 substituted urea, 1, with urea oxygen
rather than fluoride.
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Table 3.8: Shortest 0o-CH-F Distances in Reactive lon Pairs (Me catalyst, 10) and Transition State
Structures (iPr catalyst, 13).

lon Pair 0-CH-F /A TS 0-CH-F/ A
IPCat10 Fepil 2.140 TS Cat 13 Minor 4 2.286
IPCat10 Fepi7 2.233 TS Cat 13 Minor 3 2.308
IP Cat 10 Fepi 3 2.465 TS Cat 13 Major 6 2.345
IP Cat 10 Fepi 5 2.510 TS Cat 13 Major 4 2.387
IP Cat 10 Fepi 4 2.512 TS Cat 13 Major 7 2481

-O(urea) distance that shortens (2.20 A compared to 2.17 A) on addition of the CFs3
groups, rather than the o-CH---F" distance (3.21 A compared to 3.32 A). Interaction of
the 0-CH bond with substrate is also infeasible as the positively charged episulfonium
ion has no Lewis basic sites. Therefore, the 0-CH bonds in Schreiner’s urea do not play
a major direct role in HB PTC but may play an indirect role via intramolecular hydrogen

bonding to the urea oxygen.

In the case of the chiral BINAM based bis-urea catalysts, the situation is different,
primarily down to the alkylated urea. This urea is anti-syn isomerized and can only form
one N-H hydrogen bond but plausibly forms another hydrogen bond with the o-CH bond.

Analysis of the catalyst-fluoride complexes optimized with methylated catalyst 10,

45.0

40.0 X

35.0

30.0 X X

25.0

20.0 Xx X x

15.0 X

10.0 X XX
5.0

0.0 X
2 212223242526272829 3 3.13.2
0-CH--F distance / A

Relative Gibbs Free Energy / ki/mol

Figure 3.26: LHS: Non-covalent interaction plot for TS Cat 13 Minor 4, visualizing the interaction
between 0-CH and fluoride. RHS: Plot of relative transition state structure Gibbs free energies with iPr
catalyst against length of o-CH---F- interaction, showing a lack of correlation (R?= 0.02).
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however, show no such interaction, with n-n stacking of the aryl groups favored. The
reactive ion pairs show some involvement of the o-CH proton, with 3 ion pairs (IP Cat
10 Fepi 1, 3, 7) having o-CH---F" distances of below 2.5 A, as do the TSs with 'Pr catalyst
13 (Table 3.8). The distance of this interaction does not correlate with TS Gibbs free
energy, suggesting that the interaction is of minor importance, likely down to the steric

congestion that results around fluoride (Figure 3.26).

3.3.5 On the Stability of -Fluorosulfides

An initial concern with using episulfonium ions as substrate for proving the HB PTC
concept was that the products of the reaction — B-fluorosulfides — are reported to be
unstable, decomposing to form fluoroepisulfuranes, containing an S—F bond, at room
temperature (Scheme 3.4).% This could result in inaccurate yields, through conversion of
the product to another compound, and inaccurate enantioselectivities, through facilitating
racemization of the product. The existence of fluoroepisulfuranes has, however, not been
confirmed, prompting some skepticism in the literature but no rebuttal.>”® The chloride
analog, chloroepisulfuranes have long been proposed as high energy intermediates in the
addition of sulfenyl chlorides to alkenes, which decompose to the thermodynamically

more stable B-chlorosulfide products.>*° The selenium analog with chloride —

S\ :: -::'
S\—-:+ S—-
CH,Cl, or CHCl; .~ F S

N F
F 3-7 days, rt
14 16a 16b
S £ s
L = S—— + S\—-:
g CH,Cl, or CHClI, F F
3-7 days, rt
15 17a 17b

Scheme 3.4: Reported room temperature decomposition of B-fluorosulfides to fluoroepisulfuranes in
dichloromethane/chloroform at room temperature.
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chloroepiselenuranes — were reportedly isolated as a thermodynamically unstable
intermediate that decomposed to the corresponding B-chloroselenide, however this

assignment was subsequently refuted.506?

3.3.5.1 Energetics

Initial calculations cast doubt on the feasibility of the decomposition, with computed
energies of the fluoroepisulfuranes corresponding to product 5 having energies of
+143 kJ/mol and +156 kJ/mol relative to the product for methyl anti and syn respectively
in DCM (diphenyl analogues of 17b and 17a respectively) — inconceivable for a
thermodynamic decomposition product. This result in hand, we attempted to verify the
characterization data provided in the initial report by computing the NMR spectra of the

fluoroepisulfurane structure.

3.3.5.2 Computational Methods

All calculations were performed in Gaussian 09, Rev. D.01 software package.?
Optimization and single point calculations used the M06-2X functional® and NMR
calculations used the mPW1PW91 functional .52 All calculations were performed with
the triple-{ Pople type 6-311+G(2d,p) basis set.®4®8 Optimization and frequency
calculations were performed in gas phase. NMR and single point energy corrections were
calculated in chloroform solvent, using the solvation model based on density (SMD).%
This level of theory was chosen based upon the performance of the M06-2X functional
for the calculation of the episulfonium system and the availability and performance of
NMR scaling factors in the Cheshire CCAT database (*Hsiope = -1.0951,
Hintercept = 31.9773, Csiope = -1.0379, Cintercept = 187.2065).7° 19F chemical shifts were
referenced relative to MeCHFMe for aliphatic compounds’® and SFes for

fluoroepisulfuranes.”> NMR chemical shifts were computed using the gauge-independent
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16a + 16b 17a+17b

Figure 3.27: Numbering conventions used for fluoroepisulfuranes and precursors.

atomic orbitals (GIAO) method”~"" and spin-spin coupling constants via the two-step
procedure of Frisch.”® A scaling factor of 0.944 was used for vibrational frequencies for
thermochemistry, based on the value for M06-2X/6-311+G(d,p).”® Boltzmann weighting
of conformers was performed using Gibbs free energies, evaluated at 298.15 K
employing a rigid-rotor approximation for vibrational modes below 100 cm™ cut-off and
vibrational scaling.'>*? Numbering conventions used in this section are given in Figure

3.27. Geometries are given in Figure S18 and shielding constants in Tables S21-22.

3.3.5.3 NMR Calculations

NMR chemical shifts were computed for the two B-fluorosulfide starting materials, 14
and 15, and the 4 proposed fluoroepisulfurane products, 16a-b and 17a-b (Table 3.9).
Experimentally, fluoroepisulfuranes were reported as mixtures of 16a+b and 17a+b,
however coupling and 2D NMR allows disentanglement of the spectra of the individual

species. These individual spectra were not assigned to a particular species, however, so
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Table 3.9: Computed *H NMR Chemical Shifts (C) Compared to Experimental Chemical Shifts (E), H
Coupling Constants and '°F Chemical Shifts.

Structure 'H Chemical Shift / ppm 3/ Hz BE/
1 2 3 4 5 |12 23 34 ppm
16atb1 E 122 359 274 130 213 62 47 69 715
16a+th2 E 122 356 267 127 213 62 50 71 715
16a C 161 250 133 111 247 69 64 65 39.2
16b C 145 243 123 131 255 71 77 67 41.2
17atb1 E 117 361 277 125 213" 63 42 69 71.4/715
17atb2 E 117 358 279 125 212" 63 44 59 71.4/715
17a C 152 28 164 120 231 72 110 71 28.7
17b C 145 287 175 109 265 74 103 6.8 38.2
14 C 128 274 458 138 213 74 58 64  -1689
15 C 129 273 465 137 214 75 49 65  -169.7

are labelled as ‘1’ and ‘2’ respectively. The largest deviations between experimental and
computed NMR shifts occur with hydrogens 2 and 3, with deviations up to 1.51 ppm.
Computed NMR spectra for the precursors, 14 and 15 are included for completeness

(experimental spectra not reported).

The RMSD between computed and experimental structures are given in Table 3.10 along
with maximum absolute deviations in parentheses. The alignment can be improved by

permitting reassignment but remains too high for a correct assignment.

Coupling constants are generally less diagnostic, however the coupling constant for

protons 2 and 3 in structures 17a and 17b show marked disagreement, with experimental

Table 3.10: Comparison of Computed *H NMR Chemical Shifts and Experimentally Reported Values.
RMSD values given, with maximum absolute deviation given in parentheses.

Experimental

Reported Assignment Reassignment Permitted
16a+b 1 16a+b 2 16a+b 1 16a+b 2
16a | 0.83(1.41) 0.80(1.34) 16a | 0.56 (1.09) 0.54 (1.06)
g 16b | 0.88(1.51) 0.85(1.44) 16b | 0.57 (1.04) 0.56 (1.01)
a
§ 17atb1  17a+h?2 17atb1  17a+h 2
17a | 0.63(1.13) 0.63(1.15) 17a | 0.47 (0.75) 0.46 (0.72)
17b | 0.63(1.02) 0.63(1.04) 17b | 0.39(0.74) 0.38(0.71)
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Table 3.11: Comparison of Reported Fluoroepisulfurane Shifts with Computed Shifts for the Precursors.
Fluoroepisulfurane peaks are reassigned for best fit.

Structure 'H Chemical Shift / ppm RMSD / ppm
1 2 3 4 5 | AllPeaks Excluding 3 |

14 C 128 274 458 138 213 - -
léa+b1 E 122 274 359 130 213 0.44 0.05
l6a+b2 E 122 267 356 127 213 0.46 0.07

15 C 129 273 465 137 214 - -
17a+b1 E 117 277 361 125 213 0.47 0.09
17a+b2 E 117 279 358 125 212 0.49 0.09

values of 4.2 Hz and 4.4 Hz compared to computed values of 11.0 Hz and 10.3 Hz. This
coupling corresponds to cis protons on the 3-membered ring with near-zero dihedral
angle. The computed shifts align with Karplus values in contrast to the experimental
shifts where the coupling constant is far too low, demonstrating an inconsistency in the
experimental assignment. Interestingly, when the experimentally reported spectra for the
fluoroepisulfuranes are compared to the computed spectra for the precursors, 14 and 15,
allowing reassignment, much better agreement is seen with the exception of hydrogen 3,
as assigned in the precursors. When comparing all peaks, all RMSD values are below
0.49 ppm. When excluding peak 3, all RMSD values fall to 0.09 ppm or below. These
results suggest that the experimental spectra correspond to structures that are more
structurally similar to the precursors, with the exception of substitution about carbon 3
(bonded to fluorine). A significant change in fluorine environment is also expected from

the large change in *°F chemical shift.
Table 3.12: Computed **C NMR Chemical Shifts (C) Compared to Experimental Chemical Shifts (E).

Structure 13C Chemical Shift / ppm
1 2 3 4 5

16a+b 1 E 18.32 47.67 78.03 16.90 14.55
16a+b 2 E 17.24 47.43 76.40 16.57 14.37

16a C 11.81 40.87 42.16 15.15 31.40

16b C 16.38 47.35 37.37 13.69 31.19
17a+b 1 E 16.08 45.88 75.98 15.19 14.56
17a+b 2 E 15.70 45.54 75.82 15.19 14.43

17a C 5.48 35.17 33.27 8.44 23.35

17b C 10.80 46.83 36.65 10.09 39.51
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Table 3.13: Comparison of Computed **C NMR Chemical Shifts and Experimentally Reported Values.
RMSD values given, with maximum absolute deviation given in parentheses.

Experimental

Reported Assignment

Reassignment Permitted

Computed

16a+b 1 16a+b 2 16a+b 1 16a+b 2
16a | 18.2(35.9) 17.5(34.2) 16a | 17.4(35.9) 16.9(34.2)
16b | 19.7 (40.7) 19.1(39.0) 16b | 15.6(30.7) 15.1(29.0)

17a+b 1 17a+b 2 17a+b 1 17a+b 2
17a | 20.9 (42.7) 20.7 (42.6) 17a | 20.0 (40.8) 19.9(40.7)
17b | 21.1(39.3) 21.0(39.2) 17b | 16.4(29.2) 16.5(29.0)

Analysis of carbon chemical shifts paints a similar picture, with large deviations,

particularly for carbon 3 (Table 3.12), with maximum absolute deviations of 34.2 ppm or

above. The RMSD agreement and maximum absolute deviations are given in Table 3.13.

Comparison of the reported chemical shifts to those computed for the precursor allowing

for reassignment, shows much better agreement (RMSD < 7.6 ppm), as for the *H shifts.

13C shifts also have the largest deviation for the shift assigned to carbon 3, bonded to

fluorine. If this is excluded, RMSD drops below 2.2 ppm in all cases, in good agreement,

and well below the deviation for the proposed fluoroepisulfurane structures (Table 3.14).

The peaks are, however, reassigned in a different ordering to those for the H shifts,

raising the possibility that the correlations between experimental *H and *3C shifts have

been misassigned.

Table 3.14: Comparison of Reported Fluoroepisulfurane Shifts with Computed Shifts for the Precursors.

Fluoroepisulfurane peaks are reassigned for best fit.

Structure 13C Chemical Shift / ppm RMSD / ppm
1 2 3 4 5 All Excluding 3
14 C 1487 4991 9249 17.05 17.49 - -
l6a+b1 E 1455 4767 78.03 1690 18.32 6.6 1.2
l6a+tb2 E 1437 4743 76.4 16.57 17.24 7.3 1.3
15 C 1459 4936 9232 1658 17.42 - -
17a+tb1 E 1456 4588 7598 1519 16.08 7.5 2.0
17a+b2 E 1443 4554 7582 15.19 15.7 7.6 2.2
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3.3.5.4 Summary of B-Fluorosulfide Stability

The evidence against the proposed fluoroepisulfurane assignment is overwhelming, with
infeasibly high Gibbs free energies and NMR data inconsistent with computed values,
demonstrating the power of modern computational techniques in structural
(re)assignment. None the less, whilst the structural assignment, and existence of
fluoroepisulfuranes is refuted, it is not disproved that B-fluorosulfides decompose under
the stated conditions to another product consistent with the characterization data.
Computed NMR spectra for the B-fluorosulfide precursors suggests structural similarity
with the decomposition products, but a significant change of environment in and around
fluorine. No decomposition of the stilbene derived B-fluorosulfides was observed during
the course of the HB PTC work, suggesting that the decomposition is specific to the
compounds, 14 and 15, reported. Experimental verification of the decomposition in the
initial report is required and provides an opportunity to gather additional characterization

data to aid structural reassignment.

3.4 Conclusion

We have developed a novel catalytic mechanism that we call hydrogen bonding
phase-transfer catalysis (HB PTC) and applied it to asymmetric fluorination with CsF,
through collaboration between computation (author’s work) and experiment (co-workers’
work). Computation supports the proposed mechanism for HB PTC, where binding of
fluoride by a hydrogen bonding catalyst enables fluoride solubilization and
anion-transport. Alternative mechanisms, such as anion-abstraction catalysis to form the
episulfonium, are ruled out. Accounting for phase-transfer required a model that
combined tabulated experimental data with computed results, and qualitatively describes

the performance of achiral catalysts for HB PTC. Important mechanistic insight is gained,
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paving the way for use of chiral ureas for asymmetric fluorination, including recognizing
that the enantiodetermining TS may not be turnover-limiting. Computation demonstrates
that, once fluoride is in solution, fluorination of the episulfonium ion is trivial, with most
of the energetic barrier originating from rearrangement of the ion pair. The relative
reactivity of episulfonium ion precursors with different leaving groups is consistent with

computed barriers to auto-ionization.

Computation assisted chiral catalyst design by suggesting alkylation of a superfluous N—
H hydrogen bond donor on the basis of MD simulations, resulting in a catalyst with a
single persistent tridentate fluoride binding mode, which was later proved
experimentally. Catalyst alkylation maintained catalyst efficiency, as predicted
computationally, and increased enantioselectivity. The vast reduction in conformational
space enabled computational study of the system. The TS ensemble was generated
through unbiased MD-based conformational sampling, with enantioselectivity and sense
of induction consistent with experiment. Analysis of the lowest energy TSs reveals the
key role of the aromatic rings in stilbene derived substrates for achieving high
enantioselectivity, by favorable conjugation of the a-aryl ring with the forming and
breaking bonds. Analysis of bond lengths over the IRC pathway reveals that the hydrogen
bond between fluoride and the monodentate urea donor is broken over the IRC, and does
not persist in the product complex, paralleling the behavior of hydrogen bonds in the
fluorinase enzyme. Understanding the origins of enantioselectivity and the limitations of

the substrate scope underpins future work on catalyst design.

The reported instability of the B-fluorosulfide products through room temperature
thermodynamic decomposition to fluoroepisulfuranes was challenged. The energies of

the proposed structures are infeasibly high, particularly as a thermodynamic product.

147



Calculation of NMR chemical shifts for the proposed structures shows significant

disagreement with the reported experimental spectra, casting doubt on the assignment.

No decomposition of the products of the HB PTC reaction was seen experimentally,

suggesting that the decomposition is not general to all B-fluorosulfides.
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4 Hydrogen Bonding Phase-Transfer Catalysis
for Asymmetric Fluorination of Aziridinium
lons

4.1 Introduction

Alongside the pioneering HB PTC work on enantioselective desymmetrization of
episulfonium ions, experimental work on the desymmetrization of the more synthetically
useful aziridinium ion was ongoing. Enantioselective desymmetrization of aziridinium
ions with fluoride yields enantioenriched g-fluoroamines, which feature prominently in
medicinal chemistry, and have unique stereoelectronic effects.~" Several methods for
catalytic enantioselective synthesis exist, including strategies requiring fluorinated
precursors,®? as well as those involving formation of a carbon-fluorine bond directly.**-
8 The latter has the advantage of incorporating fluorine late-stage. The prototypical

S-fluoroamine structures for the HB PTC transformation are given in Scheme 4.1.

Initial screening of chiral urea catalysts focused on the BINAM scaffold, analogous to
the catalysts used for desymmetrization of episulfonium ions (Chapter 3). The original
tetradentate bis-urea, 6, failed to attain high levels of enantioselectivity, however the
computationally predicted alkylation of one of the donors, yielding a tridentate catalyst,
significantly increased the enantioselectivity of the reaction (7-9). Further experimental
optimization yielded a final catalyst with larger aromatic substituents — a

polytrifluoromethylated terphenyl n-system (12), and N-ethyl alkylation.*®

Me. .Me Me Me Me.,  .Me
N \N,+ N
Ph/'\-“Br — Y - Ph’H"‘F
Ph Ph Ph
1 - precursor 2 - aziridinium 3 - product

Scheme 4.1: Aziridinium ion and g-fluoro amine product formed from desymmetrization with fluoride.
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A key finding of the experimental work was that potassium fluoride could be used as
fluoride source, as well as cesium fluoride — a pleasing result given the higher lattice
energy of potassium fluoride over cesium fluoride (lattice energies of 829 kJ/mol and
759 kJ/mol respectively).?’ To achieve comparable yields to CsF, reactions with KF were
run at higher concentration (0.5 M compared to 0.25 M) and with a greater excess of the
fluoride salt (5 eq. compared to 3 eq.). Potassium fluoride has several advantages over
cesium fluoride, notably its lower cost ($8/mol and $72/mol respectively) and lower
molecular weight (58.1 g/mol vs 151.9 g/mol respectively). Fluorination was successfully
Table 4.1: Desymmetrization of meso-Aziridinium lons with Potassium Fluoride.

),

(S)-Cat (5 mol%) ~F
KF (3 0 eq.) O
CHZCI2/CHCI3 (0.25M), 24 h O

rac-4 5

OO i /@ O CF,
cyy e O LG
QQ ) @ 3 Nor C
o) OO O CF,
6: R=H CF;
7: R=Me 10: R=H
8: R=Et 11: R=Me O
9: R=iPr 12: R=Et CF; CF,
Catalyst Solvent Temperature Yield / % e.r.
6 CHxCI; rt >99 55:45
7 CHCl, rt 98 85:15
8 CHCl, rt 99 86:14
9 CHCl, rt 83 86:14
10 CHCl, rt 77 55:45
11 CH:Cl> rt 72 88:12
12 CHCl> rt 80 90.5:9.5
12* CHCl; -15°C 71 95:5

* 10 mol% of catalyst, 5 eq. KF, 0.5 M, 72 h. Experimental work performed by co-workers.
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performed on up to 50 g scale, requiring 502 mmol of potassium fluoride. A summary of

experimental work is given in Table 4.1.

The experimental work in this chapter was performed by members of the Gouverneur
group, notably Anna Chiara Vicini, Gabriele Pupo and Francesco Ibba. Experimental
work on desymmetrization of aziridinium ions overlaps with the development of HB PTC
for desymmetrization of episulfonium ions — experiment and computation were
performed concurrently. Given the background to this work was already covered through
the study of episulfonium ions — both mechanistic background and rational improvement
of the catalysts through alkylation — computation focuses primarily on rationalizing the
origins of enantioselectivity and substrate scope and underlines the challenges of using
potassium fluoride for nucleophilic fluorination. The work described in this chapter
features in the publication Hydrogen Bonding Phase-Transfer Catalysis with Potassium
Fluoride: Enantioselective Synthesis of f-Fluoroamines, G. Pupo*, A. C. Vicini*, D. M.
H. Ascough, F. Ibba, K. E. Christensen, A. L. Thompson, J. M. Brown, R. S. Paton, V.
Gouverneur, J. Am. Chem. Soc. 2019, 141, 2878-2883.1° All computation in this
publication was performed by me with supervision from R. S. Paton. This work has been
reused in accordance with the ACS AuthorChoice Creative Commons Attribution (CC-

BY) License, Copyright 2019 American Chemical Society.

4.2 Computational Methods
4.2.1 Density Functional Theory
The methods used for this chapter are based upon those used in Chapter 3 for the
desymmetrization of episulfonium ions.? All calculations were performed on the
N,N-dimethyl aziridinium ion 2. Optimization, frequency and single point calculations

were performed in dichloromethane (DCM) for the achiral Gibbs free energy profiles,
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and chloroform for investigation of the system with chiral catalyst. Gibbs free energies

were evaluated at 298.15 K and 1 M concentration unless otherwise stated.

Reference to the intrinsic reaction coordinate (IRC) refers to the geometrically
meaningful reduction of the IRC onto the forming and breaking bonds — defined as the

breaking C—N bond distance minus the forming C—F distance.???

Energy differences between transition state structures (TSs) were partially rationalized
through the use of truncated (fragmented) models — where part of the TS structure in both
major and minor TSs is deleted — and the single point energy evaluated, without geometry
optimization.?*?" Any unsatisfied valence was satisfied by adding hydrogen atoms, in a

consistent geometry.

4.2.2 Molecular Dynamics

The molecular dynamics (MD) simulation methods were based upon those used in
Chapter 3, with explicit solvation in chloroform, obtained from virtualchemistry.org. 22
Minimization, NVT equilibration and NPT equilibration were performed using the same

parameters. Data was derived from a further 300 ns of NPT simulation.

Catalyst-fluoride binding modes were investigated with cesium cation, and were explored
at elevated temperature of 373 K, with simulations of the reactive ion pair

(catalyst-fluoride-aziridinium) performed at the reaction temperature of 298 K.
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4.2.3 Naming and Definitions
Naming and numbering conventions, as well as angle definitions are defined consistently
with Chapter 3 on the desymmetrization of episulfonium ions and are reproduced below

(Figure 4.1, Figure 4.2).

Figure 4.1: Naming and numbering conventions for tridentate BINAM-based catalyst fluoride complexes.
Hydrogen bonds are numbered 1-3. Atoms used to define the BINAM dihedral are emphasized in dark red.

N
aQ P o
\‘ a-phenyi
LN\
B-phenyl ,‘

Figure 4.2: Naming and numbering conventions for meso cationic substrates (episulfonium and
aziridinium. S/N atom colored in green — Additional alkyl group for aziridinium transparent). The phenyl
groups are named by their relative positioning to the forming and breaking bonds. Atoms used to define
the o-dihedral (dihedral of the a-phenyl ring) are emphasized in dark red. The B-dihedral is defined
analogously. As drawn, a positive dihedral angle is defined as a clockwise rotation about the a-dihedral
and a counter-clockwise rotation about the 3-dihedral.
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4.3 Results and Discussion

4.3.1 Fluorination of Aziridinium lons with Achiral Urea Catalyst

Initial experimental studies on fluorination of aziridinium ions used achiral Schreiner’s
urea, 15, with CsF salt in dichloromethane (Scheme 4.2). Quantitative yields are achieved
with 10 mol% of Schreiner’s urea, 15, in dichloromethane solvent — in contrast, in the
absence of catalyst, no background reactivity is seen. A Gibbs free energy profile
comparing the uncatalyzed process with that catalyzed by Schreiner’s urea, using the
thermodynamic model of solubility described in Chapter 3, is given in Figure 4.3 with
bromide aziridinium ion precursor, 1. Barrier to formation of the aziridinium ion is
relatively high (i*), with auto-ionization barrier of 87 kJ/mol, and barrier with urea
coordinated of 94 kJ/mol. Urea hydrogen bonding to the bromide leaving group is weak,
and unable to overcome the entropy penalty of coordination, resulting in a comparable
barrier height. The aziridinium-bromide ion pair (ii) formed is only marginally less stable
than the starting materials, with Gibbs free energies of 9 kJ/mol and 2 kJ/mol in the
absence and presence of Schreiner’s urea catalyst respectively. Whilst an energy
difference of 9 kd/mol is small, it corresponds to an equilibrium ionization of only 3 % at
room temperature. The cost of separating the ion pair (ii-iii) is reduced from 34 kJ/mol
to 15 kJ/mol when the bromide anion is coordinated by the urea, resulting in ions at

43 kd/mol and 17 kJ/mol relative to starting materials respectively (iii). The relative

i CF3 CFs3

NBn, 15 (X mol%) NBn, j
“__Br CsF (1.2 eq) i 4F ! JOL
— !
U CH,Cly, 1t, 7 h O’ } CF3 N N CF3
| H H
rac-13 rac-14 : 15 - Schreiner's urea

10 mol%: >99 % yield '
0 mol%: 0 % yield

Scheme 4.2: Racemic fluorination of aziridinium ion with fluoride under HB PTC with achiral Schreiner’s
urea. Experimental work performed by co-workers.
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Figure 4.3: Gibbs free energy profile for desymmetrization of aziridinium ions derived from bromide

substrate, 1, with fluoride. The profile is computed for the hypothetical uncatalyzed reaction, and that
catalyzed by Schreiner’s urea 15.
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stability of the ion pair, ii, can therefore be attributed to the formed carbon-nitrogen bond
in the strained aziridinium ion largely compensating for the breaking of the
carbon-bromine bond (AG = 43 kJ/mol to the separated ions), with a similar amount

(34 kJ/mol) recovered from interaction with the bromide leaving group in the ion pair.

After phase-transfer, modelled by anion exchange (iii-iv), the separation between
catalyzed and uncatalyzed pathways reaches a maximum, at 77 kJ/mol (iv),
demonstrating the critical role of the urea in these processes, consistent with the HB PTC
mechanism. Combination of fluoride with the aziridinium ion results in reactive ion pairs
with energies relative to starting materials of 24 kJ/mol and -13 kJ/mol for the

uncatalyzed and catalyzed processes respectively (V).

Fluoride delivery to form the product (vi¥) then proceeds via a modest barrier of
55 kJ/mol and 70 kJ/mol for uncatalyzed and catalyzed pathways respectively, forming
products at -74 kJ/mol. In neither case is the fluoride delivery transition state structure
expected to be turnover/rate limiting, surpassed by the TS to auto-ionization of the

substrate. No kinetic information is known about the phase-transfer process, however.

The barrier to fluorination, from ion pair to TS (v-vi¥), may be partitioned into
contributions from rearranging the ion pair, and the process of forming/breaking covalent
bonds (Figure 4.4). In the uncatalyzed case, 27 kJ/mol of the barrier arises from
rearrangement of the ion pair, with the remaining 28 kJ/mol arising from bond
forming/breaking, indicating a roughly 50:50 contribution. In contrast, with urea,
rearrangement of the ion pair costs only 6 kJ/mol, however the bond forming/breaking

process is associated with a significantly increased barrier of 64 kJ/mol, corresponding
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Figure 4.4: a) Key transition state structures for bromide removal and fluoride delivery. b) Relative
contributions to the fluoride delivery energy barrier from ion pair rearrangement and bond
forming/breaking.

to 91 % from bond forming/breaking. Key geometric data for the species is tabulated in

Table 4.2.

Subsequently, aziridinium precursors with chlorine leaving group were used synthetically
due to ease of handling relative to their bromine counterparts. The Gibbs free energy
profile for the same HB PTC fluorination with chlorine substrate analog, 16, is given in
Figure 4.5. The profiles for the two leaving groups are qualitatively similar, with the same
general profile shape. The exergonicity of the reaction is reduced from -74 kJ/mol
to -60 kJ/mol on changing from Br to CI leaving group, due to the stronger bond broken
to the leaving group outweighing the higher lattice energy of the salt by-product.
Formation of the aziridinium ion proceeds via a higher barrier with the Cl leaving group

at 99 kJ/mol for auto-ionization and 101 kJ/mol for urea assisted ionization. The
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Table 4.2: Key Geometric Data for Aziridinium Containing Species.

Species Key Distances / A Key Angles /°
C-X C-N HBondl HBond2 | a-dihedral p-dihedral
TSer 2.518 1.989 - - 27.9 33.7
TSer(Cat) 2.487 2.059 2.457 2.604 23.0 26.3
TSci 2.377 1.958 - - 28.0 36.8
TSci(Cat) 2.337 2.034 2.283 2.437 24.2 29.0
TSk 1.997 1.809 - - 27.2 47.8
TSr(Cat) 1918 1934 1.752 1.804 24.2 425
IPsr(Cat) - - 2.515 2.366 - -
IPci(Cat) - - 2.339 2.186 - -
IPr(Cat) - - 1.729 1.591 - -

difference between catalyzed and uncatalyzed ionization is reduced compared to the
bromine leaving group, from 7 kJ/mol to 2 kJ/mol, due to the urea forming stronger
hydrogen bonds to chlorine. The two barrier heights are within computational uncertainty
and the competition of the two pathways will depend upon the experimental conditions.
The formed ion pairs with chloride leaving group (ii) have relative Gibbs free energies of
24 kJ/mol and 10 kJ/mol relative to starting materials when uncoordinated and
coordinated respectively. These are slightly less thermodynamically favored compared to
the starting material, than with Br leaving group (Grer of 24 kJ/mol and 9 kJ/mol
respectively), due to the breaking of a stronger carbon-halogen bond (contributing
~18 kJ/mol), despite the formation of a stronger ionic interaction (~3 kJ/mol). A larger
separation between catalyzed and uncatalyzed processes is seen for steps ii—iii with
chloride leaving group due to the formation of stronger hydrogen bonds to the catalyst.
Once fluoride is brought into solution, the influence of the leaving group has concluded,
and the profiles are identical. This part of the profile is, however, shifted, due to the
relative favorability of forming the aziridinium ions, however fluoride delivery is still not

turnover limiting in the catalyzed mechanism with chloride leaving group.
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Figure 4.5: Gibbs free energy profile for desymmetrization of aziridinium ions derived from chloride

precursor, 16, with fluoride. The profile is computed for the hypothetical uncatalyzed reaction, and that
catalyzed by Schreiner’s urea 15.
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4.3.2 Enantioselective Desymmetrization of Aziridinium lons with a Chiral Urea
Catalyst

Early in the development of the transformation for the fluorination of aziridinium ions,
we wanted to assess the possibility of activating KF as a fluoride source using HB PTC.
Preliminary calculations were performed using the prototypical methylated tricoordinate
catalyst, 7, and are described in section 4.3.2.1. Experimental screening determined that
alkylated, tridentate BINAM based urea catalysts remained suitable HB PTC catalysts
and that larger aromatic substituents achieved higher enantioselectivities, before settling
on catalyst 12 in chloroform solvent (Figure 4.6). The enantioselectivity achieved with
this catalyst is rationalized by computing the TS ensemble. The final substrate scope for

the reaction is given in Figure 4.7.

CF3

FsC O
OO, Lo

CF
Et CF 3

ZT IZ

H
N

3
Sepisullierbapt=s
! Sy
7 CFs3 12 O
CF,

FsC

Figure 4.6: Chiral catalysts for HB PTC. Left: Prototypical alkylated tricoordinate BINAM catalyst, 7.
Right: Catalyst optimized for asymmetric fluorination of aziridinium ions under HB PTC, 12.
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derived products (3x and 5x). Experimental work performed by co-workers.
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4.3.2.1 Metal Fluoride Solubilization

A key question about using KF as fluoride source is whether the higher lattice energy,
compared to CsF, can be compensated for. Preliminary calculations were undertaken to
investigate the feasibility of tridentate, methylated BINAM based urea catalyst, 7, for
solvating KF. As BINAM catalysts are known experimentally to dissolve CsF in
dichloromethane,*® a thermodynamic approach based upon the solubilization of a MF
formula unit was considered appropriate, using tabulated experimental data (Tables S33-
34). Experimental values by Chase Jr.%° from the NIST chemistry WebBook SRD 69.%!
By combining experimental tabulated thermodynamic data with computed values, the
process MFs) — MFopcmy was computed for CsF and KF, giving Gibbs free energy
changes of 35.8 kJ/mol and 70.2 kJ/mol in the absence of urea hydrogen bond donor
(Table 4.3). Note that MF refers to a formula unit in gas and solution phase, whereas it
refers to a giant ionic lattice in the solid phase. The higher value for KF originates from
the higher Gibbs free energy of formation of KF over CsFg) (194 kJ/mol vs 152 kJ/mol

respectively), with free energy of solvation of the ion pairs being relatively similar.

Table 4.3: Derived Gibbs Free Energies at 298.15 K.

Process AG (kJ/mol)

CsF) > CsF(g 152

KF -> KFg 194

CsF(g) -> CsFpcwm) -116

KF) -> KFpem) -124

CsF) -> CsFpcm) 35.8

KF¢) -> KFpewm) 70.2

Tocmy + CsFpemy -> 7TFCspem) -35.4

7ioemy + KFoemy -> TFK pewm) -37.2
7iocmy + CsFs) -> 7TFCSpemy 0.4
Tioemy + KFe) -> 7TFK pewm) 33.0
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In the presence of methylated tridentate urea catalyst, 7, the catalyst is able to bind the
solvated ion pair, decreasing the energetic penalty to solvation. Solvation of a formula
unit of CsF, in the presence of urea 7 is lowered to 0.4 kJ/mol, and solvation of KF, with
7 is lowered to 33.0 kJ/mol. The near zero value for CsF is consistent with the
experimental observation that the catalyst can solvate this salt. The higher value with KF
implies that this salt cannot be solvated in large quantities by the catalyst, but enough can
be solvated to react at room temperature. Further, the values demonstrate that
coordination of a solvated KF formula unit by the hydrogen bonding catalyst in DCM
can significantly thermodynamically stabilize it and underlines the fact that KF is

significantly more challenging to solubilize than CsF.

4.3.2.2 Catalyst-Fluoride Binding Mode

The fluoride binding modes of catalyst 12 were investigated by simulating the catalyst,
bound to fluoride in the presence of cesium counterion in explicit chloroform solvent.
300 ns of simulation at 373 K demonstrated persistent tridentate binding of fluoride. The
frames of the trajectory were clustered using a cut-off of 0.6 A and the 11 highest
weighted clusters were optimized with DFT. A substructure of the complex was used for
calculation of the mutual RMSDs to ensure that the structures were clustered in a
chemical meaningful way (Figure 4.8). For example, isomers of each urea group involve
the direct movement of 6 atoms, over a relatively short distance, but have large chemical
implications. In contrast, translation/rotation of a distal aryl group involves the movement
of on the order of 10-20 atoms (depending on substitution), potentially by much larger

displacements, particularly in rotation, with much smaller chemical implication.
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Figure 4.8: Substructure used for RMSD alignment of MD trajectory for catalyst-fluoride complex, to
emphasize conformation of chemically relevant groups. Own work reproduced from Ref. 19.

DFT optimizations were performed in the absence of cation, and with a potassium
counterion replacing the cesium cation. Complexes in the absence of cation are illustrated
in Figure 4.9 and complexes in the presence of potassium cation are illustrated in Figure
4.10. Key geometric parameters are tabulated in Table 4.4 and Table 4.5 respectively. In
the lowest energy conformer, pairing of the potassium cation leads to an increase in mean
hydrogen bond length from 1.72 A to 1.80 A. Averaging over all conformers, H Bond 1
increases in length by 0.00 A, H Bond 2 by 0.11 A and H bond 3 by 0.13 A, highlighting
a tendency for the fluoride to move towards the BINAM backbone. Potassium-fluoride
separation is consistent between conformers, with mean separation of 2.44 A and

standard deviation of 0.01 A.

168



xf-\ ;?,,/
\L y ,~-("\g—
1L o« LT
‘”z’ﬁ-‘w_("\f ¥
e AN AN AN S
PN AN >
‘,/,if\
NENF—E
w{( XK

Cat 12-F-1
0.0 kdJ/mol

Cat 12-F-4
+4.3 kJ/mol

i
W e
1]
e
N 5;.*-:-::—(
e '\’~7;L )
[ LA L
,//':1., \,2 R . A - }/\' \\ _1, ¥
A N
1 S :—‘;\“’"\‘\7“\/ ;
a’,f\;’{ \. _(/ ‘
SN
N
o

Cat 12-F-7
+6.8 kJ/mol

\(f’/‘/ ) )
Y ;—;}y\ f
Ny .
e AL A

Cat 12-F-10
+9.5 kJ/mol

1 .
92 G )
1Y ) ¥
RA N Py,

11 1 AN

Cat 12-F-2
+1.5 kJ/mol

Cat 12-F-3
+1.7 kJ/mol

) p
YR o
{“\ /\__? o
I ~ \J p
1 e
A 1 '

Cat 12-F-5
+5.5 kJ/mol

Cat 12-F-6
+6.1 kJ/mol

" & ow
.‘_‘,'{\lt 7 /\{H\/\ -
. "~—£»'—-&NJ9\ Y
”_"r-*tp._ : o, NN
’ \}\4“\ 1 .\:‘1' A
) /‘A\(fﬁ
'ﬁr’/i‘f ;
¢ N
:\)&w‘»'\!/
SN T

Cat 12-F-8
+8.8 kJ/mol

Cat 12-F-9
+9.0 kJ/mol

0 L 0
hN Pl
'j\f'\ . '-"’1"/" 5 ,i/
7 S ey S Wa'd
o o /ﬁ%;f’ﬁl,/ 7Y
WV AR
2 . —'r A\ _
. \J"\&J \
\ A0 o
1NN
"

Cat 12-F-11
+17.1 kJ/mol

Figure 4.9: Conformers of Catalyst 12-F complex with relative Gibbs free energies. Own work adapted

from Ref. 19.

169



by 0 . o

I% ® f{ jﬁ?

hi < Yo
—’!7—‘?.);&;-'-( A "\¢. L)

i
5=
Y

Cat 12-F*K-1
0.0 kdJ/mol

1 o
I, e
,J‘ ,l‘ (3] NN
&¥ ST
ARl YT
7 ~N NN
‘et
AL A
4 N’/
ﬁé\&_u
,je}.'&f v
MR R e
Cat 12-FeK-2
+1.0 kd/mol

Cat 12-F*K-3
+5.5 kJ/mol

Cat 12-F*K-4
+6.1 kJ/mol

Cat 12-F*K-7
+7.8 kJ/mol

Cat 12-F+<K-10
+22.6 kJ/mol

Cat 12-F+*K-5
+6.2 kJ/mol

Cat 12-F<K-8
+9.8 kJ/mol

Cat 12-F-K-11

+23.2 kJ/mol

Cat 12-F*K-6
+7.4 kJ/mol

< .
I’\l" ® \i{ ‘}
Jﬁﬂ _)j;hrﬁ
’ \ L &
e N A D
’/’-"E — Fg Y N, j‘ A
% /«/* -
;/L\"N[\J. /‘\7 7
/Q L fiﬁ*\
ot
2
K ) =4
e g N/”\ )
I~
Cat 12-F+K-9

+13.6 kJ/mol

Figure 4.10: Conformers of Cat 12-FeK complex with relative Gibbs free energies. Potassium is
illustrated as a purple sphere. Own work adapted from Ref. 19.
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Table 4.4: Key Geometric Parameters for Complexes of 12 with Fluoride.

Key Distances / A Key Angles / o
H-Bond1 H-Bond2 H-Bond3 M-F H-Bond3 Backbone
Cat 12-F-1 1.719 1.693 1.733 - 153.8 71.5
Cat 12-F-2 1.812 1.576 1.709 - 156.7 73.2
Cat 12-F-3 1.862 1514 1.589 - 168.9 79.2
Cat 12-F-4 1.785 1.544 1.619 - 164.8 86.4
Cat 12-F-5 1.740 1.670 1.712 - 155.0 70.4
Cat 12-F-6 1.792 1.603 1.597 - 164.7 79.9
Cat 12-F-7 1.874 1.539 1.698 - 155.3 105.1
Cat 12-F-8 1.696 1.699 1.798 - 155.7 72.6
Cat 12-F-9 1.852 1.566 1.708 - 155.4 108.6
Cat 12-F-10 1.714 1.748 1.670 - 161.7 71.6
Cat 12-F-11 1.714 1.757 1.691 - 160.7 67.7

Table 4.5: Key Geometric Parameters for Complexes of 12 with Potassium Fluoride.

Key Distances / A Key Angles / o
H-Bond1l H-Bond2 H-Bond3 M-F H-Bond3 Backbone
Cat 12-F*K 1 1.744 1.794 1.872 2.427 153.0 72.6
Cat 12-F*K 2 1.729 1.811 1.895 2.427 151.4 74.4
Cat 12-F°K 3 1.732 1.858 1.804 2.433 160.8 74.7
Cat 12-F*K 4 1.845 1.650 1.696 2.442 168.0 77.5
Cat 12-F*K 5 1.743 1.785 1.939 2.424 153.6 74.4
Cat 12-F*K 6 1.808 1.637 1.714 2.461 166.1 85.4
Cat 12-F*K 7 1.801 1.698 1.827 2.429 153.9 74.8
Cat 12-F-K 8 1.803 1.731 1.715 2.444 162.3 83.7
Cat 12-F-K 9 1.734 1.878 1.810 2.429 159.9 69.5
Cat 12-F°K 10 1.837 1.643 1.851 2.449 150.3 107.7
Cat 12-FK 11 1.820 1.662 1.870 2.447 151.2 110.0

4.3.2.3 Computing the Transition State Structure Ensemble

In order to conformationally sample the transition state structures, the reactive ion pair
(i.e. Cat 12-fluoride-aziridinium) was simulated by molecular dynamics in explicit
chloroform solvent, for 300 ns. A substructure of the system was then clustered by

symmetry aware RMSD calculation using a cut-off of 0.8 A (Figure 4.11). Clusters with

171



Figure 4.11: Substructure used for RMSD alignment of MD trajectory to emphasize conformation of
chemically relevant groups. Own work reproduced from Ref. 19.

greater than 1% weighting were retained, giving a total of 7 clusters for DFT

optimization.

To ensure that the clusters were sufficiently converged within the simulation timeframe,
and therefore sufficient conformational sampling had been undertaken: i) the cluster
weightings at 150 ps (half the simulation duration) were verified to compare favorably
with the cluster weightings for the total 300 ps simulation time ii) a duplicate simulation
with different starting geometry was run, and verified to produce similar high weighted
clusters after 300 ns simulation. The evolution of the cluster weightings over the course

of each of the runs is shown in Figure 4.12.

Whilst there remains some movement in the precise weighting of each cluster at 300 ns
simulation time, each cluster has converged towards a final value, and the simulations
demonstrate a good rate of interconversion of the various binding modes. The ordering

of the low weighted clusters continues to change due to the small differences in cluster
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Figure 4.12: Evolution of the percentage weight of each high-weighted cluster over the course of two
duplicate 300 ns runs. Clusters are numbered according to their final weighting in the respective
simulations. The color of each cluster in run 2 matches the color of the cluster in run 1 that it matches
structurally.

weight, however the ordering is not used directly when optimizing the clusters with DFT.
For both runs, the 7 clusters with weighting over 1 % have qualitatively the same
structures, demonstrating good agreement between the two simulations. They do,
however, have different relative weightings with the correspondence between clusters in

run 1 and run 2 as (12, 21, 3o4, 455, 566, 63, 7-7). At half simulation time of
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150 ns, the clusters in both simulations are qualitatively the same as at the end of the
simulations, with minor changes in the ordering of the low weighted clusters. From this,
it can be inferred that extending the simulation time would not result in any significant
changes to cluster weightings or identity. The 7 highest weighted clusters from the MD
simulation are illustrated in Figure 4.13, with cluster members drawn in wireframe over
the median frame drawn in ball and stick. The 7 ion pair geometries after optimization by

DFT are given in Figure 4.14.
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Cluster 6 — 1200 (2136)

Cluster 7 — 833 (799)
Figure 4.13: llustration of the 7 highest weighted clusters from the MD simulation of the reactive ion
pair. The central frame is drawn in conventional ball and stick representation, and all other frames
belonging to the cluster are superimposed as wireframe. Number of contributing frames (from 30,000)
given for the two simulations underneath.

175



il Ty F A N ~ /
¥ ¢ e \\\ & \ et N g
y ];& v,ﬁ{.r‘»‘ : 1 {’A /*{){ N 5 1’\:";, y /.7 \4
& 1 ' 1, Tos 2T D WINPT i
SR - oMY A )
o \/?’* )“:_(}" g 'LJ/€; ! 4 5 l*-r“‘-/hﬁ\‘{ \I&( \};
S TS A, ‘L/éf“'i@':c( X - Wy AL
NSNS TN 7Ty AT AN _ e =X )a\ );_.\v ):
: o s o F ! oG S s o
4 s o R ° I’P N SN RSt
LN RS P
g TR S
4 el -
}l—(, \_"A ~-’-+:
Cat 12-F-Azir-1 Cat 12-F-Azir-2 Cat 12-F-Azir-3
0.0 kd/mol +0.8 kJ/mol +7.4 kd/mol

Cat 12-F-Azir-4 Cat 12-F-Azir-5 Cat 12-F-Azir-6
+7.9 kd/mol +8.4 kJ/mol +14.0 kJ/mol

Cat 12-F-Azir-7

+24.8 kJ/mol

Figure 4.14: Conformers of the reactive ion pair, Cat 12-F with aziridinium, with relative Gibbs free
energies. Own work adapted from Ref. 19.

Each DFT optimized reactive ion pair was then used as the starting point for generating
TSs, by advancing the aziridinium ion forward to align the C—N ¢* with fluoride. A total
of 11 TSs were optimized, with 5 to (S,S) product and 6 to (R,R) product with (S) catalyst.
Rotamers caused by the catalyst N-ethyl group were checked for the lowest Gibbs free
energy conformers, within 14 kJ/mol of the lowest energy TS, generating a further 3

conformers within the energy window. The resulting ensemble of 7 lowest Gibbs free
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Figure 4.15: Relative Gibbs free energies of the TS ensemble at 278.15 K. Own work reproduced from Ref.
19.

energy TSs is used for further analysis. The relative Gibbs free energies of the lowest

energy TSs are shown in Figure 4.15.

From the TS ensemble, it can be inferred that (S) catalyst affords (S,S) product, with an
e.r. of 95:5. The major enantiomer is in agreement with single crystal x-ray
crystallography and the enantioselectivity agrees favorably with the experimental value
of 95:5 e.r., with potassium fluoride salt. The structures and relative Gibbs free energies

of the TSs are given in Figure 4.16 with tabulated geometric data in Table 4.6.
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4.3.2.4 Transition State Structure Analysis

The two highest contributing TSs — the lowest energy TS to major product, TS Cat 12-
F-Azir-majorl, and the lowest energy TS to minor product, TS Cat 12-F-Azir-minorl
— are further analyzed to reveal the origins of enantioselectivity. These two TSs are herein
referred to as TSwmajor and TSwminor respectively, with AAG* = -6.7 kJ/mol and AAE*
= -7.1 kJ/mol. The key results are summarized in Figure 4.17, including the origins of

substituent tolerance, and the origins of enantioselectivity.

In both TSs, catalyst 12 adopts a similar conformation — forming intramolecular n-n
stacking interactions (Figure 4.18). Catalyst conformation is therefore not a significant
factor in enantioselectivity. The - stacking interactions in general reduce the accessible
conformers of the catalyst, making catalyst 12 less conformationally flexible that its

analog, catalyst 8, with smaller aromatic substituents.

Minor (R,R)-product:
AAG* = +6.7 kJ/mol

Major (S,S)-product:
AAGH = 0.0 kJ/mol

| % Q cation-m ¥

{ cation-Tr

Syn-anti urea
ensures tridentate binding

Syn-anti urea
ensures tridentate binding

(Fluoride position

X 1 1:0.07
S A\ +0.00A~ -
% +0.10 AP
- o]
Spatial Tolerance Substrate-Catalyst Cation-1r Steric Crowding Substrate Conformation
N-substituents point away from Shorter and stronger in Greater steric clash in minor TS Better conjugation of phenyl with
catalytic pocket in both major major TS (~1.5 kd/mol) leads to geometric distortion (Minor ~ C-N and C—F bonds in major TS
and minor TSs (Major TS illustrated) TS illustrated - distortions relative to major) for benzylic Sy2 (~4 kJ/mol)

Figure 4.17: A) Geometries of the lowest energy TSs to major and minor product. B) Summary of the key
factors influencing substrate tolerance and origins of enantioselectivity. Own work reproduced with
permission, Copyright 2019 American Chemical Society.®
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Figure 4.18: Superposition of catalyst geometry in TSmajor and TSwminor (cOnventional coloring and blue
coloring respectively) showing conformational similarity. Substrate is removed for clarity. Own work
reproduced from Ref. 19.

Substrate conformation is a key factor, favoring conjugation of the a-phenyl ring with the
forming and breaking bonds, as expected for a benzylic Sn2 substitution. The a-dihedral
in TSmajor has a value of -34.5° and in TSwminor has a value of -54.2° — further from
conjugation (Figure 4.17Biv). To estimate the energetic contribution of this
conformational difference on enantioselectivity, a dihedral scan of the fluoride delivery
TS with achiral Schreiner’s urea was performed (TSr(cat), Figure 4.19). The scan

estimates an energetic contribution of approximately 4 kJ/mol to AAG*.

A quartic polynomial fit to the points -65° < dihedral < 25° identifies the favored o-
dihedral as -27.6°, from which it can be inferred that TSwmajor is approximately 7° from

the optimum geometry, and T Swminor approximately 27° away.

To further probe the contribution of a-phenyl conjugation, truncated models were used.
Single point energy evaluation of the core TS unit (i.e. aziridinium ion + fluoride) reveals
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Figure 4.19: Energy plot for a-dihedral scan of aziridinium in fluoride delivery TS with Schreiner’s urea
catalyst. The dihedral angles for TSmajor and TSwinor are illustrated in green and red respectively. Own
work reproduced from Ref. 19.

that TSwmajor IS lower in energy by 4.9 kJ/mol, consistent with the dominant difference
being a-phenyl group conjugation, when compared with the results of the dihedral scan.
Additionally, replacing the a-phenyl ring with a methyl group in both TS substructures
reduces the energy difference to 1.7 kJ/mol. T Smajor is looser than T Sminor (both C—N and

C—F distances longer), consistent with increased conjugation of the a-phenyl ring (Figure

4.20).
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Figure 4.20: Substructure of TSmajor and TSminor formed from truncated models, with catalyst removed.
LHS: Geometry in TSwmajor is favored over TSwminor by 4.9 kJ/mol. RHS: On truncating the a-phenyl group
to methyl group, the energetic preference for TSwmajor drops to 1.7 kJ/mol, demonstrating the a-phenyl’s
key role in stabilizing T Smajor. Own work reproduced from Ref. 19.

Non-covalent interactions help to orient the substrate in the catalytic pocket. Notably, the
aziridinium ion forms a cation-n interaction with the catalyst backbone in both T Smajor
and TSwminor, With distances of 2.26 A and 2.41 A respectively (Figure 4.17Bii). The
shorter distance in TSwmajor is consistent with a stronger interaction. To quantify this, the
BINAM aromatic group was truncated in both TSs and the single point energies

evaluated, returning an approximate energy difference of 1.5 kJ/mol (Figure 4.21).
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Figure 4.21: Estimated contribution of the cation-r interaction to enantioselectivity through truncated
models. The removed aromatic ring is shown in red wireframe. The energy difference between the TSs is
reduced from 7.1 kdJ/mol to 5.5 kJ/mol implying a stronger cation-r interaction in TSwmajor by approximately
1.5 kJ/mol. Own work reproduced from Ref. 19.
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The extensive non-covalent interactions in the two TSs are plotted using the non-covalent

interaction index, based on the optimization density, in Figure 4.22.

o] e
Hydrogen bonding
Q

Steric contact

ondiﬁg }_3)

Figure 4.22: Non-covalent interaction plots for T Smajor (top) and TSwminor (bottom). Key NCls are annotated.
Own work adapted from Ref. 19.
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The lowest energy TSs in the ensemble all feature three hydrogen bonds between catalyst
and fluoride, though hydrogen bond 3 varies widely in length and is often elongated. For
the two lowest energy TSs, in TSwinor fluoride is bound further from the catalyst BINAM
backbone as evidenced by longer hydrogen bonds 1 and 3, as well as shorter hydrogen
bond 2 (Figure 4.17Biii, Figure S22). Single point energy evaluation of the TSs with
substrate removed (i.e. catalyst-fluoride complexes) show that TSwmajor has slightly

favored fluoride binding (energy difference of 2.5 kJ/mol).

Evidence of increased steric clash in TSwminor comes from analysis of the geometry over
the intrinsic reaction coordinate (IRC) pathway. The IRC pathway to major and minor
product are herein referred to as IRCwmajor and IRCwminor respectively. Key distances and
angles are plotted against a physically meaningful projection of the IRC (Figure 4.23).
The IRC falls into two key regions: Region 1: -0.9 < IRC < 0.9, during which the main
bond forming and breaking takes place, Region 2: IRC > 0.9, primarily describing
substrate relaxation, where the projection of the IRC becomes less physically meaningful.
The IRC plot begins with fluoride aligned with the C—N o*, at approximately double the
equilibrium bond length. The plot ends with C—F bond fully formed and C-N bond fully
broken, and is augmented by plotting of points corresponding to the optimized product

complex geometry.

The main points can be summarized as follows: i) IRCwmajor is looser than IRCminor Over
region 1 (i.e. longer C—N and C—F distances), consistent with greater conjugation of the
a-phenyl ring. The later position of TSmajor results in C—F bonds formed to a similar
extent at the respective TSs. ii) Early along the IRC, all hydrogen bonds have roughly
equal length, however hydrogen bond 3 elongates quickly along both pathways, reaching

2.11 A in TSwminor. iii) Fluoride moves away from the BINAM backbone along IRCwinor,
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reproduced from Ref. 19.
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evidenced by elongation of hydrogen bond 1, and relative shortening of hydrogen bond
2. Hydrogen bond 1 is broken in the product complex. iv) The cation-n interaction in
IRCwmajor is consistently shorter than in IRCwminor in region 1. Both cation-=n interactions
elongate as the aziridinium charge is neutralized, transitioning to a CH-rx interaction. In
region 2, the CH-n in IRCwminor elongates significantly, indicating product moving away
from the BINAM aromatic rings, whereas it remains constant length in IRCwmajor. V) The
BINAM dihedral angle is consistently smaller along IRCwinor, indicating a more open
catalytic site. As bond forming begins, the BINAM angle decreases along both IRCwmajor
and IRCwinor. In region 2, once bonds are formed, the dihedrals increase, but to a much

larger extent for IRCwminor over IRCwmajor (3.5° and 1.5° respectively).

Points iii-v are consistent with greater steric congestion in TSwinor, that builds up over

the IRC to accommodate the substrate, before relaxing in the product complex.

Experimentally, the transformation demonstrates good substituent tolerance on
aziridinium nitrogen, supporting many pharmaceutically relevant motifs. The identity of
these substituents typically has little effect on enantioselectivity (92:8 to 97:3 e.r. for 11
substrates 3-3i, and 5, with CsF and KF), corresponding to AAG* values of approximately
6 - 9 kd/mol. The majority of which fall within 94:6 to 96:4 e.r., corresponding to AAG*
values of approximately 7 - 8 kJ/mol. The low range of AAG* values is consistent with
the transition state structure models, where the nitrogen substituents project out of the
catalytic pocket into solvent in both TSs, resulting in similar AAG* despite the diversity
of substituents (Figure 4.17bi). Substitution on the aromatic rings themselves leads to
larger changes in enantioselectivity (9 substrates 5-5h, 90:10 to 97.5:2.5 e.r. with CsF
and KF), consistent with the TSs, where the substituents of these rings are in closer

proximity to the catalyst and likely to influence enantioselectivity.
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Several cycloalkyl substrates, not derived from stilbene, were also fluorinated
experimentally (14-14b, Figure 4.7). Enantioselectivity is poor compared to stilbene
derived substrates, ranging from 74.5:25.5 to 85.5:14.5 e.r. and results in a major product
of opposite absolute configuration, as determined by derivatization. The TSs with
cycloalkyl substrates cannot be directly inferred from those of the stilbene derived
substrate, 1, due to the importance of the stilbene rings in determining the substrate
docking pose. To investigate the key differences between the two substrate classes, the
two lowest energy TSs with stilbene substrate were reoptimized after converting the
substrate to the cyclopentene derived analog (19). The resulting TSs are shown in Figure

4.24.

The significant change in substrate docking pose is unsurprising given the established
role of the stilbene substrate’s aromatic rings in returning half of AAG*, and results in the
Gibbs free energies of the two TSs swapping (AAG* = 1.6 kd/mol, corresponding to 66:34
e.r.). There is, of course, no good reason why these two TSs remain the lowest two TSs
for the cyclopentene substrate, which could only be determined through full
conformational sampling. Additionally, the energy difference between the TSs is too
small to say, with reasonable certainty, which is lower in energy. It is, however,
demonstrated with certainty that the stilbene rings are important in influencing
enantioselectivity and substrate docking pose to a level where selectivity may be
reversed. Further analysis of the TSs and their application to design of improved catalysts

is undertaken in Chapter 5.
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Figure 4.24: Transition state structures optimized with cyclopentene derived aziridinium ion (green). TSs
are superimposed with the TSs with stilbene derived aziridinium ion (red) that were used as starting points.
Catalyst geometry superimposes almost perfectly in both cases (ball and stick), whereas substrate shifts
position (wireframe).
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4.3.3 Comparison with the Desymmetrization of Episulfonium lons

4.3.3.1 Mechanism

Aziridinium ions and episulfonium ions have the same connectivity, except sulfur is
swapped for nitrogen, which brings an additional alkyl group. Using stilbene derived ions
as examples, the C—N bonds in the aziridinium ion are shorter than the C-S bond in the
episulfonium ion (1.50 A compared to 1.83 A), resulting in a more compact ion — further,
the forming C—F bond distance is shorter in the fluoride delivery TSs for aziridinium ions
(2.00 A compared to 2.24 A with free fluoride), leading to an overall more compact TS
unit. Specifically for stilbene derived ions, the aziridinium has reduced conformational
freedom due to the additional syn alkyl group on nitrogen clashing with the phenyl rings,

restricting rotation.

Formation of both the aziridinium and episulfonium ions in the HB PTC reactions
proceeds via similar auto-ionization barriers. With bromide leaving group, episulfonium
ion formation proceeds with barrier of 90 kJ/mol and formation of the aziridinium ion
with barrier of 87 kJ/mol. The situation with chloride leaving group is similar, with
barriers of 104 kJ/mol and 99 kJ/mol respectively. The thermodynamic stability of the
ion pairs formed, however, differ greatly with episulfonium-bromide ion pair having a
Gibbs free energy relative to precursor of +48 kJ/mol, whereas with the aziridinium ion
it is +9 kd/mol. With chloride leaving group, the ion pairs have relative energies of
60 kJ/mol and 24 kJ/mol respectively. The marked difference in relative ion pair stability
originates from the greater ability of the nitrogen lone pair to stabilize the positive charge,

over sulfur (Figure 4.253).

This behavior is similar for the fluorinated product, when viewed from the perspective of

fluoride loss. Relative to the fluorinated product, the fluoride ion pairs have Gibbs free
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Figure 4.25: Comparison of the auto-ionization behavior of stilbene derived episulfonium and aziridinium
precursors with halogen leaving groups. Note that ionization with fluoride leaving group is the reverse
reaction of fluorination, described in this work. a) Gibbs free energy profile for auto-ionization and
separation of the formed ion pair in DCM, 298.15 K, 1M. Connecting lines are schematic. b) Corresponding
TSs for auto-ionization, showing increasing ion pair character as leaving group is changed from bromide,
through chloride, to fluoride.

energies of +136 kJ/mol and +98 kJ/mol for episulfonium and aziridinium ions
respectively. The barrier to formation of the ion pairs from the fluorinated products are
169 kJ/mol and 153 kJ/mol respectively, showing a greater difference between the
barriers than with chloride and bromide leaving groups. This is consistent with the
Hammond postulate — changing leaving group from Br to Cl to F leads to a less stable
ion pair, thus the TSs adopt increasing ion pair character, where there is discrimination
between the stabilization afforded by sulfur and nitrogen. For the aziridinium ion, the C—
N distance in the TSs with Br, Cl and fluoride are 1.99 A, 1.96 A and 1.81 A, showing a
much more developed bond with fluoride over the other halogens. Similarly, for the
episulfonium ion, the C-S distances are 2.26 A, 2.23 A and 2.07 A respectively (Figure

4.25b).
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Considering the reverse process of fluoride delivery, the Gibbs free energy barrier from
the fluoride ion pair to the fluoride delivery TS is much larger for the aziridinium ion
(55 kJ/mol) over the episulfonium ion (33 kJ/mol). Further, a larger proportion of the
barrier for the aziridinium ion occurs from bond forming/breaking — 28 kJ/mol compared

to 7 kJ/mol — largely accounting for this difference.

Apart from the relative stabilities of the ion pairs, the Gibbs free energy profiles for the
complete HB PTC mechanism with episulfonium ions and aziridinium ions are
qualitatively similar, with the largest differences between catalyzed and uncatalyzed

processes occurring in steps concerning anion-transport and phase-transfer.

4.3.3.2 Enantioselectivity

The enantioselective desymmetrization of episulfonium ions (Chapter 3) and of
aziridinium ions (this chapter) are undertaken under similar HB PTC conditions, with
tricoordinate alkylated urea catalysts, facilitating comparison between the two. However,

it should be noted that the solvents (CH2Cl, vs. CHClI3) and catalyst are slightly different.

Despite using an unbiased conformational sampling protocol, the lowest energy TSs for
desymmetrization of episulfonium ions and aziridinium ions bear striking similarity
(Figure 4.26). This is due to the key factors that determine substrate docking pose and TS
energy being unchanged — broad catalyst conformation, including the position of the three
hydrogen bond donors, and the shape of the stilbene derived substrate, characterized by

the twist of the aromatic rings.
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RaN*

R3S*

Figure 4.26: Lowest energy transition state structures to major and minor product with aziridinium and
episulfonium ions, with respective catalysts in dichloromethane (aziridinium TSs were reoptimized).
Despite the different catalysts and substrates, the transition state structures are clearly analogous in
geometry.

The preference of the substrate a-aryl ring for conjugation with the forming and breaking
bonds is similar for episulfonium ions and aziridinium ions and contributes roughly half
of AAG* in both cases. An a-phenyl dihedral scan of TSg(Cat) in dichloromethane, with
achiral Schreiner’s urea is shown in Figure 4.27 for both cations. The stability afforded
through conjugation of the a-phenyl ring is similar in both cases close to the minimum of
the curve. At larger rotations, the energy of the aziridinium starts to exceed that of the
episulfonium ion due to steric clash of the phenyl ring with the additional syn nitrogen

substituent.

193



== E
\ / I’
CFs CFs —=+<p"
(0] FsC H""FS
FsC NJ\N CF C N
3 N H 3 FsC o CF,
FsC
Schreiner's Urea Transition State
50.0
)
45.0
40.0 °
35.0
o
§ 30.0 ®
4
%' 25.0
7] (@]
5 © 20.0 )
2 ® o
= o 15.0
< ®
® 10.0 8
8 o)
) o 5.0 ©
)
e o 8
0.0-0
-70 -50 -30 -10 10 30 50 70

Dihedral displacement / °©

Figure 4.27: Energy plot for the a-dihedral of stiloene derived episulfonium (yellow) and aziridinium (blue)
ions. Angle is plotted as the displacement of the dihedral angle from their respective minima.

Despite the superficial similarity of the TSs, the remainder of the origins of
enantioselectivity for the two cations is different. In the case of the aziridinium ion, there
is evidence of steric clash in the minor TS, supported by the difference in key distances
between IRCwmajor and IRCwminor over the IRC. In contrast, the two IRCs for the

episulfonium ion have remarkably similar distances across the IRC (Figure 4.28).
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Figure 4.28: Comparison of distances over the intrinsic reaction coordinate pathways for major (solid line)

and minor (dashed line) pathways with episulfonium (Left) and aziridinium (Right) ions. Note that the
catalyst and solvent are slightly different and that the scales on the x-axis are not directly comparable.

IRC/A

The x-coordinates of the IRC pathways for aziridinium ion and episulfonium ion cannot
be compared directly, however broad comparisons can be made over the region of C—F
bond formation. The cation-zn interactions are shorter in both cases with the aziridinium
ion over the episulfonium ions, likely down to the smaller size of the N/S substituents in
the aziridinium, from the shorter C—N bond. Notably, the aziridinium IRCwmajor Cation-n
is much shorter than the other three. A consistent hypothesis is that the S-Me group
prevents formation of a short cation-r with episulfonium ions — this is not the case with
aziridinium ions, however only in the major can this short cation-r actually form. The
closer approach of the aziridinium ion leads to greater differences in bond distances

between the major and minor pathways than is seen with episulfonium ions.
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4.4 Conclusion

We have applied the concept of hydrogen bonding phase-transfer catalysis to the
enantioselective desymmetrization of aziridinium ions using potassium fluoride as
fluorine source, through computation (author’s work) and experiment (co-workers’
work). Computation of the Gibbs free energy profile for the HB PTC mechanism reveals
that the auto-ionization of aziridinium ion precursors with bromide or chloride leaving
group is plausible at room temperature, forming an ion pair only slightly less
thermodynamically favored than the precursor, at +9 kJ/mol with bromide leaving group.
Auto-ionization is favored over catalyst involvement, however the barriers are within
computational error. The largest differences between the catalyzed and uncatalyzed
pathways occurs during the steps describing anion-transport and phase-transfer,
supporting the operation of the HBPTC mechanism. Once the reactive
azetidinium-fluoride ion pair is formed, the barrier to fluorination is moderate at

70 kJ/mol when mediated by Schreiner’s urea.

Computation provides insight into why the use of potassium fluoride is significantly more
challenging than cesium fluoride, by comparing the energetics of solubilization in the
presence and absence of catalyst. Hydrogen bonding of the metal fluoride ion pair by
catalyst affords significant thermodynamic stabilization, of around 35 kJ/mol, enhancing
solubility. With cesium fluoride, solubilization of the ion pair becomes roughly
thermodynamically neutral, consistent with experiments that demonstrate that the catalyst

can solubilize this salt.

MD simulations demonstrate that the chiral, alkylated, tricoordinate BINAM-based urea
catalyst forms a stable and persistent ion pair with fluoride, in accordance with the

computational design of this class of catalysts for HB PTC. Alkylation of the catalyst,
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compared to the unalkylated tetracoordinate catalyst, leads to a greater improvement in
enantioselectivity than was seen with episulfonium substrates. An MD based, unbiased
sampling protocol is employed to generate the ensemble of TSs from which
enantioselectivity is rationalized. This ensemble is consistent with experiment in both the
absolute configuration of the product and the degree of enantioinduction. Approximately
half of enantioselectivity originates from substrate conformational preference, with
stilbene derived substrates favoring conjugation of the a-aryl ring with the forming and
breaking bonds. The rest occurs from increased steric clash in the minor TS and higher
strength non-covalent interactions in the major TS. The importance of substrate
conformational preference in enantioselectivity underpins the ubiquity of stilbene derived
substrates for enantioselective HB PTC fluorinations to this point. Reoptimization of the
lowest energy TSs with a cyclopentene derived aziridinium ion shows significant change
in substrate docking pose and is accompanied by a swap in Gibbs free energy ordering,

highlighting reasons behind the inversion of enantioselectivity seen experimentally.

The chapter concludes with a detailed comparison of the behavior of aziridinium and
episulfonium ions. Whilst there are many similarities, there are some differences arising
from the greater ability of nitrogen to stabilize the positive charge, notably the much-
enhanced thermodynamic stability of the ion and ion pairs from auto-ionization relative
to the halide precursors. With bromide and chloride leaving groups, this has relatively
little influence on the Kkinetic barrier to ion pair formation, as the TSs have little ion pair
character. With fluorine as a leaving group, the ion pair is much higher in energy, and the
TS is more ion pair-like, with much larger kinetic barrier to formation. As the TSs have
more ion pair character, the difference between episulfonium and aziridinium barrier

heights is increased over that seen with bromide and chloride leaving groups. With
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regards to the asymmetric reaction, both stilbene derived episulfonium and aziridinium

ions demonstrate a similar preference for conjugation of the a-phenyl ring with the

forming and breaking bonds, however, the conformational flexibility of the aziridinium

ion is reduced due to steric clash of the additional syn alkyl group on nitrogen with the

substrate’s aryl rings. Additionally, whilst distances along the IRC pathways to major and

minor product show similar behavior in the case of the episulfonium ion, the two

pathways with aziridinium ion have significant differences consistent with steric

congestion on the pathway to minor product, building up towards the TS.
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5 Insight, Theory and Conclusions

5.1 Introduction

The unifying theme of this work is how hydrogen bonding to fluoride with different
hydrogen bond donors affects the reactivity and selectivity of fluoride. Initially, the
purpose was to rationalize already determined experimental results, as in the case of work
in Chapter 2 on stoichiometric fluoride complexes, where it had been established
experimentally that stronger hydrogen bonding to fluoride led to decreased reactivity.
Using this knowledge, and having established an appropriate level of theory,
computational insight was used concurrently with experiment to establish, and ultimately
support, the mechanistic hypothesis of hydrogen bonding phase-transfer catalysis
(HB PTC). After experimental screening of chiral catalysts proved a challenging task for
asymmetric fluorination, computation played a pivotal role in the optimization of the
successful catalyst. Despite the successes of HB PTC, including the use of potassium
fluoride for asymmetric fluorination, much potential remains to be exploited.
Computation can now take a leading role in broadening the scope of existing reactions,

and developing new reactivity, plausibly in a predictive capacity.

Whilst I am not the first to recognize the complexity of the effect of hydrogen bonding
on fluoride, it is still commonly perceived as a situation of ‘hydrogen bonded fluoride is
unreactive whilst uncoordinated fluoride is highly reactive’. Several studies have argued
that the situation is more nuanced, with several publications of hydrogen bonding

promoted fluorination from a synthetic perspective, that have been well reviewed.*’

I would like to contribute by exploring different case studies based upon our approach —

catalyzing a reaction with a small molecule hydrogen bond donor, through fluoride
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binding. This demonstrates that the effect of hydrogen bonding on fluoride reactivity is

complex, but rational, depending on a number of intricately balanced factors.

This chapter discusses my overall perspective on the effect of hydrogen bonding to
fluoride; a conundrum of apparent contradictions where ‘Chapter 2’ fluoride decreases in
reactivity when coordinated by hydrogen bonds, but ‘Chapter 3’ fluoride increases in
reactivity when coordinated. | will discuss how hydrogen bonding to fluoride can both
increase and decrease the reactivity of fluoride, sometimes do both, and sometimes do
neither. | will also discuss extensions of our existing work, to broaden substrate scope for
enantioselective fluorination beyond stilbene derived substrates. A broader goal is to
increase mechanistic understanding of HB PTC in general, particularly of the
phase-transfer step, to extend reactivity to neutral substrates and to intricately understand
the mechanism of the transformation. | would like to acknowledge Dr. Alex Durr and

Dr. Nhu Nguyen for useful discussions.

5.2 Catalyst Designs for Improved Substrate Scope in the
Fluorination of Episulfonium and Aziridinium lons

5.2.1 Current System

Despite the successes of HB PTC, including its applicability to a variety of substrates and
nucleophiles, achieving high levels of asymmetric induction remains challenging.
Specifically, for fluorination, high enantioselectivity (>90 % ee) with episulfonium and
aziridinium ions can only be achieved with stilbene derived substrates, with two aromatic
rings. The ensuing Sn2 reaction is benzylic, favoring conjugation of the a-aryl ring with
the forming and breaking bonds. This induces a twist in the B-aromatic ring, creating a
distinct shape for the substrate depending on whether fluoride attacks at one carbon or

the other, facilitating discrimination (Chapter 3, 4). For non-stilbene derived substrates,
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Transition State (S)-attack (R)-attack TS Superpositions

Figure 5.1: Illustration of the challenges of episulfonium/aziridinium desymmetrization (episulfonium
illustrated). Top: without specific substitution, the TSs to enantiomeric products superimpose almost
perfectly, making discrimination challenging. Bottom: stilbene derived ions sport a propeller like twist
of the two aromatic rings. The TSs to enantiomeric product no longer superimpose well, enabling easier
discrimination. Two TS superpositions are given. i) cations superimposed, highlighting a 1.1-1.3 A shift
in fluoride resulting in reversal of selectivity. ii) superposition of fluoride, highlighting the different
shapes that the cation presents to catalyst-bound fluoride. Geometries computed at the
CPCM(DCM)/M06-2X/def2-SVP(TZVPPD) level of theory.

the difference between attack at either carbon in the desymmetrization is subtle and can
be thought of as i) a shift of the fluoride anion by approximately 1 A, or equivalently, i)
a small twist of the substrate around fluoride (Figure 5.1). This is accompanied by a subtle
change in transition state structure (TS) shape, depending on which C-S/C-N bond is
elongated. Overall, these correspond to an incredibly minor geometric change between
the two TSs to enantiomeric products. In order to develop a transformation with high
enantioselectivity across broad substrate scope, it is these subtle differences that should
be exploited (or amplified) as the origin of enantioselectivity, rather than changes specific

to a particular subset of substrates.

A further consideration for the transformation is that the intrinsic stereoelectronic
requirements are relatively unrestrictive. The only requirement of the Sn2 mechanism is
alignment of the fluoride (lone pair) with the C—X o*, with an ideal angle of 180°.
Fluoride itself has little geometric preference for its coordination geometry (notably, no

203



/

Y
< YA
TR~
Rotate v |
—_— Fa

Figure 5.2: lllustration of the main degrees of freedom of episulfonium/aziridinium ions in the catalytic
pocket (episulfonium illustrated). Left — Due to the low preference of fluoride for a tetrahedral geometry,
Substrate can ‘slip’ side to side. Right — The stereoelectronic requirements of the Sn2 reaction do not
restrict substrate rotation about the forming C—F bond.

strong preference for a tetrahedral arrangement, Chapter 2), allowing the substrate to
‘slip” across the surface of the fluoride. Further, the substrate itself can rotate about the
axis of the forming C—F bond. These degrees of freedom give the substrate the flexibility
to adopt a docking pose that avoids unfavorable interactions and makes discrimination
between enantiomers difficult in the absence of further interactions (Figure 5.2). The
docking pose of stilbene substrates for the fluorination of episulfonium and aziridinium
ions is dominated by the steric requirements of the aromatic groups, rather than any part
of the molecule directly related to reactivity. Once these groups are removed,
enantioselectivity is lost, and indeed, inverted in the case of cycloalkene derived

aziridinium ions.

A more general point that can be drawn are guidelines for the assignment of
stereochemistry by analogy. In papers describing enantioselective methodology,
commonly the absolute configuration of one product will be determined (e.g. by x-ray
crystallography), and the rest of the substrate scope assumed to have the same absolute
configuration induced in the transformation, by analogy. Assignment by analogy,

however, assumes that the ‘extraneous’ groups that are changed between molecules in
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the substrate scope, are not responsible for the enantioselectivity induced. Clearly, in
order for all substrates to be reactive, the key functional groups for reactivity must be
retained. Assignment by analogy is therefore only generally applicable where the same
groups are responsible for both reactivity and selectivity. Determination of the TSs is
therefore essential for safe assignment by analogy, as this allows determination of the
groups responsible for selectivity, and whether these are retained across the substrate

scope.

In the case of HB PTC fluorination, the unrestrictive stereoelectronic requirements of the
Sn2 mechanism means that it is different groups that enable reactivity
(episulfonium/aziridinium ring) and enantioselectivity (stilbene rings). Changing from a
stilbene derived substrate to a cycloalkene derived substrate in the substrate scope
therefore means that the sense of enantioinduction cannot be inferred by analogy. This is,
however, also a strength as it gives a high degree of flexibility in catalyst design and

potentially enables reactivity with a broader range of functional groups

5.2.2 Limitations of Current Alkylated BINAM Catalysts

The current generation of alkylated BINAM catalysts achieve high levels of
enantioselectivity for stilbene derived episulfonium and aziridinium substrates. The
enantioselectivity is consistent across substrates with different steric and electronic
demands on the stilbene rings, in keeping with enantioselectivity arising primarily from
the complementarity of substrate shape (arising from the aromatic rings) and catalyst

shape (arising from the shape of the BINAM backbone).

Substrates favor forming a cation-m interaction with the BINAM backbone, reducing the

number of accessible conformations (‘Rotation’, Figure 5.2), however this interaction
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Figure 5.3: Transition state structures to major (Left) and minor (Right) product with stilbene derived
aziridinium cation (red). Overlaid are the same TSs optimized with cyclopentene derived substrate
(green). Both TSs show slipping of the aziridinium cation across the BINAM =n-face of the catalyst on
changing substrate, sufficient to reverse the energy ordering of the two TSs.

still allows the substrate to slip across the face of the aromatic ring (‘Slip’, Figure 5.2).
The catalytic pocket of the alkylated BINAM catalysts is very open, meaning that many
TS conformations are possible (requiring thorough conformational sampling). With
aziridinium cations (Chapter 4), moving from stilbene-derived substrates to
cyclopentene-derived substrates sees a significant slip of the cation across the BINAM
n-system (Figure 5.3). In order to achieve high enantioselectivity for non-stilbene-derived
substrates, additional directional interactions are required to bind and orient the substrate

in the catalytic pocket.

5.2.3 Proposed Second-Generation Design Principles and Catalyst Designs

Design of a second-generation of catalyst therefore revolves around replacing or
augmenting the substrate-catalyst cation-n interaction with more directional interactions.
In the TSs, enantioselectivity originates from the docking of the substrate into the catalyst
BINAM core, whereas the bis-CFs substituted aromatic rings on the periphery have a
much smaller function for enantioselectivity. Ortho substitution on one of these rings
provides a means to close up the catalytic pocket of the catalyst and is a plausible location

to include a specific substrate binding group (Figure 5.4).
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Figure 5.4: Left: Broad assignment of function to first-generation catalyst structures. Right: Proposed
second-generation catalysts with designed group for substrate binding. R? can be one of many electron
rich functional groups capable of interacting with positively charged cations.

Distinguishing between enantiomers remains challenging, even with a bespoke binding
group. A specific design was therefore conceived with a sterically hindered ortho pyridine
group (Figure 5.5), designed such that the pyridine sp? lone pair can interact with the
acidic C—H bonds of the substrate only when fluoride attacks one of the two carbon atoms.
This interaction was validated by the optimization of plausible TSs with cyclopentene
derived aziridinium, with the lowest Gibbs free energy TS optimized exhibiting the
proposed interaction, but it being absent in the lowest energy minor (Figure 5.6, truncated
catalyst used for simplicity). Despite full conformational sampling not being undertaken,
the TSs suggest possible discrimination of the diastereomeric TSs by approximately

9 kJ/mol, sufficient for high enantioselectivity. Further, the electron rich pyridine group

LR LA

N~ N N~ N
H H H H
Me H W\ Me H
NYN CF5 NTN CF,
(I (1T
CF, CF,
Hg-Cat-Py Cat-Py

Figure 5.5: Specific second-generation design with ortho-pyridine substrate binding group. LHS —
Preferred catalyst with Hg-BINAM backbone to prevent binding via cation-r. RHS — Synthetically easier
catalyst with unsaturated backbone, but with reduced predicted enantioselectivity.
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AAG* = 8.6 kd/mol

Figure 5.6: Lowest computed Gibbs free energy transition state structures to major (left) and minor
(right) product with Hs-cat-py second-generation catalyst and cyclopentene aziridinium substrate.
Substrate interacts with the pyridine only in the major TS, with the designed interaction (red lines).
Calculations performed at the COSMO(DCM)/0B97X-D3/(ma)-def2-TZVPP//CPCM(DCM)/
M06-2X/def2-SVP(TZVPPD) level of theory.

can bind the cesium cation, potentially increasing the efficiency of phase-transfer (Figure

$23-S24).

Due to the conceivably short synthesis, it was decided to synthesize the catalyst
experimentally. Unfortunately, the synthesis was not as simple as originally anticipated,
with the pyridine lone pair complicating cross-coupling — somewhat negating an
advantage of this design. Further, synthesis of the catalyst with Hg-BINAM backbone
was unachievable, with the unsaturated variant, Cat-py, ultimately synthesized. Whilst
this catalyst could plausibly achieve selectivity with cycloalkyl substrates, the model was
computed to be inferior, as the presence of the unsaturated BINAM backbone allows the
minor TS to form a cation-x interaction, ubiquitous for the first-generation catalysts, as

an alternative to interaction with the pyridine, reducing AAG* to 6.8 kJ/mol (Figure 5.7).

Upon testing, Cat-py demonstrated low activity (11 % yield) and 11 % ee with benzyl
protected cyclohexyl aziridinium substrate — substantially less than the first-generation
catalyst (Scheme 5.1). Given the low yield of product, it is plausible that the pyridine

group decreased the activity of the catalyst to such an extent that racemic background
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AAG* = 6.8 kd/mol

Figure 5.7: Lowest computed Gibbs free energy transition state structures to major (left) and minor
(right) product with second-generation catalyst, cat-py, and cyclopentene aziridinium substrate.
Substrate interacts with the pyridine only in the major TS (red lines) but can form a cation-x interaction
instead in the minor. Calculations performed at the COSMO(DCM)/0B97X-D3/(ma)-def2-
TZVPP//CPCM(DCM)/ M06-2X/def2-SVP(TZVPPD) level of theory.

reaction became competitive, possibly through poor solubility. The increased potential
for the catalyst to bind the cesium cation does not appear to assist phase-transfer,

highlighting an area for future investigation.

Whilst this specific example was unsuccessful, the Hg variant of the catalyst is computed
to have higher selectivity, however is likely to suffer similar activity problems and the
challenging synthesis of the catalyst makes this statement of little practical interest.
Design of further catalysts is ongoing, with a focus on identifying alternative
electron-rich substrate binding groups, that do not have a detrimental effect on catalyst
activity. As the design principles for the second-generation are broad, and many of the
catalysts accessible by a short synthesis, computational investigation and experimental

screening of plausible candidates is likely a fruitful area of research.

NBn, NBn,
O’ Cat-py (5 mol%), CsF (3 eq.) O’
. DCM (0.25 M), it, 18 h o
11 % yield
11 % ee

Scheme 5.1: Experimental reactivity and selectivity of cat-py.

209



5.3 The Effect of Hydrogen Bonding on the Reactivity of Fluoride for
Catalytic Fluorination

This section focusses on the effect of hydrogen bond donor strength on catalyst efficacy
in systems where the dominant interaction is hydrogen bonding between catalyst and
fluoride. This has been our approach from stoichiometric hydrogen bond donor-fluoride
complexes, through to HB PTC. Several other complimentary approaches have been
taken to activating fluoride for nucleophilic fluorination (Chapter 1), each with a distinct

set of advantages and disadvantages.

For example, fluorinase based approaches work efficiently under aqueous conditions,
however have severely limited substrate scope and are challenging to engineer.
Hydrogen bonding solvent promoted approaches, including ionic liquids, facilitate
efficient and selective fluorination, however are limited in ‘tunability’ for e.g.
enantioselective fluorination or changing regioselectivity, due to requiring
super-stoichiometric quantities of a bespoke (chiral) hydrogen bonding solvent. Cation
binding promoted approaches, with e.g. crown ethers or oligoethylene glycol derivatives,
are effective at solubilizing metal fluoride, however don’t give direct control over
fluoride. Additionally, the favorable cation binding interaction cannot be exploited
repeatedly to achieve catalytic turnover. The transition state structure ‘receptor’ based
approach can selectively stabilize the TS for an Sn2 reaction, by binding the leaving
group, as well as fluoride. This lowers the activation barrier, however limits substrate
leaving group scope and doesn’t address solubility challenges with the fluoride source.

Further, care must be taken to ensure that the product doesn’t sequester the catalyst.
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This section explores the Kkinetic implications, scope and limitations, of our
complimentary approach of using a sub-stoichiometric hydrogen bonding catalyst, to

bind fluoride, for catalytic nucleophilic fluorination.

5.3.1 General Factors

In Chapter 2, distortion/interaction-activation strain analysis was used to identify the
origins of the increase in activation barrier for Sn2 reactions with more strongly hydrogen
bonded stoichiometric fluoride complexes. Whilst stronger donors lower the energy of
the TS, relative to a weaker donor, they also lower the energy of the reactants to a greater
degree, resulting in a higher barrier. The origin of this effect is from modulating the
energy of the fluoride source HOMO and the charge on fluoride. Thus, all other things
being equal, a stronger hydrogen bond donor creates a larger kinetic barrier to
fluorination, decreasing the reactivity of fluoride. The change in the position of the TS
was determined to be a minor factor in determining relative barrier height, and this is

assumed to be generalizable in the following analysis.

Entropy becomes an important factor when comparing the reactivity of hydrogen bonded
fluoride with uncoordinated fluoride. In all cases where fluoride is hydrogen bonded by
a small molecule donor there is the possibility of dissociation of the donor (though this
may be prohibitively unfavorable). This is a particularly important consideration for
asymmetric catalysis where the uncoordinated pathway is the racemic background
reaction. When the donor coordinates to fluoride, there is a favorable enthalpy change,
however it is accompanied by an unfavorable entropy cost of association, from loss of
translational and possibly rotational degrees of freedom (Chapter 2), on the order of
30-50 kJ/mol at 298.15 K. Whether coordination of the hydrogen bond donor is

favorable, and therefore whether the coordinated pathway may outcompete the
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Figure 5.8: Schematic Gibbs free energy profile for fluorination with a stoichiometric fluorine source.
Black: Fluorination with uncoordinated fluoride. Red: Fluorination with a weak hydrogen bond donor
(HBuweak), insufficient to overcome the entropic penalty of coordination. Blue: Fluorination with a strong
hydrogen bond donor (HBstrong).

background reaction, depends on whether the enthalpic term is larger than the entropic
penalty. Figure 5.8 illustrates this point with a schematic Gibbs free energy profile, where
donor, HBweak is too weak to overcome the entropy penalty, whereas HBstrong iS
sufficiently strong under a given set of conditions. As fluoride is an acceptor that forms
some of the strongest hydrogen bonds compared to other acceptors, this is more likely to

be a concern for other anions (see Chapter 4.3.3).

Enthalpically, hydrogen bonding of HBweak and HBstrong lower the enthalpy of both the
complex and the TS relative to the uncoordinated pathway. The enthalpy of the complex
is lowered to a greater degree, increasing the barrier. Once entropy is accounted for, the
Gibbs free energy of the pathways with hydrogen bond donor are increased relative to
the uncoordinated pathway, due to the entropy of coordination, possibly leading to a

higher free energy pathway than when uncoordinated (illustrated by HBweax). If this step
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forms part of a catalytic cycle, HBweak would not act as a catalyst (for fluorination) as
dissociation of the catalyst reveals an alternative pathway of lower free energy. As the
entropy term is dependent on reaction conditions, however, such as concentration and
temperature, it may be possible to achieve catalysis by changing the conditions. The
situation is more nuanced in the case of HBstrong as the TS is lowered relative to the
uncoordinated pathway, but so are the intermediate complexes, resulting in larger
barriers. These two opposing factors underpin the complex behavior of hydrogen bonding
on fluoride reactivity, and sensitivity to the precise reaction conditions — the implications
of which are explored in the following case studies. All other factors are initially assumed
constant (an ideal often not achievable in practice), the effects of which are discussed
afterwards. Ureas are used in explicit examples in the following analysis, however the

principles can be extended to other hydrogen bond donors.

5.3.2 Stoichiometric Reactions and Catalysis

The effect of the strength of hydrogen bond donors on fluoride reactivity is different
depending on whether a pre-formed hydrogen bonded fluoride reagent is used in a
stoichiometric reaction, or whether the hydrogen bonded complex is formed in situ in a

catalytic cycle (Figure 5.9).

In the stoichiometric case, the hydrogen bonds are already formed prior to the reaction,
and must therefore be broken over the course of the reaction. This is reflected in different
Gibbs free energies of reaction where weaker hydrogen bonded reagents undergo a more
exergonic reaction. This is also significant in the case of the kinetic barriers, where
stronger hydrogen bonded reagents result in higher kinetic barriers, relative to separated
starting materials, or reactive complex. All things equal, the reactive complex formed has

the same components as in the catalytic case but is formed as a binary complex of
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Figure 5.9: The effect of hydrogen bond donor strength on reactivity of fluoride, for catalytic and
stoichiometric reactions. The starting materials for each profile are set to zero to highlight the important
features for each scenario (note that both catalyzed and stoichiometric reactions can be drawn in either
representation). In the stoichiometric case, the barrier height is responsible for the observed kinetics. In
the catalyzed case, it is the Gibbs free energy of the individual states (e.g. TS, Complex etc.) that
influence turnover, not the barrier height of individual steps.

hydrogen bonded fluoride reagent and the substrate. The energy of the reactive
complexes, relative to the starting materials, will not differ strongly between ureas as no

hydrogen bonds are formed or broken.

In the catalytic case, the reaction begins with starting material, fluoride source (not
coordinated to catalyst) and free catalyst. These species ultimately form the ternary
‘reactive complex’ where catalyst binds fluoride, and this is associated with the substrate.
Fluoride delivery can then ensue. The energy of these complexes varies strongly
depending on the strength of hydrogen bonds formed by the catalyst. The exergonicity of
the reaction is necessarily unaffected by the identity of the catalyst, as the catalyst must
be released to facilitate turnover. At all points on the profile where HB catalyst is bound,
the stronger donor leads to a structure lower in Gibbs free energy, due to formation of
stronger hydrogen bonds. The profile is not, however, necessarily lower than that for

uncoordinated fluoride due to the entropic penalty of catalyst coordination (vide supra).
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The barrier for fluoride delivery from the reactive complex is increased with stronger HB
donors (AGstrong > AG*weak), however the TS itself is stabilized to a greater degree with
the stronger donor (AGrs). As the turnover frequency of a catalytic cycle cannot be
interpreted in terms of individual barrier heights — rather the Gibbs free energy of certain
individual states — the effect of hydrogen bond donor strength on catalytic Kinetics

depends on the rest of the reaction profile.

5.3.3 The Energetic Span Model

Interpreting the turnover frequency (TOF) of a catalytic cycle from the Gibbs free energy
profile is not intuitive. Figure 5.10 illustrates several plausible (but incorrect) proposals
for the critical factors that could limit TOF i) highest energy point, ii) largest barrier to
an individual step, and iii) energy of the individual states, as well as the correct ‘Energetic
span’. The energetic span model, formulated by Kozuch and Shaik, states that the kinetics
of catalytic cycles cannot be interpreted in terms of the barriers to individual steps, instead
being interpreted in terms of the energetic span of the reaction, which depends on the
energy of individual states.®® In Figure 5.10, the purple profile represents the faster
reaction, due to having a smaller energetic span, despite all states on the blue profile being
the same, or lower in energy. The energetic span model has been successfully applied to
many systems, 112 providing a practical way to convert from the energy representation
(Gibbs free energy profile) to the k representation (turnover frequency), potentially with

high-throughput.4

The energetic span is defined as the Gibbs free energy difference between the turnover
frequency determining transition state (TDTS) and the turnover frequency determining
intermediate (TDI). The TDI is commonly referred to as the resting state of a catalyst.

The TDI and TDTS are determined as the intermediate and transition state structure that
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Figure 5.10: Schematic Gibbs free energy profile for a catalytic reaction, annotated with plausible TOF
determining factors (red: incorrect, green: correct). Incorrect: The turnover frequency of a reaction
cannot be attributed to the barrier height for individual steps, the overall highest point on the profile, nor
whether a profile has high or low energy states in general. Correct: The energetic span, between TDI
and TDTS determines the TOF of a reaction.

maximize the energetic span, accounting for the cyclic nature of the energy profile i.e.

they are not necessarily the low and high points on an energy profile as drawn.

Provided that i) the reaction is exergonic, ii) the energetic span is much larger for the TDI
and TDTS than any other combination of intermediates and transition state structures,
and iii) that energy redistribution is rapid, no other states of the energy profile
(significantly) affects TOF. Though species that enter or exit the catalytic cycle between
TDI and TDTS can influence turnover through concentration effects. The effect of
hydrogen bond donors on catalytic fluorination with fluoride therefore depends primarily
on whether either, or both, of the TDI and TDTS involves the donor hydrogen bonding
to fluoride. The energetic span, dG, is related to TOF and rate by the following

expressions:*®

5G

TOF =k"%e_ﬁ Rate = TOF X |[cat] (1.1
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5.3.4 Case Studies for Catalysis

The following examples explore how the strength of the hydrogen bond donor influences
the turnover frequency of a catalytic fluorination, depending on how the key steps feature
in the Gibbs free energy profile for the whole catalytic cycle. Additionally, the behavior
of energetic barriers and species energies are assumed to follow the behavior established
in Chapter 2, where stronger hydrogen bonding stabilizes the intermediate more than the
TS. For simplicity, in the following examples, the intermediate may be viewed as a
complex that features the catalyst binding to fluoride (such as the reactive complex with
or without substrate), and the TS as corresponding to the fluoride delivery process,
although the principles are generalizable to other situations where fluoride is less strongly
bound by catalyst in the TS than in the intermediate. The dashed line connecting the two
states highlights that there may be intermediate states, however their Gibbs free energies

are bounded between the two states, and are therefore of little consequence to TOF.

The only factor being changed between hydrogen bond donors is the strength of the
hydrogen bonding interaction with fluoride. As the Gibbs free energy profile for a
turnover of a catalytic cycle can be drawn with any starting point, all profiles show the
TDTS following the TDI with no loss in generality. Details about the black states on the
Gibbs free energy profiles are unimportant, providing a framework for the key steps of
the cycle. If these states are not identified as turnover determining, they are not required

to have the same energy with the different catalysts.
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5.3.4.1 Hydrogen Bonded Fluoride in both the TDTS and TDI

In a mechanism where catalyst hydrogen bonds to fluoride in both the TDI and TDTS,
increasing the strength of the hydrogen bond donor lowers the Gibbs free energy of both
of these states. The TDI is lowered to a greater extent (Chapter 2), resulting in an increase
in energetic span and a decrease in turnover frequency with the stronger hydrogen bond
donor (Figure 5.11). This is despite all points on the energy profile being the same energy,
or lowered in energy by the stronger donor, highlighting the importance of the energetic
span model. This can be summarized as the dominant effect of the stronger hydrogen

bond donor is to stabilize the resting state of the catalyst (TDI), thereby reducing TOF.
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Figure 5.11: Schematic Gibbs free energy profile illustrating that the energetic span, 6G, is increased by
stronger hydrogen bond donors, when HB catalyst binds fluoride in both the TDI and TDTS. This results
from the greater stabilization of the fluoride complex (TDI) than the fluoride delivery TS (TDTS).

218



5.3.4.2 Hydrogen Bonded Fluoride in the TDI

In a mechanism where the catalyst hydrogen bonds to fluoride in the TDI, but not the
TDTS (i.e. the fluoride delivery TS is not turnover limiting), increasing the strength of
the HB donor stabilizes the TDI, but has no effect on the TDTS, resulting in an increased
energetic span, and decreased TOF (Figure 5.12). This can be summarized as the stronger

hydrogen bond donor stabilizing the resting state of the catalyst.

Whilst this scenario is possible, it is unlikely to occur in a simple fluorination as the
TDTS is a high energy state that does not involve fluoride delivery by the catalyst,
implying another significant process occurring in the mechanism. It is unlikely that such
a TDTS will follow fluoride delivery, as the formation of a strong carbon-fluorine bond
leads to a low Gibbs free energy for the following states. The TDTS may precede fluoride
delivery and could perhaps originate from a significant rearrangement of the substrate

that is required prior to reaction with fluoride.
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Figure 5.12: Schematic Gibbs free energy profile illustrating that the energetic span, 8G, is increased by
stronger hydrogen bond donors, when HB catalyst binds fluoride in the TDI, but not the TDTS. The
TDTS is drawn after the fluoride delivery TS, however the argument is unchanged if it comes before.
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5.3.4.3 Hydrogen Bonded Fluoride in the TDTS

In a mechanism where the catalyst hydrogen bonds to fluoride in the TDTS, but not in
the TDI, increasing the strength of the hydrogen bond donor stabilizes the TDTS,
reducing the energetic span and leading to an increase in TOF (Figure 5.13). The resting
state of the catalyst therefore does not involve it binding fluoride, suggesting a situation
where fluoride is ‘unavailable’, potentially through use of an in situ fluoride releasing
reagent, or with fluoride isolated in a different phase. In this scenario, hydrogen bonding

to fluoride, alone, is capable of catalyzing fluorination.

The same kinetic behavior will also occur if the catalyst hydrogen bonds to fluoride more
weakly in the TDI than the TDTS, so weak coordination of the catalyst to the fluoride

source in the TDI need not be completely excluded.
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Figure 5.13: Schematic Gibbs free energy profile illustrating that the energetic span, 6G, is decreased by
stronger hydrogen bond donors, when HB catalyst binds fluoride in the TDTS, but not the TDI.
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5.3.4.4 Hydrogen Bonded Fluoride in Neither the TDTS nor TDI

In a mechanism where the catalyst hydrogen bonds to fluoride in neither the TDI nor the
TDTS, changing the strength of the donor will have no effect on the energetic span of the
reaction, and therefore little effect on catalytic turnover (Figure 5.14). Such a situation is
more likely to occur as part of a complex reaction mechanism, rather than a simple
hydrogen bonding mediated fluorination. Despite the strength of the donor not affecting
the TOF of the catalytic reaction, the donor may still be acting as a catalyst by preventing

a higher TDTS from occurring.

The same kinetic behavior will occur if the catalyst hydrogen bonds to both the TDI and
TDTS with the same strength, lowering both equally, however this is not a typical

situation (5.3.4.1).
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Figure 5.14 Schematic Gibbs free energy profile illustrating that the energetic span, 6G, is unchanged
by different hydrogen bond donor strengths, when HB catalyst binds fluoride in neither the TDI, nor
TDTS.
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5.3.4.5 Multidentate Hydrogen Bond Donors

In the case of multidentate hydrogen bond donors, the lowest energy species (complexes
or TSs) are expected to form the largest number of hydrogen bonds geometrically
possible. Once the HB donor is coordinated, formation of subsequent hydrogen bonds is
associated with minimal entropic penalty, which is easily compensated for by the
favorable enthalpic interaction. Overcoming the entropy penalty of association, in order
to outcompete the background reaction, is therefore more easily achieved by multidentate
HB donors. Adopting the highest coordination number possible is found to be the case
for the tricoordinate urea catalysts used for HB PTC where all of the lowest energy TSs
form three hydrogen bonds to fluoride. In the lowest energy complexes, the catalyst also
forms three hydrogen bonds to fluoride. If the hydrogen bond donor dissociates one (or
more) of its donors, both the energy of the reactive complex and the TS will be raised in

energy, the former to a greater degree (Figure 5.15).
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Figure 5.15: In both the reactive complex and the fluoride delivery TS, a higher catalyst-fluoride
coordination number results in a lower Gibbs free energy relative to when unbound. The stabilization is
greater for the reactive complex than the TS, leading to an increased barrier. When comparing different
binding modes of the same catalyst, the binding modes will likely interconvert, resulting in the lowest
energy (blue) pathway being followed at all points.
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All other things equal, the barrier from reactive complex to TS is reduced by decreasing
coordination number (similar to the effect of hydrogen bond strength), consistent with
the superficial interpretation that less coordinated fluoride is more reactive. This is the
case whether comparing two separate catalysts with different numbers of hydrogen bond
donors, or whether comparing different binding modes of a multidentate catalyst. In the
latter case, however, binding modes are likely to interconvert, and the lowest energy
species are relevant, resulting in the complexes of maximum coordination number

dominating.

Figure 5.15 can also be interpreted in the context of the reverse reaction — fluoride
abstraction. The more hydrogen bonds a donor can form, the lower the free energy barrier

to fluoride removal, and the lower the energy of the formed ion pair.

An important assumption so far is that all complexes that the catalyst can form with
fluoride are reactive. Once a certain coordination number of fluoride is reached, one or
more donors must dissociate prior to fluoride delivery (and possibly formation of the
reactive complex) to sterically accommodate the substrate. This significantly increases
the barrier to fluoride delivery which is likely to increase the energetic span of the

reaction.

5.3.4.6 Coordination Saturation of Fluoride

With high concentrations of hydrogen bond donors, such as in hydrogen bonding
solvents, saturation of fluoride with hydrogen bond donors must be considered. As
fluoride forms strong hydrogen bonds, it is likely that the saturated fluoride complex will
be the TDI. In order to react, at least one hydrogen bond donor must dissociate for fluoride

to attack the substrate, accompanied by a large energetic penalty. The fluoride delivery
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TS will be strongly stabilized by the high degree of hydrogen bonding remaining to the
other donors, relative to the uncoordinated TS, however, the energetic span is large due
to the dissociation, restricting catalytic turnover. Whether the fluoride delivery TS is the
TDTS or not, increasing the hydrogen bond donor strength will increase the energetic
span by stabilizing the TDI to the greatest degree, consistent with conventional wisdom

about the low reactivity of fluoride in strongly hydrogen bonding solvents.

5.3.4.7 Limitations and Caveats

The above profiles illustrate the contrasting ways in which hydrogen bonding to fluoride
can affect the turnover of nucleophilic fluorination reactions, using the energetic span
model. Naturally, the conclusions are dependent upon the validity of this model. Whilst
the case studies have been presented as distinct examples, the identity of the TDI and
TDTS can be changed, for example by changing the catalyst, and a reaction may switch
scenarios based upon the exact conditions. Gibbs free energy is also dependent on the
concentration of species, with profiles commonly (as here) drawn at a standard state of
1 M. Changing the initial concentration of species, or as they change over the reaction,
can change the shape of the profile. In an experimental system, it may be possible to
measure the steady state concentrations of the different species and use this to tune the
computed profile. Imperfections in the experimental setup, such as the presence of water
traces (particularly in the case of fluoride sources such as TBAF, or hygroscopic fluoride
salts), can also cause deviation between the ideal computed profiles and experimental

kinetics.

5.3.5 Beyond Hydrogen Bonding to Fluoride
The scenarios discussed so far isolate the effect of hydrogen bonding to fluoride. In

general, a hydrogen bonding catalyst will also interact directly with the substrate and

224



cause a deviation from the profiles shown above. The strength of these interactions can
tune the energetic span if catalyst and substrate are involved in either, or both, of the TDI
and TDTS. Such interactions are commonly non-covalent interactions such as van der
Waal’s forces and m-stacking effects, but possibly more specific interactions such as
hydrogen bonds and cation/anion-rt interactions. In aqueous solution, the hydrophobic
effect may be exploited. If both catalyst and substrate are involved in both the TDI and
TDTS, a differential in the strength of catalyst-substrate interactions is required to lower
the energetic span, otherwise both will be modulated in Gibbs free energy in a similar
manner. This can be achieved, for example, through pre-organization of the catalyst or
substrate in a higher energy, but reactive conformation, or leaving group binding. Both
have been exploited previously in other fields of catalysis, and leaving group binding has

previously been proposed for catalyzing Sn2 reactions with fluoride (Chapter 1).

Conversely, if both catalyst and substrate are involved in the TDTS, but not the TDI, no
differential is required as only the TDTS is lowered in Gibbs free energy by increasing
the strength of interaction. The likelihood of this scenario is increased by the fact that
formation of the reactive complex, by association of substrate, incurs a significant, but
unavoidable entropic penalty — substrate-catalyst interactions that partially offset this
penalty stabilize the TS relative to the uncatalyzed pathway, but will not cause the

reactive complex to become TDI.

Considerations when looking to exploit catalyst-substrate interactions are to ensure that
the binding is not too strong that the pre-reactive complex, or the product complex
becomes the TDI, thereby inhibiting turnover. As catalyst-fluoride hydrogen bonding is
so strong, it is unlikely that a complex of substrate and catalyst alone will become TDI

(i.e. without fluoride bound). Further, as fluoride is neutralized in the product complex,
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this significantly reduces the chance of the product inhibiting turnover. An approach such
as leaving group binding, or creating a transition state structure ‘receptor’, however,
makes the latter a realistic consideration.

5.3.6 Towards Homogeneous Catalytic Fluorination with Fluoride Mediated by a

Small Molecule Hydrogen Bond Donor

5.3.6.1 Introduction

The distortion/interaction-activation strain analysis of Chapter 2, coupled with the
experimental work upon which it is based, provides a compelling argument for hydrogen
bonding decreasing the reactivity of fluoride in homogeneous solution. Use of fluoride
bound by increasingly strong hydrogen bond donors leads to slower fluorination
compared to uncoordinated fluoride by stabilizing the fluoride to a greater degree than
the TS (5.3.4.1). This seemingly precludes the use of hydrogen bonding to catalyze
homogeneous fluorination, as the TDI involves stronger hydrogen bonding to fluoride
than the TS. Whilst it is true that hydrogen bonding to fluoride alone cannot catalyze
homogenous fluorination from fluoride ion (nor indeed be responsible for the catalytic
effect, so far as such an effect can be partitioned), catalyst-substrate interactions may be
exploited to lower the Gibbs free energy of the fluoride delivery TDTS relative to the
fluoride complex TDI, and thus lead to hydrogen bonding mediated catalytic fluorination

from fluoride in homogeneous solution.

To illustrate this concept, a model system was devised, consisting of the fluorination of
9-(bromomethyl)anthracene (ArsBr) in acetonitrile solution with soluble fluoride (such
as TBAF). The substrate was chosen so that diarylurea catalysts, such as Schreiner’s urea,
can form favorable n- stacking interactions. Key species for the model system are given

in Figure 5.16.
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Figure 5.16: Key species computed in model system.

5.3.6.2 Level of Theory

Geometry optimizations and frequency calculations were performed in Gaussian 16,
rev. A. 03 using the M06-2X*" hybrid functional with ultrafine (99,590) integration
grid. A mixed basis set, denoted def2-SVP(D) was used consisting of def2-SVPD® on
electronegative atoms and def2-SVP*° otherwise. This basis set incorporates an ECP for
cesium.?’ Solvation in the stated solvents was modeled using the conductor-like
polarizable continuum model (CPCM).?%-2 Stationary points with all real frequencies
were classified as minima, and those with a single imaginary frequency as transition state
structures (TS). Thermochemistry was evaluated using GoodVibes python script®* at
298.15 K and 1 mol/dm?® concentration unless otherwise stated, implementing a quasi-
harmonic approximation for entropy calculation and a free-rotor description for low
frequency vibrational modes (v < 100 cm™).2° Single point energy corrections were
performed in the ORCA 4.1.0 software package?®?’. The ®B97X-D3?%%° functional,
incorporating Grimme’s D3 dispersion correction®® was used in combination with the
(ma)-def2-TZVPP basis set, consisting of ma-def2-TZVPP3! on heteroatoms, with

corresponding ECP for cesium, and def2-TZVPP on carbon and hydrogen. Integration
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utilized the Lebedev302 grid for SCF cycles and the Levedev590 grid for final energy

evaluation. Solvation in the stated solvents was modelled using the CPCM model.

5.3.6.3 Results

The computed Gibbs free energy profile with Schreiner’s urea and unsubstituted
diphenylurea (Urear) in acetonitrile is illustrated in Figure 5.17, with Gibbs free energies
in Table 5.1. Geometries shown in Figure S25. The fluorination reaction is significantly

thermodynamically favored, ruling out the reverse reaction of C—F bond activation.

In this model system, no urea is ultimately able to reduce the effective barrier for the
reaction (but achieving within 8 kJ/mol of the uncatalyzed barrier height in the case of
Urean), however the principles described are still illustrated. In the presence of a urea,
the TDI of the reaction is significantly lowered, becoming the urea-fluoride complex (11).
In contrast, for the uncatalyzed case, the lowest Gibbs free energy state is separated
substrate and fluoride (I). When uncatalyzed, complexation of fluoride and substrate is
unfavorable due to the entropy penalty (I—III). With urea, this coordination remains
unfavorable, (rotational entropy is also lost— Chapter 2) but is partially compensated by
catalyst-substrate interactions. Comparing the coordinated pathways to the uncatalyzed
pathway, urea dissociation at this point is highly unfavorable as it involves loss of

interactions with both fluoride and substrate (111 vertical transitions). The TDTS in all

Table 5.1: Gibbs free energies for hydrogen bonding mediated fluorination under homogeneous
conditions in MeCN.

Gibbs Free Energy / kJ/mol

1 i Vi Vv Vi r Span
Uncoordinated n/a 21.0 76.9  -62.1 n/a n/a 76.9
Urean -28.9 -6.5 55.9 -40.7 -77.2 188 84.8
Schreiner’s Urea -44.6 -23.3 504 -43.0 -845 120 95.0

I’ refers to the catalyst-ArsBr complex, without fluoride coordinated. Formation of this complex is less
favorable than coordination of fluoride to the catalyst, so it is not the TDI.
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Figure 5.17: Towards homogeneous fluorination with fluoride catalyzed by small hydrogen bond donors.
Gibbs free energy profile for fluorination of 9-(bromomethyl)anthracene in acetonitrile with different

diarylurea hydrogen bond donors.
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Figure 5.18: Transition state structures for a) fluoride delivery (favored) and b) bromide abstraction.

cases is fluoride delivery, IVV*, which is stabilized in the presence of all ureas relative to
the uncatalyzed pathway. Binding of the leaving group by the urea was also investigated
but is uncompetitive, resulting in a transition state structure 25 kJ/mol higher in Gibbs
free energy than binding of fluoride, due to the weaker hydrogen bonding (Figure 5.18).

The bromide binding TS is also 4 kJ/mol higher than without the urea coordinated.

After fluoride delivery, no species are found to influence the energetic span (V-VI). With
all ureas, the energetic span of the reaction exceeds the barrier of the uncatalyzed reaction,
by stabilizing the solvated fluoride (Il — TDI) to a greater degree than the fluoride
delivery TS (IV* — TDTS). The energetic span is larger for the stronger hydrogen bond
donor, demonstrating that strong hydrogen bonding is not the key to achieving catalysis,
and indeed weaker hydrogen bonding is beneficial. The profiles illustrate that the system
has room for further optimization of substrate-catalyst interactions. By increasing
catalyst-substrate interactions, steps 111 and 1\VV* of the cycle are reduced in Gibbs free
energy, whilst the TDI, 11, is unaffected, reducing the energetic span. An increase in
interaction on the order of 20 kJ/mol for the unsubstituted urea would facilitate catalysis.

Equally importantly, increasing the strength of the n-stack is unlikely to change the TDI
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to any other state, including off-cycle states. Catalyst binding to substrate (without
fluoride) is almost necessarily higher in Gibbs free energy than the complex where
fluoride is also bound, as hydrogen bonds to fluoride are strong and will overcome the
entropic penalty of coordination (IT’). With Urean and Schreiner’s Urea, this complex
has relative Gibbs free energies of 18.8 kJ/mol and 12.0 kJ/mol respectively. Further, the
product complexes, (V-VI) are also unlikely to be turnover limiting. The lowest energy
product complex involves hydrogen bonding catalyst binding the anionic leaving group,
with product dissociated. Although this complex may be lower in energy than free
catalyst, 1, it will not be lower than the TDI, 11, where the catalyst binds fluoride much
more strongly. Thus, unless there are significant concentration effects, product inhibition
is not a major consideration. Additionally, the barrier to the reverse reaction (hydrogen
bonding mediated fluoride abstraction) is high (> 120 kJ/mol), and significantly higher
than the forward reaction, implying that this is unlikely to be an issue. For the
investigation of modifications of this system, therefore, it is only necessary to compute

states |1 — 1'\V* to assess turnover frequency and catalytic viability.

Weaker hydrogen bond donor, with para-OMe disubstitution (Ureaowme), failed to show
any significant improvement over Urean, So the latter is used as the preferred donor
(Table 5.2). The leaving group was changed from bromide to chloride (ArsCl) to decrease
the background reaction at manageable temperatures but led to little change in catalytic

Table 5.2: Critical Gibbs Free Energies and Energetic Spans for Urea Mediated Fluorination of
9-(chloromethyl)anthracene with Fluoride in Acetonitrile Solution.

Gibbs Free Energy / kd/mol

1 1] AVES Span
Uncoordinated n/a n.d. 87.2 87.2
Urean -28.9 -5.2 67.9 96.7
Ureaome -27.0 -4.4 69.1 96.0
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Figure 5.19: Model substrates with different numbers of aromatic rings as backbone. These modulate
the strength of catalyst-substrate interactions through n-x stacking.

potential. Chloride abstraction by the catalyst, rather than fluoride delivery, in the TS is

unfavorable by 24 kJ/mol — comparable to the bromide leaving group.

To probe the role of interaction between catalyst and substrate, substrates with different
numbers of aromatic rings were computed (Figure 5.19, with names ArxCl where the
aromatic skeleton is based upon x aromatic rings). The critical Gibbs free energies are
given in Table 5.3, with partial Gibbs free energy profile plotted in Figure 5.20. The
barrier to uncatalyzed fluoride delivery is relatively consistent between the 3 substrates,
perhaps due to increased stabilization of the TS through conjugation with a larger n
system, balanced with 1,3-allylic strain in ArsCl and ArsCl. The relative electronic

energies of the species are tabulated in Table 5.4 for comparison.

Table 5.3: Critical Gibbs Free Energies with Different Aromatic Groups on Substrate at 298.15 K.
Gibbs Free Energy / kJ/mol

Catalyst I Il AV Span

AriCl — n/a n.d. 87.2 87.2
Urean -28.9 2.3 79.4 108.3

ArsCl — n/a n.d. 87.2 87.2
Urean -28.9 -5.2 67.9 96.7

ArCl — n/a n.d. 86.4 86.4
Urean -28.9 -71.5 58.8 87.6
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Table 5.4: Critical Energies with Different Aromatic Groups on Substrate.

Energy / kd/mol
Catalyst 1 i (\VES
AriCl - n/a n.d. 64.2
Urean -55.7 -81.4 -2.8
ArsCl — n/a n.d. 64.3
Urean -55.7 -94.2 -18.4
Ar4Cl - n/a n.d. 64.5
Urean -55.7 -97.6 -28.7

With Urean, the TDI remains the urea-fluoride complex for all substrates (I).
Coordination of substrate remains unfavorable due to the entropic penalty, however,
becomes more favorable as the © system becomes larger (11: AriCl: 2.3 kJ/mol — Ar4Cl:
-7.5 kJ/mol). The greater catalyst-substrate interaction with larger © systems is also
reflected in stabilization of the fluoride delivery TS (1VV#) by up to 21 kJ/mol (AriCI:
79.4 kJ/mol — Ar4Cl: 58.8 kJ/mol). Interestingly, the barrier to fluoride delivery (I11-
V%) is also decreased with the larger © system — this arises as the chloride favors CH
interactions, and the catalyst favors n-stacking with the substrate. These two interactions
cannot both be optimal in the ion pair (Figure S26). Whilst this is of little consequence

here, achieving such a differential is useful if the reactive complex is tightly bound.

Under standard conditions, none of the substrates achieve a lower effective barrier for
urea mediated fluorination over the uncoordinated background reaction, however, in the
case of the largest m-system (ArsCl), this difference is within computational error
(Uncoordinated: 86 kJ/mol, Coordinated: 88 kJ/mol). Biasing the conditions in favor of
the coordinated reaction by lowering the temperature to 258.15 K (feasible for a reaction
of this kinetic barrier) to reduce the unfavorable entropic terms, results in a lower barrier

to the coordinated reaction, achieving catalysis (Table 5.5). Changing overall
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Table 5.5: Critical Gibbs Free Energies for Fluorination of ArsCl Substrate at Reduced Temperature
(258.15 K).

Gibbs Free Energy / kJ/mol

Catalyst 1 i (\V£: Span
ArCl - n/a n.d. 81.8 83.3
Urean -32.7 -18.9 47.4 80.1

concentration will not significantly affect the relative rates of the catalyzed and
uncatalyzed pathways as the change in molecularity between the rate limiting states is the

same, despite the molecularity of the catalyzed reaction being higher.

An alternative system was also investigated, with catalyst-substrate interactions
augmented by a weak hydrogen bond. This has the effect of stabilizing the TDTS for the
catalyzed pathway through coordination of the urea oxygen, but also serves to stabilize
the intermediate ion pair by coordinating fluoride directly, potentially decreasing rate for

both catalyzed and uncatalyzed pathways (Figure 5.21).

The degree to which this affects the uncatalyzed reaction depends upon the degree of
equilibration of the reactive complex prior to fluoride attack, leading to an inherent
complexity to this approach. At decreased temperature of 258.15 K, the system

demonstrates potential for catalysis, reducing the effective barrier from 96 to 91 kJ/mol,

- -
F'
9 O=NH:, & -
H" it H
i F /
i cl <= =
o Yos O

cl 5 Cl
HB-Ar,ClI - TS Model - Intermediate Complex

Figure 5.21: Substrate designed to interact with urea catalyst through a weak hydrogen bond. The
primary effect is hydrogen bonding of the urea oxygen atom in the TS, however a secondary effect is a
possible increase in barrier for the uncatalyzed pathway by formation of a more stable intermediate.
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Table 5.6: Critical Gibbs Free Energies with Hydrogen Bonding Substrate.
Gibbs Free Energy / kJ/mol

Catalyst T/IK 1 i (\V£: Span

HB-Ar:Cl — 298.15 n/a -8.1 88.4 96.4
Urean 298.15 -28.9 -22.1 69.9 98.8

- 258.15 n/a -11.3 85.0 96.3

Urean 258.15 -32.7 -33.4 58.7 91.4

from complex to TS (Table 5.6). The Gibbs free energy profile at 298.15 K is plotted in

Figure 5.22 with comparison to non-hydrogen bonding AriCl substrate.

As computed, the hydrogen bonding system, HB-AriCl, achieves a lower barrier
compared to background than the n-stacking based system AriCl. However, of note is
that HB-Ar1Cl can also hydrogen bond with the fluoride itself, whereas n-stacking is an
orthogonal interaction. A result of this is that at reduced temperature, the
catalyst-fluoride-substrate complex becomes TDI. Increasing the strength of the
hydrogen bond is therefore unlikely to lower the energetic span further, as both TDI and
TDTS will be lowered by similar amounts. Binding of the chloride leaving group in the

TS, instead of fluoride is less favored by 26 kJ/mol (Figure S29).

Whilst in devising these systems, with the potential for catalysis, there is a degree of
substrate engineering, the systems are a proof of principle. Further, it is theoretically
necessary for catalyst-substrate interactions to be optimized and should not therefore be
interpreted as a weakness of implementation. However, in devising synthetically useful
reactions, the nature of these interactions should be kept as broad as possible to avoid
unnecessarily narrow substrate scope. With the limits of computational accuracy in mind,
experimental tweaking is expected before this principle is proved experimentally, notably

the relative favorability of the coordinated and uncoordinated reactions depends upon
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accurate computation of the entropy of coordination, which is a recognized computational

challenge.

The principles demonstrated here for neutral halide substrate can also be applied to
charged substrates with a few additional considerations, such as the intrinsically more
favorable complexation (ion pairing) energies. Further, as polar solvents are compatible,
and indeed, sometimes favored, the principles should also be applicable to hydrogen
bonding solvents when hydrophobic interactions are exploited. Experimentally, the
lowering in energy of the TS through hydrogen bond donor-substrate interactions could
initially be demonstrated using stoichiometric hydrogen bonded complexes by
competition experiments between a substrate capable of forming strong catalyst-substrate

interactions and one that is not.

Homogeneous catalysis with fluoride and hydrogen bonding catalysts leads to a much
simpler reaction mechanism than HB PTC, providing a framework for experimental
mechanistic investigation without the challenges of heterogeneous reactions (e.g.
reactions can be monitored in real time by NMR). Synthetically, such an approach is
complimentary to HB PTC, providing the potential for (enantio)selective fluorination,
such as Kinetic resolutions, in more polar solvents and providing an incremental route to
small-molecule catalyzed fluorination in hydrogen bonding solvents with simple fluoride

salts, and ultimately water.

5.3.7 Towards Fluorination under Agueous Conditions
Nucleophilic fluorination in water is well understood to be challenging due to the lack of
reactivity of fluoride when strongly solvated. None the less, nature’s only fluorination

enzyme, the fluorinase, does so using fluoride under aqueous conditions. Synthetically,
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selective fluorination under aqueous conditions is desirable for several reasons i) to
fluorinate molecules with poor solubility in organic solvents (or that denature, such as
biomolecules), ii) water is a persistent impurity in commercial fluoride sources, iii) *8F
for radiochemistry is generated as an aqueous solution, with a significant proportion of

activity lost during drying, iv) water is safe to handle and environmentally friendly.

A scenario can be envisaged using a small molecule hydrogen bonding catalyst in a
hydrogen bonding solvent, similar to the conditions of the fluorinase. Using fluoride in
water follows the same principles outlined earlier in this chapter but introduces a few
constraints, i) strong solvent-fluoride hydrogen bonds and high solvent concentration
make solvated fluoride likely the TDI and ii) multiple fluoride-water hydrogen bonds
must be broken for fluoride to interact with catalyst and substrate, increasing the energetic
span. In the absence of additional interactions, hydrogen bonding to fluoride cannot
catalyze fluorination in water from aqueous fluoride. In the case that the HB donor binds
fluoride more strongly than the solvent, it will lower both the TDI (becoming solvated
catalyst-fluoride complex) and the fluoride delivery TDTS — the former to a greater
degree, increasing the energetic span of the reaction. On the other hand, if the donor binds
fluoride less strongly than the solvent, it will stabilize neither and have no effect on the
reaction (Figure 5.23). Achieving catalysis, i.e. decreasing the energetic barrier of the
reaction relative to coordination by solvent, must therefore be achieved by stabilizing the

TDTS using interactions other than catalyst-fluoride hydrogen bonds.

Catalysis can be achieved by sufficiently favorable catalyst-substrate interactions,
lowering the TDTS relative to the TDI, as these interactions are not present in the TDI.

Additionally, having a positively charged electrophile allows the system to benefit from
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the Coulombic interaction. Weaker hydrogen bonding to fluoride is advantageous to
prevent the intermediates from becoming too low in energy and increasing the energetic
span. As previously stated, it must be ensured that catalyst-product interactions are not
too strong as to inhibit turnover. Further, exploiting Coulombic interactions ensures that
substrate binding to catalyst in the absence of fluoride is not too favorable, making this
complex the TDI. A hypothetical Gibbs free energy profile where catalysis is achieved is

shown in Figure 5.24.

Hydrogen bonding of the catalyst to fluoride is comparable in strength to binding of the
catalyst to the substrate (bearing in mind the strong solvation of the fluoride). The ternary
reactive complex (111) is therefore only marginally higher in free energy than the starting

materials due to a balance of strong binding energy and the entropic loss on coordination.
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Figure 5.24: Hypothetical Gibbs free energy profile achieving catalysis under aqueous conditions.
Binding of fluoride by the hydrogen bonding catalyst (11s) is weaker than binding of electrophile (114).
Strong catalyst-electrophile interactions are maintained from the reactive complex to the transition state
structure.

This contrasts with the higher Gibbs free energy complex in the uncatalyzed pathway,
where fluoride-substrate interactions are weak. The barrier from complex (111) to TS
(IV%) is comparable for both the catalyzed and uncatalyzed pathways as the hydrogen

bonding strengths of catalyst and solvent are comparable.
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Figure 5.25: Hypothetical energy profile corresponding to the Gibbs free energy profile in Figure 5.24.

To better illustrate the consistency of these requirements, the corresponding electronic
energy profile is given in Figure 5.25. I1a and 18 have approximately the same electronic
energy — formation of Ils results in loss of rotational entropy, whereas formation of 11a
does not. Stabilization of complex 111 by catalyst (energy difference between the two
curves) is large and roughly the sum of catalyst interactions with fluoride and substrate
individually. Fluoride-substrate interaction is therefore relatively small, consistent with

the energy of the complex on the uncatalyzed pathway.

When considering the reactivity of the fluorinase enzyme, it is known that the fluorinase
binds fluoride weakly, but substrate strongly, consistent with achieving catalysis on
similar principles to the above profile.*? A further important factor is that the fluorinase
binds substrate in a reactive conformation, where the barrier to fluorination is reduced
from 92 (112) kJ/mol to 53 (62) kJ/mol (BP86/TZVP+ and (B3LYP/TZVP+) with
solvation effects in COSMO(H,0) where applicable).®® This effect is mainly down to the

ground state conformation of substrate, and prevents the strongly bound
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catalyst-fluoride-substrate complex from being too low in energy, where it could inhibit
turnover. Potentially, binding of substrate only in a reactive conformation could be
employed with a small molecule catalyst to enable strong substrate binding, without

creating a low energy TDI.

5.3.8 Hydrogen Bonding Phase-Transfer Catalysis

The full mechanism of HB PTC is highly complex and challenging to investigate both
experimentally and computationally due to the heterogeneous nature of the reaction and
the presence of tight ion pairing in the low polarity solvent. The mechanism is, as yet, not
fully understood, although the importance of the hydrogen bonding catalyst in

phase-transfer and ion transport has been established (Chapter 3).

Clearly, the mechanism of HB PTC is far more complex than a simple homogeneous
fluorination. Notably, stronger hydrogen bonding catalysts lead to higher TOF for the
reaction, inconsistent with reactive complex as TDI and fluoride delivery TS as TDTS
(Section 5.3.4). The heterogeneous nature of the setup plausibly suggests the TDI of the
reaction being solid metal fluoride salt + free catalyst, with no catalyst-fluoride hydrogen
bonding, due to the high lattice energy of the metal fluoride. In this case, the dependence
of rate on donor strength can be reproduced when the TDTS involves the catalyst
hydrogen bonding to fluoride in any capacity. Increasing the strength of the hydrogen
bond donor lowers the TDTS but leaves the TDI unaffected. It is possible that the TOF
limiting TS corresponds to fluoride delivery or is related to ion transport and
phase-transfer. Identification of the TDTS in a reaction profile is sensitive to the
phase-transfer process and ongoing mechanistic work suggests it is substrate dependent.
Further, the degree of ion pairing is sensitive to concentration and the hydrogen bonding

catalyst will be subject to competition between binding leaving group and fluoride.
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5.3.9 Strengths and Weaknesses of the Fluoride Binding Approach

The strengths and weaknesses of the fluoride binding approach for nucleophilic
substitution can be summarized as follows. Strengths: i) As the only engineered
interaction is hydrogen bonding to fluoride, the principle is very general, and can be
demonstrated by very simple hydrogen bonding catalysts such as N,N -diphenylurea, ii)
this interaction is strong enough to activate potassium fluoride in apolar solvents, and is
shown directly to solubilize cesium fluoride, iii) as fluoride is neutralized over the
reaction, product does not sequester catalyst, iv) small (catalytic) quantities of hydrogen
bond donor are sufficient. Limitations: i) In a homogeneous system, hydrogen bonding
to fluoride alone cannot catalyze fluorination from fluoride, ii) the effect of hydrogen
bond donor strength on turnover frequency is complex, depending on the exact
mechanism of the transformation, iii) solid-liquid phase-transfer hinders mechanistic
study, iv) hydrogen bonding to fluoride strongly links tuning of reactivity and selectivity,

potentially leading to compromises in catalyst design.

5.4 Conclusions
This chapter summarizes the insight and knowledge that has been gained through the
investigation of the effects of hydrogen bond donors on the reactivity and selectivity of

fluoride, through computational and theoretical methods.

Computational insight gained into the origins of enantioselectivity for HB PTC
fluorination of episulfonium and aziridinium ions underlines the challenges in achieving
high enantioselectivities with broad substrate scope. Computation defines the problem
and is currently being used for the rational design of a second-generation of catalysts with
an engineered substrate binding group, that reduces the accessible conformations of the

substrate in the catalytic pocket. Designs that have been tested so far are hindered by low
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activity, however the design principles are broad and, combined with experimental

screening, provides a promising area of future research.

The complex and varying ways in which hydrogen bonding to fluoride affects the rate of
a fluorination reaction are discussed in depth, and seemingly contradictory experimental
observations are shown to be consistent with kinetic theory. Several scenarios are
outlined with varying effects of hydrogen bond donor strength on catalytic turnover
frequency. The kinetics of HB PTC fluorination reactions, where stronger hydrogen
bonding leads to increased TOF, can be explained in terms of a catalyst resting state
where the catalyst is not hydrogen bonding to fluoride — plausibly with fluoride strongly
bound in the insoluble fluoride salt. Under homogeneous conditions, a donor hydrogen
bonding to fluoride, alone, cannot catalyze fluorination from fluoride, however
exploitation of catalyst-substrate interactions can potentially make this possible. Several
model systems are computed with catalyst-substrate n-n stacking or catalyst-substrate
hydrogen bonding. Ultimately, these principles may be applied to aqueous fluorination,
without requiring an enzymatic environment, however, it remains to be seen whether
these constraints are achievable in practice with a small molecule catalyst. Whilst
optimization of catalyst-substrate interactions mandates development of multi-functional
catalysts, which are more synthetically challenging, this chapter outlines the

circumstances in which they are necessary to pursue.

The strengths and weaknesses of our fluoride binding approach for fluorination from
fluoride are summarized, establishing the approach as complimentary to existing
methods. Overall, this work highlights the importance, benefits and plausibility of
real-time collaboration of computation and experiment to tackle challenging problems in

organic chemistry.
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6 Appendices

6.1 Supporting Information — Chapter 2

6.1.1 Selectivity for Sn2 vs E2 Reactivity

All ureas investigated are slightly non-planar and have two low energy conformers
described approximately by the Cs and C> point groups. In all cases, the C. conformer is
preferred by an insignificant energy difference — Ureacrs(Cs) could not be located. The

C. conformers are used in the rest of the work. All ureas become planar on binding

fluoride.

Ureaowme(C2)

Urean(Cz)

(\»( \r’\;«

Ureaci(C2)

Urean(Cs) +1.8 kJ/mol
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Figure S1: Urea geometries. Gibbs free energy differences at 343.15 K.

The ureas with more electron withdrawing substituents are generally closer to the planar
structure than those with electron donating substituents. Dihedral angles are measured

about the bond between urea nitrogen and aromatic group ipso carbon.

Table S1: Distortion of Ureas from Planar Structure.

Urea Distortion from Planarity (Dihedral) / ©

Urea
1 2
OMe C2 31.9 31.9
Me C2 23.9 23.9
H C> 214 21.3
F C> 28.3 28.3
Cl C2 12.5 12.5
CF3 Co 8.5 7.1
OMe Cs 30.8 -29.7
Me Cs 15.5 -24.6
H Cs 134 -13.3
F Cs 26.5 -28.2
Cl Cs 12.6 -14.3
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[UciF] [UcrsF]

Figure S2: Urea-fluoride complex geometries.
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[Uci2F]

[Ucrs2F] *

Figure S3: Bis urea-fluoride complex geometries. *Low imaginary frequency.
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Figure S4: Computed Gibbs free energies, enthalpies and entropies of binding for [UF]- complexes,
plotted against Hammett o, (298.15 K, 1 M). Points from left to right represent Ux where X = OMe, Me,

H, F, Cl, CFs.
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Figure S5: Computed Gibbs free energies, enthalpies and entropies of binding for [UF]- complexes,
plotted against the planarity of the (C,) urea when uncoordinated, represented by dihedral angle (Table
S1). Points from left to right represent Ux where X = OMe, Me, H, F, CI, CFs.

The difference in entropy of coordination between different ureas originates from the

change in vibrational entropy upon fluoride binding.

Table S2: Change in (Uncorrected) Entropic Terms of Ureas upon Fluoride Binding.

TAS of fluoride binding, 298.15 K, 1 atm / kJ/mol

Urea
Total Elec Trans Rot Vib
CFs -23.7 0.0 -44.0 0.5 19.9
Cl -29.2 0.0 -44.0 0.7 14.1
F -32.2 0.0 -43.9 0.7 11.0
H -31.2 0.0 -43.9 0.8 11.9
Me -35.2 0.0 -43.9 0.7 7.9
OMe -34.2 0.0 -43.9 0.6 9.2
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TS-Sn2-Cl TS-Sn2-CFs

Figure S6: Sn2 transition state structures.
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TS-E2-CI TS-E2-CFs

Figure S7: E2 transition state structures.
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Table S3: Key Bond Distances for Sn2 and E2 TSs with [UF]" Complexes.

Species  Sub" SN2 E2 [UFT
F CBr NF |HF CH CBr NF|NF
Nourea n/a 2.045 2394 nla 1247 1319 2299 nla n/a
Urea OMe 1983 2471 2750 1.244 1335 2417 2.809 2.656
Me 1982 2471 2747 1244 1335 2419 2808 2.653
H 1.979 2473 2743 1241 1.337 2421 2.804 2.647
F 1979 2474 2738 1241 1337 2422 2800 2.642
Cl 1977 2477 2733 1241 1338 2425 2794 2.634
CF; 1973 2481 2725 1.238 1339 2431 2786 2.621
R? vs op 100 098 099 097 09 099 098 0.99
PrBr nfa 1968 n/a na 1.094 1968 nla n/a
PrF 1400 n/a n/a n/a n/a n/a n/a n/a
HF n/a n/a na 0923 n/a n/a n/a n/a
Bond lengths reported in A. N-F distances are reported as an average.
1.56 p
f\, L3 “?/_
e 2005/
I~ ( _(“’;\
®
[MeOH-F] TS-Sn2-MeOH

TS-E2-MeOH [AF]

Figure S8: Alcohol-fluoride species.
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6.1.2 Fluoride Geometric Preference

Table S4: Geometric Data for Fluoride Hydrogen Fluoride Hydrogen Bonded Complexes.

FH---F distance / A

Complex FH---F---HF angle / ° Point Group?*
1* 2 1 2

[F(HF)] 1.135 - 180.0 - Doh
[F(HF)2] 1.338 - 118.0 - Cov
[F(HF)s] 1.429 - 120.0-120.1 - Cav
[F(HF)4] 1.507 - 109.5 - T4
[F(HF)s] 1.622 1.581  119.8-120.4 90.0-90.1 Dsh
[F(HF)e] 1.675 - 90.0 - On

*Axial distance where applicable. *Allowing for computational uncertainty where appropriate.
6.1.3 Thermodynamic Data

Thermochemistry evaluated at 343.15 K and 0.5 M concentration.

Table S5: Benchmarking.

Energies / Ha

E (opt) G (opt) G-gh (opt)
E2_anti_MO6L -2792.692115 -2792.641616 -2792.641476
E2_syn_MO6L -2792.679597 -2792.629512 -2792.629236
Sn2_MO6L -2792.693589 -2792.637416 -2792.637300
E2_anti_TPSSTPSS -2792.692115 -2792.641616 -2792.641476
E2_syn_TPSSTPSS -2792.679597 -2792.629512 -2792.629236
Sn2_TPSSTPSS -2792.693589 -2792.637416 -2792.637300
Urea_H_B3LYP_small -787.436180 -787.258728 -787.256249
Urea_H_B3LYP_TZVPP(D) -787.764895 -787.590051 -787.586919
Urea_H_MO062X_small -787.052187 -786.875011 -786.871587
Urea_H_MO062X_TZVPP(D) -787.377162 -787.202921 -787.198728
Urea_H_MO06L_small -787.052187 -786.875011 -786.871587
Urea_H_MO06L_TZVPP(D) -787.574547 -787.400005 -787.396654
Urea_H_OLYP_small -787.106626 -786.936170 -786.932833
Urea_H_OLYP_TZVPP(D) -787.408823 -787.240993 -787.237552
Urea_H_TPSSTPSS_small -787.502654 -787.331699 -787.328504
Urea H_TPSSTPSS_TZVPP(D) -787.812000 -787.643091 -787.639639
Urea_H_oB97XD_small -787.124639 -786.948122 -786.943804
Urea_H_ @B97XD _TZVPP(D) -787.431087 -787.257450 -787.252532
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Table S6: Complex Energies.

Energies / Ha

E (opt) G (opt) G-gh (opt) E (sp) G-gh (sp)
Ureaowme(C2) -916.412980 -916.177736 -916.173713 -916.528843 -916.289576
Ureawme(C2) -765.980840 -765.756811 -765.750856 -766.089317 -765.859333
Urean(C2) -687.359330 -687.181514 -687.177960 -687.446520 -687.265150
Urear(C2) -885.864255 -885.706360 -885.702588 -885.964083 -885.802416
Ureaci(C2) -1606.566409  -1606.413417  -1606.408716  -1606.674100  -1606.516407
Ureacrs(C2) -1361.548772  -1361.376099  -1361.368997  -1361.686814  -1361.507039
Ureaowme(Cs) -916.412949 -916.176798 -916.173133 -916.528809 -916.288993
Ureawme(Cs) -765.980784 -765.754779 -765.749961 -766.089129 -765.858306
Urean(Cs) -687.359283 -687.180250 -687.177327 -687.446424 -687.264469
Urear(Cs) -885.864204 -885.704776 -885.701650 -885.964072 -885.801518
Ureaci(Cs) -1606.566397  -1606.412497  -1606.408412  -1606.674029  -1606.516044
Ureacrs(Cs) -1361.548772  -1361.376101  -1361.368997  -1361.686814  -1361.507040
[UomeF] -1016.429497  -1016.195828  -1016.191877  -1016.555930  -1016.318310
[UmeFT -865.997885 -865.775149 -865.769938 -866.116884 -865.888937
[UKFT -787.377162 -787.202921 -787.198728 -787.474839 -787.296405
[UrFT -985.882609 -985.727404 -985.723267 -985.992877 -985.833535
[UciF] -1706.585862  -1706.437319  -1706.431655  -1706.703894  -1706.549687
[UcrsF] -1461.569784  -1461.404230  -1461.394568  -1461.717742  -1461.542526
[Uowme 2F] -1932.872324  -1932.377543  -1932.366349 - -
[Uwme2F] -1632.008556  -1631.532127  -1631.521137 - -
[Un2F] -1474.766473  -1474.383842  -1474.376992 - -
[Ur2F] -1871.777431  -1871.434823  -1871.426279 - -
[Uci2F] -3313.183153  -3312.850627  -3312.840645 - -
[Ucrs2F] -2823.150111  -2822.776628  -2822.761798 - -
Table S7: Transition State Structures.
Energies / Ha
E (opt) G (opt) G-gh (opt) E (sp) G-gh (sp)
TS-Sn2 -2792.686015  -2792.627199  -2792.627005  -2792.757647  -2792.698638
TS-Sn2-OMe 3709.124474  -3708.810930  -3708.802419  -3709.307992  -3708.985936
TS-Sn2-Me -3558.692777  -3558.387291  -3558.379341  -3558.869000  -3558.555564
TS-Sn2-H -3480.071778 -3479.814404 -3479.807739 -3480.226748 -3479.962708
TS-Sn2-F -3678.576928  -3678.338293  -3678.331765  -3678.744493  -3678.499331
TS-Sn2-Cl -4399.279778  -4399.048068  -4399.039859  -4399.455131  -4399.215213
TS-Sn2-CF3 -4154.263063  -4154.010230  -4154.000214  -4154.468790  -4154.205941
TS-E2-anti 2792.684291  -2792.631746  -2792.631618  -2792.753093  -2792.700421
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TS-E2-syn -2792.670783  -2792.618412  -2792.618281  -2792.738135  -2792.685633
TS-E2-OMe -3709.118592  -3708.809178  -3708.801868  -3709.299039  -3708.982315
TS-E2-Me -3558.686754  -3558.389029  -3558.380083  -3558.859896  -3558.553225
TS-E2-H -3480.065584  -3479.813328  -3479.807355  -3480.217451  -3479.959222
TS-E2-F -3678.570665  -3678.339088  -3678.331972  -3678.735246  -3678.496554
TS-E2-Cl -4399.273303  -4399.047010  -4399.039198  -4399.445772  -4399.211667
TS-E2-CF3 -4154.256307  -4154.009956  -4153.999996  -4154.459171  -4154.202861
Table S8: Alcohol-Fluoride Species.
Energies / Ha
E (opt) G (opt) G-gh (opt) E (sp) G-gh (sp)
ArsCOH (A) -926.783520 -926.466617 -926.461902 -926.918613 -926.596995
[AFT -1026.793671  -1026.480522  -1026.475170  -1026.938426  -1026.619925
TS-Sn2-ArsCOH 3719493766  -3719.095605  -3719.089008  -3719.697639  -3719.292880
TS-E2-ArsCOH 3710486433  -3719.096745  -3719.088950  -3719.688915  -3719.291432
MeOH -115.722861 -115.695129 -115.695129 -115.750187 -115.722456
[MeOH-FJ -215.730190 -215.707593 -215.707509 -215.770860 -215.748179
TS-Sn2-MeOH -2908.425688  -2908.322658  -2908.320849  -2908.521176  -2908.416337
TS-E2-MeOH -2908.419932  -2908.324627  -2908.322548  -2908.513592  -2908.416208
Table S9: Miscellaneous.
Energies / Ha
E (opt) G (opt) G-gh (opt) E (sp) G-gh (sp)
PrBr 2692717436  -2692.654534  -2692.654527  -2692.776060  -2692.713151
Bromide -2574.379818  -2574.395942  -2574.395942  -2574.403094  -2574.419219
PrF -218.369337 -218.302011 -218.302007 -218.415836 -218.348506
Propene -117.887659 -117.834329 -117.834329 -117.919106 -117.865776
HF -100.460216 -100.467420 -100.467420 -100.476847 -100.484051
Fluoride -99.987167 -100.000970 -100.000970 -100.006244 -100.020048
Table S10: Fluoride Geometric Preference.
Energies / Ha
E (opt) G (opt) G-gh (opt)
[F(HF).] -200.259262 -200.271526 -200.271526
[F(HF)2] -300.628862 -300.634919 -300.634449
[F(HF)s] -400.992907 -400.994700 -400.991948
[F(HF)4] -501.351881 -501.342685 -501.339702
[F(HF)s] -601.702165 -601.689218 -601.685617
[F(HF)e] -702.050472 -702.029285 -702.024388
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6.2 Supporting Information — Chapter 3
Much of this supplementary material has been reproduced from own work in Science
2018, 360, 638-642.1

6.2.1 Modelling Phase-Transfer

Table S11: Tabulated Standard Enthalpy and Entropy Changes at 298.15 K.

Source AH / kd/mol AS / J/IK/mol
A+ (CsFs) Ref (2) -553.5 -
A¢ (CsBr) Ref (2) -405.8 -
At (CsCls) Ref (2) -443.0 -
Aatm (F2) Ref (2) +79.38 -
Aam (Br,) Ref (2) +111.87 -
Aam (Cl,) Ref (2) +121.301 -
Eea(F) Ref (2) +328.1649 -
Eea(Br) Ref (2) +324.5369 -
Eea(Cl) Ref (2) +348.5750 -
Aso(F") Computed -317.8 -26.7"
Asov(Br) Computed -240.6 -26.7"
Asoiv(CID) Computed -257.8 -26.7"
K1 (F)Cat1l Computed +103.0 +88.7
K1 (Br) Catl Computed +51.51 +85.2
K1 (Cl)Cat1l Computed +58.65 +86.3
K1 (F) Cat7 Computed +83.30 +76.7
K1 (Br) Cat7 Computed +39.05 +83.3
K1 (F)Cat8 Computed +104.5 +75.9
K1 (Br) Cat8 Computed +49.2 +73.8

* Entropy change associated with a change in standard state from 1 bar to 1 M.

Table S12: Tabulated Standard Molar Entropies at 298.15 K.

Source S/ J/K/mol
CsF) Ref (2) 92.8
CsBry) Ref (2) 113.1
CsCly) Ref (2) 101.2
F Ref (3) 145.59
Brg Ref (3) 163.57
Clg Ref (3) 154.40
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Table S13: Thermodynamic Values of Phase-Transfer with Different Cations and Episulfonium lon
Precursor Leaving Groups.

Urea Cation Leaving Group  AptG/ kd/mol  AptH/ kJ/mol  AptS/ J/K/mol
Uncatalyzed Cs Br +33.7 +34.4 +2.31
Uncatalyzed K Br +57.5 +60.8 +11.3
Uncatalyzed Na Br +93.6 +98.8 +17.7

Catl Cs Br -16.7 -17.1 -1.16

Catl K Br +7.00 +9.33 -7.84

Catl Na Br +43.1 +47.3 -14.2

Cat7 Cs Br -7.02 -8.30 -4.29

Cat7 K Br +16.7 +18.1 +4.71

Cat7 Na Br +52.8 +56.1 +11.1

Cat8 Cs Br -21.0 -20.9 +0.29
Uncatalyzed Cs Cl +29.2 +29.0 -0.52

Catl Cs Cl -14.5 -15.4 -2.96

6.2.2 The Gibbs Free Energy Profile

6.2.2.1 Achiral Urea syn-anti Isomers

The possibility of syn-anti isomerism was checked for achiral urea 1 (Schreiner’s urea),
urea 7 and thiourea 8. For both ureas, the anti-anti conformer, with urea hydrogen bond
donors pointing parallel, are lowest in energy. For Schreiner’s urea, the Gibbs free energy
difference is substantial at 11.8 kJ/mol, whereas for unsubstituted urea 7, it is marginal
at 1.7 kJ/mol. Similarly, thiourea 8 has a small preference for anti-anti, now split into C2
and Cs symmetric conformers due to the size of the sulfur atom preventing planarity of

the structure. For an in-depth look at urea and thiourea conformations, see reference 4.

Cat laa Cat 1as Cat 1ss
(Grel = 0 kd/mol) (Grel = +11.8 kJ/mol) (Grel = +35.4 kJ/mol)
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Cat 7aa Cat 7as Cat 7ss
(Gret = 0 kd/mol) (Grel = +1.7 kJ/mol) (Grel = +10.9 kJ/mol)

246", .48
®
Cat 7-Br

Cat 1-F

Cat 8aa C2 Cat 8aa Cs Cat 8as
(Grer = 0 kd/mol) (Grer = +1.1 kJ/mol) (Grel = +2.3 kJ/mol)

N/
1 55\(;(/1.56

Cat 8ss Cat 8-F Cat 8-Br
(Grel =+15.0 kJ/moI)

Figure S9: Geometries and relative Gibbs free energies of (thio)urea conformers. Adapted from Ref 1.
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6.2.2.2 Stationary Points and Additional Data

TSr(Cat 7) IPF(Cat 7)
Figure S10: Stationary points for reaction catalyzed by achiral urea, Cat 7. Adapted from Ref 1.

Table S14: Additional Geometric Data for Stationary Points.

Key Distances / A Key Angles / °
C-X C-S H-bond 1 H-bond 2 a-Dihedral® B-Dihedralf
Cat 1-F - - 1.591 1.591 - -
Cat 1-Br - - 2.408 2.408 - -
Cat 7-F - - 1.641 1.641 - -
Cat 7-Br - - 2.464 2.464 - -
Cat 8-F - - 1.554 1.556 - -
Cat 8-Br - - 2.387 2.387 - -
TSer(Cat 7) 2.694 2.266 2.531 2.498 -33.7 82.7
Banti - 1.834* - - - -
IPs(Cat 7) - - 2.433 2517 - -
IP£(Cat 7) - - 1.645 1.805 - -
TSr(Cat 7) 2.133 2.198 1.818 1.705 -12.2 -69.4

* Average value. TPhenyl ring dihedrals measured relative to C-C bond.
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IPsr(Cat 1)syn IPF(uncat)syn

IPF(Cat 1)syn TSr(Cat 1)syn TSr(uncat)syn
Figure S11: Stationary points with episulfonium, 6, methyl group syn. Adapted from Ref 1.

Table S15: Geometric Data for Stationary Points with Episulfonium 6syn.

Key Distances / A Key Angles / °
C-X C-S H-bond 1 H-bond 2 a-Dihedral® B-Dihedral®
TSer(uncat)syn 2.758  2.295 - - -9.4 -9.4
TSer(Cat 1)syn  2.665  2.285 2.547 2.540 -49.7 -49.7
Bsyn - 1.866* - - - -
IPer(Cat 1) syn - - 2,519 2.486 - -
IP£(Cat 1)syn - - 1.699 1.587 - -
TSr(uncat)syn 2.309 2.068 - - -0.1 -49.1
TSe(Cat1)sy;n 2136 2.299 1.719 1.717 -12.9 -47.9

* Average value. Phenyl ring dihedrals measured relative to C-C bond.
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TSci(uncat) TSci(Cat 1) IPci(uncat)

IPci(Cat 1) Cat 1-Cl

TStca(uncat) IPtca(uncat)

Figure S12: Stationary points with chloride and TCA leaving groups. Adapted from Ref 1.

Table S16: Geometric Data for Stationary Points with Different Leaving Groups.

Key Distances / A Key Angles / °
C-X C-S H-bond 1 H-bond 2 a-Dihedral® B-Dihedralf
TSci(uncat) 2571 2233 - - 5.6 -43.4
TSc(Catl) 2498 2315 2.305 2.292 125 -69.8
IPci(Cat 1) - - 2.306 2.220 - -
Cat 1-Cl - - 2.219 2.218 - -
TStca(uncat) 2.182 2.206 - - 12.0 -47.9

"Phenyl ring dihedrals measured relative to C-C bond.

265



6.2.3 Catalyst Alkylation

Table S17: Distribution of Binding Modes in 6 x 20 ns Runs with Tetradentate Catalyst, Cat 9.

Run # Starting point Binding mode weightings
Bis Cooperative syn-anti

1 Cooperative 3% 0% 96 %

2 Cooperative 73% 0% 27 %

3 Cooperative 100 % 0% 0%

4 Bis 77 % 0% 22 %

5 Bis 30 % 0% 69 %

6 Bis 65 % 0% 34 %
Average Cooperative 59 % 0% 41%
Average Bis 57 % 0% 42 %
Overall 58 % 0% 42 %

Table S18: Geometric Data for Trial Fluoride Delivery Transition State Structures with Cat 9.
Grel/ H-bond Lengths H-bond Angles TS Distances

kJ/mol (N-H - F) /A (N-H---F) /° IA
1 2 3 4 1 2 3 4 C-F C-S
TS Cat 9-F epi tetra  21.3 1.882 1.699 3.218 1.917 150.5 158.1 125.5 134.4 2.069 2.242
TS Cat9 -F epi tri 00 1867 1.741 2.186 - 1525 152.8 151.4 - 2108 2.259

6.2.4 Conformers of Methylated Catalyst 10
Conformers of Cat 10 were determined by MD simulation of the catalyst for 100 ns.
Frames were clustered at 0.7 A RMSD and the 20 most populous clusters optimized using

DFT, generating 16 unique structures.

Cat 10-1 Cat 10-2 Cat 10-3
+ 0.0 kJ/mol + 1.4 kJ/mol + 1.6 kJ/mol
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Cat 10-4 Cat 10-5 Cat 10-6
+12.9 kJ/mol + 14.2 kJ/mol + 14.6 kd/mol

)

Cat 10-7 Cat 10-8 Cat 10-9
+ 14.9 kJ/mol + 15.2 kJ/mol

Cat 10-10 Cat 10-11 Cat 10-12
+ 16.7 kJ/mol + 16.8 kJ/mol +17.1 kd/mol

Cat 10-13 Cat 10-14 Cat 10-15
+ 18.5 kd/mol + 19.6 kd/mol + 20.3 kJ/mol

Cat 10-16
+22.5 kJ/mol
Figure S13: Conformations of catalyst 10 with relative Gibbs free energies. Adapted from Ref 1.
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6.2.5 Complexes of Methylated Catalyst 10

Binding modes of Cat 10 with CsF were determined by MD simulation for 100 ns. 96 %
of frames correspond to a tridentate fluoride binding mode, which is stable once formed.
RMSD clustering was performed at 1.1 A RMSD and the 2 high weighted clusters
optimized with DFT. The lowest energy of these was reoptimized with isopropyl catalyst,
Cat 13. Complexes with bromide and chloride ions were located by replacing fluoride
with the appropriate anion and reoptimizing with DFT. Water coordinating fluoride has
a large effect on fluoride binding energy, however, the effect remains smaller than the
difference calculated between the catalyzed and uncatalyzed pathways with achiral urea.
Further, water has a similar effect on both pathways, so this does not alter mechanistic

conclusions.

Cat 10-F 1 Cat 10-F 2 IP Cat 10-F Cs 1
+ 0.0 kJ/mol + 1.7 kJ/mol —37.7 kJ/mol

IP Cat 10-F Cs 2 Cat 10-F<H,0O IPCat 13-F Cs 1
—36.8 kJ/mol
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Cat 10-Cl 1 Cat 10-Cl 2 Cat 10-Br 1
+ 0.0 kd/mol + 0.0 kd/mol + 0.0 kd/mol

Cat 10-Br 2
+ 1.5 kJ/mol
Figure S14: Stationary points for Cat 10 binding anions. Adapted from Ref 1.

Table S19: Geometric Data for Tridentate Urea—Anion Complexes.

Key Distances / A Key Angles / ©
H-bond1 H-bond2 H-bond3 Cs-F | H-bond3  Backbone

Cat 10-F 1 1.779 1.649 1.670 - 154.1 68.8
Cat 10-F 2 1.894 1.566 1.664 - 159.9 108.8
Cat 10-F+H,0 1.786 1.736 1.744 - 151.4 70.0
IP Cat 10-FCs 1 1.781 1.753 1.740 2.720 152.0 69.8
IP Cat 10-F Cs 2 1.814 1.641 1.851 2.759 144.5 99.3
IPCat 13-FCs 1 1.738 1.795 1.756 2.716 152.7 72.2
Cat 10-Cl 1 2.354 2.208 2.354 - 145.1 69.7
Cat 10-Cl 2 2.494 2.154 2.362 - 154.8 109.2
Cat 10-Br 1 2.543 2.384 2.662 - 144.0 69.8
Cat 10-Br 2 2.712 2.344 2.562 - 154.6 109.4

Table S20: Binding Gibbs Free Energies and Equilibrium Constants with Catalyst 10.

Bound Species AG K
Br -21.9 5x 103
Cl -28.9 1x10°
F -76.1 2x10%
F e (H0) -49.4 2x 108
CsF* -31.6 -

Equilibrium constants computed from conformer ensemble. K calculated from lowest energy conformers.
*Binding of CsF ion pair by catalyst 10.
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6.2.6 Transition State Structures with Methylated Catalyst 10

TS Cat 10-F major 1 TS Cat 10-F major 2 TS Cat 10-F major 3
298.15 K: + 0.0 kJ/mol 298.15 K: + 2.8 kJ/mol 298.15 K: + 9.9 kJ/mol
243.15 K: + 0.0 kJ/mol 243.15 K: + 2.7 kJ/mol 243.15 K: + 9.9 kJ/mol

TS Cat 10-F major 4 TS Cat 10-F major 5 TS Cat 10-F major 6
298.15 K: + 18.4 kJ/mol 298.15 K: + 21.1 kJ/mol 298.15 K: + 25.7 kJ/mol
243.15 K: + 18.2 kd/mol 243.15 K: + 21.3 kJ/mol 243.15 K: + 25.4 kJ/mol

TS Cat 10-F major 7 TS Cat 10-F major 8 TS Cat 10-F major 9
298.15 K: + 32.6 kJ/mol 298.15 K: + 32.9 kJ/mol 298.15 K: + 42.2 kJ/mol
243.15 K: + 32.6 kd/mol 243.15 K: + 33.6 kJ/mol 243.15 K: + 42.7 kd/mol

TS Cat 10-F minor 1 TS Cat 10-F minor 2 TS Cat 10-F minor 3
298.15 K: + 6.0 kJ/mol 298.15 K: + 10.0 kJ/mol 298.15 K: + 10.6 kJ/mol
243.15 K: + 6.8 kJ/mol 243.15 K: + 10.0 kJ/mol 243.15 K: + 10.5 kJ/mol
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TS Cat 10-F minor 4 TS Cat 10-F minor 5 TS Cat\ 10-F minor 6
298.15 K: + 10.7 kJ/mol 298.15 K: + 20.4 kJ/mol 298.15 K: + 23.0 kJ/mol
243.15 K: + 11.1 kJ/mol 243.15 K: + 20.2 kJ/mol 243.15 K: + 22.9 kJ/mol

TS Cat 10-F minor 7
298.15 K: + 29.7 kJ/mol
243.15 K: + 30.0 kJ/mol
Figure S15: Fluoride delivery TS for catalyst 10 with episulfonium substrate 6. Adapted from Ref 1.

The lowest energy transition state structure, TS Cat 10-F major 1, was reoptimized with
bromide ion to assess whether the tridentate catalyst could lower the barrier to bromide
removal. The barrier was reduced from 90.2 kJ/mol in the absence of catalyst, to

82.7 kJ/mol with catalyst. No additional conformational searching was performed.

TS Br Cat 10

Figure S16: Transition state structure for episulfonium ion formation by removal of the bromide leaving
group, catalyzed by Cat 10. Adapted from Ref 1.
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6.2.7 Complete Ensemble of Transition State Structures with Catalyst 13

TS Cat 13-F epi major 1 TS Cat 13-F epi major 2 TS Cat 13-F epi major 3
298.15 K: + 0.0 kJ/mol 298.15 K: + 10.4 kJ/mol 298.15 K: + 10.6 kJ/mol
243.15 K: + 0.0 kJ/mol 243.15 K: + 10.0 kJ/mol 243.15 K: + 10.7 kJ/mol

TS Cat 13-F epi major 4 TS Cat 13-F epimajor 5 TS Cat 13-F epi major 6
298.15 K: + 15.9 kJ/mol 298.15 K: + 19.8 kJ/mol 298.15 K: + 19.7 kJ/mol
243.15 K: + 16.2 kJ/mol 243.15 K: + 19.3 kJ/mol 243.15 K: + 19.7 kJ/mol

TS Cat 13-F epi major 7
298.15 K: + 20.9 kJ/mol
243.15 K: + 20.6 kJ/mol
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TS Cat 13-F epi Minor 1 TS Cat 13-F epi Minor 2 TS Cat 13-F epi Minor 3
298.15 K: + 7.8 kd/mol 298.15 K: +8.4 kdJ/mol 298.15 K: + 10.4 kJ/mol
243.15 K: + 7.8 kd/mol 243.15 K: + 9.1 kJ/mol 243.15 K: + 10.6 kd/mol

TS Cat 13-F epi Minor 4 TS Cat 13-F epi Minor5 TS Cat 13-F epi Minor 6
298.15 K: + 20.0 kJ/mol 298.15 K: + 21.8 kJ/mol 298.15 K: + 21.1 kJ/mol
243.15 K: + 20.0 kd/mol 243.15 K: + 21.4 kd/mol 243.15 K: +21.4 kJ/mol

TS Cat 13-F epi Minor 7 TS Cat 13-F epi Minor 8 TS Cat 13-F epi Minor 9
298.15 K: + 22.9 kJ/mol 298.15 K: +30.1 kJ/mol 298.15 K: 29.6 kJ/mol
243.15 K: + 23.8 kJ/mol 243.15 K: + 29.6 kJ/mol 243.15 K: + 30.2 kd/mol
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TS Cat 13-F epi Minor 10
298.15 K: + 40.6 kJ/mol

243.15 K: + 41.1 kJ/mol
Figure S17: Complete ensemble of TSs optimized with catalyst 13. Adapted from Ref 1.

6.2.8 On the stability of p-Fluorosulfides

Structures of fluoroepisulfuranes.

16a (rs¢ = 1.970 A) 16b (rs-r = 1.968) 17a (rs-F = 1.980)

?\\

ey T-g o

a_ |

—

N

17b (rs.r = 1.962) 14 (lowest conformer) 15 (lowest conformer)

Figure S18: Stationary points for fluoroepisulfuranes and precursors.
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Table S21: NMR Isotropic Shielding Constants — *H and °F.

H Isotropic Shielding Constant / ppm

Structure 1 5 3 1 s BF / ppm
16a 30.2106 29.2454 30.5167 30.7610 29.2759 116.0953
16b 30.3856 29.3157 30.6305 30.5435 29.1879 114.1359
17a 30.3102 28.8425 30.1857 30.6591 29.4528 126.5725
17b 30.3922 28.8381 30.0657 30.7818 29.0714 117.1396
14-1 30.8418 28.4409 26.7584 30.4634 29.5475 364.2482
14-2 30.3666 29.2765 27.1137 30.3332 29.8404 376.6387
14-3 30.5562 29.4128 27.3996 30.3301 29.5954 362.5516
14-4 30.6201 29.1206 26.7185 30.5452 29.6635 396.7013
14-5 30.4380 28.8686 27.3923 30.4979 29.6845 370.5096
14-6 30.5413 29.1668 26.7302 30.5385 29.6340 390.9678
14-7 30.4034 29.2975 26.5418 30.5714 29.5668 388.1368
14-8 30.5945 28.6783 26.9174 30.6284 29.6671 370.6863
14-9 30.5531 28.6628 26.9688 30.4435 29.7637 368.4782
15-1 30.7133 28.7580 26.7289 30.5033 29.6495 377.8126
15-2 30.2818 29.3216 26.7973 30.3270 29.7070 382.7658
15-3 30.7766 29.0595 27.1209 30.5247 29.4466 364.9138
15-4 30.5292 28.6829 26.8006 30.6702 29.5991 368.6208
15-5 30.3778 29.1421 26.8715 30.3760 29.6663 389.9772
15-6 30.7041 28.9108 27.4324 30.4944 29.6771 369.7990
15-7 30.5837 29.2195 27.1434 30.5668 29.8425 367.1508
15-8 30.5074 29.2358 26.8812 30.3418 29.6140 391.1477
15-9 30.5190 28.7049 26.9384 30.4900 29.7719 363.0017

Table S22: NMR lIsotropic Shielding Constants — 13C.
13C Isotropic Shielding Constant / ppm
Structure
1 2 3 4 5
16a 174.9487 144.7885 143.4460 171.4790 154.6122
16b 170.2104 138.0573 148.4206 172.9942 154.8353
17a 175.9968 138.6071 149.1692 176.7381 146.1956
17b 181.5151 150.7049 152.6804 178.4486 162.9704
14-1 171.0545 134.4945 88.1734 174.0355 165.4705
14-2 170.9664 139.3160 93.3405 167.3702 175.5346
14-3 168.7573 133.7409 88.9747 166.6772 165.3280
14-4 175.3506 133.9577 98.6959 168.8770 168.8806
14-5 170.1921 135.0451 92.0245 167.1954 170.0447
14-6 175.4291 132.8861 92.2128 168.4444 168.0817
14-7 175.7224 140.1223 85.4276 167.7026 172.4375
14-8 169.8636 132.3093 92.7174 172.4166 169.0921
14-9 171.5629 139.5606 91.5011 172.6244 171.8380
15-1 174.5644 136.9966 95.3041 174.3153 168.3899
15-2 169.8093 138.1066 89.1870 167.0661 172.8073
15-3 171.0374 133.2398 83.6080 167.0029 164.4584
15-4 174.7639 135.9114 94.0461 172.7664 168.4397
15-5 168.5938 132.0560 91.8118 167.7654 168.6679
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15-6 171.5579 132.5279 92.5024 167.3553 169.7353
15-7 170.3955 137.8246 97.0729 167.4288 176.0161
15-8 167.5164 131.8045 91.9377 167.4854 164.4290
15-9 177.1459 143.3929 91.3117 173.1131 173.3973
6.2.9 Thermodynamic Data
Table S23: Pathway with Achiral Urea.
Energies / Ha
E (opt) G (opt) G-gh (opt) E (sp) G-gh (sp)
Cat laa -2033.353700 -2033.169216 -2033.159297 -2035.910612 -2035.716209
Cat las -2033.349097 -2033.163487 -2033.154014 -2035.906815 -2035.711732
Cat 1ss -2033.353644 -2033.159334 -2033.154211 -2035.902173 -2035.702740
Cat 1-F -2133.373665 -2133.191831 -2133.181208 -2135.938385 -2135.745928
Cat 1-Br -4607.746838 -4607.568062 -4607.556044 -4610.320359 -4610.129565
Cat 7aa -686.592580 -686.403598 -686.400697 -687.441567 -687.249684
Cat 7as -686.590424 -686.401679 -686.398774 -687.440712 -687.249062
Cat 7ss -686.586950 -686.396627 -686.394565 -687.437932 -687.245547
Cat 7-F -786.604866 -786.418795 -786.415088 -787.461699 -787.271921
Cat 7-Br -3260.981282 -3260.798779 -3260.793709 -3261.846836 -3261.659263
TSer(uncat) -3552.313308 -3552.099059 -3552.096054 -3553.071744 -3552.854490
TSer(Cat 1) -5585.700428 -5585.277217 -5585.262671 -5589.004716 -5588.566959
TSer(Cat 7) -4238.934182 -4238.510177 -4238.502137 -4240.536668 -4240.104623
Ganti -977.934363 -977.715799 -977.713498 -978.672665 -978.451800
IPsr(uncat) -3552.327903 -3552.114714 -3552.110708 -3553.087609 -3552.870414
IPer(Cat 1) -5585.720703 -5585.299111 -5585.283707 -5589.026043 -5588.589047
IPsr(Cat 7) -4238.951489 -4238.527116 -4238.519030 -4240.553001 -4240.120542
IPF(uncat) -1077.944669 -1077.728265 -1077.725249 -1078.696148 -1078.476728
IPF(Cat 1) -3111.351814 -3110.924654 -3110.911336 -3114.646474 -3114.205996
IPF(Cat 7) -1764.581152 -1764.152806 -1764.145923 -1766.172929 -1765.737700
TSr(uncat) -1077.931232 -1077.714931 -1077.712483 -1078.682835 -1078.464086
TSr(Cat 1) -3111.333561 -3110.907849 -3110.893899 -3114.632833 -3114.193171
TSr(Cat 7) -1764.563519 -1764.136424 -1764.128860 -1766.158998 -1765.724339
TSer(uncat)syn -3552.314667 -3552.098689 -3552.096189 -3553.072956 -3552.854478
TSer(Cat 1)syn -5585.695928 -5585.270984 -5585.256659 -5588.999015 -5588.559746
6Bsyn -977.932392 -977.711698 -977.709984 -978.670160 -978.447752
IPsr(uncat)syn -3552.325789 -3552.110440 -3552.107121 -3553.083582 -3552.864914
IPsr(Cat 1) syn -5585.721447 -5585.294962 -5585.281452 -5589.021329 -5588.581334
IPF(uncat)syn -1077.930972 -1077.713062 -1077.710892 -1078.681477 -1078.461397
IPF(Cat 1)syn -1077.940540 -1077.721570 -1077.719401 -1078.689932 -1078.468793
TSr(uncat)syn -3111.333036 -3110.906408 -3110.892635 -3114.632407 -3114.192006
TSr(Cat 1)syn -1077.930518 -1077.712361 -1077.710403 -1078.681423 -1078.461308
Cat 1-Cl -2493.745562 -2493.564446 -2493.553453 -2496.312863 -2496.120754
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IPci(uncat) -1438.325448 -1438.110886 -1438.107288 -1439.078804 -1438.860644
IPci(Cat 1) -3471.722329 -3471.295377 -3471.282386 -3475.017991 -3474.578048
TSci(uncat) -1438.310957 -1438.095721 -1438.092884 -1439.063141 -1438.845068
TSci(Cat 1) -3471.698687 -3471.275025 -3471.260681 -3474.998817 -3474.560811
IPtca(uncat) -2565.401972 -2565.163174 -2565.156926 -2566.275419 -2566.030373
TStca(uncat) -2565.390450 -2565.150917 -2565.145234 -2566.264159 -2566.018943
Cat 8aa Cs -2356.242028 -2356.059599 -2356.050146 -2358.849266 -2358.657384
Cat 8aa C2 -2356.242176 -2356.059864 -2356.050464 -2358.849507 -2358.657795
Cat 8as -2356.241488 -2356.059100 -2356.049303 -2358.849116 -2358.656931
Cat 8ss -2356.250239 -2356.059190 -2356.053767 -2358.848538 -2358.652066
Cat 8-F -2456.264202 -2456.087093 -2456.075591 -2458.877728 -2458.689117
Cat 8-Br -4930.635637 -4930.461170 -4930.448352 -4933.258430 -4933.071145
Table S24: Starting Materials and Products.
Energies / Ha
E (opt) G (opt) G-gh (opt) E (sp) G-gh (sp)

4-1 -3552.349602 -3552.134441 -3552.130859 -3553.107610 -3552.888867
4-2 -3552.340139 -3552.122829 -3552.120101 -3553.096913 -3552.876875
4-3 -3552.347694 -3552.132204 -3552.128731 -3553.105749 -3552.886786
4-4 -3552.345284 -3552.129334 -3552.126041 -3553.102214 -3552.882971
4-5 -3552.348631 -3552.131856 -3552.129023 -3553.105882 -3552.886274
4-6 -3552.342835 -3552.126177 -3552.123292 -3553.099249 -3552.879706
4-7 -3552.341024 -3552.123968 -3552.121118 -3553.098766 -3552.878860
4-8 -3552.345270 -3552.127062 -3552.124525 -3553.102599 -3552.881854
4-9 -3552.341424 -3552.123633 -3552.121115 -3553.097556 -3552.877247
4-10 -3552.338915 -3552.121719 -3552.118829 -3553.095400 -3552.875314
4-11 -3552.339750 -3552.121824 -3552.119351 -3553.096422 -3552.876023
4-12 -3552.340139 -3552.122829 -3552.120101 -3553.096910 -3552.876872
4-13 -3552.339750 -3552.121828 -3552.119355 -3553.096421 -3552.876026
5-1 -1078.003107 -1077.783673 -1077.780394 -1078.747642 -1078.52493
5-2 -1078.00365 -1077.784834 -1077.781383 -1078.748316 -1078.52605
5-3 -1078.004291 -1077.785309 -1077.781913 -1078.750116 -1078.52774
5-4 -1078.005161 -1077.786005 -1077.782736 -1078.750915 -1078.52849
5-5 -1078.003503 -1077.783251 -1077.780522 -1078.747937 -1078.52496
5-6 -1078.005080 -1077.785660 -1077.782468 -1078.749839 -1078.52723
5-7 -1078.002886 -1077.783190 -1077.780074 -1078.748758 -1078.52595
5-8 -1078.004062 -1077.784577 -1077.781462 -1078.748790 -1078.52619
5-9 -1078.000578 -1077.778922 -1077.776482 -1078.745884 -1078.52179
5-10 -1077.996285 -1077.776270 -1077.773407 -1078.740453 -1078.51758
5-11 -1077.997826 -1077.776618 -1077.773935 -1078.742626 -1078.51874
SM CI-1 -1438.355099 -1438.138131 -1438.134843 -1439.104987 -1438.884731
SM CI-2 -1438.352819 -1438.136176 -1438.132757 -1439.102935 -1438.882873



SM CI-3 -1438.354862 -1438.136916 -1438.134003 -1439.103661 -1438.882802
SM CI-4 -1438.354204 -1438.136447 -1438.133509 -1439.103351 -1438.882656
SM CI-5 -1438.353043 -1438.135978 -1438.132596 -1439.102907 -1438.882460
SM CI-6 -1438.352750 -1438.135472 -1438.132232 -1439.101679 -1438.881161
SM CI-7 -1438.352484 -1438.133881 -1438.131336 -1439.101090 -1438.879942
SM CI-8 -1438.350730 -1438.130977 -1438.128611 -1439.100052 -1438.877933
SM CI-9 -1438.350529 -1438.132376 -1438.129609 -1439.098830 -1438.877910
SM CI-10 -1438.346536 -1438.127877 -1438.125169 -1439.095915 -1438.874548
SM CI-11 -1438.347454 -1438.128950 -1438.126160 -1439.095528 -1438.874234
SM CI-12 -1438.346298 -1438.128144 -1438.125299 -1439.094311 -1438.873312
SM CI-13 -1438.344664 -1438.125056 -1438.122806 -1439.093324 -1438.871466
SM TCA-1 -2565.452546 -2565.210573 -2565.204218 -2566.321590 -2566.073262
SM TCA-2 -2565.451583 -2565.209240 -2565.203206 -2566.321064 -2566.072687
SM TCA-3 -2565.452862 -2565.208848 -2565.203461 -2566.321230 -2566.071829
SM TCA-4 -2565.450169 -2565.208660 -2565.202090 -2566.319761 -2566.071682
SM TCA-5 -2565.451754 -2565.208442 -2565.202762 -2566.320487 -2566.071495
SM TCA-6 -2565.449840 -2565.209075 -2565.201866 -2566.319271 -2566.071297
SM TCA-7 -2565.451039 -2565.208409 -2565.202371 -2566.319940 -2566.071272
SM TCA-8 -2565.451922 -2565.207890 -2565.202498 -2566.320477 -2566.071053
SM TCA-9 -2565.451867 -2565.208237 -2565.202586 -2566.319886 -2566.070605
SM TCA-10 -2565.451575 -2565.207986 -2565.202434 -2566.319448 -2566.070307
SM TCA-11 -2565.449238 -2565.206793 -2565.200882 -2566.318648 -2566.070292
SM TCA-12 -2565.452287 -2565.207971 -2565.202570 -2566.319860 -2566.070143
SM TCA-13 -2565.450265 -2565.205579 -2565.200497 -2566.318061 -2566.068293
SM TCA-14 -2565.449122 -2565.205836 -2565.200102 -2566.317297 -2566.068277
SM TCA-15 -2565.449624 -2565.205375 -2565.200122 -2566.317239 -2566.067737
SM TCA-16 -2565.449020 -2565.204895 -2565.199666 -2566.316768 -2566.067414
SM TCA-17 -2565.450488 -2565.205095 -2565.200112 -2566.316998 -2566.066622
SM TCA-18 -2565.447862 -2565.203157 -2565.197780 -2566.316399 -2566.066317
SM TCA-19 -2565.446923 -2565.203405 -2565.197655 -2566.315160 -2566.065892
SM TCA-20 -2565.449467 -2565.202916 -2565.198553 -2566.316618 -2566.065704
SM TCA-21 -2565.446408 -2565.201964 -2565.196582 -2566.313927 -2566.064101
SM TCA-22 -2565.445298 -2565.200455 -2565.195433 -2566.313748 -2566.063883
SM TCA-23 -2565.444836 -2565.200389 -2565.194871 -2566.313149 -2566.063184
SM TCA-24 -2565.443789 -2565.201120 -2565.194997 -2566.311557 -2566.062765
SM TCA-25 -2565.441691 -2565.197287 -2565.192180 -2566.307937 -2566.058426
Table S25: Unalkylated Tetradentate Catalyst, Cat 9.
Index Energies / Ha
E (opt) G (opt) G-gh (opt) E (sp) G-gh (sp)

TS Cat 9-F epi tetra -4103.703284 -4102.991767 -4102.974341 -4108.180127 -4107.451184
TS Cat 9-F epi tri -4103.714953 -4102.998148 -4102.983416 -4108.190824 -4107.459287
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Table S26: Methylated Tridentate Catalyst, Cat 10.

Energies / Ha

Index

E (opt) G (opt) G-gh (opt) E (sp) G-gh (sp)
Cat 10-1 -3064.986424 -3064.490460 -3064.476912 -3068.773763 -3068.264251
Cat 10-2 -3064.987219 -3064.490110 -3064.476928 -3068.773999 -3068.263708
Cat 10-3 -3064.986698 -3064.489846 -3064.476566 -3068.773786 -3068.263654
Cat 10-4 -3064.994152 -3064.492587 -3064.481799 -3068.771678 -3068.259325
Cat 10-5 -3064.992995 -3064.491042 -3064.480778 -3068.771067 -3068.258850
Cat 10-6 -3064.986817 -3064.489007 -3064.476686 -3068.768822 -3068.258691
Cat 10-7 -3064.994705 -3064.493090 -3064.482298 -3068.770990 -3068.258583
Cat 10-8 -3064.994058 -3064.491212 -3064.481279 -3068.771259 -3068.258480
Cat 10-9 -3064.991288 -3064.488805 -3064.478575 -3068.770634 -3068.257921
Cat 10-10 -3064.995184 -3064.491055 -3064.481609 -3068.771466 -3068.257891
Cat 10-11 -3064.995991 -3064.491813 -3064.482275 -3068.771581 -3068.257865
Cat 10-12 -3064.991921 -3064.489612 -3064.479813 -3068.769863 -3068.257755
Cat 10-13 -3064.990429 -3064.489078 -3064.478726 -3068.768912 -3068.257209
Cat 10-14 -3064.990818 -3064.487932 -3064.478080 -3068.769520 -3068.256782
Cat 10-15 -3064.991178 -3064.489268 -3064.479018 -3068.768666 -3068.256506
Cat 10-16 -3064.988637 -3064.487813 -3064.476789 -3068.767538 -3068.255690

Table S27: Methylated Tridentate Catalyst, Cat 10, Complexes.
Energies / Ha

E (opt) G (opt) G-gh (opt) E (sp) G-gh (sp)
Cat10-F 1 -3165.019236 -3164.518732 -3164.507896 -3168.805120 -3168.293780
Cat 10-F 2 -3165.014392 -3164.515957 -3164.503978 -3168.803552 -3168.293138
IP Cat 10-F Cs 1 -3185.082242 -3184.582209 -3184.571139 -3188.943324 -3188.432221
IP Cat 10-F Cs 2 -3185.079080 -3184.583659 -3184.570500 -3188.940455 -3188.431875
Cat 10-F+H.O -3241.469500 -3240.947941 -3240.936300 -3245.274813 -3244.741613
Cat 10-Cl 1 -3525.39086 -3524.89129 -3524.88019 -3529.177920 -3528.667249
Cat 10-ClI 2 -3525.385259 -3524.889117 -3524.876315 -3529.176182 -3528.667238
Cat 10-Br 1 -5639.39259 -5638.89422 -5638.88265 -5643.185958 -5642.676018
Cat 10-Br 2 -5639.38687 -5638.89211 -5638.87873 -5643.183590 -5642.675449

Table S28: Cat 10-F-Episulfonium Reactive lon Pairs.
Energies / Ha

E (opt) G (opt) G-gh (opt) E (sp) G-gh (sp)
IP Cat 10-F epi 1 -4142.993600 -4142.255848 -4142.238021 -4147.517967 -4146.762388
IP Cat 10-F epi 2 -4142.993974 -4142.253725 -4142.237081 -4147.518838 -4146.761945
IP Cat 10-F epi 3 -4142.986996 -4142.249185 -4142.231444 -4147.517049 -4146.761497
IP Cat 10-F epi 4 -4142.996868 -4142.253311 -4142.238222 -4147.518733 -4146.760087
IP Cat 10-F epi 5 -4142.992901 -4142.253274 -4142.236590 -4147.515959 -4146.759648
IP Cat 10-F epi 6 -4142.988950 -4142.250082 -4142.232630 -4147.515032 -4146.758712
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IP Cat 10-F epi 7
IP Cat 10-F epi 8
IP Cat 10-F epi 9
IP Cat 10-F epi 10
IP Cat 10-F epi 11
IP Cat 10-F epi 12

-4142.988601
-4142.983972
-4142.980129
-4142.988032
-4142.986052
-4142.983498

-4142.248683
-4142.246189
-4142.241181
-4142.246282
-4142.242718
-4142.243063

-4142.232097
-4142.228540
-4142.224249
-4142.230455
-4142.228058
-4142.226290

-4147.514225
-4147.512619
-4147.510941
-4147.511781
-4147.510436
-4147.508809

-4146.757721
-4146.757187
-4146.755061
-4146.754204
-4146.752442
-4146.751601
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Table S31: Miscellaneous.

Energies / Ha

Index
E (opt) G (opt) G-gh (opt) E (sp) G-gh (sp)
Br(g)* -2574.27728 -2574.290436 -2574.290436 -2574.298613 -2574.311769
Br(DCM) -2574.39026 -2574.403416
F(g)* -99.854602 -99.865742 -99.865742 -99.868379 -99.879519
F(DCM) -99.989411 -100.000551
FeH20 -176.428994 -176.426887 -176.426888 -176.4606374 -176.4585314
Cl(g)” -460.266789 -460.278793 -460.278793 -460.281805 -460.293809
CI(DCM) -460.379998 -460.392002
Cs(9)* -19.934066 -19.947960 -19.947960 -20.013829 -20.027723
Cs(DCM) -20.110183 -20.124077
(2)-TCA -1587.435872 -1587.432886 -1587.432227 -1587.572235 -1587.568590
(E)-TCA -1587.434039 -1587.431808 -1587.430707 -1587.571196 -1587.567864
CsBr(g)* -2594.377610 -2594.400681 -2594.40066 -2594.475060 -2594.498110
CsBr(DCM) -2594.422237 -2594.445944 -2594.445749 -2594.525198 -2594.548710
CsF(g)* -120.001129 -120.021281 -120.021283 -120.088507 -120.108661
CsF(DCM) -120.040461 -120.061202 -120.061202 -120.135181 -120.155922
*Evaluated at 1 mol/dm? concentration
Table S32: On the Stability of B-Fluorosulfides.
Index Energies / Ha
E (opt) G (opt) G-gh (opt) E (sp) G-gh (sp)
16a -695.065603 -694.943721 -694.943432 -695.087171 -694.965000
16b -695.064986 -694.942918 -694.942805 -695.086648 -694.964466
17a -695.062987 -694.940551 -694.940312 -695.084760 -694.962086
17b -695.064948 -694.944482 -694.943620 -695.086180 -694.964853
14-1 -695.146954 -695.023927 -695.022980 -695.156974 -695.033000
14-2 -695.146495 -695.023118 -695.022372 -695.156767 -695.032644
14-3 -695.146546 -695.022838 -695.022340 -695.156737 -695.032531
14-4 -695.144148 -695.021911 -695.020759 -695.155747 -695.032359
14-5 -695.146092 -695.023163 -695.022188 -695.156226 -695.032321
14-6 -695.144449 -695.021424 -695.020627 -695.155848 -695.032026
14-7 -695.146053 -695.022202 -695.021584 -695.156440 -695.031970
14-8 -695.143976 -695.021658 -695.020447 -695.155353 -695.031824
14-9 -695.143892 -695.019294 -695.019028 -695.155443 -695.030578
15-1 -695.146989 -695.023919 -695.023060 -695.157265 -695.033337
15-2 -695.146657 -695.024602 -695.023130 -695.156641 -695.033114
15-3 -695.146379 -695.023100 -695.022369 -695.156851 -695.032840
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15-4 -695.146105 -695.023450 -695.022389 -695.156243 -695.032527

15-5 -695.144526 -695.022088 -695.021089 -695.155412 -695.031976
15-6 -695.143705 -695.020869 -695.019888 -695.155550 -695.031733
15-7 -695.143984 -695.020077 -695.019543 -695.156037 -695.031596
15-8 -695.144494 -695.020766 -695.020284 -695.155647 -695.031437
15-9 -695.145689 -695.020980 -695.020656 -695.156141 -695.031109

6.3 Supporting Information — Chapter 4

Much of this supplementary material has been reproduced from own work in J. Am.

Chem. Soc. 2019, 141, 2878-2883.°

6.3.1 Fluorination of Aziridinium lons with an Achiral Urea Catalyst

6.3.1.1 Stationary Points and Additional Data
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Figure S19: Stationary points for fluorination of aziridinium ions with achiral catalyst.
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6.3.2 Metal Fluoride Solubilization

Tabulated thermodynamic data:

Table S33: Standard Enthalpy and Entropy Changes, 298.15 K.

Source AH (kJ/mol) AS (J/K/mol)
At (CsF) Ref 6 -554.7 -
At (KF) Ref 6 -568.6 -
As (CSF(g)) Ref 6 -356.5 -
At (KF(g) Ref 6 -326.8 -
Asoiv (CsF) Computed -122.8 -22.3
Asoiv (KF) Computed -130.8 -23.1

Gas phase entropies evaluated at 1 bar pressure. Solution phase at 1 M concentration

Table S34: Standard Molar Entropies, 298.15 K.

Source AS (J/K/mol)
CsF) Ref 6 88.3
CsF(g) Ref 6 243.2
KF) Ref 6 66.6
KFq) Ref 6 226.6

6.3.3 Catalyst 12 Conformers

Conformers of catalyst 12 were generated by simulating the system in chloroform for
300 ns. All frames in the trajectory were clustered using 0.7 A RMSD cut-off, with the
11 highest weighted clusters (>0.5 % weighting) optimized using DFT. The following

RMSD framework was used for clustering frames.

\‘\/\ AJ\O_/Q

Y e o
I o x

Figure S20: Framework used for RMSD clustering of MD trajectory of cat 12. Adapted from Ref 5.
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Figure S21: DFT optimized Cat 12 conformers with relative Gibbs free energies. Adapted from Ref 5.
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6.3.4 Transition State Structure Analysis

Major TS Minor TS

L 1.813 N C o 8
[ %% FIuorldinsltlon
A 11.8876%% 1.
ol @R1 739
) $

0.

Figure S22: Close up of fluoride position in TSmajor and TSwminor Showing evidence of greater steric
congestion in the latter. Figure reproduced from Ref 5.

6.3.5 Thermodynamic Data

Table S35: Pathway with Achiral Urea.

Energies / Ha
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E (opt) G (opt) G-gh (opt) E (sp) G-gh (sp)
TSer(uncat) -3248.722254 -3248.463243 -3248.460558 -3249.530399 -3249.268703
TSer(Cat 1) -5282.107423 -5281.641319 -5281.626615 -5285.463095 -5284.982287
2 -674.363354 -674.096895 -674.095042 -675.150261 -674.881948
IPsr(uncat) -3248.754495 -3248.493510 -3248.489947 -3249.562859 -3249.298311
IPer(Cat 1) -5282.151151 -5281.679105 -5281.665524 -5285.502786 -5285.017160
IPF(uncat) -774.368372 -774.104944 -774.102055 -775.168840 -774.902523
IPF(Cat 1) -2807.780092 -2807.303415 -2807.291590 -2811.121557 -2810.633056
TSr(uncat) -774.344834 -774.082339 -774.080171 -775.146338 -774.881675
TSr(Cat 1) -2807.741411 -2807.270802 -2807.256955 -2811.090799 -2810.606342
IPci(uncat) -1134.751692 -1134.489495 -1134.486242 -1135.553527 -1135.288077
IPci(Cat 1) -3168.150378 -3167.676988 -3167.664077 -3171.495866 -3171.009565
TSci(uncat) -1134.720492 -1134.459646 -1134.457347 -1135.522397 -1135.259253
TSci(Cat 1) -3168.106811 -3167.639743 -3167.625264 -3171.456457 -3170.974910
Table S36: Starting Materials and Products
Energies / Ha
E (opt) G (opt) G-gh (opt) E (sp) G-gh (sp)
1-1 -3248.756862 -3248.496740 -3248.493506 -3249.565120 -3249.301765
1-2 -3248.752008 -3248.492311 -3248.489189 -3249.559821 -3249.297002
1-3 -3248.753669 -3248.492201 -3248.489627 -3249.560423 -3249.296381
1-4 -3248.750972 -3248.490886 -3248.487682 -3249.558313 -3249.295022
1-5 -3248.750772 -3248.489236 -3248.486309 -3249.558375 -3249.293912



1-6 -3248.750880 -3248.489460 -3248.486826 -3249.557517 -3249.293463
1-7 -3248.749925 -3248.489381 -3248.486677 -3249.556523 -3249.293275
1-8 -3248.749932 -3248.487749 -3248.485533 -3249.555690 -3249.291291
1-9 -3248.748066 -3248.486123 -3248.483587 -3249.555581 -3249.291102
1-10 -3248.746654 -3248.485515 -3248.482767 -3249.554969 -3249.291082
1-11 -3248.745945 -3248.485272 -3248.482248 -3249.552963 -3249.289266
16-1 -1134.761855 -1134.500105 -1134.497004 -1135.561921 -1135.297070
16-2 -1134.757668 -1134.496438 -1134.493377 -1135.557458 -1135.293166
16-3 -1134.759799 -1134.496909 -1134.494400 -1135.558490 -1135.293091
16-4 -1134.757514 -1134.495290 -1134.492503 -1135.556051 -1135.291040
16-5 -1134.755829 -1134.493986 -1134.491291 -1135.554415 -1135.289877
16-6 -1134.756436 -1134.492954 -1134.490358 -1135.555923 -1135.289845
16-7 -1134.756881 -1134.493480 -1134.491168 -1135.555522 -1135.289808
16-8 -1134.756281 -1134.492716 -1134.490551 -1135.553657 -1135.287927
16-9 -1134.753611 -1134.490096 -1134.487747 -1135.552676 -1135.286812
16-10 -1134.752182 -1134.488977 -1134.486552 -1135.552228 -1135.286598
16-11 -1134.750959 -1134.489488 -1134.486268 -1135.550193 -1135.285502
16-12 -1134.761855 -1134.500105 -1134.497004 -1135.561921 -1135.297070
16-13 -1134.757668 -1134.496438 -1134.493377 -1135.557458 -1135.293166
16-14 -1134.759799 -1134.496909 -1134.494400 -1135.558490 -1135.293091
3-1 -774.410585 -774.146650 -774.143555 -775.206782 -774.939751
3-2 -774.411357 -7174.146762 -774.144113 -775.205486 -774.938242
3-3 -774.408056 -774.144125 -774.141206 -775.204026 -774.937177
3-4 -774.410481 -774.145299 -774.142862 -775.204541 -774.936922
3-5 -774.408354 -774.144471 -7174.141256 -775.203057 -774.935959
3-6 -774.406568 -774.142039 -774.139322 -775.201502 -774.934256
3-7 -774.407923 -774.142510 -774.140279 -775.201318 -774.933674
3-8 -774.406033 -7174.140786 -774.138018 -775.201487 -774.933473
3-9 -774.403959 -774.138493 -774.136087 -775.198715 -774.930843
3-10 -774.401704 -774.136114 -774.133814 -775.197341 -774.929452
Table S37: Metal Fluoride Solubilization with Methylated Tridentate Catalyst 7.
Energies / Ha
E (opt) G (opt) G-gh (opt) E (sp) G-gh (sp)

Cat7 -3064.986424 -3064.490460 -3064.476912 -3068.773763 -3068.264251
Cat 7 F+Cs -3185.082340 -3184.585204 -3184.572779 -3188.943228 -3188.433667
Cat 7 F.K -3764.904108 -3764.406820 -3764.394299 -3768.696028 -3768.186219
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Table S38: Uncoordinated Ethylated Tridentate Catalyst 12.

Energies / Ha

E (opt) G (opt) G-gh (opt) E (sp) G-gh (sp)
Cat 12-1 -5374.209878 -5373.382114 -5373.356062 -5380.855333 -5380.001517
Cat 12-2 -5374.228039 -5373.389687 -5373.369400 -5380.854932 -5379.996293
Cat 12-3 -5374.230811 -5373.390093 -5373.370810 -5380.855792 -5379.995791
Cat 12-4 -5374.212056 -5373.381566 -5373.357044 -5380.850705 -5379.995693
Cat 12-5 -5374.214784 -5373.381662 -5373.358268 -5380.852000 -5379.995484
Cat 12-6 -5374.223051 -5373.386103 -5373.364819 -5380.853067 -5379.994835
Cat 12-7 -5374.201461 -5373.374535 -5373.348240 -5380.846975 -5379.993755
Cat 12-8 -5374.227783 -5373.389910 -5373.368635 -5380.850705 -5379.991556
Cat 12-9 -5374.213794 -5373.380408 -5373.357475 -5380.847852 -5379.991532
Cat 12-10 -5374.193262 -5373.366071 -5373.339738 -5380.842507 -5379.988984
Cat12-11 -5374.190779 -5373.367488 -5373.339304 -5380.839176 -5379.987700
Table S39: Fluoride Complexes of Ethylated Tridentate Catalyst 12.
Energies / Ha
E (opt) G (opt) G-gh (opt) E (sp) G-gh (sp)

Cat12 F-1 -5474.244879 -5473.410096 -5473.387919 -5480.881541 -5480.024581
Cat 12 F-2 -5474.246598 -5473.409569 -5473.389287 -5480.881334 -5480.024023
Cat 12 F-3 -5474.228022 -5473.400973 -5473.374906 -5480.877042 -5480.023925
Cat12 F4 -5474.219531 -5473.392783 -5473.366686 -5480.875802 -5480.022957
Cat12 F-5 -5474.247213 -5473.408169 -5473.388308 -5480.881400 -5480.022495
Cat 12 F-6 -5474.224673 -5473.399835 -5473.372668 -5480.874245 -5480.022240
Cat 12 F-7 -5474.236455 -5473.403109 -5473.380553 -5480.877899 -5480.021998
Cat 12 F-8 -5474.248257 -5473.409339 -5473.389425 -5480.880066 -5480.021234
Cat12 F-9 -5474.238684 -5473.403568 -5473.381433 -5480.878410 -5480.021160
Cat 12 F-10 -5474.243694 -5473.405371 -5473.384767 -5480.879874 -5480.020947
Cat 12 F-11 -5474.248476 -5473.408220 -5473.388610 -5480.877945 -5480.018079
Cat 12 FeK-1 -6074.138225 -6073.302407 -6073.280984 -6080.776963 -6079.919723
Cat 12 FeK-2 -6074.136304 -6073.300721 -6073.278988 -6080.776652 -6079.919336
Cat 12 FeK-3 -6074.132760 -6073.298404 -6073.275528 -6080.774851 -6079.917620
Cat 12-F*K-4 -6074.115471 -6073.289652 -6073.262649 -6080.770231 -6079.917409
Cat 12-F<K-5 -6074.139953 -6073.303028 -6073.281797 -6080.775534 -6079.917379
Cat 12-F*K-6 -6074.106044 -6073.284670 -6073.255697 -6080.767244 -6079.916896
Cat 12-FeK-7 -6074.134805 -6073.298567 -6073.277711 -6080.773858 -6079.916764
Cat 12-F*K-8 -6074.114247 -6073.290510 -6073.262567 -6080.767683 -6079.916002
Cat 12-F*K-9 -6074.138144 -6073.300149 -6073.279590 -6080.773103 -6079.914550
Cat 12-F<K-10 -6074.123575 -6073.287110 -6073.265514 -6080.769170 -6079.911108
Cat 12-F*K-11 -6074.125895 -6073.291268 -6073.268698 -6080.768092 -6079.910894
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Table S40: Reactive Catalyst 12-Fluoride-Aziridinium lon Pairs.

Energies / Ha

E (opt) G (opt) G-gh (opt) E (sp) G-gh (sp)

Cat 12-F-Azir 1 -6148.639173 -6147.519998 -6147.491095 -6156.073614 -6154.925536

Cat 12-F-Azir 2 -6148.636685 -6147.520388 -6147.489509 -6156.072391 -6154.925215

Cat 12-F-Azir 3 -6148.658183 -6147.527920 -6147.504483 -6156.076418 -6154.922719

Cat 12-F-Azir 4 -6148.653838 -6147.524558 -6147.500643 -6156.075710 -6154.922515

Cat 12-F-Azir 5 -6148.646573 -6147.521140 -6147.495077 -6156.073840 -6154.922343

Cat 12-F-Azir 6 -6148.649583 -6147.524317 -6147.498962 -6156.070828 -6154.920208

Cat 12-F-Azir 7 -6148.644443 -6147.519600 -6147.493603 -6156.066932 -6154.916092

Table S41: Transition State Structures with Catalyst 12.
Energies / Ha (278.15 K)

TS_ 12-FAzir- E (opt) G (opt) G-gh (opt) E (sp) G-gh (sp)
Major 1 -6148.620859 -6147.482565 -6147.459223 -6156.047669 -6154.886032
Major 2 -6148.621222 -6147.482462 -6147.459606 -6156.047206 -6154.885590
Major 3 -6148.620397 -6147.478730 -6147.457556 -6156.046317 -6154.883475
Major 4 -6148.621335 -6147.478758 -6147.458213 -6156.046283 -6154.883160
Major 5 -6148.615643 -6147.476561 -6147.454183 -6156.041464 -6154.880004
Major 6 -6148.608842 -6147.470890 -6147.447411 -6156.039741 -6154.878311
Major 7 -6148.614400 -6147.469990 -6147.449556 -6156.032544 -6154.867700
Minor 1 -6148.616610 -6147.478326 -6147.455128 -6156.044981 -6154.883498
Minor 2 -6148.617157 -6147.478132 -6147.455271 -6156.044371 -6154.882485
Minor 3 -6148.617085 -6147.477681 -6147.455286 -6156.043888 -6154.882090
Minor 4 -6148.620942 -6147.479131 -6147.458279 -6156.043213 -6154.880551
Minor 5 -6148.619145 -6147.478918 -6147.456607 -6156.041499 -6154.878961
Minor 6 -6148.618055 -6147.475814 -6147.454514 -6156.042275 -6154.878734
Minor 7 -6148.618091 -6147.475443 -6147.454226 -6156.042070 -6154.878205
Minor 8 -6148.592956 -6147.458077 -6147.432952 -6156.028361 -6154.868357

Table S42: Transition State Structures with Cyclopentene Derived Substrate, 18.
Energies / Ha
E (opt) G (opt) G-gh (opt) E (sp) G-gh (sp)
TSwmajor derived -5803.627644 -5802.594789 -5802.571170 -5810.655598 -5809.599124
TSwminor derived -5803.633596 -5802.598001 -5802.575598 -5810.657745 -5809.599747
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Table S43: Miscellaneous Species.

Energies / Ha

E (opt) G (opt) G-gh (opt) E (sp) G-gh (sp)
CsFg -120.001129 -120.021281 -120.021283 -120.088507 -120.108661
CsFocm) -120.040461 -120.061200 -120.061202 -120.135181 -120.155922
KF) -699.816535 -699.834673 -699.834674 -699.839431 -699.857570
KF(ocw) -699.866799 -699.885504 -699.885506 -699.889109 -699.907816

6.4 Supporting Information — Chapter 5

6.4.1 Second-Generation Catalysts

Figure S23: Cat-py binding cesium fluoride, showing interaction of cesium with the pyridine motif.

Additional transition state structures with Hs-cat-py

H8-cat-py-3 (Major, +10.7 kd/mol) H8-cat-py-4 (Minor, +30.5 kJ/mol)
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H8-cat-py-5 (Major, +33.1 kd/mol)
Figure S24: Additional computed TSs for fluorination with Hg-cat-py.

6.4.2 Towards Homogeneous Catalytic Fluorination

Lowest energy conformers are illustrated.
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TS-F-Ureaschreiner ArsF

ArsF-Br-Ureaschreiner ArsF-Urean
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ArsF-Ureaschreiner TS-Br-Urean (+ 25 kJ/mol)

Figure S25: Geometries of key species for homogeneous fluorination of bromide substrate.
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TS-F TS-F-Urean

TS-F-Ureaowme TS-Cl-Urean (+ 24 kJ/mol)

Figure S26: Geometries of key species for homogeneous fluorination of chloride substrate.

AriCl AriCl-Urean

AriCl-F AriCl-F-Urean
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TS-AriCI-F TS-AriCl-F-Urean

AriF AriF-Urean

Figure S27: Geometries of key species for homogeneous fluorination of AriCl substrate.

ArsCI-F ArsCIl-F-Urean
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TS-Ar4CI-F TS-ArsCl-F-Urean

Figure S28: Geometries of key species for homogeneous fluorination of ArsCl substrate.
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2.24

TS-HB-ArCI-F

L

TS-HB-Ar1CI-Cl-Urean (+26 kd/mol)

TS-HB-AriCl-F-Urean

Figure S29: Geometries of key species for homogeneous fluorination of HB-Ar:Cl substrate.

6.4.3 Thermodynamic Data

Table S44: Second-Generation Catalysts.

Energies / Ha

E (opt) G (opt) G-gh (opt) E (sp) G-gh (sp)
H8-cat-py-major -2207.699509 -2206.902840 -2206.893622 -2210.309992 -2209.504105
H8-cat-py-minor -2207.691504 -2206.898420 -2206.887380 -2210.304963 -2209.500839
H8-cat-py-3 -2207.692634 -2206.897216 -2206.887514 -2210.305155 -2209.500036
H8-cat-py-4 -2207.697114 -2206.896653 -2206.888505 -2210.301107 -2209.492498
H8-cat-py-5 -2207.693715 -2206.893646 -2206.885464 -2210.299734 -2209.491483
Cat-py-major -2202.905692 -2202.198777 -2202.189763 -2205.461614 -2204.745685
Cat-py-minor -2202.899913 -2202.194941 -2202.184871 -2205.458141 -2204.743100
Cat-py-CsF -1893.590753 -1893.084282 -1893.075418 - -

298



Table S45: Homogeneous Fluorination of 9-(bromomethyl)anthracene (298.15 K).

Energies / Ha

E (opt) G (opt) G-gh (opt) E (sp) G-gh (sp)

Urean™ -686.606836 -686.419106 -686.415568 -687.448126 -687.256858
Ureaschreiner -2033.446586  -2033.263100  -2033.253486  -2035.918006  -2035.724906
Urean-F -786.507967 -786.320933 -786.317634 -787.476991 -787.286657
Ureaschreiner-F -2133.354001 -2133.175552 -2133.164119 -2135.950596 -2135.760715
Urean-Br -3260.698307 -3260.514561 -3260.510062 -3261.863384 -3261.675139
Ureaschreiner-Br -4607.541111  -4607.365015  -4607.352389  -4610.334699  -4610.145976
ArsBr -3151.470482  -3151.292218  -3151.290721  -3152.499324  -3152.319563
ArsBr-Urean -3838.102511  -3837.714503  -3837.708219  -3839.963551  -3839.569258
ArsBr-Ureaschreiner -5184.948335  -5184.563128  -5184.550209  -5188.438029  -5188.039903
ArsBr-F -3251.347828  -3251.171899  -3251.169761  -3252.508452  -3252.330385
ArsBr-F-Urean -3938.000886  -3937.615193  -3937.607926  -3939.990647  -3939.597687
ArsBr-F-Ureaschreiner ~ -5284.852089  -5284.469740  -5284.456242  -5288.467979  -5288.072132
TS-F -3251.328414  -3251.153145  -3251.151112  -3252.486380  -3252.309078
TS-F-Urean -3937.978289  -3937.591778  -3937.585323  -3939.966889  -3939.573923
TS-F-Ureaschreiner -5284.828029 -5284.444625 -5284.431447 -5288.440663 -5288.044081
ArsF -677.309700 -677.127366 -677.126247 -678.132935 -677.949482
ArsF-Br -3251.389165  -3251.215238  -3251.210804  -3252.540375  -3252.362014
ArsF-Br-Urean -3938.020117  -3937.635898  -3937.626852  -3940.004012  -3939.610747
ArsF-Br-Ureaschreiner -5284.866831 -5284.483966 -5284.469053 -5288.477447 -5288.079668
ArsF-Urean -1363.939338 -1363.549079 -1363.542413 -1365.595654 -1365.198728
ArsF-Ureaschreiner -3251.389165  -3251.215238  -3251.210804  -3252.540375  -3252.362014
Fluoride -99.869574 -99.880714 -99.880714 -100.007667 -100.018807
Bromide -2574.076488  -2574.089645  -2574.089645  -2574.406666  -2574.419823
TS-Br-Urean -3937.966001 -3937.581455 -3937.574392 -3939.955850 -3939.564240

* Low imaginary frequency.

Table S46: Homogeneous Fluorination of 9-(chloromethyl)anthracene (298.15 K).
Energies / Ha
E (opt) G (opt) G-gh (opt) E (sp) G-gh (sp)

Ureaome -915.403981 -915.156670 -915.152422 -916.531188 -916.279629
Ureaowme-F -1015.303910 -1015.058931 -1015.053897 -1016.558720 -1016.308707
ArsCl -1037.629667 -1037.449937 -1037.448580 -1038.492661 -1038.311575
ArsCl-Urean -1724.261447 -1723.872048 -1723.865970 -1725.956051 -1725.560574
ArsCl-Ureaome -1953.058875 -1952.610067 -1952.602555 -1955.039300 -1954.582980
ArsCI-F -1137.506735 -1137.328821 -1137.327201 -1138.501635 -1138.322101
ArsCIl-F-Urean -1824.159688  -1823.770404  -1823.764588  -1825.984329  -1825.589230
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ArsCl-F-Ureaowme -2052.958504 -2052.510601 -2052.502786 -2055.067390 -2054.611671
TS-F -1137.483768 -1137.306911 -1137.305123 -1138.475825 -1138.297180
TS-F-Urean -1824.132931  -1823.744845  -1823.738859  -1825.955462  -1825.561390
TS-ArsCl-F-Ureaome  -2052.929723  -2052.483225  -2052.475330  -2055.038100  -2054.583707
TS- ArzCI-Cl-Urean -1824.122576 -1823.734701 -1823.728811 -1825.945831 -1825.552066
Table S47: Homogeneous Fluorination of ArxCl Substrates.
Energies / Ha
E (opt) G (opt) G-gh (opt) E (sp) G-gh (sp)
Ar:Cl -730.694907 -730.603687 -730.602947 -731.201618 -731.109658
AriCl-Urean -1417.319795 -1417.021414 -1417.015352 -1418.660551 -1418.356108
ArCI-F -830.569443 -830.481574 -830.480036 -831.209610 -831.120203
AriCl-F-Urean -1517.218875 -1516.920704 -1516.914897 -1518.688424 -1518.384445
TS-Ar:CI-F -830.547958 -830.459074 -830.458383 -831.184833 -831.095258
TS-AriCl-F-Urean -1517.190406  -1516.892741  -1516.887005  -1518.658470  -1518.355068
AriF -370.376216 -370.283931 -370.282497 -370.843474 -370.749755
AriF-Urean -1057.000201  -1056.698890  -1056.693171  -1058.301120  -1057.994090
ArCl -1230.362339 -1230.111347 -1230.109277 -1231.458320 -1231.205258
Ar4Cl-Urean -1916.997941  -1916.536312  -1916.529751  -1918.925159  -1918.456969
Ar4CI-F -1330.239539  -1329.990701  -1329.988047  -1331.467480  -1331.215988
ArsCl-F-Urean -2016.894601 -2016.433744 -2016.427092 -2018.951273 -2018.483765
TS-ArsCl-F -1330.216064 -1329.968480 -1329.965790 -1331.441418 -1331.191145
TS-ArsCl-F-Urean -2016.868041  -2016.407817  -2016.401498  -2018.923209  -2018.456666
Table S48: Homogeneous Fluorination with HB-Ar1ClI.
Energies / Ha

E (opt) G (opt) G-gh (opt) E (sp) G-gh (sp)

HB-Ar:Cl -977.759110 -977.595229 -977.591505 -978.580952 -978.413347
HB-AriCl-Urean -1664.391499  -1664.016661 -1664.008923 -1666.045226  -1665.662649
HB-Ar:CI-F 1 -1077.648393  -1077.487251  -1077.483379 -1078.600237 -1078.435223
HB-Ar:CI-F 2 -1077.633426  -1077.471911  -1077.467663 -1078.589410 -1078.423647
HB-Ar:Cl-F-Urean 1 -1764.295369 -1763.922164  -1763.913714  -1766.079087 -1765.697431
HB-Ar:Cl-F-Urean-2 -1764.290674  -1763.917001  -1763.908957 -1766.074345 -1765.692628
TS-HB-ArCI-F -1077.612116  -1077.450084 -1077.446469 -1078.564144  -1078.398497
TS-HB-AriCl-F-Urean -1764.262443  -1763.889443  -1763.881185 -1766.043631 -1765.662374
TS-HB-ArnCI-Cl-Urean  -1764.251513  -1763.877247 -1763.869961 -1766.034154 -1765.652602
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