DISSERTATION

UNDERSTANDING SELECTIVITY IN ORGANIC REACTIONS THROUGH DENSITY

FUNCTIONAL THEORY

Submitted by
Louis Raymond Philibert de Lescure

Department of Chemistry

In partial fulfillment of the requirements
For the Degree of Doctor of Philosophy
Colorado State University
Fort Collins, Colorado

Summer 2024

Doctoral Committee:

Advisor: Robert Paton,
Co-Advisor: Andrew McNally

Jeffrey Bandar
Alan Kennan
Margarita Herrera-Alonso



Copyright by Louis R. P. de Lescure 2024

All Rights Reserved



ABSTRACT

UNDERSTANDING SELECTIVITY IN ORGANIC REACTIONS THROUGH DENSITY

FUNCTIONAL THEORY

The success of chemical reactions is often expressed through the lens of selectivity, defined
as the preference for a desired reaction pathway over an undesirable one. A profound
understanding of the rationale behind the selectivity of chemical reactions is crucial for the
progression of synthetic methodologies in organic chemistry. Utilizing quantum chemical
approximations, density functional theory (DFT) calculations offer unparalleled insights into the
electronic structures and mechanisms of reactions, which can be correlated with observed

empirical selectivities.

This dissertation demonstrates the significant utility of DFT, in tandem with experimental
evidence, in elucidating the intricate mechanisms of reactions. Chapter 1 defines the thematic and

methods used throughout this thesis.

Chapters 2 and 3 detail collaborative work with the McNally group at Colorado State
University. Here, we developed innovative methods for the halogenation of pyridines and
advanced modifications of pyrimidine rings utilizing redesigned Zincke chemistry. This chapter
focuses on the factors influencing the regioselectivity of halogenation processes and provides

mechanistic insights into the formation of crucial intermediates.
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Chapter 3 outlines a joint project with the Race group at the University of Minnesota, where
we explored the homologation of benzylic carbon-bromide bonds. Our investigations centered on
the ring-opening of phenonium intermediates, a critical step in determining the success of the

reaction.

Chapter 4 presents a collaboration with the Aggarwal group at the University of Bristol.
This chapter examines the nuanced interplay between kinetic and thermodynamic factors that
govern the enantioselectivity of the reaction discussed. This comprehensive study underscores the
integration of theoretical and experimental approaches in advancing our understanding of

complex chemical reactions.
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CHAPTER 1: INTRODUCTIONS.

1.1 Selectivity in chemical reactions

Understanding the outcomes of chemical reactions is fundamental in the development of
innovative reactions based on established methodologies. In chemistry, the success and efficiency
of a reaction are often evaluated in terms of selectivity, which has three principal types:
chemoselectivity, regioselectivity, and enantioselectivity. These terms define the preference

between two or more competing chemical pathways in a reaction.
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Figure 1.1 Different forms of selectivity.

Chemoselectivity involves the selective reaction of a specific reactant with one of several
possible functional groups in a complex molecule. This selective behavior is vital for synthesizing
complex organic molecules, as it ensures that only designated sites within the molecule are altered,

leaving other reactive groups unaffected.

Regioselectivity concerns the preference for forming a chemical bond at a particular site
over other viable locations within a molecule when multiple chemically similar possibilities exist.
This selectivity is essential for the structural modification of complex molecules, which might
possess many iterations of the same functionality, ensuring that changes occur precisely where

intended.



Enantioselectivity refers to the preference of a chemical reaction to produce one enantiomer
over another. Enantiomers are molecules with identical connectivity that are mirror images of one
another. Because enantiomers can exhibit significantly different biological activities, high

enantioselectivity is particularly critical in the pharmaceutical, agricultural, and food industries.

In industries such as pharmaceuticals and materials, selectivity is crucial for the precise
manipulation of multiple functional groups within complex molecules. Efficient drug synthesis,
for example, relies heavily on the selective transformation of specific moieties without altering

the rest of the molecule.

To understand and predict the behavior of chemical reactions, it is necessary to rationalize
selectivity. There is a significant push in both industry and academia toward developing robust
models that can predict selectivity based on an understanding of underlying chemical
mechanisms. While experimental studies of reaction rates provide direct data, they can be
complex and offer limited insight into the factors controlling selectivity. Alternatively, ab initio
and semi-empirical methods allow for the examination of the electronic structures of intermediate
species along a reaction pathway and their relative energies. By applying these methods, we can
gain insights into the kinetic and thermodynamic behaviors of reactions, and understand the
factors driving selectivity, including crucial intermolecular and intramolecular interactions. This
thesis focuses on the application of computational methods to the elucidation of reaction

mechanisms and rationalization of selectivity.



1.2 Computational methods

1.2.1 Density Functional Theory

The theoretical foundation of DFT is rooted in the Hohenberg-Kohn theorems, first
published in 1964.! These theorems revolutionized the approach to solving the Schrodinger
equation for electrons in a system. The First Theorem states that the ground state properties of a
many-electron system is a unique functional of the electron density, rather than the many-body
wavefunction. This implies that the electron density, a function of three spatial coordinates,
contains all necessary information about the system, simplifying the complex many-body problem
significantly. The Second Theorem establishes the variational principle for the electron density,
enabling the development of practical methods to calculate the density in a manner that minimizes
the total energy. These theorems shifted the focus from the wavefunction to the electron density
as the fundamental quantity of interest, which simplified the computational requirements for

many-electron systems.

One of the most active areas of DFT research involves the development of exchange-
correlation (XC) functionals.> The accuracy of DFT calculations depends critically on these
functionals, which approximate the many-body interaction terms in the Kohn-Sham equations.
Initially, the local density approximation (LDA) was used, where the XC energy is a function
solely of the electron density at a point. While LDA has been remarkably successful in predicting
the properties of many systems, its accuracy is limited for systems with strong electronic
localization or delocalization. To improve upon LDA, gradient-corrected functionals (GGA) were

developed. These consider not only the density but also its first derivatives. Later, hybrid



functionals, which mix Hartree-Fock exact exchange with DFT exchange, provided further

improvements in treating systems where LDA and GGA fall short.

Modern developments in DFT also focus on computational aspects. The advent of high-
performance computing has enabled the application of DFT to increasingly large and complex
systems. Algorithms like the projector augmented wave method and the introduction of linear
scaling DFT methods have significantly reduced the computational cost.®> Alternative semi-

empirical methods are also emerging as an efficient alternative to DFT.

1.2.2 Semi-empirical methods

Semi-empirical methods in quantum chemistry are computational techniques that balance
computational efficiency and reasonable accuracy for large molecular systems by incorporating
empirical parameters into their models. These methods simplify the electronic Hamiltonian and
reduce computational overhead by using parameterized formulas that are derived from
experimental data or higher-level calculations. A prominent example of a modern semi-empirical
method is the extended tight-binding (XTB) model, which significantly extends the applicability
of semi-empirical approaches.* XTB uses a minimal basis set and approximates the electronic
Hamiltonian to achieve faster computations, making it particularly useful for large-scale dynamics
simulations and for systems where traditional DFT calculations would be too slow. Despite its
empirical nature, XTB has been designed to offer a good balance between speed and accuracy,
providing useful insights in systems ranging from small organic molecules to large biomolecular

complexes.



1.2.3 Connecting computations with experiments

DFT serves as a bridge between theoretical chemistry and practical experimental
applications. By providing a deep understanding of the fundamental molecular behavior through
free energy surfaces, transition state theory, Quantitative Structure Activity Relationship (QSAR)
studies, and electronic structures, DFT enhances the design, execution, and interpretation of
experiments. This synergy not only advances our theoretical knowledge but also drives innovation
in material science, pharmaceuticals, and beyond, illustrating the profound impact of

computational chemistry in contemporary research.

G, kcal/mol

' Realctionl coolrdina]te
Figure 1.2 An example free energy surface
Free energy surfaces (FES) provide a topographical representation of the energy changes
associated with different molecular configurations and states during a reaction (Figure 1.2). DFT
can be used to calculate these surfaces by evaluating the changes of free energy of a system at
various points along a reaction coordinate. We can use these changes in free energy to identify

key transition states and their activation energy. The Eyring-Polanyi equation, integral to



transition state theory, offers a detailed and quantifiable approach to understanding the kinetics of
chemical reactions. This theory conceptualizes a 'transition state', a high-energy, intermediate
stage through which reactants must pass before transforming into products. The equation
specifically quantifies the rate at which these transitions occur, linking the reaction rate to

activation energies and temperature.

Mathematically, the Eyring equation is expressed as:

Here, k represents the reaction rate constant, indicating how quickly a reaction proceeds. ks and
h are fundamental constants, Boltzmann's constant and Planck's constant, respectively. T denotes
the absolute temperature, providing insight into how temperature influences reaction speeds. The
term AG* is the Gibbs free energy of activation. It represents the energy barrier that must be
overcome for reactants to transform into products. This barrier is crucial because it determines
the sensitivity of the reaction rate to temperature changes, a key principle in chemical kinetics. R

is the universal gas constant, linking the energy dimensions in the equation.

The pre-exponential factor "ZJ indicates the frequency with which reactants approach the

transition state. It combines thermodynamic and quantum mechanical elements, suggesting that
reaction rates are influenced by both the thermal energy of the reactants and the quantum

mechanical probability of transitioning past the energy barrier. Kinetic experiments are often



designed to measure reaction rates and activation energies, which can then be compared directly
to the predictions made by DFT calculations through TST. This comparison is vital for validating

the accuracy of DFT methods and for refining the models based on experimental data.

Quantitative Structure-Activity Relationships (QSAR) are used extensively in the design
of drugs and new materials, predicting the properties and activities of compounds based on their
structural attributes. DFT provides a robust framework for calculating these properties, which are
used as descriptors in QSAR models. The properties calculated via DFT, such as dipole moments,
electronic affinities, and ionization potentials, are used to develop QSAR models. These models
can be used by practitioners to predict molecular properties and guide reaction design, thereby
speeding up the development process and improving the efficiency of discovering new materials

and pharmaceuticals.

DFT also offers insight into the electronic structure of molecules. Properties such as
electron density, molecular orbitals and their associated energy levels are crucial for understanding
a wide range of chemical properties and behaviors. This theoretical data is essential for
interpreting results from spectroscopic experiments like NMR, IR, UV-Vis, and X-ray
crystallography. By comparing the electronic structures predicted by DFT with experimental
spectra, chemists can elucidate molecular structures, identify functional groups, and understand

the dynamics of electron movements within molecules.

1.3 Introduction to tools and software

This section introduces various tools and software used throughout this thesis.



1.3.1 Goodvibes

Goodvibes 1s a software developed by the Paton lab that is designed to facilitate the
thermodynamic analysis of computed chemical structures and reactions using quantum chemistry
output files.” It primarily focuses on correcting and refining Gibbs free energy calculations,
particularly in the context of exploring reaction mechanisms and kinetics. The tool applies
vibrational frequency analysis to estimate the thermodynamic properties of molecules at different
temperatures and pressures. By using quasi-harmonic oscillator models and other thermodynamic
corrections, Goodvibes can provide more accurate calculation of free energy changes in chemical

reactions, which are crucial for understanding reaction feasibility and conditions.

1.3.2 Conformational analysis

CREST (Conformer Rotamer Ensemble Sampling Tool) is the main tool used throughout
this thesis to explore the conformational space of the molecules associated with the projects; it is
a powerful tool used for generating low-energy conformers of molecules based on the GFN-xTB
semi-empirical method.® It is particularly useful in handling large flexible molecules where

exhaustive quantum mechanical calculations would be prohibitively expensive.

Alternatively, RDKit is an open-source cheminformatics toolkit that provides a wide array
of software tools for handling chemical informatics tasks such as molecular visualization,

generation of molecular descriptors, chemical reaction analysis, and more.” It is commonly used



for conformational analysis where computational efficiency and integration with other data

processing workflows are required.

1.3.3 Electronic structure analysis

To visualize and understand electronic structures, practitioners utilize Natural Bond Orbital
(NBO) analysis.® This technique aids in comprehending the distribution of electron density within
molecules by simplifying complex wavefunctions into a more chemically intuitive description
that includes bonding and non-bonding orbitals. Such simplifications are instrumental in
rationalizing chemical properties and reactivities. Additionally, electrostatic potential maps are
employed to visualize the distribution of electric potential across a molecule. These maps provide
valuable insights into how molecules might interact with other charged entities, predicting sites
of reactivity, understanding hydrogen bonding interactions, and aiding in the design of molecules

with specific electrostatic properties.

1.3.4 Breaking down molecular interactions

The ability to break down molecular interactions is crucial to identify which interactions
are key in controlling selectivity or reactivity. Distortion Interaction Analysis is a method that
decomposes the energy changes during chemical reactions into distortion and interaction
components.” This separation helps in understanding the contribution of structural changes and
electronic interactions to the overall reaction energy. Absolutely Localized Molecular Orbitals
Energy Decomposition Analysis (ALMO EDA) is another sophisticated tool for dissecting
intermolecular interactions into meaningful chemical concepts such as electrostatics, polarization,

and charge transfer, among others.'°



Figure 1.3 NClplot showing non-covalent interactions between a ligand-metal complex and a
substrate.

For a more qualitative approach NClIplot (Non-Covalent Interaction Plot) is a visualization
tool that uses reduced density gradient techniques to identify and visualize non-covalent
interactions within and between molecules (Figure 1.3).!!' It is invaluable for exploring weak
interactions that are critical in molecular recognition, enzyme function, and the stability of

supramolecular complexes.
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CHAPTER 2: C3 SELECTIVE HALOGENATION OF PYRIDINES THROUGH ZINCKE
IMINES.
This chapter presents the computational work that elucidates the source of regioselectivity in a
halogenation reaction of Zincke imine intermediates used as a novel way to achieve pyridine

halogenation.

This work is the result of a collaboration with Benjamin Boyle and Jeffrey Levy from Andrew
McNally’s research group. All experimental work was performed by B.B. and J.L. all calculations
were performed by L.d.L. This work was published as “Halogenation of the 3-position of pyridines

through Zincke imine intermediates” in Science (378, 6621, 773-779, 2022).

2.1 Background and significance

2.1.1 Pyridine Halogenation

Pyridines are commonly found in molecules of biological importance; their widespread
presence is attributed to the combined effects of the heterocycle's inherent electronic
characteristics and various substituents.!* Hence, regioselective halogenation of pyridine C—H
bonds is crucial, as the formation of a carbon—halogen (C—Hal) bond facilitates a multitude of
reactions. In the fields of pharmaceutical and agrochemical research, halogenated pyridines serve
as critical intermediates for diversifying compound candidates for structure-activity relationship
studies and targeted synthesis.>!® Such halogenated compounds, including etoricoxib, hold
intrinsic value in bioactive substances. Nonetheless, despite the documentation of pyridine
halogenation techniques since the late 19th century, significant challenges in this essential bond

formation persist.!"""* Specifically, methods selective for the 3-position often show

12



incompatibility with many complex, biologically relevant substrates due to their sensitive
functional groups.'* Pyridine halogenation via electrophilic aromatic substitution presents an
electronically mismatched process necessitating severe conditions.!>!¢ Typically, the use of
elemental halides with potent Brensted or Lewis acids catalysts at high temperatures is needed to
offset the low © nucleophilicity of pyridine rings.>® The scope of substrates is restricted, and even
though the reactions aim for 3-selectivity, they frequently yield regioisomeric mixtures. The
metalation-halogenation strategy with strong bases represents another method for halogenating
pyridines, yet most approaches require directing groups for consistent access to the 3-position.!”
19 Beyond these methodologies, advancement has been scarce over the last century, prompting the
synthetic community to explore more versatile functional groups instead of halides. The most
prominent of these are iridium-catalyzed borylations and silylations, achieving 3-selectivity for

certain substituted pyridines or through ligand design.?*-2°

We introduce a novel strategy for pyridine halogenation that employs a ring-opening,
halogenation, and ring-closing technique. This single-step method leverages an adapted version
of the traditional Zincke ring-opening reaction, transforming pyridines into azatriene
intermediates, or "Zincke imines" (Figure 2.1). This approach momentarily changes pyridines
from electron-poor heterocycles into polarized alkenes, which then undergo electrophilic

substitution reactions akin to electron-rich aromatic compounds.

13
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Figure 2.1 Strategy for pyridine halogenation through Zincke imines.

2.1.2 Zincke Reaction

The Zincke Reaction typically starts with the N-arylation of pyridine with a deficient chloro
benzene such as 2.4-dinitrochlorobenzene to form a pyridinium salt. This is followed by the
nucleophilic attack on the pyridinium ring with a secondary amine, which opens the ring and
forms a Zincke intermediate (typically Zincke aldehyde). Subsequent reactions can then be
tailored to introduce various substituents or functional groups, ultimately leading to a wide array

of compounds from a relatively simple pyridine starting material.

Existing techniques for Zincke ring-opening chemistry are not sufficient to facilitate the
generalized method for halogenating pyridines. The activation of the pyridine nitrogen demands
harsh conditions and frequently does not proceed when substituents are located at the 2-position.

This constraint disqualifies numerous categories of substituted pyridines.

14



2.2 Experimental findings

In our efforts to overcome the limitations inherent to the Zincke reaction, we directed our
attention to the ring-opening reactions involving NTf-pyridinium salts. These intermediates are
efficiently generated from pyridine and T£>0 at low temperatures and are compatible with a broad
array of substitution patterns, except for 2,6-disubstituted variants. Although Toscano et al. have
demonstrated ring opening with Tf;O, their investigations were confined to pyridine and resulted
in a mixture of ring-opened entities.>® Using 2-phenylpyridine, we explored various aliphatic
amines as potential nucleophiles (Figure 2.2). Compounds such as pyrrolidine, piperidine, and
morpholine, alongside diisobutylamine, yielded moderately successful ring-opened products.
Notably, dibenzylamine emerged as the most effective, yielding the Zincke imine product with
high efficiency. We also expected that the ring-closing step for Zincke imines like would be
straightforward, drawing from existing practices in analogous Zincke systems*! Such as strategies
involving ammonium salts or Brensted acids to synthesize pyridines. These strategies were

successful in ring closing the Zincke imine back to the pyridine.

TfZO (1.0 equiv), HNR’2 (1.2 equiv)

@ collidine (1.0 equiv) TIN . _NR,
W\/
Pi™" >NZ  EtOAc, -78 °C, 30 min then rt B
from HNR',:"
0
[NB O [ j i—Pr/\H/\i-Pr Ph/\m/\Ph
N
H H N
40% 44% 62% 51% 84% (86% isolated yield)

Figure 2.2 Ring opening of pyridines using Tf20 and secondary amines.
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In the subsequent phase of our research, we evaluated the reactivity of a 2Ph Zincke imine with
various halogenating agents (Figure 2.3). Initially, we had reservations about achieving selectivity
in C—Hal bond formation, given the lack of an apparent electronic preference between the o™ sites
at C3 and C5 in the Zincke imine.*> While Toscano et al. noted a 3-selective halogenation for an
NTf-Zincke imine without substitutions derived from pyridine, they did not explore Zincke imines
from substituted pyridines.*® Treating 2Ph-Zincke imine with N-iodosuccinimide (NIS) at room
temperature for 5 minutes yielded the iodinated product with a 92% yield and a selectivity ratio
exceeding 20:1 for the 3- vs. 5-position, as determined by crude 'H NMR analysis. Similarly,
application of N-bromosuccinimide (NBS) yielded a mixture with a 4.4:1 ratio of C3 to C5 at
room temperature, and a greater than 20:1 selectivity along with 92% yield of C3 iodinated
product at -78°C in CH2Cl>. Chlorination using N-chlorosuccinimide (NCS) was less effective,
both in yield and selectivity, leading to decomposition of the Zincke imine. Subsequent
experiments on ring closure revealed that heating C3 iodinated Zincke imines in a solvent mix of

EtOACc/EtOH at 60°C with ammonium acetate smoothly produced 3-iodopyridine.

NIS, NBS or NCS Hal Hal
TTNMNan (1.0 equiv) C TN A _NBn; TN 2 NB,
i EtOAc, rt, 1h
Ph Ph
3-Halo 5-Halo

NXS / conditions 3-Halo (%)  5-Halo (%)

NIS (5 mins) 92 0
NBS 75 17

NBS, 78 °C, CH,Cl, 92 1
NCS 6 21

Figure 2.3 Halogenation of 2-substituted Zincke imines.

16



For halogenating 3-substituted Zincke imines (Figure 2.4), a modified approach was required.
Opening of the 3-phenylpyridine ring resulted in the Zincke imine with an 82% yield, but it
remained unreactive to NIS at room temperature and degraded upon heating to 50°C. Adding two
equivalents of trifluoroacetic acid (TFA) led to the formation of the iodopyridine with high
efficiency.>® This enhanced reactivity is attributed to steric hindrance between the 3- and 5-
substituents in the Zincke imine structure, with TFA facilitating the alkene isomerization-
recyclization sequence, along with the removal of dibenzylamine and cleavage of the N—S bond
in the NTf-pyridinium salt, reinstating the pyridine ring. Employing NBS and TFA for
bromination achieved similar results, and a revised protocol using NCS with HCI in CH2Cl»
effectively chlorinated the Zincke imine. These findings offer two distinct halogenation methods

for NTf-Zincke imine intermediates, adaptable based on their substitution patterns.

NIS, NBS or NCS

Ph (1.0 equiv) Ph Hal Ph. el
Tﬂ\l'\\/&/\/l\lan EtOAc, rt, 1h TfNMNBDZ I E
N
5-Halo Pyridine
NXS / conditions 5-Halo Pyridine (%)

NIS 0 0

NIS + TFA (2.0 eq) 0 90

NBS + TFA (2.0 eq) 0 76

NCS (1.2 eq) + HCI (4.0 eqg), CH,Cl, 0 76

Figure 2.4 Halogenation of 3-substituted Zincke imines.
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2.3 Computational findings

2.3.1 Methods

We further investigated the mechanism and regioselectivity of halogenation of Zincke
imines using N-halosuccinimides through quantum chemical studies at the B3LYP-D3(BJ)/def2-
TZVP//oB97X-D/6-31+G(d,p) level, incorporating a "solvation model based on density (SMD)"
for CH>Cl. The calculated AAG* values remained broadly consistent across different
computational methods (Figure 2.5), indicating that the predictions for regioselectivity of any
particular elementary step are fairly stable (variations < 1 kcal/mol). Yet, the absolute heights of
the energy barriers exhibited more significant differences, with the ®B97X-D or M062X theories
predicting Gibbs energy barriers that are notably higher compared to those observed at
experimental reaction temperatures. Overall, the single point calculations using B3LYP-
D3(BJ)/def2-TZVP accurately align with experimental results for all examined halogenations,

offering both precise AAG* values and reasonable estimates of AG* values.

LoT TS-I-C3-NCS TS-I-C5-NCS AAG*
B3LYP-D3(BJ)/def2-TZVP 22.4 22.9 0.5
M062X/def2-TZVP 29.6 29.6 0.0
®B97X-D/def2-TZVP 28.9 28.6 0.3

LoT TS-I-C3-NBS TS-I-C5-NBS AAGH
B3LYP-D3(BJ)/def2-TZVP 19.3 21.9 2.6
M062X/def2-TZVP 25.0 26.8 1.8
©B97X-D/def2-TZVP 23.7 25.1 1.4

LoT TS-11-C3-NIS TS-1I-C5-NIS AAGH
B3LYP-D3(BJ)/def2-TZVP 222 25.6 3.4
M062X/def2-TZVP 24.7 27.5 2.8
®B97X-D/def2-TZVP 21.9 24.9 3.0
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Figure 2.5 Gibbs free energies with different single point energy corrections for wB97X-D/6-
31+G(d,p) stationary points.

2.3.2 Free energy surface for the ring opening of 2Ph pyridine

First, we investigated the mechanism of ring opening of 2Ph pyridine using dibenzyl amine
(Figure 2.6). The reaction begins with addition of dibenzyl amine to the NT{-pyridinium at the C2
with a low barrier of 5.6 kcal mol™! which yields Int-I-C2 in an exergonic fashion (-7.7 kcal mol-
1. Exergonic deprotonation using collidine yields Int-DHP-C2 at -23.3 kcal mol™'. This
intermediate undergoes rapid ring opening via TS-RO and a barrier of 10 kcal mol™! to give the
Zincke imine product. The formally 6m pericyclic ring opening has a low barrier relative to its
analogous hexatriene cyclization which has a barrier of 16 kcal mol™'. We questioned which factors
influence this transition state, and using NICS(0)., values we looked at the aromaticity of the
transition states. The cyclization of hexatriene has a NICS(0),, value of -29.5 ppm indicating the
expected highly aromatic structure. In contrast the ring closing of Int-DHP-C2 has NICS(0),, of
+4.9 ppm indicating there is little to no aromatic character in this TS. This ring opening occurs
primarily through a polar mechanism involving both nitrogen lone pairs and their respective n*

orbitals.
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Figure 2.6 Free energy surface for the ring opening of NTf-pyridinium with dibenzyl amine and
collidine. The polar character of TS-RO is exemplified through NICS(0),. values calculated at the
B3LYP/6-311+G(d,p) level of theory.

2.3.3 Electronic structures of Zincke Adduct

We performed calculations of NBO partial charge, Fukui indices, natural population,
natural charge, and HOMO coefficients (using wb97xd/6-31+g(d,p)) for the most stable
conformation of the 2Ph Zincke imine (Figure 2.7). The f~ Fukui index, which helps gauge
reactivity, is derived from the change in natural population (from NBO calculations) at a specific
atom when comparing the neutral molecule to its oxidized form. Similarly, the /" Fukui index is
calculated based on the difference in natural population at an atom when comparing the neutral

molecule to its reduced state.
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NBO Charge Fukui £~ Fukui

-0.09 -0.08 0.20
Ph 0.14 Ph 0.00 Ph 0.16
Tf\NW\T,Bﬂ Tf\N/)\y\/\rr,Bn Tf\Nél\//\/\l}l,B"
-0.39 Bn 0.24 Bn -0.05 Bn
-0.44 0.25 -0.03
Natural Population Natural Charge HOMO Coefficient
6.09 -0.05
Ph 5.86 Ph 0.07 Ph
Tf M B
Tf\N/A/\/\N,Bn Tf\N//]\/\y\N,Bn SN NS
I
| |
6.39 Bn -0.20 Bn 0.58 Bn
6.44 -0.22 Bak

Figure 2.7 Natural populations, Fukui f°, Fukui /" indices and HOMO coefficients for 2Ph
substituted Zincke Imine.

Regioselectivity in electrophilic halogenation is traditionally interpreted through
differences in frontier orbital coefficients, atomic charges, or nucleophilicity parameters.** Yet,
for the C3 and C5 positions of Zincke imine 6, the electronic characteristics appear remarkably
similar, with Fukui f° indices (0.24 vs. 0.25), natural charges (-0.39 vs. —0.44), and HOMO
coefficients (both 0.26) indicating comparable reactivities, prompting the need for an alternative

explanation for the pronounced C3 selectivity observed in this reaction.

2.3.4 Single electron initiation

We also investigated the potential for the reaction to initiate through a single electron
transfer (SET) mechanism from the imine to the N-halosuccinimide (Figure 2.8). This initiation
route was determined to be energetically too costly to serve as a viable pathway. The Gibbs free
energy (AG) of the SET process from the 2Ph substituted Imine to NIS, NBS, and NCS were
found to be 34.1, 38.7, and 35.6 kcal/mol, respectively. These calculations were performed using

the ®B97X-D/6-31+G(d,p) level of theory without a single point.
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Figure 2.8 Single Electron transfer initiation from Zincke Imine to N-Halosuccinimide to generate
a radical anion intermediate.

2.3.4 Two electron potential energy surfaces

Calculated energy profiles (Figure 2.9) for the reaction of a 2Ph Zincke imine with NCS,
NBS, and NIS indicate that the overall reaction is irreversible, governed by kinetically controlled
regioselectivity for each halogenation, with AAG* values closely matching experimental
observations. The process of disrupting the extended conjugation in Zincke imine to form the
high-energy o-complex intermediate Int-I is energetically uphill: the relative Gibbs free energy
(Grel) of this intermediate escalates with the formation of C—Cl, C—Br, and C—I bonds, in ascending
order (9.0, 13.7, and 19.7 kcal/mol, respectively). These energetic distinctions lead to two separate
regimes dictating selectivity: the irreversible formation of the C—Hal bond (transition state TS-I)
establishes regioselectivity for chlorination and bromination, whereas the formation of the C—I
bond is reversible, making the second deprotonation step (transition state TS-II) crucial in

determining regioselectivity.*
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Figure 2.9 Potential energy surfaces for the reaction of N-halosuccinimides and 2Ph substituted
Zincke Imine.

Calculated free energy surfaces for pyridine and 2Me-substituted pyridine Zincke imines
undergoing these halogenation reactions show the selectivity patterns and trends identified align

with those observed for the 2-Ph Zincke imine (Figure 2.10).

TS-I_C3 TS-I_C5 Int-1_C3 Int-I C5 TS-1I_ C3 TS-1I_C5 Int-II_C3 Int-II_C5
2Me_ NIS N/A N/A 17.2 20.4 20.1 24.6 -13.6 -6.9
2Me_NBS 17.1 213 12.4 17.4 14.9 19.7 -19.9 -16.5
2Me_NCS 22.0 234 8.5 12.0 10.2 13.1 -26.8 -23.5
Pyr NIS N/A N/A 23.8 253 25.2 274 -14.1 -6.4
Pyr NBS 20.7 N/A 15.9 16.9 17.1 20.1 -21.6 -16.8
Pyr NCS 25.6 249 14.0 15.8 14.6 15.8 -29.8 -23.7

Figure 2.10 Tabulated energies for the reaction of N-halosuccinimides and different imines (2Me
Pyridine and Pyridine derivates).
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2.3.5 Energy decomposition for Bromination and Chlorination

The most energetically favorable conformation of TS-I in reactions with NBS and NCS on
the 2Ph Zincke Imine was analyzed using Energy Decomposition Analysis (EDA) (Figure 2.11).
In this analysis, TS-I is deconstructed into its constituents (NXS and Zincke Imine), followed by
a single point energy evaluation of the distorted component. Epist nxs represents the energy
difference between the ground state NXS and its energy within TS-I. Epist imine reflects the energy
disparity between the ground state Zincke Imine and its energy in TS-I. Ei is the discrepancy
between the Activation Energy (Eac) and the cumulative distortion energies of NXS and Imine
(Epist nxs T Epist imine). The results indicate that the bromination TS exhibits higher distortion

components than chlorination, suggesting its occurrence at a later reaction stage.
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Figure 2.11 Energy decomposition diagrams for the halogenation TSs of the reaction of 2Ph

Zincke Imine with NBS and NCS.

Examining the pyramidalization at the carbon being functionalized (C3/C5) (Figure 2.12)
revealed that the bromination TS is positioned later along the reaction coordinate, with
pyramidalization values of 0.76 and 0.80, compared to chlorination, which has pyramidalization

values of 0.62 and 0.63. These measurements are relative to the pyramidalization observed at the

intermediate succeeding the TS.
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0.62 0.63 0.76 0.80
Ph Ph Ph Ph
TfN)\MIT\I/Bn TfNWl}i/Bn TfN)\Ml}-l/Bn TfNW’F/Bn
(IZI Bn (IZI Bn Blr Bn Blr Bn
TS-I-C3-NCS TS-I-C5-NCS TS-I-C3-NBS TS-I-C5-NBS

Figure 2.12 Pyramidalization values at the reacting carbon in the halogenation (TS-I). Value
shown are relative to pyramidalization at the intermediate following the TS (Int-I).

The greater C3 selectivity observed in bromination compared to chlorination (AAG* of 2.5
and 0.4 kcal/mol, respectively) is elucidated through the rationale of early versus late transition
states (TS). Chlorination leads to a more stable intermediate than bromination, and aligning with
the Hammond postulate, proceeds via an earlier TS, as evidenced by reduced TS distortion
energies shown in Figure 2.13 and smaller pyramidalization at the carbon atom undergoing
reaction shown in Figure 2.12. Due to the electronic similarity between the C3 and C5 positions
in Zincke imine and the lack of significant intermolecular non-covalent interactions, there is
minimal regioisomeric bias in the early TS for chlorination. Conversely, bromination occurs
through a later TS, resulting in more pronounced substrate distortion, which strongly prefers the
addition at C3 (AAEuist = 4.6 kcal/mol). This variation in distortion energies suggests a more stable
developing o,B-unsaturated iminium ion in TS-I-C3-NBS compared to TS-I-C5-NBS (AAG* =2.6

kcal/mol).
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Figure 2.13 Rationalization of regioselectivity for NBS and NCS.

2.3.6 Steric and Electronic effects in the deprotonation (TS-II)

To understand the source of selectivity in the iodination reaction which possess a selectivity

determining deprotonation, the transition states (TSs) for deprotonation of the 2Ph-Zincke Imine

were analyzed (Figure 2.14). Energy barriers of 34.7 and 35.7 kcal/mol were identified for

deprotonation at the C3 and C5 positions, respectively, indicating that a significant portion of the

selectivity during deprotonation arises from steric interactions between the C5 substituent and the

adjacent iminium substituent. The additional selectivity is attributed to the stability conferred by

the larger conjugated iminium in the C3 deprotonation.
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Figure 2.14 Gibbs activation (kcal/mol) for intermolecular deprotonation by the succinimide
anion.

This steric interaction is distinctly evident in the geometry of the product (Int-1I) (Figure 2.15).
For the C3 regioisomer, a bond angle (C2-C3-C4) of 122° is contrasted with a bond angle (C4-
C5-C6) of 115° for the C5 regioisomer. The presence of the iminium methyl group also slightly
distorts the planarity of the adduct, reflected in the dihedral angles of the conjugated system; 180°
(C2-C3-C4-C5) in the C3 regioisomer and 176° (C4-C5-C6-N7) in the C5 regioisomer.
Comparable AAG* values for this step were observed in reactions with NCS and NBS (3.9 and

4.3 kcal/mol, respectively).

Int-11-C3-NIS Int-11-C5-NIS

)~ l Dihedrals Dihedrals

\ ' C2-C3-C4-C5 :179°
l C4-C5-C6-N7 :176°

C2-C3-C4-C5 :180°
C4-C5-C6-N7 : 180°

Figure 2.15 Geometry of Int-II in the NIS reaction.

In contrast to bromination and chlorination, the pronounced regioselectivity observed in
iodination (AAG*= 3.4 kcal/mol) is due to a rate-limiting and selectivity-determining

deprotonation step (TS-I1). The restoration of planarity in TS-1I-C5-NIS introduces increased A'-®
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strain between the enamine carbon substituent and the iodide, as illustrated in Figure 2.16. The
bond and dihedral angles in the product iodinated at C5 showcase the evolving strain (Figure
2.15). Intermolecular competition assays corroborate these theoretical findings. We conducted
reactions with equal parts of 2Ph Zincke imine and isotopically labeled [°H]-2Ph Zincke imine
until one equivalent of NIS was consumed. The resulting ratio of isotopically labeled S.M. to
regular imine is 2.70 at the reaction's conclusion evidences a preferential consumption of non-
isotopically labeled imine, affirming the theory-predicted selectivity-determining deprotonation
(Figure 2.16). A similar trial with NBS failed to reveal a substantial preference for either the
labeled or non-labeled imine, aligning with the prediction that selectivity is determined by the

formation of the C—Br bond.
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Figure 2.16 Rational for regioselectivity with NIS and intermolecular KIE study.
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2.4 Conclusions

This work advances the field of pyridine halogenation by developing an innovative approach
centered on the Zincke reaction, particularly emphasizing the conversion of NTf-pyridinium salts
into halogenated pyridines. By examining the reactions of Zincke imines with various halogens
and leveraging quantum chemical calculations, we elucidated the complex regioselectivity and
efficiency of these halogenation processes. The study's findings highlight the crucial roles of
electronic and steric factors in determining outcomes, offering insights that align closely with

experimental observations.

Significantly, this research provides a versatile methodology for the synthesis of halogenated
pyridines, key intermediates in pharmaceutical and agrochemical sectors, through a simplified
"one-pot" protocol. This not only addresses previous limitations in the Zincke reaction but also
opens new avenues for the efficient and selective synthesis of bioactive compounds. Overall, the
contributions of this study offer a foundation for future explorations in organic synthesis,

particularly in the development of halogenated organic molecules.
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CHAPTER 3: PYRIMIDINE DIVERSIFICATION THROUGH A DECONSTRCUTION-
RECONSTRUCTION STRATEGY.
In this chapter is presented the computational work done to elucidate the mechanism of a

pyrimidine transformation in order to understand and expand the limitations of the original method.

This work is the result of a collaboration with Benjamin Uhlenbruck and Celena Josephitis from
Andrew McNally’s research group. All experimental work was performed by B.U. and C.J. all
calculations were performed by L.d.L. This work was accepted as “A Deconstruction-

Reconstruction Strategy for Pyrimidine Diversification” in Nature (2024).

3.1 Background and significance

3.1.1 Molecular Editing as an SAR strategy

Modifying the structure of candidate compounds in Structure-Activity Relationship (SAR)
studies enables the optimization of their physiochemical properties in drug and agrochemical
development.! Practitioners commonly select portions of a candidate's structure to diversify
during these studies, and altering the periphery of azines, such as pyrimidines, is frequently
employed because they are pervasive and often form key binding interactions with the biological
target.>”> Rapid access to analog compounds is paramount; therefore, chemical reactions that make
structural modifications in one or two steps are valuable, particularly during later stages of
development involving complex structures.®’ Although many individual reactions can transform
azines, they typically fall within only two effective strategies, transforming embedded functional
groups and C—H functionalization reactions, that enable rapid diversification for SAR studies.®

Molecular editing is emerging to produce analog compounds for SAR studies but is typically
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associated with transforming one candidate compound to a single derivative.” We reasoned that
deconstructing complex pyrimidines to a parent synthetic intermediate, with a large set of
associated chemical reactions, could expand this strategy. In this way, reconstructing substituted
versions of the original pyrimidine and accessing other heterocycles becomes viable through
simple cyclization reactions. This approach both diversifies a candidate's structure and can

generate chemical libraries, making it a potentially useful tactic in SAR studies. '’

3.1.2 De novo heterocycle synthesis

The de novo synthesis of heterocycles involves the cyclization of smaller molecular
fragments into substituted rings, a notable example being the use of 1,3-dicarbonyl compounds to
generate substituted azines and azoles."'!' This method is frequently applied in creating
fundamental building blocks like pyrimidines, pyrazoles, and 1,2-oxazoles. Techniques for
fragment coupling, such as those used to synthesize the aminopyrimidine core in gleevec, also
employ de novo synthesis, generating extensive libraries thanks to the readily available starting
materials such as amidines and hydrazines (Figure 3.1).!>!* Although this approach is
advantageous in the early stages of drug discovery, it becomes progressively less effective for
SAR analysis on complex molecular architectures. The strategy of maintaining heterocycle
precursors, like 1,3-dicarbonyls or their analogs, across numerous synthetic steps and then
diversifying them in the latter phases is often impractical due to their propensity to interact with
a wide range of organic compounds and reagents. Consequently, developers typically advance
building block heterocycles through several stages of synthesis to produce analog compounds.
Given that critical heterocycles are already present in advanced drug candidates, the de novo

methodology seems less appropriate for detailed SAR investigations. However, we have devised
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a strategy that transforms complex pyrimidine-containing structures into iminoenamines,
surrogates of 1,3-dicarbonyl compounds, and then leverages de novo heterocycle synthesis to
obtain substituted pyrimidine and 1,2-azole analogs. This way, practitioners can envisage a

masked, diversifiable three-carbon unit within pyrimidines and strategize for late-stage SAR

applications.
1,3-Dicarbonyls for heterocycle synthesis Typical uses of heterocycle synthesis via 1,3-dicarbonyls NO,
Ry " |
e =N "r N N “ tragment coupling
Rz X0 NH X—R I — pyrimidine and azole | )\ ‘ | ‘
L G e /)\ & Ne,, building blocks N NNE reactions

X, HoN Ry 2 Ph N NH  MeO N Me | H (gleevec synthesis)

Ry o] = Me
j This work: Exploit heterocycle synthesis to diversify complex pyrimidines
Rs

Rz Ry voriconazole

F F
R, SN =
: SN — RN anti-fungal e | N
‘ Py X "\ NR D N s

= S L Xsp. 2 rug N S
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Access to substituted azines and azoles F,

Ar Drug IN’\O

Figure 3.1 de novo synthesis of heterocycles from pyrimidines through iminoenamine
intermediates.

3.2 Experimental findings

This novel method leverages de novo synthesis of heterocycles, inspired by an unexpected
result depicted in Figure 3.2. Our team has previously shown that pyridines, when treated with
Tf20 and dibenzylamine, undergo transformation into ring-opened Zincke imines, which can then
be halogenated and reformed into 3-halopyridines.'* In an attempt with 4-phenylpyrimidine and
aniline acting as the nucleophile,'® instead of forming the anticipated ring-opened aza-Zincke
imine, we surprisingly produced N-phenyl pyrimidinium salt in significant yield.'® Subsequently,

the removal of the C2 carbon atom was achieved with ethanolic piperidine, yielding
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predominantly the iminoenamine and a smaller quantity of a vinamidinium salt, as determined by
the preliminary "H NMR spectra using an internal standard. Iminoenamines, derivatives of 1,3-
dicarbonyl compounds, are crucial precursors for the de novo creation of heterocycles. As
illustrated in Figure 3.1, recyclization in situ with guanidine in a basic setting led to the formation
of 2-aminopyrimidine with favorable yield. Furthermore, introducing hydroxylamine and
hydrochloric acid to the raw mix containing the iminoenamine yielded 1,2-oxazole as
regioisomeric mixtures. Such 'scaffold hopping' techniques have recently come to prominence
within the rapidly evolving field of molecular editing.!”** Sarpong has documented that
hydrazines, when reacted with NTf-pyrimidinium salts, lead to the formation of pyrazoles through
a sequence of ring-opening and ring-closing reactions.?* This approach allows for the generation
of multiple heterocyclic frameworks from iminoenamines, rather than a straightforward one-to-
one structural transformation.?> Our initial study effectively validates the concept of applying de
novo synthesis to existing heterocycles; the next stage is to evaluate its applicability across a range

of pyrimidine substrates and cyclization agents.

N HaNT “NH,

collidine (1.0 equiv) 2
P ) o ———————~ | L
EtOAc, 78 °C, 30 min then rt EtOH, rt = NaOFEt (5.0 equiv), 90 °C Ph N NHa
S
NH

Ph
heteyocycle iminoenamine NH
TiNs . N NHPh deconstruction- | Ho' (30 equiv /F\N
reconstruction Ph o”
HCI (10 equiv), 90 °C A

aza-Zincke imine

NH
T,0 (1.0 equiv), H,NPh (1.0 equiv) Ph O ‘ (3.0 equiv)
fN ~ollidine (1.0 equiv) \‘ piperidine (3.0 equiv) /I\ ‘ q =N

Figure 3.2 Experimental conditions for pyrimidine to pyrimidinium transformation and
subsequent cleavage and condensation.
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3.3 Computational findings

3.2.1 Free energy surface for main reaction

In the mechanistic part of this project, we studied the mechanism of N-arylpyrimidinium
salt formation computationally by performing quantum chemical calculations at the ®B97X-
D/def2-TZVP//0B97X-D/6-31+G(d,p) level of theory, with an SMD description of ethyl acetate.
Figure 3.3 shows the computed potential energy surface for the reaction of 4-phenyl

pyrimidine with Tf20 and aniline.
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Figure 3.3 Free energy surface for the reaction of 4-phenyl pyrimidine, triflic anhydride, collidine
and aniline reacting at the C6 of the pyrimidinium.

The reaction between 4-Ph pyrimidine and Tf:0 is exergonic (4.3 kcal mol') and
proceeds in a single step via TS-Act (AG* 12.6 kcal mol™). Aniline then adds to the resulting NTf-

pyrimidinium with nucleophilic attack at C6 (AG* 15.1 kcal mol-1 via TS-Add-C6) preferred over
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C2 (AG* 15.9 kcal mol™! via TS-Add-C2), which corresponds to a kinetic selectivity of 8:1 at —78
°C. These transition structure (TS) energies reflect the electronic Fukui (f +) indices that indicate
greater electrophilicity at C6 vs. C2 (0.15 vs. 0.10). Although the C6-adduct formed in endergonic
by 8.9 kcal mol™!, deprotonation of the ammonium species by collidine occurs in an energetically
barrierless process to produce a stable intermediate, Int-I (AG —20.7 kcal mol™!) and indicates that

the base drives this process forward.

Next, Int-I undergoes facile ring-opening (AG* 10.7 kcal mol™! via TS-II) to form aza-
Zincke imine Int-II (shown in its most stable E, Z, E configuration), which is thermodynamically
favored by 3.5 kcal mol!. Int-II then tautomerizes and isomerizes to Int-III before ring-closing
via TS-IV (AG* 18.1 kcal mol™!, relative to Int-II) to form dihydropyrimidine derivative Int-IV in
exergonic fashion (AG —4.6 kcal mol!). Ring closure is the largest barrier along the reaction
coordinate, making TS-IV rate-limiting. Ejection of a triflamide anion yields a stable ion pair (Int-
V), and subsequent anion metathesis results in the pyrimidinium triflate 3a (overall AG* —34.5

kcal mol™).

Alternatively, addition at the C2 (Figure 3.3) yields Int-I at -24.2 kcal mol™! which
undergoes ring opening with a lower barrier of 5.6 kcal compared to it’s C6 isomer. This ring
opening yield Int-II at -29.2 kcal mol™!. The barrier for ring closing is significantly higher for this
isomer than for the C6 with a barrier of 26.8 kcal mol™! vs 18.1 kcal mol™! for the C6. We further

explored this phenomenon.
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Figure 3.3 Free energy surface for the reaction of 4-phenyl pyrimidine, triflic anhydride, collidine
and aniline reacting at the C2 of the pyrimidinium.

3.2.2 NICS calculations

We performed Nucleus Independent Chemical Shift calculations (NICS(0)..,, B3LYP/6-
311+G(d,p) level of theory) at the ring center of each ring-opening and ring-closing TS, to
investigate whether these structures exhibit aromatic shielding patterns characteristic of pericyclic
transformations (Figure 3.4).3” These calculations gave positive values of 8.6 and 8.0 ppm for TS-
IT and TS-1V, respectively. For context, the transition structure for the 6m-electrocyclization of
1,3,5-hexatriene has a NICS(0),, value of —29.5 ppm and a barrier of 33.1 kcal mol™! at the same
level of theory. Thus, since no aromaticity is found in these TSs, they describe polar processes
rather than electrocyclic reactions. These polar reactions have relatively low barriers, may be
considered as pseudo-pericyclic, and can proceed at much lower temperatures.*®** For the minor

regioisomer, corresponding to aniline adding at C2, the ring-closing barrier is raised significantly
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by 8.5 kcal mol™! relative to the major regioisomeric pathway shown. Interestingly, the ring-
closing TS for this minor pathway shows a lower NICS(0),, value (4.5 ppm), consistent with less

polar (and greater pericyclic) character.
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8.59 7.96 4.52 -29.5
AGF=107 AGF=18.1 AG*=26.8 AG*=33.1

Figure 3.4 NICS calculations for ring opening and ring closing reactions.

3.2.3 Free energy surface for 4-Alkyl and 4-Ester substrates

To computationally investigate the scope of the reaction we also modelled the reaction with
a 4-Me and 4-CO2Me substrate. The reaction is not amenable to 4-alkyl substrates where alkyl is

a primary or secondary group and is lower yielding for 4-EWG substrates such as 4 esters.

Reaction with 4-Me pyrimidine (Figure 3.5, Figure 3.6) appears to favor reactivity at the
C2 position with TS-Add-C2 at 14.3 kcal mol™! against TS-Add-C2 with a barrier of 15.1 kcal
mol !, This is in contrast with the 4 -phenyl pyrimidine which favored addition at the C2. This
addition yields, after ring opening, Int-II at -29 kcal mol™ ,this intermediate has a high barrier to
ring close (TS-IV at 29.8 kcal mol™!) due to the lesser polarity of the transition state. The energies
of the two intermediates Int-1I for the C2 and C6 are very close in energy indicating that this effect
is not ground state destabilization but TS destabilization. This effect observed with all
substitutions patterns and described in the previous chapter through a study of the aromaticity of

the TSs. Because of this we believe that the regioselectivity of the initial addition is crucial to the
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success of the reaction. Alternatively, we also believe that 4-alkyl pyrimidiniums are prone to

deprotonation at the alkyl proton which could lead to decomposition of the starting material.
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Figure 3.5 Free energy surface for the reaction of 4-methyl pyrimidine, triflic anhydride, collidine
and aniline reacting at the C6 of the pyrimidinium.
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Figure 3.6 Free energy surface for the reaction of 4-methyl pyrimidine, triflic anhydride, collidine
and aniline reacting at the C2 of the pyrimidinium.

Reaction with the 4-CO>Me pyrimidine (Figure 3.7, Figure 3.8) appears to proceed at the
C6 position with a barrier of 15.3 kcal mol™ favored over addition at C2 (16.9 kcal mol™). This
yields, after ring opening, Int-II at -27.1 kcal mol™. Follows ring closing with a barrier of 16.5
kcal mol™! slightly lower than for the 4-Phenyl substrate. This ester substrate possesses a much
higher barrier of activation (TS-Act) at 16.6 kcal mol! versus 12.6 kcal mol™! for the phenyl
substrate. We believe competition for triflylation with aniline is responsible for the poor

performance of this substrate.
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Figure 3.7 Free energy surface for the reaction of 4-CO;Me pyrimidine, triflic anhydride,
collidine and aniline reacting at the C6 of the pyrimidinium.
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collidine and aniline reacting at the C2 of the pyrimidinium.

3.2.4 Alternative triflylation reactions

To discern which species might be competing for reaction with triflic anhydride, we
examined the thermodynamic and kinetic attributes of various triflylation reactions with the
species present in solution the results are shown in Figure 3.9. The triflylation of collidine
appeared improbable, having a significant activation barrier of 18.3 kcal mol! and being

marginally exothermic at -0.7 kcal mol!.
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Figure 3.9 Reaction of collidine, triflic anhydride and aniline.
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Next, we investigated the triflylation of the triflimide anion, which is formed in the initial
reaction (Figure 3.10). This reaction was found to be markedly exergonic, with a change in energy
of -28.3 kcal mol™! and displayed competitive kinetics for triflylation of the 4-ester pyrimidine,

presenting an activation barrier of 17.2 kcal mol.
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Figure 3.10 Triflylation reaction of different salt forms and naked triflimide anions.

Our inquiry extended to whether aniline was subject to triflylation (Figure 3.11). It emerged
that aniline could indeed outperform our electron-deficient pyrimidines, with a lower activation
barrier of 15.8 kcal mol™!. Electron-deficient anilines exhibit higher barriers to triflylation and
lack sufficient nucleophilicity to engage at the pyrimidine (TS-Add-C6), with p-NO2 anilines
showing an addition barrier ranging from 22.6 to 23.2 kcal mol™!. We noted that bulky anilines,
like o-tBu aniline, presented a greater triflylation barrier (17.2 kcal mol™) yet maintained lower
addition barriers (14.9 kcal mol™!). This suggests that the triflylation reaction is more affected by

steric hindrance due to greater substitution at the sulfur center.
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Figure 3.11 Triflylation and addition to C6 of N-Tf pyrimidinium TS free energies of different
anilines.

3.2.5 Substituents effect on cyclization barrier

Our computation studies indicate that the pyrimidine substituents' size and electronic properties
significantly impact the energy barriers for product formation. We described the effect of 14
different C4-substituents on the barrier for ring-closure (TS-IV) using a bivariate linear regression
model featuring tabulated A-values and Hammett o, constants (Figure 3.12). In the aza-Zincke
imine intermediates (e.g., Int-II), groups at the 4-position experience destabilizing steric
interactions through A!? strain relative to the cyclic geometry in TS-IV. Ring-closing barriers,
therefore, decrease in response to increasing ground state destabilization caused by larger 4-
substituents, as exemplified by 4-phenyl pyrimidine (AG* = 18.1 kcal mol!) and 4-
methylpyrimidine (AG* 18.0 kcal mol™!) relative to pyrimidine (AG* 22.7 kcal mol™). Electronic
effects at the 4-position are also apparent due to conjugation with two imine-like carbons;
electron-withdrawing groups, such as trifluoromethyl, further destabilize Int-II, lowering the
cyclization barrier (AG* 12.7 kcal mol™!). Although a 4-CO2Me group has a relatively low TS-I1V
barrier (AG* 16.5 kcal mol!), we observed moderate yield when transforming 4-CO>Et

pyrimidine into its pyrimidinium salt.
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Figure 3.12 Rationalization for the effect of pyrimidine substitution on the success of the reaction.

3.4 Conclusion

In summary, we have shown an alternative approach for pyrimidines diversification by
transforming their N-arylpyrimidinium salts into iminoenamines and exploiting heterocycle-
forming reactions to obtain substituted 2-substituted pyrimidines and 1,2-azoles. This
deconstruction-reconstruction approach functions on complex structures and enables de novo
heterocycle synthesis as a tactic for late-stage functionalization. Computational studies revealed
the size and electronic properties of the pyrimidines' substituents impact ring-closing in the salt-
forming stage. Additionally, we found that the regioselectivity of the initial nucleophile addition
is crucial to reaction success and identified competing triflylation reactions which we addressed
by tailoring the aniline to prevent triflylation but still allow addition at the pyrimidine. Moreover,
we demonstrated that other heterocycles, such as pyridines, are accessible via this approach. This

deconstruction-reconstruction strategy will extend to heterocycle classes beyond pyrimidines.
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CHAPTER 4: HOMOLOGATION OF ELECTRON-RICH BENZYL BROMIDE
DERIVATIVES VIA DIAZO C-C BOND INSERTION.
In this chapter is presented the computational work done to elucidate the selectivity and mechanism

of a C-C bond insertion reaction going through phenonium ions intermediates.

This work is a collaboration with Atanu Modak and Kathryn J. Rynders from Nicholas J. Race’s
research group and Juan V. Alegre-Requena in Robert Paton’s research group. All experimental
work was performed by A.M. and K. J. R. calculations were performed by J. V. A-R and L.d.L.
This work was published as “Homologation of Electron-Rich Benzyl Bromide Derivatives via

Diazo C-C Bond Insertion” in J. Am. Chem. Soc. (144, 1, 86-92, 2022).

4.1 Background and significance

Synthetic methodologies for organic compounds often rely on the interplay between
nucleophiles and electrophiles.! For instance, derivatives of benzyl halide can engage in
traditional reactions like nucleophilic substitution and electrophilic aromatic substitution.> The
emergence of techniques that enable "nontraditional" transformations of standard building blocks
opens new pathways to either reimagine or streamline synthetic approaches. Such "nontraditional"
reactions are characterized by their occurrence at typically unreactive sites, such as insertion into
the C(sp?)—C(sp>) bond of a benzyl halide derivative. Employing cascade reactions that achieve
formal C—C bond insertions through structural rearrangements offers a promising strategy toward
this end.>* In this context, we introduce a homologation reaction for electron-rich benzyl bromide

derivatives that achieves the formal insertion of diazo compounds into the C(sp?)—C(sp?) bond.’
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Aware of the ionic interactions between diazo compounds and sp>-hybridized electrophiles,
such as carbonyl groups,® we explored the potential reaction of electron-rich benzyl bromide with
diazo compound. We hypothesized that this could proceed through the formation of a stabilized
benzylic carbocation, leading to alkyl diazonium ion (Figure 4.1).” Subsequent nitrogen loss
could then initiate aryl ring participation, forming the phenonium ion.®? The initial bromide
leaving group might then interact with the nascent spirocyclopropane at its less substituted
position, yielding the targeted product.'® We also considered the formation of a tertiary bromide
as a possible side product, which could arise either through competitive nitrogen displacement in
the diazonium or through nucleophilic attack on the phenonium ion at a more substituted site. The
target product features an acyclic, benzylic tertiary or quaternary center, motifs common in

1112 \while preserving the alkyl bromide

numerous pharmaceutical and agrochemical compounds
for further functionalization.'>'* This technique offers a unified approach for incorporating
various functional groups, including trifluoromethyl, ester, amide, ketone, and sulfone groups.
The inclusion of trifluoromethyl groups remains a key strategy in medicinal chemistry,'® with the

application of trifluoromethyl-substituted diazo compounds being notably underutilized in this

area.'’

Br
EWG EWG

— = R
Br San EDG

EWG ; H/‘}Snau
/@\ 7= - /‘/ AN r > EWG, R
EDG WG Br
SnBry EDG

EDG
Figure 4.1 Proposed mechanism for nonclassical insertion of diazo compounds into C-C bond of
benzyl bromide derivatives.
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4.2 Experimental findings

For initial experimentation and optimization, 4-methoxybenzyl bromide and trifluoromethyl
diazo were selected. Investigation across a range of Lewis acids and conditions revealed that
SnBr4 (50 mol%) in CH2Cl; at -78°C yielded the desired bromide product with a 75% isolated
yield. Once optimized, the reaction's scope was assessed for different diazo and benzyl bromide
variants. Various electron-withdrawing groups on the diazo component were successfully
incorporated. Diazo derivatives with an ethyl ester, benzyl ester, redox-active ester, and a nitrile
all participated effectively. With ester derivatives, minor amounts of unwanted isomer were
detected in the "H NMR of the crude mix. The use of monosubstituted diazo compounds to create
tertiary benzylic centers also demonstrated the versatility of electron-withdrawing substituents in
this methodology, yielding products with ethyl ester, benzyl ester, tert-butyl ester, amide, ketone,
trifluoromethyl group, and a sulfone, all confirming the method's efficacy in synthesizing desired

tertiary benzylic centers.

=z N, SnBry (50 mol%) ‘_/ |
o | + —_— X
X Br CH,Cl, ~78 °C, 5h
then warm to rt Br

Figure 4.2 Reaction conditions used to achieve desired transformation.

4.3 Computational findings

4.3.1 Methods

Quantum chemical studies employing the ®B97X-D/def2-QZVPP//0B97X-D/6-

31+G(d,p) level of theory, complemented with an SMD solvation model for dichloromethane,

51



were conducted to dissect the multistep reaction mechanism and the source of product selectivity
between 4-methoxybenzyl bromide and benzyl 2-diazobutanoate (serving as a model compound)

in the presence of SnBr4 catalyst (Figure 4.3).!”

4.3.2 Potential energy surface

The initial step, leading to the formation of intermediate Int-II, is calculated to favor an Sn1
mechanism with an activation barrier of 18.5 kcal/mol for TS-II, compared to 29.7 kcal/mol for
an uncatalyzed Sn2 pathway. This step is identified as the rate-limiting step, where electron-rich
benzyl bromide derivatives present lower activation barriers. The coordination between the
bromide and the Lewis acid facilitates the formation of a SnBrs~ leaving group in TS-I. Crossing
TS-II initiates a sequence where dinitrogen is lost, and phenonium ion is formed through distinct
C—N cleavage (TS-III) and C—C bond formation (TS-IV) transition states, leading to a highly
exergonic release of energy (Grer = —32.3 kcal/mol) to yield phenonium Int-IV. The reaction
pathway features intermediate states, alkyl diazonium Int-II and tertiary carbocation Int-III, as
local energy minima with negligible exit barriers of merely 0.3 and 2.0 kcal/mol, respectively. In
contrast, competing 1,2-hydride shifts (TS-VI and TS-VII) present slightly higher barriers,
between 3.4 and 3.6 kcal/mol. Given these minimal barrier heights, Int-II and Int-III are
anticipated to be transient, potentially precluding the equilibrium of atomic motions and solvent
interactions, thus limiting the relevance of transition state theory (TST)'®. The regioselectivity of
the reaction is ascertained by the nucleophilic opening of phenonium via TS-V, where attack by
the pentavalent SnBrs™ anion is energetically more favorable than that by the free bromide anion
by over 4 kcal/mol for TS-V-A as shown in Figure 4.3 and Figure 4.4, leading to irreversible

C—Br bond formation (AG =—16.4 or —17.3 kcal/mol). The transient nature of acyclic Int-III and
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the significantly higher stability of Int-IV suggest that the direct addition of bromide prior to

phenonium formation is improbable.

30 TS-I-Sy2 - .
. - Br addition
TSI - (ra?:-idg;zi;ai:ﬁ;ﬂsotz;:) (regioselectivity-determining step)
20 4 -
T 2.73
10 N, elimination 3 g \, 282
=~ 0 TS L {2.24
. Reagents ¢ . - &
2 Phenonium cyclization
£ Int-1i g o’
5 -10 / /
= —_ il TS-v-8 p:
© =20 seseesssesssseesssssecsassanentnnnaaan P Aul— " Int-11l I
' To H shift side products .
: TS-V-A
=30 7 i MeO MeO. a
: €O,Bn CO,8n
404 (> . 198\
Bn-H-shift H Et-H-shift H 1 __:‘-r_.s p—
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-48.7 -49.6 -323  Br=SnBr~

Figure 4.3 Free energy profile for model reaction.

4.3.3 Side reaction pathways

The direct capture of the tertiary carbocation (Int-IIT) by SnBrs™ is less energetically

favorable compared to phenonium formation by a margin of 1.5 kcal/mol (Figure 4.4). Despite

being a less preferred route, this pathway may still offer an alternative direct avenue to product B,

in conjunction to the phenonium opening through TS-V-B.
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Figure 4.4 Free energies of side reaction pathways modelled without an explicit SnBrs™ counter

anion.
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4.3.4 Differences in regioselectivity with other substrates

We then evaluated the DFT-calculated selectivities derived from competing transition states
for seven different substrate combinations against experimental outcomes. The observed trends
and regioselectivities aligned well with our findings (Figure 4.6). In comparison to the preferred
ring-opening transition state TS-V-A, which involves a nucleophilic attack at the methylene
group, the alternative, less favorable TS-V-B necessitates a larger extension of the cyclic C—C
bond (by 0.26 A) to reach the transition state, resulting in a looser and more "exploded" structure
than its more stable counterpart.'® This pattern of greater C—C bond elongation in the minor versus

major transition states was consistent across all substrates examined.

TS-V selectivity across other substrates
MeO MeO MeO.
g SO,Ph 0 CFs 0 CF3
H >E1 )H
Br=SnBry Br=SnBry~ Br=SnBry~
SO2Ph-H-TS-V CF3-Et-TS-V CF3-H-TS-V
Exp. Selectivity : >20:1 Exp. Selectivity : >20:1 Exp. Selectivity : >20:1
Exp. AAGH > 12 Exp. AAGH > 1.2 Exp. AAGH > 1.2
Calc. AAG* = 9.2 Calc. AAG* = 5.0 Calc. AAG* = 8.7
MeO. MeO. MeO.
o COPh @ COBn O cN
H >H )El
Br=SnBry~ Br=SnBry B(r-SnBra“
COPh-H-TS-V CO2Bn-H-TS-V CN-Et-TS-V
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Error : -0.2 Error : 0.0 Error: 0.2
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4.3.5 Quasi-Classical Molecular Dynamics simulations

We therefore initiated quasi-classical molecular dynamics trajectories®® around the TS-II
area (Figure 4.7). Numerous trajectories progressed towards phenonium Int-IV, transitioning
through Int-1I with a notably brief average duration (262 fs, where only a handful of complete
C—N vibrations were observed in several trajectories)’! and Int-III, which exhibited a somewhat
extended lifespan of 439 fs, verifying the presence of dynamic intermediates. Despite the potential
energy surface being stepwise in theory, a consistent transfer of stereochemical information from
the reactants to the phenonium configuration was noted in MD trajectories adhering to the primary

route”?.

Reagents TS

Gref (kcal-mol™)

-20 Starting point for

MD simulations Int-1ll TS-V-A

-30

-40 1

50 Products
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Figure 4.7 Detailed description of lifetime calculations of Int-II and Int-III.

4.3.6 Statistical models for regioselectivity

To delve deeper into the connection between the structure of the phenonium intermediate
and the experimentally observed regioselectivity, we conducted a statistical analysis. We selected
structural, electronic, and chemical bonding characteristics of 24 phenonium intermediates as
crucial indicators (Figure 4.8A). Drawing inspiration from Sigman and Doyle's use of a single-
node decision tree for mechanistic insight, our aim was to pinpoint a solitary descriptor capable
of distinguishing highly regioselective from non-selective substrates.?* Opting for a classification
model over a (non)linear regression model was particularly apt given that some substrates yield a
sole regioisomer (>20:1), making it impossible to precisely quantify AAG*. Consequently, we
categorized the experimental data based on high and low selectivity, using an experimental
regioisomeric ratio (r.r.) of 13:1 (AAG* = 1 kcal/mol) as the division point. We discovered that the

energy of the natural CA—CC o* orbital was the most indicative feature, establishing an energy
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"threshold" (0.183 au) beneath which substrates invariably react with high regioselectivity
(Figure 4.8B). Phenonium ions below this energy threshold universally exhibited experimental
selectivities >13:1, whereas among those above this threshold, 11 out of 14 (79%) showed low
selectivity. This particular bond is irreversibly cleaved in the transition structure leading to the

creation of the major regioisomer.
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Figure 4.8 Threshold analysis for the classification of selectivity using CA-CC antibonding
energy and experimental validation of the model.

To test the accuracy of this model, seven theoretically designed out-of-sample substrates with
varied substituents from those in the training set were predicted for selectivity, ranging from high

(7-9) to low (10—13). These classifier-generated forecasts aligned well with actual experimental

findings (Figure 4.8C).
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4.4 Conclusions

In summary, we have developed a homologation process that pairs benzyl bromides with diazo
compounds, utilizing the conventional roles of benzyl halides (as electrophiles) and aromatic rings
(as nucleophiles) to facilitate the formal incorporation of a diazo group into the C(sp2)—C(sp3)
bond. Through computational examination of the reaction pathway, we identified a rate-limiting
Sn1 type mechanism initiating C—C bond creation, which is followed by a series of cationic
intermediates culminating in the formation of a phenonium ion. This study has enhanced our
understanding of the factors influencing the regioselectivity of the phenonium ion openings,
allowing for the accurate a priori prediction of outcomes for novel substrate combinations.
Ultimately, this research presents a versatile strategy for the synthesis of acyclic, benzylic
quaternary centers, starting from common reagents, which is expected to be of significant interest

in the field of drug development.
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CHAPTER 5: IRIDIUM-CATALYZED ASYMMETRIC DIFUNCTIONALIZATION OF C-C
SIGMA BONDS ENABLED BY RING-STRAINED BORONATE COMPLEXES.

In this chapter is presented the computational work done to elucidate the enantioselectivity and

mechanism of a C-C bond formation between highly reactive nucleophile (BCB boronates) and

highly reactive electrophiles (Allyl iridium).

This work is a collaboration with Hong-Cheng Shen, Ze-Shu Wang and Adam Noble from
Varinder K. Aggarwal’s research group and Mihai V, Popescu in Robert Paton’s research group.
All experimental work was performed by H.-C. Shen, Z.-S. W. and A. N. all calculations were
performed by M. V. P. and L. d. L. This work was published as “Iridium-Catalyzed Asymmetric
Difunctionalization of C-C 5-Bonds Enabled by Ring-Strained Boronate Complexes™ in J. Am.

Chem. Soc. (145, 30, 16508-16516, 2023).

5.1 Background and significance

Enantioenriched organoboron compounds are invaluable for the stereoselective construction
of complex molecules, they are widely used across organic synthesis and drug development. The
extensive utility of these compounds has spurred the creation of numerous methodologies for their
synthesis,' such as stereospecific 1,2-metalate rearrangements of boronate complexes.> These
processes generally involve the homologation of boronic esters with metal carbenoids, either
through substrate-controlled homologation® or the more flexible reagent-controlled
lithiation—borylation ~ approach.?*®  However, catalytic enantioselective  1,2-metalate
rearrangements of alkenyl boronate complexes, aiming to synthesize enantioenriched alkyl boron

reagents, are comparatively less explored. Recent advancements have been made in reactions of
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alkenyl boronate complexes with chiral transition metal complexes, triggering a 1,2-migration

from an alkyl or aryl group on boron to the adjacent sp* carbon.?®¢

Transition metal-catalyzed 1,2-metalate rearrangements of alkenyl boronates can proceed via
either inner sphere (where the n-bond directly interacts with the metal) or outer sphere (where the
boronate attacks a metal-bound electrophile) mechanisms.?*¢ Morken demonstrated that these
rearrangements could be achieved catalytically and enantioselectively using m-acidic late
transition metal complexes, such as Pd" and Ni', predominantly through an inner sphere
pathway.*> Other reactions with electrophilic metal complexes, like n-allyl-Pd,*’ n-allyl-Ir,® and
allenylidene—copper,’ have been reported by Ishikura, Ready, and Brown, thought to proceed via

an outer sphere mechanism.

While reactions of metal complexes with C=C zn-bonds to introduce two different carbon
fragments are well documented, similar reactions involving C—C o-bonds are rare due to the
typical strength, inertness, and geometric inaccessibility of c-bonds. We recently discovered that
cationic Pd" complexes could activate c-bonds of bicyclo[1.1.0]butyl (BCB) boronate complexes,
promoting 1,2-boronate migrations to sp® carbons and achieving 6-bond dicarbonation.!® This
process is driven by the high strain energy of bicyclo[1.1.0]butanes!! and proceeds with high
diastereoselectivity, producing 1,1,3-trisubstituted cyclobutanes with a cis configuration between
carbon substituents. Further research suggested a concerted mechanism with antiperiplanar
alignment of the migrating group and the breaking c-bond.!? The applications of this strategy have
been extended to crafting boronic ester-substituted azetidines'® and other cyclobutanes.!* Despite

these developments, applying this strategy to synthesize enantioenriched boron reagents has not
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been explored. We hypothesized that chiral n-allyl metal complexes could catalyze 1,2-metalate
rearrangements of strained BCB boronate complexes, leading to diastereo- and enantioenriched
cyclobutanes. We were particularly interested in m-allyl iridium complexes developed by
Carreira'>!® for their effectiveness with a wide range of nucleophiles, including alkenes.'> Indeed,
relevant to this study, Ready demonstrated the high efficiency of Carreira’s iridium-
(phosphoramidite) complexes in the enantio- and diastereoselective allylation of alkenyl

boronates.?

5.2 Experimental findings

In this work, we describe our successful efforts and the establishment of an iridium-catalyzed,
asymmetric allylation-induced 1,2-metalate rearrangement of BCB boronate complexes shown in
Figure 5.1.'7'® This approach enables the asymmetric difunctionalization of C—C o-bonds,
yielding a range of enantioenriched 1,1,3-trisubstituted cyclobutane products with a boronic ester
group amenable to further derivatization. Remarkably, the 1,2-metalate rearrangement initiated
by the m-allyl-iridium complex leads to anti-addition across the C—C o-bond. This contrasts with
reactions driven by Pd'—aryl complexes and other electrophiles, which predominantly produce

cis diastereoisomers through syn-addition.
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Figure 5.1 Experimental optimized conditions to achieve the desired reaction.

5.3 Computational findings

5.3.1 Methods

The hybrid density functional B3LYP," in conjunction with Los Alamos LANL2DZ basis
set?” for iridium and Pople’s double-zeta 6-31+G(d) basis set?! for the remaining elements, was
used to optimize all stationary point structures. Single-point energy corrections were applied to

these optimized structures using the hybrid meta-GGA M06 functional®

in conjunction with the
SDD basis set?® for iridium and Pople’s triple-zeta 6-311+G(d,p) basis set for the remaining
elements. For both optimization and single point calculations, the integral equation formalism
variant of the polarizable continuum model (IEF-PCM), with the SMD solvation model, was
applied to account for solvent effects (solvent=dichloromethane).?* This level of theory was

chosen based on a previous study by Ready and Liu?® in the study of the allylation of vinyl

boronate esters, which proved reliable when compared to experimental observations. Further
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benchmarking was conducted on the BCB boronate, and the results, presented in Figure 5.2,
revealed minimal structural differences across six distinct levels of theory. Notably, the key
internal C-C bond exhibited a narrow range of 1.49-1.51 A, while all other bond lengths and

dihedrals displayed very little variation across all levels of theory.

Eni Eunciinnal BCB-trans BCB-cis Overlay-trans
i d(C-C) d(C-C)
1 B3LYP 1.51 1.50 { )
2 MO06 1.49 1.49 }“iﬁ.";
i { -
3 wB97XD 1.50 1.49 AR od
\," ~ \'._
4 TPSS 1.52 1.51 / ‘> I
5 PBE 1.52 1.51 LY
N
6 MO6L 1.51 1.49

Figure 5.2 Structural Benchmarking of the BCB-boronate with different functionals. All
calculations were performed using the 6-31+G(d) functional in conjunction with the
SMD=dichloromethane solvation model

5.3.2 Reaction of BCB-Boronate Complexes with the Tropylium Ion

Due to the considerable computational expense associated with computing the potential
energy surface for the reaction between allyl-iridium complex Ir-2 and the boronates, we opted to
study the full potential energy surface (PES) for a model electrophile. To this extent, we chose the
reaction with the tropylium ion as a model substrate. We modeled the reaction between the
tropylium ion and bicyclobutyl boronate ester (SM- tropylium) at the wB97x-D/def2-
TZVPP//wB97x-D/6-31+G(d) level of theory in conjunction with the SMD solvation model for
THF (Figure 5.3). The TS leading to the formation of the cis-product was found to require an

activation energy barrier of 6.0 kcal/mol, while the trans-pathway was preferred, only requiring an
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activation energy barrier of 5.2 kcal/mol. Compared to the reaction with an allyl-iridium
electrophile, these TS geometries are later (i.e., a shorter forming C—C bond; 2.30-2.37 A for the
forming C—C bond) with larger activation energy barriers. IRC calculations performed from the
cis TS were found to lead directly to the experimentally observed product in a concerted
asynchronous process. There is no stable minimum on the PES corresponding to a zwitterionic
intermediate, although the IRC shows a relatively flat surface after the TS (Figures S7 and S8). On
the other hand, the trans-TS was found to lead to a stable local minimum corresponding to
zwitterion (INT-tropylium-trans). However, 1,2-migration of the methyl group was found to
proceed very rapidly with a subsequent barrier of just 0.3 kcal/mol leading to the trans-product.
Therefore, we predict that C—C bond formation between the BCB and the electrophile is

diastereoselectivity-determining for both products.

H BPin

TS1 -tropylium—Cish Me
6.0

PR-tropylium-Cis

Me, 9 0 -84.2
t . M { TS-rotation-tropylium

-14.1
SM-tropylium H Me
0.0 kealimol TS1-tropylium- Trans TS2- TS2-tropylium-Trans —
INT-tropylium-Trans PR-tropylium-Trans
-19.1 -83.9

Figure 5.3 Proposed reaction mechanism for the reaction with a tropylium ion.

5.3.3 Transition structures for allylation reaction.

Therefore, to determine the origins of diastereoselectivity for the allylation reaction, we

focused our attention on the C—C bond-forming TSs leading to trans- and cis-diastereomeric
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products for the reaction of 3b with n-allyl-iridium complex Ir-2. Note that since
enantioselectivity and regioselectivity were not the focus of this study, we only computed the TSs

involving the major enantiomer and major regioisomer.

The absolute sense of enantiocontrol in Ir(phosphoramidite)-catalyzed allylations with
racemic allyl carbonates has been investigated computationally: oxidative addition occurs
preferentially to one enantiomer (i.e., a kinetic resolution) to form a cationic n-allyl-Ir(III)
complex in high enantioselectivity.?® In this work, our computational studies focused on the
origins of reactivity and diastereoselectivity in the allylation of bicyclobutyl boronates. For the
reaction of the prototypical bicyclobutyl boronate substrate with a methyl group on the boron,
we were able to identify 8§ TS conformations for the major diastereomer of the allyl iridium
complex Ir-2 that led to the trans-product and 4 TS conformations that led to the cis- product the
two most stable TSs are shown in Figure 5.4. Equilibration of the boronate ester was studied via
rotation about the C—B bond connecting the boronate group and the bicyclobutane motif. The
rotational barrier was found to be 3.3 kcal/mol, similar to the activation energy barrier for the
reaction with the allyl iridium complex. While rapid equilibration is challenging to assess based
on the small energy differences between the two processes, it is important to consider the rate of
formation of the allyl-iridium complex. Based on computational work from Ready and Liu,?’ the
activation energy barrier for the formation of the allyl-iridium electrophile is estimated to be
17.6 kcal/mol (in THF). As such, due to the large energetic requirement to generate the reactive
iridium catalytic species, the equilibration of rotational conformers of the substrate can be easily
established as the two events (formation of allyl iridium and bond rotation) are independent of

one another.
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Figure 5.4 Allylation TSs. Forming C-C distances shown in A.

5.3.4 Noncovalent interactions in allylation TSs

We calculated noncovalent interaction plot (from promolecular densities) of the most
energetically favorable allylation TSs (H atoms not shown) in Figure 5.5. Intermolecular
interactions between nucleophile and electrophile are shown, with weak dispersive interactions in
green. Based on a visual comparison of the competing diastereomeric TSs, the greater stability of

the trans-TS does cannot be attributed to more favorable dispersion interactions.
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TS-trans_e TS-cis_d

Figure 5.5 Noncovalent interaction plot for allylation TSs.

5.3.5 Rotational Barriers for BCB-Boronate Complexes and equilibrium constants

We examined this by computing rotational barriers for equilibration between the trans and cis
forms of BCB boronate and related derivatives (Figure 5.6), finding barriers ranging from 1.2 to
3.4 kcal/mol. For the preference between cis and trans with smaller substituents, the trans
conformer is preferred to avoid steric clashes present in the cis form. For larger substituents,

preferences reverse due to similar steric interactions.
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Figure 5.6 Computed equilibrium conformational distribution for a series of boronate ester.

5.3.6 Rationale for enantioselectivity

The selective formation of the trans-product is particularly noteworthy, as it diverges from the cis-
selective reactions of BCB boronate complexes with other electrophiles we have previously
reported. We initially theorized that the preferential cis product formation was due to a stabilizing
antiperiplanar orientation between the internal C—C bond of the BCB group and the B—C bond of
the migrating group, present only in the transition state leading to the cis product.’® Nonetheless,
our computational analysis showed no sign of substituent migration on boron, suggesting such
stabilizing effects do not play a role in the diastereoselectivity of reactions with m-allyl-iridium
complexes. Another theory proposed that diastereoselectivity might be dictated by the ground-
state conformation of the boronate complex. To explore this, we calculated the equilibrium
conformer populations of various boronate complexes and correlated these with the
experimentally observed selectivity values (Figure 5.7). A strong Pearson correlation coefficient
(R2 =0.88) indicated a link between the equilibrium preferences of the boronate complexes and

the experimental outcomes. Generally, the trans-conformation of the boronate complex was
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favored, except for cases with highly sterically hindered cyclohexyl and tert-butyl migrating

groups.

Y
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Figure 5.7 Correlation of experimentally observed selectivity with free energy difference between
cis and trans configuration of the BCB boronate.

This correlation of computed ground-state energy differences with diastereoselectivity
aligns with the Hammond postulate, suggesting that highly nucleophilic BCB boronates undergo
early, low-barrier C—C bond-forming transition states (TSs), resembling their ground-state
structure. Thus, the conformational preferences around the C—B bond are maintained in the TS,
without C—B bond rotation prior to the 1,2-shift. Early TSs also reduce the significance of
hyperconjugative effects, which typically favor the cis product. This explains the differing
behaviors between BCB boronates with Ir and Pd complexes; with m-allyl-Ir complexes, the
reaction proceeds through an early TS influenced by the ground-state conformation, leading

predominantly to the trans diastereoisomer. Conversely, less reactive Pd"—aryl complexes (and
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other electrophiles) benefit from the antiperiplanar alignment in a later TS, resulting in mainly cis

diastereoisomers.

An interesting consideration is whether these reactions might bypass Curtin—Hammett control,
with ground-state conformations and rates of interconversion directly affecting
diastereoselectivity. Since these rotational barriers are close to those of the TS, it's challenging to
definitively confirm or refute Curtin—Hammett control. However, considering previous insights
from Ready et al., the energy barrier for forming the m-allyl complex is significantly higher than
our computed rotational barriers, allowing enough time for thermal equilibration of the boronate
complexes before each catalytic cycle of the iridium complex, suggesting Curtin—Hammett

control is probable for this reaction.

5.4 Conclusions

In summary, we have described an Ir-catalyzed asymmetric allylation-induced 1,2-boronate
migration, leading to the difunctionalization of C—C o-bonds of strained boronate complexes. The
methodology enables the modular synthesis of 1,1,3-trisubstituted cyclobutyl boronic esters with
very high enantioselectivity and moderate to excellent diastereoselectivity. The versatile reactivity
of organoboron compounds makes these products valuable building blocks for accessing
enantioenriched three-dimensional cyclobutanes, which are present in a broad range of natural
products and drugs. More importantly, this process unveils a new strategy for asymmetric
difunctionalization of C—C o-bonds, including dicarbonation and carboboration. Computational
studies of competing allylation TSs are consistent with the experimentally observed selectivity

for the trans-diastereoisomer. The BCB boronate complexes are highly nucleophilic and react via
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early transition states with low activation barriers, with the diastereoselectivity reflecting the
ground-state conformational preference of the BCB boronate substrates, in accordance with

Hammond’s postulate.
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