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Abstract

This thesis describes the application of computational chemistry to understand the
origins of the regioselectivity and stereoselectivity in reactions involving the opening
and formation of cyclic species. In particular, we have used transition state modeling to
gain quantitative insight into an area of organic chemistry where previous
understanding has been heavily unfluenced by empirical observations. Our work
provides a basis to understand regioselective ring-opening of epoxides in systems
controlled by subtrate- or solvent effects. We have also studied enantioselective
catalysis using phosphoric acids, which promote enol ether spirocyclizations and the

desymmetrization of meso epoxides and aziridines.

In Chapter 2 we investigate the unusual 6-endo-tet selectivity of epoxide-opening
cyclizations, which form a tetrahydropyran motif found in several marine natural
products. Through DFT calculations we have established the stereoelectronic effect of
neighboring groups in weakening the adjacent C-O bond, which directs the
nucleophilic attack at this position. We also discover that the role of a template
provides a thermodynamic bias towards the pyran product, but that it also influences
charge separation in the competing transition state structures. The 5-exo-tet pathway

suffers from greater charge separation, and entropically unfavorable solvation effects.

In Chapters 3 and 4 we turn to enantioselective catalysis with chiral phosphoric acids.
Here we investigated the origins of enantioselective enol ether spiroketalization. We
have established that selectivity arises in a concerted, but asynchronous step in which
the enol ether is protonated, and the developing oxonium is quickly intercepted. The
computations are able to account for the sense and level of enantioselectivity based on
this mechanistic model. We then focus on the desymmetrization of meso epoxide and
aziridines using the same class of catalyst: again a bifunctional mechanism emerges
from our studies in which ring opening and nucleophilic attack are promoted by the
phosporic acid in a single step. A model for enantioselectivity has been developed to

account for the sense of selectivity for this synthetic transformation.
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Chapter 1. Introduction

1.1 Computational Methods
1.1.1 An Introduction

Understanding even the simplest phenomena relies on a mixture of empirical
arguments, extrapolating from the conclusions of past observations, and theoretical
models. Chemical theories are no different. The majority of our theories, many still in
everyday use, have been based on empirical observations made in the laboratory. These
experiments are sometimes performed using a small sample size (e.g. of substrates) in a
controlled environment, which can limit the application of the resulting interpretation
to applications outside of the immediate area for which it has been developed.
Computation provides us with the ability to generate theoretical models from a bottom-
up understanding that may be applied to make predictions of the results of laboratory
experiments.! Additionally, the means to preform simulations allows the possibility for
researchers to generate predictions on a timescale that is faster than the corresponding
experiment. Arguably, the growth of computational chemistry has therefore added to
chemists’ ability to expand the scope of our predictions, and increasing the reliability of

our conclusions.

In summarizing the status of quantum mechanics at the end of the 1920s, Dirac said the
following, “the underlying physical laws necessary for the mathematical theory of a
large part of physics and the whole of chemistry are thus completely known, and the
difficulty is only that the exact application of these laws leads to equations much too

2 . . . .
The same consideration remains today, since an exact

complicated to be soluble.
quantum mechanical description of all but the simplest systems remains out of reach
and so we must decide upon the optimal, necessarily approximate, approach for the
chemical system of interest. Here one must also acknowledge the compromise between
accuracy and speed that underlies all computational methods.® For example, density
functional theory is applicable to the modeling of synthetic catalysts, but this would be

too expensive to study the dynamics of lipid membrane movements, requiring more

. . .4
approximate methods such as classical molecular mechanics.



In this thesis I describe studies on the mechanisms and selectivities of catalytic organic
reactions. This requires an understanding of transition state structure, since this dictates
the stereo-determining event and is essential to developed a model for the origins of
selectivity. In order to do so, a quantum chemical treatment of the reacting systems is
necessary since classical methods do not describe bond formation or cleavage.
Nevertheless, we have incorporated different levels of theory in our studies, including
combinations of quantum and classical theories in order to explore these mechanisms
computationally on relevant time scales. Our application of computation has been
geared towards understanding how the myriad interactions between the intermediates,

environment and kinetics influence the observed reaction outcome.

1.1.2 Electronic Structure Theory

The advent of quantum chemistry started with the simple solving of the single electron
wave-function but has birthed a revolution in nearly all fields of applied science to date.
The computational approaches that we utilize to date are built on approximating work
performed in the 1920’s. The time-independent, non-relativistic formulation of the

Schrddinger equation for the one electron wave function is shown in equation 1.°

Hy=Ey (eqn 1)

In this equation H, represents the Hamiltonian which contains terms for the kinetic
energy of the electrons, nucleus, and interactions. The energy of the system is

dependent on the probability of the electron density at set distance away.

The first step towards computation of multi-electron systems was in the development of
a method to solve a many-body wave function. This work was initiated by D. R.
Hartree, who developed a method to solve a many electron state through multiple
iterations of the one-electron system.’ Fortuitously, at the same time the Born-
Oppenheimer (BO) approximation was developed. The BO-approximation allows one
to assume that the movement of electrons is much faster than that of the nucleus due

their difference in mass.® On the timescale of electron movement the nucleus is
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essentially motionless (often referred to as “clamped”), which enables complete
separation of electronic and nuclear wave functions. This approximation allowed
Hartree to approximate the energy of the electrons in the environment of classically
described nuclei. Even though this was a significant step forward, the early approach
failed to take into account electron-electron repulsion, since the individual electron
wave functions were assumed to be completely independent. The equation was re-
written to include an effective field (Veff) for this electronic repulsion. J. C. Fock
realized, however, that the Pauli exclusion principle was not satisfied by the resulting
multi-electronic wave function since there was not a change in sign upon the
interchange of two electronic coordinates (also referred to as the antisymmetry
principle).® Formulation of the wave function as a Slater determinant rather than as the
product of single-electron wave functions solved this problem and is the approach used
today to generate an antisymmetric wavefunction from one-electron orbitals (equation
2).

X1 (x1) AN (.x1)

Lp(leXZI"'xN) = W (eqn 2)

X1 (xN) XN(.xN)

Application of the Schrodinger equation is used to obtain the energy associated with a
given wave function. For molecules the wave function is constructed from the atomic
orbitals centered on each of the constituent atoms. The Hartree-Fock-Roothaan (HFR)
procedure developed the concept of a basis set which is the set of mathematical
functions centered on each of the atoms which add up to create these atomic orbitals,
that is now ubiquitous in modern quantum computational approaches. The type of
function chosen by HFR to describe the atomic orbitals was a Slater-type orbital (STO).
The STO orbital was utilized, as its shape is identical to those one-electron orbitals
obtained from application of the Schrodinger equation to the hydrogen atom. This form

is e ., where r is the distance away from the nucleus. The STO is a faithful
representation of the shape of an isolated atomic orbital, however, computationally it
imposes significant computational resources associated with integration. A more
efficient approach has been found to decrease the computational burden of the

r

calculations, using a Gaussian-type orbital (GTO of the form e~ *. This was developed



by Pople, and although more efficient has the obvious problem that the shape is no
longer faithful to the hydrogenic orbitals: the atomic orbitals decay much faster away
from the nucleus, and has the wrong shape close to the nucleus.’ To overcome this, the
utilization of multiple Gaussian type orbitals (GTO) to describe an atomic orbital was
introduced. The summation of several GTOs results in a basis function which closely

resembles the correct shape (Figure 1).

1.0K:

081

1§- 06

D 04f

00 05 10 15 20 00 05 10 15 20
r r

Figure 1. Left-hand side: comparison of the radial parts of Slater (STO) and Gaussian
orbitals. Right-hand side: contraction of three GTOs (blue) results in the red dashed
curve (STO-3G), which more closely resembles the radial-decay of the STO.

This has been subsequently refined to the split-valence basis sets we use today. Here,
several Gaussian exponents are used in the description of the valence orbitals, and the
mixture is optimized in the calculation. This enables greater flexibility in the
description of the valence shell, which undergoes changes upon chemical bonding. In
general more basis functions provide greater flexibility to describe the molecular wave
function although at a certain point properties such as geometries and energies are said
to “converge” such that the addition of more basis functions has little effect. One
advantage of density functional theory is that this point is reached sooner than for

alternative quantum chemical methods.



1.1.3 Density Functional Theory

Hartree-Fock (HF) embodies wave function theory (WFT), where the central idea is
that the wavefunction gives information about the overall energy. Even with the
developments to consider electron-electron interactions, the treatment of correlation
remains problematic for HF as the assumption of an average potential falsely implies
that there is no dynamic avoidance between electrons. Therefore, considerable attention
has been paid to an alternative approach to WFT, in the form of density functional
theory (DFT), developed by Kohn, Hohenberg, and Sham (eqn 3)’. The Kohn-Sham
equation to solve for the Energy of the density interactions of the model. 7. is the
kinetic energy, V,. is the nuclear-electronic potential, V.. is the electron-electron
potential, and E. is the electronic correlation. The nuance that they had was that if the
compound was not excited out of its ground state then the system could be uniquely

described by the distribution of the electron density.

Elp(0)] = Te[p®)] + Vaelp(M)]+ Ve[ p(1)] + Exc[p(1)] (eqn 3)

In principle, DFT has reduced the problem of a system of interacting electrons to one
that just considers the resulting density. There is, however, an important distinction
between DFT and ab initio approaches such as HF. The energy associated with a given
electronic density is calculated using the equation displayed in equation 3. The last term
in equation 3, is the so-called exchange-correlation functional, which contains
contributions from the kinetic energy and electron-electron interactions associated with
the electron density. Unfortunately, the form of the universal functional is unknown
and so many approximate functionals have been developed to account for this energy.
This unknown has allowed many researchers over time to introduce their own
functional to address this issue, which vary in both functional form and the parameters
used. The development of new functionals is performed through comparison with
reference data and so could be said to semi-empirical. The hierarchy of this evolution
has been more commonly referred to by Perdew as Jacob’s Ladder of density

functionals (Figure 2).*



Hyper-GGA

. Meta-GGA
Chemical Time
Realism

GGA

L.D.A

Figure 2: So-called Jacob’s Ladder as proposed by Perdew describes the proximity of
the DFT method to an ideal description of electron correlation (the lowest rung is the

furthest away).

The initial descriptions used for exchange-correlation functionals for were based on the
local density approximation (LDA) which assumes the exchange-correlation energy

could be connected to the value of the density of a uniform electron gas (equation 4).”

Ex[p(®)] = Ep(r)] + E[p(r)] where Eyipa=-Cyp"” (eqn 4)

This approach approximates a uniform electronic density, which means an
inhomogeneous electronic density (as is the case for molecules!) will result in
erroneous conclusions. To overcome this, the generalized gradient approximation
(GGA) approach was developed which introduces an enhancement factor to account for
changes in electron density and improves the accuracy in the description of molecular
systems.'® More modern techniques, have extended to further corrections due to the

changing electron density as in meta-GGA and hyper-GGA functionals.'' Additionally,
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it has been found that incorporation of HF exchange energies improves the results of
pure DFT calculations that has led to the development of hybrid functionals. Each of
these conceptual developments involves one step up Jacob’s ladder towards what
Perdew termed the “heaven of chemical accuracy”. Typically this is considered to be

within 1 kcal/mol of experimental values.

Implementation of the Kohn-Hohenberg equation to molecular systems requires a
choice of functional that allows us to calculate the total energy of the system. In this
thesis we discuss three main methods (i.e. density functionals). Firstly, the B3LYP
functional utilizes the hybrid-GGA approach.'” The B3LYP functional is perhaps the
most utilized functional of all time, and was developed by Axel Becke to incorporate
Hartree-Fock exchange (20%) and a mixture of local and non-local DFT
approximations to treat exchange and correlation, where the amounts were optimized to

reproduce the atomization energies of a range of small organic molecules.

EB3LYP = (1 — @)ELSPA + aqEHF + BAEE + (1 — ¢)ELSPA + cELYP (eqn 5)

The electronic correlation is treated in B3LYP using the exchange-correlation
functional (equation 5) above."> As we are able to see, this correlation structure imples
a corrective nature most similar to equations found in semi-empirical cases. The values
of a, b and c are adjustable parameters, which were set by Becke through comparison
with reference data obtained for small organic molecules. This equation highlights the
difference between a genuinely ab initio (literally, “from the beginning”) computational
treatment and density functional theory: namely, that many functionals include terms
whose value are not deduced from theory but adjusted to reproduce known quantities or
parameters. The success of DFT indicates that this approach is flexible enough to
describe molecules outside of the reference set initially considered, however, different
functionals have used different training data and so can perform better or worse

depending upon the chemical application.



The large number of studies utilizing the B3LYP functional are a testament to the
success of this approach, however, more recently problems have emerged in the
description of “long-range” interactions. This is a problem associated with the
description of electron correlation at a distance. This results in inaccuracies while
calculating the interaction between, for example, aromatic systems or so-called
hydrophobic interactions. To help correct this error many groups have introduced ad
hoc corrections, based on empirical models for the missing dispersion energy. These
modifications can either be introduced implicitly to the functional as is the case for
wB97XD, or alternatively as an explicit correction to any functional, as is the case for
the D3-correction developed by Grimme.'*'” In this approach, additive, attractive term
is used to compensate for the failure of DFT to adequately treat dispersion interactions.
As shown in Figure 3, for systems such as the benzene-benzene dimer this correction is
essential to ensure the correct description of a stable energy minimum, which is absent

without the D3-correction.

a) the B3LYP energy is repulsive at all distances  b) the D3-correction is attractive c) the combination of a) and b)
and proportional to ré results in the correct behaviour
binding D3-corrected
energy D3-term binding energy
\ \
separation separation

—>
separation

Z % ; i separation

Figure 3. Overview of the D3-correction for dispersion interactions applied to the

benzene-benzene dimer.

The most utilized group of density functionals in this thesis are from the Minnesota
(M06) family, developed by Truhlar in 2006.'° These are parameterized functionals that

calculate the kinetic energy of the electron density to help correct the exchange

8



correlation energy. The M06-2X variant includes a mixture of HF exchange energy that
has been particularly useful for organic and main-group chemistry. In some cases we
utilized the M06-L method, a pure DFT method which does not have any HF correction
and increases the speed of the calculations relative to the M06-2X method. While these
functionals have shown high accuracies for their training data in the literature, the
extensive parameterization is potentially disadvantageous since it may imply poorer
performance for chemical scenarios outside of the training data. For the reactions that
we investigated we either found literature precedence or performed computational

benchmarking studies to verify results.

1.1.4 The QM/MM Approach: ONIOM

A critical problem found with quantum mechanical approaches is the non-linear
increase of computational cost (time) with the size of the molecule (Table 1). These
scaling factors make calculations for molecules with hundreds of atoms prohibitively
expensive. In particular, geometry optimizations require repeated evaluation of the
energy and its gradient such that the application of QM approaches is restricted to a

final energy calculation after optimization with a more approximate level of theory.

Method Scale Factor, N*
Molecular Mechanics NZoms
Density Functional Theory NE i
Hartree-Fock Nfasis
Moller-Plesset Perturbation Theory N osis
Couple Cluster with Singles and Doubles NE i

Table 1. Computational scaling-factors for each method based on system size.

QM approaches are necessary to describe changes in chemical bonding for which
classical models fail badly. On the other hand, for regions of molecules that have a

predominantly steric role during a reaction it may be possible to use a more

9



approximate description that significantly reduces the computational cost. For atoms
whose bonds are not being significantly distorted away from idealized values,
molecular mechanics (MM) or other low-level theories can be applied to describe
molecular structures and energies. The combination of a QM treatment of a reacting
center, surrounded by an MM treatment of the non-participating functional groups is
known as a hybrid QM/MM approach. In particular, a popular implementation of such
an approach has been implemented in the Gaussian package, called ONIOM, which
stands for Qur own N-layered Integrated molecular Orbital and molecular
Mechanics.!” This has been developed by Morokuma and co-workers and enables DFT
descriptions of transition states, where the outer regions are treated by lower level
theories. The ONIOM approach has some restrictions, but has thus far shown to be
accurate in our hands as well as others (Figure 4)'®. The examples below have treated
bond formation or cleavage with DFT calculations, while the catalyst “backbone” in
each case, the region expected to contribute conformational and steric effects, but not

explicitly participate in the chemical reaction itself, was described by MM calculations.

OH
s H
1 /\1('\‘ \)VPh
N T bn
H o 3
o) o >/ OH O

+
Ph)k )K "On Water" ph)*\)J\
CF3
* 3
2 S
O//> * /©\ J_ Cinchona
0 e R, FaC NN
R HO™ y
RG)K/ “ O cpa | N2 Qcoza O
- e N N "CO,Et
o . X Rs N/gX L CO,Et
R, H o o
RH  HN N X=8,0

Figure 4. Catalytic reactions that have been successfuly treated using the ONIOM

methodology. Reaction 1 is an explicitly-solvated aldol reaction

In the implementation of QM/MM, a classical description is used to describe parts of
the molecule. Molecular mechanics is perhaps the most widely applied technique in
computational (bio)chemistry since it is wused almost exclusively to study

biomacromolecules. The central concept is that of chemical bonds as a harmonic
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springs linking hard spherical atoms, Figure 5 and equation 5. The lengths and force-
constants of these springs are parameterized, and have been developed from
experimental X-ray structures, spectroscopic observations of e.g. stretching frequencies
and other types of calculation. Many different descriptions are available depending on

both the sophistication of the force field and the parameters used."’

E= %k(x — X0)? (eqn 5)

-4 -3 -2 -1 0 1 2 3 4

em——k=300 e===k=1000

Figure 5. Represenation of a harmonic oscillator used to model covalent bonds in
molecular mechanics. The force constant, k, affects the stiffness and hence the potential

energy surface. Similar expressions are used for angle-bending.

One area of computational chemistry where ONIOM calculations have featured heavily
has been in the modeling of catalysis with chiral phosphoric acids (CPAs). These
systems are well-suited to such an approach, since the catalytic role associated with
hydrogen bond donation or acceptance can be captured well by DFT calculations and
the stereochemical and steric role of the chiral BINOL-backbone can be described by
force field parameters since there are no changes in bonding for this region of the
catalyst. Simon and Goodman have published several investigations using the ONIOM
methodology to study such systems, where optimizations employed the B3LYP
functional and the United-atom Force Field (UFF) was utilized for the backbone
(Figure 6).°° In fact, the torsional potential about the central C-C bond in the BINOL

11



backbone was found to be described more accurately by UFF than other, more
expensive methods making this force field the most suitable for these catalysts.
Additionally, force fields include explicit terms to describe steric and Van der Waals
interactions so that these methods may be more accurate than uncorrected DFT
approaches for the study of intermolecular or intramolecular interactions which play a

. . - 21
role in asymmetric catalysis.

Link Bond

Figure 6: The CPA is treated with a DFT method such as M062x in the Red region
while the lower level (Black) is treated with UFF. The Link-Bond is between the sp”

carbons.

1.2 Translating and Transcribing Computational Data
1.2.1 Kinetic Methods

Most of the data that computational chemists have at their disposal are the
“macroscopic” experimental outcomes from reactions. For complex reaction
mechanisms, it may not be possible to obtain information about each elementary step
directly, if at all. On the other hand, computational models deal with these chemical
steps directly. Without a means to translate our computational information into a form
that can be compared against these experimental results, such as measured rates or

selectivities, a disconnect remains between the two approaches.

Some of the more commonly used ways of comparing computation directly with
experiment are kinetic models, and within those schemes the application of concepts
such as Curtin-Hammett (CH) and King-Altman (KA). The King-Altman approach is a

graphical approach to kinetic analysis where the observed kinetics are a combination of

12



multiple pathways with one dominating at different time points (Figure 7).”> The KA
method allows one to solve the time dependent kinetic representation of e.g. an

enzymatic reaction with steady state approaches (Michaelis-Menten).

Global Mechanism

Kinetic Representation
Vet = ka[EA] - K o[EP]
ET ET

Figure 7. The King-Altman technique applied to a simple catalyst relationship. We
highlight how we can go from a mechanism not under-steady state to a kinetic

representation.

Shaik and Kozuch (SK) have adapted the KA approach computationally into the so-
called activation-span model. This allows the computational chemist to model the non-
rapid equilibrium kinetics which may occur during catalysis.”> In their model only one
pathway is considered and the population of an intermediate, at the rate-determining
step, is weighted by the previous equilibria. As shown by Figure 8, if we are
investigating a competitive state then equation would simplify into the un-modified CH

equation.
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: [Int] = e(G/RT)

I
k = [Int]*e-(G/RT) > k = e(G+G/RT)

Figure 8. The uptake and modification of the King-Altman technique applied to a
simple chemical catalyst analysis. The initial form of the kinetic equation is the

transition state theory weighted for the population of the intermediate.

In the bulk of our computational studies of catalysis we have compared the CH and SK
(activation-span)-type approach to one another to determine the likely behavior of the
catalyst in the experimental work. This approach allows us to investigate the extremes
of catalysis to determine which behavior is the most probably. Both require the
calculation of rate-constants, which we obtain using Transition State Theory (TST). In
TST, there is an assumed quasi-equilibrium between the reactant complex and
transition state leading to the Eyring expression in terms of the free energy difference
between the two species (Figure 8).*' From a computational perspective the
computation of the activation free energy barrier requires the evaluation of the energy
difference and the entropy difference, which depends on translational, rotational and
vibrational factors. The vibrations are obtained from a computation of the harmonic

frequencies.

A transition structure (TS) correspond to saddle points on the potential energy surface
(PES), and is computationally characterize by the presence of one imaginary frequency,
which corresponds to the reaction coordinate. This arises from the negative force
constant in the diagonalized Hessian matrix — i.e. the nature of the stationary point
along this direction is a maximum. There can be of course many points scattered across

a potential energy surface that would satisfy this requirement, for example associated
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with the rotation of small groups. To ensure that the transition state located corresponds
to the correct transition point we analyze both real and imaginary force constants so we
can visualize the bond stretching. If the bond stretching mimics the reaction trajectory

that we expect then we can conclude that the transition state is appropriate (Figure 9).

Additionally, energy minimizations in each direction can be carried out to confirm that
the TS evolves into the expected reactants and products. This can be done in a
relatively quick way simply using geometry optimizations starting from structures
displaced along the imaginary frequency, as proposed by Goodman’s Quick Reaction
Coordinate (QRC) approach. Alternatively, and more formally, the TS can be subjected
to an Intrinsic Reaction Coordinate (IRC) calculation which is more demanding, again

leading to the reactants and products associated with the input TS structure.*

Freq =-1300 cm1

Figure 9. An example of an optimized TS with a single imaginary frequency, often

indicated by a negative value, which corresponds to epoxide opening.

1.2.3 Reactivity

The reactions investigated in this thesis are generally considered to be kinetically
controlled reactions, as compared to thermodynamic control, which essentially means
that they are irreversible. The impact of kinetic control is such that the reaction with the
lowest activation barrier will usually lead to the dominant product. Thus factors that
preferentially stabilize the transition state for a given pathway will enable a more
selective reaction. In turn, an understanding of transition state structure and electronic

characteristics enables these effects to be reasoned.
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Approaches to understanding reactivity, as outlined above, differ between chemists and
biologists. In chemistry, a popular lens through which to understand the favorability of
a given transition state is by thinking about the “intrinsic barrier” by Marcus.?® This
originally described the unfavorable reorganization (of reactants and surroundings)
involved in electron-transfer, in a way which removed the effect of thermodynamics. In
the context of organic reaction mechanisms, the intrinsic barrier could be thought of
similiarly as an unfavorable reorganization term, to describe the resistance of a
reactant(s) to distort both geometry and electronically to achieve the requirements of
the transition state. Catalysts have been argued to promote such stabilization through
pre-organization of the environment around the compound.”® A limitation of Marcus
theory is the extensive and controlled data required to calculate the intrinsic barrier for

. 2
a reaction. 6

In biology, a wealth of information has come from the X-ray structures of enzymes,
nature’s catalyst molecules. In the initial days of enzymology one of the prevailing
theories of rate enhancement by enzymes was the hypothesis of stabilization of
reactants in a near attack conformation. The Near Attack Conformation (NAC) theory
was that by stabilizing the compound in a conformation that showed productive frontier
orbital overlap the enzyme is able to stabilize the transition state to a greater extent then
the ground state. As highlighted in recent years this approach has shown limited
success in predicting the activity of catalysts in silico. It is the author’s belief that a
source of error for this approach is the NAC’s inability to capture the whole origin of

catalysis.”’

1.2.2 Molecular Dynamics Simulations

As mentioned previously, there are limitations in computational chemistry associated

with the standard tools available to us;

* static models are routinely used to interpret the behaviour of dynamic systems,

which may not be in steady-state.
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* chemical intuiton and other biases may miss relevant features of the system.

The images that we generate are the ideal structures that we can use as a base to make
predictions from. In reality small rotations of angles or dihedrals would result in slight
alterations of the geometry that could skew the approach trajectory. These geometric
changes are thermally accessible in the ground state and can be carried over into the
transition state. To probe this many researchers have developed different techniques,
but the underlying factor behind the majority is the utilization of Molecular Dynamic
(MD) simulations that allow follow the trajectory of a system by numerically solving
Newton's equations of motion ** The purpose of MD is to find the lowest energy
conformation for a multi-body system where the energy function for a given state is
broken down into intra and intermolecular terms. In Monte-Carlo simulations the
simulations pick random conformations and calculate the energy of the structure

(Figure 9).%

AG

Local Minimum

Global Minimum

Figure 9. Monte-Carlo approach which each discrete ball represents a novel
conformation of the compound of interest. The simulation would terminate when it

reaches position 5.
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This is then compared to the states prior to estimate the relative change in stability.
This process is repeated until a global minimum is found. An inherent problem of this
approach is that structures can be trapped in local minimum. To force the simulation
out of the local minimum, steered molecular dynamics can be integrated in which will

apply extensive force to the simulation to force the structure out of the local minimum

(Figure 10).

\W/
o

Local Minimum

AG

Global Minimum

Figure 10. Energy Profile showing how a molecule (circle) can be trapped in a local

minimum if the step-size is to small.

Traditional MD is often utilized for compounds that have real vibrational frequencies,
which has prevented its application to transition states which display one imaginary
frequency. In essence, the pathway to a TS is a “rare event”, which in the absence of a
baising force would occur almost never in the MD simulation of a single molecule.
Several methods have been developed though to get around this problem by forcing the
system to adopt non-natural bonding distances. The most utilized technique is so-called
umbrella sampling. The umbrella simulation takes its name from the method by which
the compound is pulled in an interactive fashion to the transition state allowing the

system to come to equilibrium before it is moved again (Figure 11).*° Due to the
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computational demands of such calculations, it is still necessary to adopt a fairly “low-
level” description of the chemical system. So while sampling is considered, the quality
of the underlying QM description of the reacting system also suffers to the extent that

activation barriers can be several tens of kcal/mol in error with respect to experiment.

= Harmonic of Reaction Center Bonds
AG
Substrate

Product
Y %>>X Y{» X

Figure 11. The representation of the Umbrella technique where the reaction coordinate

is pulled along the reaction profile to help find and simulate the transition state barrier.

As the Umbrella sampling method is in its infancy the true impact that it will have on
higher-level calculations is not yet fully understood. As technology changes though we
may find that MD simulations will improve the accuracy and robustness of the
computational methods that have been developed over the last 60 years. In our work we
investigated how solvent influences the potential energy surface to help modulate the
inherent properties of the reaction to produce the observed outcome. With this
knowledge we then applied this information to the catalytic reactions investigate the
mechanism of the catalyst and subsequently determine how kinetics modulates the

modulation of the chemistry to produce the observed outcome.
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1.3 Outline of the thesis chapters

In this thesis I focus on the nucleophilic attack of reactive intermediates: chapter 2
concerns the trajectory and regioselectivity of epoxide-opening cyclizations, while
chapters 3 and 4 study the mechanism and enantioselectivity of spiroacetalization and
of meso-epoxide opening. The reactions that we selected to investigate all show an
unusal relationship with their environment. In the case of Chapter 2 the impact of the
solvation shell has some investigation experimentally but very limited conclusions have
been drawn to help explain the shifting in selectivity as the template is altered. In
Chapter 3 and 4 the CPA mechanism is not fully understood nor how the catalyst

interacts with the substrates strong stereo-electronic effects to help control the reaction.

In Chapter 2 we utilize DFT calculations to investigate experimental observations made
upon the regioselectivity of epoxide-opening cyclizations. It has been shown that water
can promote the formal 6-endo-tet opening, also referred to as the fused pathway, to
form a tetrahydropyran. This is in contrast to results obtained in organic solvents
(Figure 12). We have been able to create explicit solvent models (also known as cluster
models) to understand the impact of water on the reaction course. By generating this
model information we are able to explore the reaction trajectory which we utilized to
explain the observed behavior of the 6-endo-tet reaction. We have extended these
investigations of the importance of nucleophilic trajectory to consider classical

examples of chemical approaches for regioselective epoxide-opening reactions.

In Chapter 3 we utilized DFT, ONIOM, and MD simulation to investigate the C.P.A
promoted enantioselective spiroketalization. The chiral phosphate can classically act as
either a general or specific acid catalyst. Since there has been no kinetic investigation
performed on this reaction we investigated the mechanism by understanding how the
two classic methods, acid and solvent, controlled the spiroketalization. From these
studies we were able to predict the mechanism by which the C.P.A would reacted and
explore the impact of this mechanism on the enantioselective synthesis of the

spiroketals (Figure 13).
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In Chapter 4 we again utilized the ONIOM computational technique to be able to
investigate the desymmerization of meso-epoxides and azidiners by C.P.A with
different acids. As our study of the system progressed we found that the conformations
that the acids could adopt resulted in significant deviations from what our models
would have initial suggested. With this study we are able to highlight the impact the
limited specific interactions the C.P.A makes with the substrate and the subsequent

result on the number of binding modes of the activated complex can adopt. (Figure 13).

Observed
-2 \

[O/\'\:( Model Generated N {)\ t/
» ' y e

. Reaction Trajector
Data Applied Exploreld /

Figure 12. Outline of our method to investigate the 6-endo-tet promoted reaction by

aqueous solvent.

21



C o |
Model Generated ' '
O, O 0 O

(NI

Reaction Trajectory
Explored
Data Applied

Kinetics i
Investigated
-

Figure 13. Outline of method used for the computational investigations in Chapter 3

and Chapter 4.
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Chapter 2. Regioselectivity in
Epoxide-Opening Cyclizations

2.1.1 Introduction

According to the rules for ring closing events developed by Sir Jack Baldwin on the
basis of many empirical observations, the 6-endo-tet reaction is formally disfavored.'
While Baldwin’s rules are applicable to intramolecular nucleophilic substitution, there
is perhaps more contention when applying these rules to intramolecular epoxide
opening reactions: this is because the breaking C-O bond is outside the new ring being
formed regardless of the regioselectivity of attack. This has led Jamison and co-
workers to introduce the terminology of fused/spiro to classify selectivity in epoxide
opening cyclizations (Figure 1), based on the expected transition state structure in each
case. Formation of the tetrahydropyran (THP) occurs via the 6-endo-tet or fused
pathway, while the tetrahydrofuran (THF) product results from a 5-exo-fet or spiro
pathway. In Baldwin’s original work and later investigations by Alabugin the
selectivity of epoxides towards intramolecular attack has been discussed in terms of
being intermediate between fet and frig reactivity.! This serves to underlie that
regioselectivity of intramolecular epoxide opening is not easily governed by simple
empirical rules, and that computations of competing TS structures can be useful
towards understanding these reactions. In this chapter, for simplicity we retain the
“classic” terminology of 5-exo and 6-endo ring-closure, although acknowledge that

alternative descriptions are possible, and maybe even preferred by others.

Oq _6-endo-tet L/[/( 5 exo-tet (\o)(LOH
OH Fused Spiro H

Disfavored Favored

Figure 1. Mechanistic classification of intramolecular epoxide-opening according to

Baldwin’s rules and Jamison’s revised description.
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Although a regiochemical preference for 6-endo-tet ring closure is well-established
with electrophiles such as alkyl halides, with epoxides the occurrence of counter-
examples is more frequent.” Alabugin has questioned whether 5-endo-tet epoxide-
openings constitute a formal exception to Baldwin’s rules based on the discussions
above. Pursuant to this are the enzymes that promote the 6-endo cyclization of
epoxides, LSD19A being an example,”. This realization came to Nakanishi in 1985
with the identification of the structure of Brevotoxin and the related polyether natural
products.” The critical identification of the polyunsaturated intermediate provided a
clue and the starting point for K. C. Nicolaou’s team to begin the synthesis of the

ladder polyether natural product (Figure 2).%”
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Enzymatic epoxidation

Cascade Cyclization

Figure 2. Proposed biosynthesis of Brevotoxin. The putative polyepoxide
stereochemistry is not shown as the direction of sequential ring-closures is possible

from left-to-right (and vice-versa) and remains to be established.

The synthesis of pyran-containing ladder polyethers via a regioselective 6-endo-tet
reaction of epoxides was implicated enzymatically, but unknown by chemical means in
the 1980’s. Many innovative synthetic processes were developed as a result. We
highlight notable synthetic approaches for two such examples, Brevotoxin and
Halichondrin B. Brevotoxin is a secondary metabolite produced during algal red-tides.
As isolation of the secondary metabolite from its natural source would have not
provided enough material for biological testing, Nicolaou and co-workers synthesized
the brevotoxin family in the 1990s.*° To construct the three sequential 6-endo rings

they utilized an electronic directing group to help steer the reaction in 1988."
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The 6-endo motif in this case was created by utilizing D-mannose as the initial starting
point for the terminal ring. Through allyation and protecting group manipulation, a
common intermediate was generated which was ultimately used in both the Nicolaou

and Yamamoto synthesis of the brevetoxin family.'"'

From this point, ozonolysis,
olefination, reduction, oxidation were carried out to create generate the motifs
necessary to promote the 6-endo ring closure and subsequent extension of the pyran

core (Scheme 1).

Ph.t-BuSIiO "\{.-»0 ~ BrO N\ 0.~ '
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Scheme 1. Nicolaou’s process for tetrahydropyran formation, involving regioselective

pyran formation by a formal 6-endo-tet process.

Halichondrin B is a marine natural product discovered in 1986 and first synthesized by
Kishi in 1992." This natural product showed immense potential as an anti-cancer drug
as it was active against P-glycoprotein resistant cell lines; these cell lines show
resistance against Taxol and Vinca alkaloids which target the mitiotic spindle."* The
Eisai Company has since procured the rights to the derivatives of Halichondrin B and
discovered that the eastern hemisphere of the molecule is biologically active (Figure
2). Modification of the “tail” and conversion of the ester to a ketone has led to Eribulin
(known under the trade name Halaven), which displays non-reversible binding to the
mitotic spindle. The cytotoxity for this compound is extreme and is only used in late

stage and drug resistant breast cancer.
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Figure 3. Eribulin (L.H.S.) and a series of pyran/furan derivatives developed during

S.A.R campaign (R.H.S.).

This natural product is an exemplar for the industrial application of total synthesis,'
however, 30 kg of starting material is required to produce 200-300 grams of Halaven.
The industrial synthesis of the bicyclic pyran utilizes D-gulonolactone as starting
material, with the second pyran ring being formed from reacting with methyl 3-
trimethylsilyl-4-pentenoate with a basic workup to form the bicyclic pyran ring in one
pot (Scheme 2). Eisai followed Kishi’s route very closely but instead of using D-
mannolactone they found that D-gulonolactone provided several downstream
advantages. The major advantage was that the intermediates and target synthon could
be crystalized, which allowed the development team to avoid using 40 kg of silica gel

and 454 kg of petrol based solvent to produce 3 kg of the target synthon.
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Scheme 2. The Eisai synthetic route towards Halaven.

In this case, a more direct route could be greatly beneficial in terms of both cost and
potential for conjugation points as the western hemisphere of Halaven cannot be
modified without destruction of the activity and subsequent commercial viability of the

compound. Other such natural products include Mupirocin and ionophore
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antibiotics.'®'” Thus, functionalized THP derivatives, which could be generated in 6-
endo- selective epoxide opening cyclization are attractive targets due to their
biological activities, and the fact that this scaffold is relatively under-explored by most

drug libraries.'™"

2.1.2 Water promoted 6-endo cyclizations

Jamison has discovered that water promotes 6-endo-tet selective ring-closures of
epoxides and cascade reactions of polyepoxides, which occur with the opposite
regioselectivity in organic solvents. The regioselectivity towards pyran formation is
further enhanced by the presence of a pre-existing pyran ring, in a so-called
“templating effect”. It was established that with an initial pyran ring already in place,
ring-closure occurs with 10:1 6-endo:5-exo selectivity.” The reaction is pH sensitive
with the selectivity displaying a bell shape curve that is indicative of a general
acid/base catalysis. It is of interest to note that this pH response is also found in the
enzymatic promoted 6-endo-tet reaction by LSD 19A. Without the template, the 5-exo
pathway is dominant; the extent of its dominance though is solvent specific.*’
Following this initial discovery subsequent work focused on correlating the product
distribution as the template changed and establishing a direct cascade route (Figure

4).22,23
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Figure 4. The current synthetic approach generates undesired side products through
intermediate 1. A sequential opening method was discovered by Jamison in the early

2000’s that produces a single product.

Through synthetic alteration of the cyclic template, Jamison found that more
heteroatoms (dioxane > pyran > cyclohexyl) in this adjacent ring increased the 6-endo
product selectivity (Scheme 3).** The cyclohexane derivative showed essentially no

selectivity for either THP or THF product.”

H
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Compound 5-exo : 6-endo
X=0, Z=CH, : Tetrahydropyran : o }0
X=CH, Z=CH, : Cyclohexane 1 128

X=0, Z=0 : Dioxane

Scheme 3. Substitution pattern effect on the product distribution in epoxide

cyclizations performed in water.

The proposed rationale for this variation in product distribution was based on
arguments concerning the nucleophilic trajectory, which is affected by the reactant
conformation.”’ Baldwin’s empirical rules may be similarly rationalized in terms of the
stereoelectronic requirements imposed associated with each reaction type.' Jamison has
proposed that a twist boat/skew boat conformation is required to facilitate the
nucleophilic attack: this should be more facile for a pyran than cyclohexyl ring (Figure
5). However, no experimental or computational evidence supports this hypothesis
directly. On top of this, water was shown to be actively discriminating between the

two-TSs not through classic enthalpic interactions but through entropic effects.” This
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work gave us a compelling basis to study the basis for 6-endo-tet ring closure of

epoxides computationally.

¥
l-?|OH. |-?|OH
XH XH OH

Figure 5. Proposed transition state model to account for the 6-endo-tet templating

effect of a pyran ring.

2.1.3 Epoxide reactive trajectories: a meta-analysis

The physical foundation underlying the idea that nucleophiles follow fixed trajectories
came from the crystallographic observations of Biirgi and Dunitz. They showed a series
of structures with an amino group at varying distances from the electrophilic carbon of
a ketone, in which the O-C-N angle (i.e. the nucleophlic trajectory) took values around
105°. A similar analysis had not yet been performed for epoxide functional groups, so
we used the Cambridge Structural Database to do so, finding 33 examples of epoxides
with contacts between the electrophilic C-atoms and a non-bonded oxygen atom.?
There were no examples of other heteroatoms positioned within a cut-off of 3.0A
(based on van der Waals radii of ro = 1.52A, rc = 1.70A. Our statistical analysis in
Figure 6 shows that most structures are clustered within 135-170° (of the O---C-O
angle) with a C-O distance of 2.8-3.0A. A single structure (shown) is responsible for
the two shortest contacts, where a water molecule lies in contact with both epoxide
carbon atoms: interestingly, the epoxide C-O bonds are unsymmetrical (1.47 vs. 1.43A)
seemingly indicative of weakening at the side where the water molecule lies closer
(2.14 vs. 2.39A). The spread of our empirical data (in terms of the angle of approach)
suggests that the approach of the oxygen atoms is relatively free, however, it is
dangerous to extrapolate to the transition structure for nucleophilic attack from these

solid state structures.

32



-
~
o

g

sk,

O0C-0angle ()
g
o

-
~
-1
o

-
-
=3

g

20 22 24 26 28 3.0 3.2 CSD ID: EYEKOJ

€0 distance (A)

Figure 6. Meta-analysis of all X-ray crystal structures showing epoxide non-bonding

contacts with oxygen atoms; the outlying structure is shown.

To understand the stereoelectronic basis of epoxide attack it is useful to consider the
computed charge distribution and lowest unoccupied Molecular Orbtial (LUMO),
which we have performed for the ethylene-epoxide. The electrostatic potential is, as
expected, polarized so that the oxygen is negatively charged and the two carbon atoms
are positively charged. Electrostatically, approach of a nucleophile is preferred from the
opposite side of the O atom. The computed epoxide LUMO is formed from the out-of-
phase combination of the orbtials on all three heavy atoms, with largest lobes on the
carbon atoms. Immediately, it can be seen why the selectivity of epoxide-opening has
been compared with alkene electrophiles: the two lobes on each carbon, with a central
node, resemble the shape of a ®* LUMO for an alkene (Figure 7). For this
symmetrical epoxide, both the charge distribution and the LUMO coefficients are
symmetrically distributed, however, introduction of different substituents to each
carbon atom will lead to polarization, and also different steric requirements at each
position. Thus is becomes difficult to extrapolate this simple orbital picture to the
several examples of regioselectivity discussed above, so that we have performed

optimizations of the competing TS structures in each case.
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Figure 7. M06-2X/6-31G(d) computed electrostatic potential map and in plane LUMO

for ethylene oxide.

2.1.4 Computational methodology

Model generation is essential for us to accurately discern the internal and external
effects that promote 6-endo-tet selectivity. From Jamison’s work we know that the 6-
endo reaction has a second order dependence on the concentration of water as well as a
solvent kinetic isotope effect indicative of proton transfer in the rate determining step,
SKIE=1.33."*® We hypothesized that tightly-coordinated water molecules could act as
a source of strain that could help discriminate between the 5-exo and 6-endo
trajectories. If the solvent “bridges” between the nucleophile and electrophile then we
would have a transient but rigid secondary structure in the competing TS structures.
Such a mechanism would imply an associated enthalpic and entropic cost of having to
break multiple solvent-solvent interactions and reorganize the water into a well-defined

conformation (Figure 8).
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Figure 8. Proposed possible interactions between solvent and compound that could

help discriminate between TSs.

The solvent bridge postulate is reflected below in Figure 9, by the models 1A and 2B.
To remove any bias we also created models based on theories postulated by Jamison
(3A/B and 4A/B) to explain regioselectivity within their respective studies
(conformational effects). The most common approach to identifying the correct model
would be the comparison of the relative energy difference with the intent of finding the
lowest energy species. Unfortunately, in this case the atom count is different for

different solvent models, as well as the introduction of specific interactions in the
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discrete mechanisms. We gauged the success of the models by comparing the predicted
selectivity and solvent kinetic isotope (SKIE) effects against the reported values. Since
this reaction is kinetically controlled (epoxide opening is irreversible) we could directly
compare the TS energies to calculate the product distribution. Ground state (GS) and
transition state (TS) structures were optimized at the MO06-2x/6-31G(d,p) level of
theory with an implicit conductor-like polarizable continuum model (CPCM) for the
non-interaction solvent molecules.”’”* This functional, developed by Truhlar, has
shown to be able to obtain thermodynamics and kinetics of epoxide openings which are

comparable to Coupled-Cluster (CCSD) benchmark calculations.’’
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6-Endo-Tet Endo : Exo 5-Exo-tet

Figure 9. Schematic of different models for solvent and conformation interactions in
the TS. 6-endo i1s the A class while 5-exo is B class; values in center represent the

relative selectivity.
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6-endo Model 5-exo Model Predicted Selectivity (THP : THF)

1A 1B 3:1

1A 2B 1:156

1A 3B 1:3075

2A 1B 283,290 : 1

2A 2B 340: 1

2A 3B 17:1

3A 1B 582,886 : 1

3A 2B 700 : 1

3A 3B 35:1

Table 1. Complete comparison against all models activation barriers and the estimate

for the relative selectivity between them.

In the following discussions we discuss the “trajectory” of nucleophilic attack: several
definitions are possible and we have defined the O-C-C angle made by the nucleophilic
oxygen with the epoxide carbon atoms. In terms of approach, based upon the idea that
the epoxide shares a similar LUMO to alkenes, we consider that angles approaching a
Biirgi-Dunitz trajectory, around 105°, are closer to ideal. Based upon our computed
LUMO, there is a node in-between the two C atoms, so we would expect more acute

trajectories to suffer from destructive overlap.

We were elated to find that our model 1A, which captures the second order dependence
of the solvent and 2A the representation for the first order dependence for cyclization

by 5-exo resulted in a predicted product distribution of 17:1 which nearly matched the
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experimental selectivity of 11:1. The difference between the 6-endo and 5-exo
selectivity for the calculated and experimental results was 0.30 kcal/mol. To investigate
Jamison and co-workers’ hypothesis about the twist boat we decided to investigate the
effect of having a 3" water (4A) relative to having only two water molecules 3A. From
their hypothesis, the internal hydrogen-bonding network to the endocyclic oxygen is
important in stabilizing the twist boat formation, which increases the population of this
high-energy conformation relative to the chair. From this twist boat structure they
believed that the distorted angles would allow the nucleophile to approach from an
improved trajectory (Figure 8). From our calculations for the 6-endo-tet trajectory we
found that the introduction of the 3" water to interact with the endocyclic oxygen did
result in an improvement of the approach trajectory. The twist boat with two waters
(3A) displayed a trajectory of 102.8" while the trajectory for the 3 water model (4A)
resulted in an increase in the approach angle to 107.8". From our calculations though,
the introduction of the 3" water resulted in a decrease in the 6-endo selectivity from 3:1
to 0.68:1 (endo :exo). To explore this result further we decided to investigate the new

steric interactions that could introduce the shift in selectivity (3B vs. 4B).

The 5-exo trajectory has changed very little with the introduction of the 3 water 3B:
108.3°, 4B: 107.1°. The nucleophilic position has not changed (1.85 A) nor has the
leaving groups’ position (2.05 A). The TS for the 6-endo-tet reaction becomes later
with the introduction of the 3" water (3A — 4A). As the approach trajectory has greatly
improved over that of the chair conformation we would not expect the outcome that we
were predicting. To better understand this effect we investigated the thermodynamic
changes for both the product and substrate and the TS difference between the chair
conformations and the twist boat shifts. By comparing the starting ground state (acyclic
chain) for the chair and twist boat with two waters (1A and 3A) we find that chair
conformation is more stable by -3.2 kcal/mol, resulting in a product ratio greater than
109 : 1. More importantly, the 6-endo TS for 1A is more stable by 7.4 kcal/mol. This
shows that even though the approach trajectory improves by 1.4~ the unfavorable steric
interactions between the template and new ring could be the driving force for this
increase in the activation barrier. If this is true, we would expect to find that 6-endo

products would display a similar trend. What we find when we compare the product
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energy differences is that the chair-chair product is more stable by 6.4 kcal/mol relative

to the twist-chair conformation.
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Figure 10. Reaction profile comparison between the 6-endo chair conformation relative

to the twist-boat conformation.

Evidently, the hydrogen bonding interactions in the twist-boat TS do not compensate
for the inherent, unfavorable conformational penalty. Our computational work thus
suggests that the prevailing hypothesis, of a water-promoted twist-boat TS, is unlikely.
Additionally, in experiments the 6-endo-selectivity increases for trans-fused pyran
templates with two and three rings: such systems would be expected to show an even
greater bias away from the twist-boat in favor of the chair conformations, such that the

original mechanistic model is further weakened.

To determine the validity of our water placement we utilized a computational technique
developed by Singleton,”® which involves altering the mass of the exchangeable
hydrogens and recalculating the activation free energy barrier with the subsequent
alterations. The comparison of the new rates allows us to calculate the solvent isotope
effect. The SKIE changed marginally between the water bridging model (1A) and non-
bridging model (2A); 1.20 and 1.19 respectively (Figure 11). This is lower then the

experimental result of 1.33, which lent support to the theory of a proton transfer within
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the TS. To investigate a plausible reason for the lower value we profiled our 1A model
using the intrinsic reaction coordinate (IRC) technique.” We found that following the
TS there is a proton shuttle between the reacting groups and the bridging waters
(Figure 11). Along the IRC pathway we find that the proton transfer is “shoulder” off
the traditional direct pathway down to the products. This “shoulder” has been
characterized by Henry Rzepa and has been shown to be caused by a low TS barrier

step, or a very high-energy intermediate.

Figure 11. Proton transfer following RDS of the 6-endo transition state.

2.2 Classic 6-endo-selective approaches to epoxide opening
2.2.1 4,5-trans-epoxyhexanol

To begin our investigation we wanted to establish any inherent controlling factors
before beginning a more comprehensive investigation. We selected trans-4-5-
epoxyhexanol as our control model as this model was relatively simple and had

experimental results for the reaction run in water (Figure 12).”'
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Figure 12. Product distribution for the ring-closure of trans-4-5-epoxyhexanol in

boiling water.

The epoxide ring opening and subsequent cyclization are under kinetic control and thus
activation barrier differences would allow us determine the favored reaction course.
Acidic and basic reaction conditions were computed separately, by modeling them as
extreme cases, i.¢ as a fully protonated epoxide, and as a deprotonated alcohol. This
would correspond to specific acid/base catalysis. All TS structures, corresponding to
the formation of THP and THF products, were optimized at the M06-2X/6-31G (d,p)
level of theory with an implicit CPCM water solvent correction. The results are

collection in Table 2, Figure 13, and Figure 14 below.

Under acidic conditions, the 5-exo TS is able to undertake a more favorable trajectory
then is 6-endo-counterpart by 11° (Table 2). Under basic and neutral conditions the 5-
exo and 6-endo reaction trajectories are more similar, differing only by 2.1°. For both
acid and base catalyzed reactions the 5-exo TS is the more stable, in contrast to the
water-promoted reaction, where the 6-endo TS is more stable. The transition state

energy difference is highlighted in Figure 13.

e

:Acid * Base : Netural
AAG=0.97 AAG=1.53 AAG=0.39

Figure 13. M06-2x/6-31G(d,p) TS energy difference between the 6-endo and 5-exo

transition state. The positive value indicates that 5-exo is the favored pathway.
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Conditions TS \occ (9) Ome'C(A)  COuec (A)

Acid 5-exo 103.4 2.18 1.83
6-endo 92.12 2.21 1.84
Neutral 5-exo 104.6 1.92 2.00
6-endo 101.6 1.92 1.99
Basic 5-exo 105.5 2.05 1.77
6-endo 103.4 2.05 1.76

Table 2. CPCM-M062x/6-31G(d,p) approach trajectory under varying reaction

conditions for the competing TSs.

From the traditional arguments based on Baldwin’s rules it seems very odd that under
basic conditions the 6-endo approach shows the greatest approach angle but the worst
selectivity. After analyzing the structure of the 6-endo-TS we find the source of the
increased discrimination of the 6-endo TS. To approach the reaction center from such a
favorable trajectory, the 6-endo TS has to induce the ring formation significantly
earlier, which resulted in unfavorable 1,3 interactions with the forming ring. This can

viewed trying to “jump the gun” on the ring formation induced by an associative TS.
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Figure 14. M06-2x/6-31G(d,p) TS structures; bond distances (A) under various

conditions for the respective TSs.

From a qualitative inspection of TSs, we can see that the pyran core is much more
developed under neutral conditions then the acidic conditions. Based on the Hammond-
Leffler postulate, a later TS would emulate the structural characteristics of the products.
As this reaction occurs in water and the trajectory is sensitive to electronic steering it
would be interesting to ascertain a quantitative interpretation of these factors to utilize

during the analysis of other scaffolds.

Traditionally, determining the charge build-up in a TS can be probed through
experimental Bronsted or Hammett relationships, which can be used to understand the
changes in bonding taking place. To perform such a task computationally, we used the
Natural Bond Orbitals 6 (NBO) program. This has developed a strong following for its
capacity to robustly assign charges on atoms in complex structures, is also able to

quantify formal bond orders of 2-center, 2-electron bonds: We have used Wiberg bond
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orders (WBOs), which are more sensitive than the interatomic distance to the degree of
bonding character.”® In this scheme, a value of zero indicates no bond, one a full single
bond, and intermediate values a partial bond, where the magnitude of the WBO is
indicative of the degree of bond formation. This of course has found application in
determining the magnitude of interactions between a catalyst and TS to help explain
stereoinduction.”® Our NBO calculations were utilized to help determine the TS
position in terms of the extend of alcohol C-O bond formation and epoxide C-O bond

cleavage.

From the NBO computed WBOs (here, abbreviated as Bnyci,) we found that TS for
both 6-endo and 5-exo under neutral conditions increased to become more product like
(Table 3). The greatest impact on the TS from the Bronsted acid and base case was on
the 6-endo nucleophile, 0.39 and 0.18 respectively relative to the neutral case of 0.52.
Under both Acidic and neutral conditions we find that the TS is dissociative, meaning
that the leaving group has broken its bond to a greater extent then that of the
approaching nucleophile. Under basic conditions, the TS is more associative which

could help explain why the conformation has adopted unfavorable dihedral angles.

Conditions TS \o--c.c (°) Buc B,
Acid 5-exo 103.4 0.16 0.40
6-endo 92.12 0.13 0.18
Neutral 5-exo 104.6 0.50 0.58
6-endo 101.6 0.52 0.57
Basic 5-exo 105.5 0.35 0.36
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6-endo 103.4 0.34 0.34

Table 3. Characterization of computed TSs based on relative distance of TS and the

approach trajectory.

From our calculations it would appear that a more product-like and slightly dissociative
TS allows the 6-endo trajectory to become much more favored. The results for our
simple trans-4,5-epoxyhexanol model reaction highlight that the position of the TS can
have a significant affect on the product distribution. The dissociative nature found
under the other reaction conditions could help explain how the reaction trajectory has
been classically steered through electronic perturbation. To explore the inherent
characters that help control the ring closure events we will investigate the two synthetic
approaches developed to controlling ring closure: allylic and trimethylsilyl (TMS)

steering groups (Figure 15).'%

R .
HO. TMS Jamison 0. 2R, | Nicolaou . OH |
W\){O ¢ TMS Steering Olefin Steering 0
R, =TMS, R,=Me OH Ry = H, Ry=Alkene

Figure 15. Retrosynthetic approach to 6-endo epoxide ring closure utilizing steering

groups.

2.2.2 6-endo-selective closure of allyl-epoxides

In 1988 Nicolaou published an approach to achieve 6-endo-tet selective ring closure
with allyl-epoxides (Figure 16). Empirical evidence has led to a understanding that the
regioselective opening of epoxides are highly sensitive to electronic groups near the
reaction center. Based on this, Nicolaou et. al. decided to incorporate an allylic system
near the 6-endo reaction center to steer the reaction outcome. They found that with the

introduction of the allylic system, the THP was the dominant product and that the
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isolated yield increased for more electron-rich alkenes. Nicolaou also tested reactants
with greater substitution at the reaction center and showed that their methodology was

also insensitive steric interactions at the 6-endo-reaction center.

X
X H |

HO | TSOH © +

o) . !

DCM :"OH
H

Compound 6-endo 5-exo
X = H 100 0
X = COMe 60 40

Figure 16. Regioselective epoxide cyclizations with allylic steering groups developed

by Nicolaou.

To begin our computational study we investigated the olefin stabilized reaction course
promoted by a Brensted acid (a strong acid, TsOH, was used experimentally). To
simulate the effects of specific acid catalysis we assume the epoxide is fully protonated,
and TSs and GSs were optimized at the M06-2x/6-31G(d,p) level of theory with a
CPCM description of dichloromethane (DCM) solvation. We found that the difference
in stability between the two competing TS structures is 3.7 kcal/mol, with the favored
reaction course being the 6-endo. The magnitude and sense of selectivity match the

experimental outcome (Figure 17), which is completely selective for the THP product.
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Figure 17. CPCM-M06-2x/6-31G(d,p) competing TS structures for the Bronsted acid

promoted cyclization of an allylepoxide.

The computed TS structures show us that indeed the olefin stabilizes the development
of carbocationic character at the adjacent carbon, with bond shortening between the
internal olefin and alpha carbon. The approach trajectory is 87.5 which is a decrease of
4" from the 4,5-trans species. The position of the 6-endo TS is earlier with the
nucleophile being 0.1 A further away from the reaction center resulting in a more
dissociative TS. The experimental observation that the C-6 carbon substitution had no
impact on the 6-endo-product distribution (i.e. forming a quaternary center) helps to
support our TS calculations as an “exploded” TS as we would expect the TS to be less

sensitive to steric interactions.

TS \O"'C—C (O) dNuc (A) dLg (A)
5-exo 101.3 2.2 1.8
6-endo 87.5 24 1.8

Table 4. Characterization of TSs with an allyl steering group based on approach

trajectory.

48



The 5-exo trajectory is unchanged with the introduction of the olefin. This result is not
unexpected as conjugation doesn’t extend beyond the (-carbon. We believe that the 6-
endo-tet reaction is accelerated by the stabilization of the TS through conjugation. The
lowering of the intrinsic barrier for the 6-endo trajectory alone could help explain the
large difference in the TS barriers. Two related arguments can be presented to
rationalize the product distribution due to the allylic group; hyperconjugative donation
from the ®-bond weakening the adjacent C-O bond, or alternatively, the in-phase
combination of ®* and [* orbitals producing a lower energy LUMO (analogously to
the Polar Felkin-Anh Model) as shown in Figure 18. The net result of both
hyperconjugative arguments is the 6-endo reaction would display a dissociative TS and

the effect of the interaction would be limited to the ( carbon (C-6).

Tcc—=0%co

5 _
0 + _O*co
O '

ee
/\)\ ! — LUMO

Figure 18. Stereoelectronic arguments to rationalize product selectivity with an allyl

steering group.

One aim of Nicolaou’s methodology was to form extended polyether skeletons found in
several natural products, and consequently he investigated sequential cyclizations. A
pyran template increased the 6-endo-tet selectivity with an (-® unsaturated ester from
60:40 to 92:8 (endo:exo) as in Figure 19. As this mimics the template effect observed
by Jamison, but now under anhydrous conditions, we investigated this reaction further.
As summarized by Table 5 the nucleophilic trajectory obtained for THF formation is
unchanged from the allyl epoxide studied above, while the THP trajectory shows
evidence of less activation from the neighboring group: the angle of approach is larger

by 2.5° and bond formation is more advanced in the TS.
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Figure 19. Combination of an allylic substituent and a pyran template in epoxide-

cyclization.
TS lo-cc (°) drue (A) dig (A) ®®E?* (kcal/mol)
5-exo0 101.3 22 1.8 1.3
6-endo 90.0 2.3 1.8 0

Table 5. Characterization of the TSs for ring closure with an (-® unsaturated ester

steering group (no pyran template).

With the electron deficient alkene we find that 6-endo selectivity has decreased from
3.1 kcal/mol to 1.3 kcal/mol which would result in a product distribution drop from >99
to 90% selectivity. The observable product distribution change may seem small but
based on the change in the TS stability this effect is significant. From the structures
alone we can see that the TS has become later with the nucleophile 0.1 A closer to the
reaction center, relative to the olefin model (Figure 20). From our 4,5-trans-epoxy
alcohol calculations we would expect the later TS to result in a improved trajectory
approach. From a structural comparison of the 6-endo TSs we find the Capha-Caikene
bond distance is the same for both TSs at 1.44 A. The epoxide distance has not changed
as well which would point to the TS becoming more associative relative to alkene. As
we have seen from our basic model, an associative TS could result in increased

unfavorable 1,3 interactions. This structural information informs us that the olefin
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could be stabilizing the 6-endo TS through hyperconjugation, which supports the first
argument presented above, namely than hyperconjugative donation from the ®-bond

weakens the adjacent C-O bond.

s

NUCDiS =21 A NucDiS =23 A

Figure 20. CPCM-MO06-2x/6-31G(d,p) competing TSs for ring closure with an (-®

unsaturated ester steering group (no pyran template).

With the introduction of a pyran template Nicolaou found that the selectivity for the 6-
endo product distribution increased from 60% to 90%. With the introduction of the
template we find that the TS has become more dissociative when compared to the non-
templated case above. The nucleophile’s position has retracted back to 2.29, nearing

that of the alkene case, and the epoxide bond length has stayed the same (Table 6).

TS lo-cc (°) drue (A) dig (A) ®®E?* (kcal/mol)
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S-exo 101.8 2.2 1.9 2.9

6-endo 88.9 23 1.9 0

Table 6. Characterization of the TSs for ring closure with an (-® unsaturated ester

steering group with an existing pyran template.

Our initial hypothesis is that the template induces a conformational restriction that
helps to promote the 6-endo trajectory. When we compared the critical dihedral angles
we found that they did not differ significantly from the acyclic case (77.9°, 65.8°). This
effect though is to be expected as the TS has become more dissociative. As we have
seen previously, electronic deactivation of the 5-exo reaction center could result in
selective formation of the 6-endo trajectory. If the template was inducing an electron
withdrawing effect on the reaction center we would expect that the position of the
leaving group in the TS shift closer to the reaction center to prevent an increase in

unfavorable charge build up (Figure 21).

s NUCDis -2.3A NL‘ICDis -2.2 A

Figure 21. CPCM-MO06-2x/6-31G(d,p) competing TSs for ring closure with an (-®

unsaturated ester steering group and a pyran template.

When we compared the 5-exo TS, the template increased the epoxide C-O bond
distance by 0.02 A. From the deactivation theory we would not expect to be the case.

Deactivation of the nucleophile is also possible but again we see the opposite trend, the
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nucleophile position reflects an early TS, which is unexpected. What is possible though
is that the thermodynamics of the reaction have changed, i.e the products energies have
become more stable and the difference between the 5-exo and 6-endo have increased
(Table 7). This would result in a more exothermic reaction, shifting to an earlier TS

which would help explain the optimized structures.

Case Product ®®Ey, (kcal/mol) Favored Product
Acyclic 2.4 6-endo
Template 11.7 6-endo

Table 7. Thermodynamic difference between tetrohydropyran and furan with and

without the template.

By comparing the product energy differences between the tetrahydropyran and
tetrahydrofuran product with the introduction of the template we indeed find that the 6-
endo product is becomes more stable with the introduction of the template by 9.3
kcal/mol relative to the acyclic case. From our results it would appear that the TS
position plays a significant role in the stability of the 6-endo TS and template impacts

the 6-endo selectivity through modulation of thermodynamics.

2.2.3 6-endo-selective closure of silylated epoxides

Jamison et al. developed an elegant approach, to 6-endo selective closure, by using a
“traceless” directing group at the position where attack is desired. A trimethylsilyl
(TMS) directing group was used for this purpose (Figure 22). Initially discovered in
2002, this methodology, coupled with classic aliphatic chain extension using alkyne

couplings, resulted in a rapid approach to generate the ladder polyether core.
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Figure 22. Jamison’s approach to ladder polyether formation via 6-endo-selective

epoxide closure.

Under Lewis acidic conditions, Jamison found that the 6-endo reaction was favored
with 95:5 selectivity (THP:THF). This is perhaps a surprising result, since the
trimethylsilyl group increases the steric demands associated with nucleophilic attack to
form the pyran ring. Additionally, based on the logic which successfully accounts for
the control exerted by an allylic substituent, a silyl group would be expected to stabilize
®-carbocationic character at the position corresponding to THF formation. Intrigued by
these results, we investigated why the reaction displays pronounced 6-endo selectivity.

We summarise the relevant stereoelectronic effects in Figure 23.

f-directing effects: «-directing effect:
Ucs) —e N ~ ags =0 co
.0 - ' 0
f W, ? \
[ . |
1% t H - ~§-OH o4 - - -Jl'.‘
! " SiMe, o iMe, " "SiMes
nuc | iMe;
steric effect [s-silyl cation g

Figure 23. Competing steric and stereoelectronic influences of a silyl substituent upon

epoxide opening.

The TMS-directed cyclization was promoted experimentally by a Lewis acid, BF; We
explicitly modeled the BF; coordinated to the epoxide, at the M06-2x/6-31 G(d,p) level
of theory in CPCM dichloromethane. This methodology was utilized to the locate and
optimize the TSs and GSs for the respective trajectories. Our calculations predict the 6-
endo ring-opening trajectory is favored by 5.3 kcal/mol. Although qualitatively correct,

this value is larger then that obtained in experiment (1.3 kcal/mol) as shown in Table 8.
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TS lo-c.c (°) drue (A) dig (A) ®®E?* (kcal/mol)

5-exo 103.7° 2.0 1.9 5.3

6-endo 96° 2.2 2.0 0

Table 8. Characterization of the TSs for ring closure with a trimethylsilyl steering

group.

Coordination of the Lewis acid to either oxygen lone-pair of the epoxide was
considered, and we have focused on the most stable TS for each pathway. In the 5-exo
TS we can see that there are significant unfavorable steric interactions; 1,3 allylic strain

and BFj steric interactions originate from the TMS group (Figure 24).

1.97
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Figure 24. CPCM-M06-2x/6-31G(d,p) competing TS structures for the Lewis acid

promoted cyclization of a silylated epoxide.

In the 6-endo-TS the approach angle is 96  while the 5-exo approach angle is 103.7".
This significant increase in the approach angle for the 6-endo TS is also reflected in the
more product like TS. In the 6-endo TS we find that one of the Si-C bonds in the TMS-

group is aligned to be antiperiplanar with the C-O [* anti-bonding orbital. This is
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consistent with donation from the Si-CHj; bond weakening the adjacent C-O bond,
although optimized bond lengths did now show lengthening due to their weakening
from hyperconjugation. This could mean that hyperconjugation is relatively
insignificant, and that the electronegativity difference between silicon and carbon
stabilizes substitution at the adjacent position. In the 5-exo TS we can see that the
methyl groups from the TMS and the Cs-Cs bond are nearly eclipsing. This eclipsing
interaction results from steric interactions between the BF; and TMS. We illustrate
these interactions in Figure 25: steric interactions were gauged from NCI (non-
covalent interaction) analysis of the electron density. This approach uses the gradient of
the electron density to highlight regions of weak interactions, such as steric or Van der

Waals interactions.>

6-endo-tet

alignment of og;.¢ with o*c_g

steric interactions

Figure 25. 5-exo and 6-endo TS structures and key stereoelectronic and steric

interactions.
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A significant difficulty in fully quantifying the inherent driving force for TMS
directing group is the strong steric clash between the TMS and BF;, which is highly
dependent on the trajectory. To obtain an understanding of the stabilizing affect of the
TMS we decided to compute the reaction under Bronsted acidic catalysis. Jamison and
co-workers did not report results for an acid promoted cyclization, although we felt this
would give insight into the relative contributions of electronic and steric interactions.
From these calculations it would appear that the 6-endo selectivity decreased because
the TS became earlier. We find that the nucleophile position for the 6-endo trajectory
had decreased by 0.17 A and the leaving group decreased by 0.07 A relative to the BF3
promoted reaction. This earlier TS resulted in a less favorable approach trajectory,
which could help explain the drop in the 6-endo selectivity. For the 5-exo TS we find
that with the removal of the steric clash in the Brensted model the TMS group adopts a

more staggered conformation; 16.8 to 42.3" (for BF; and H' activation respectively).

In both models the 5-exo TS is unable to adopt the necessary conformation to induce
any [ bond overlap from the C-Si bond with a developing carbocation. From our TS
structures we found that the C-Si1 TMS bond distance was the same for both the 5-exo
and 6-endo TSs in both models which solidifies the idea that the electronegativity
difference with the TMS is not stabilizing the reaction center. We believe that the TMS
group is able to stabilize the charge build up through hyperconugation as the 6-endo TS

structure shows the necessary conformation for the interaction.

TS lo-c.c (°) drue (A) dig (A) ®®E?* (kcal/mol)
5-exo 100.7 1.9 1.8 2.4
6-endo 89.5 2.1 1.8 0

Table 8. TS approach trajectory and relative stability of Brensted-acid promoted

cyclization of silylated epoxides.

By altering the reaction conditions from acidic to basic, Jamison and co-workers found
that only the 6-endo-tet cascade product was formed; starting with a template already

present. This is unusual as one would expect that hyperconjugation by TMS would
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stabilize the build up of positive charge (as in the Lewis or Brensted acid promoted
case), but under basic conditions we would not expect this to be as significant. Our
calculations found that for the acyclic species (i.e. without a template), the 6-endo
trajectory 1s favored by only 0.9 kcal/mol; as there are no experimental results we have

no data to make a comparison against (Figure 26).

NUCDiS =21 A NUCDiS =19 A

LGpis=1.8 A LGpis=1.8 A
6 = 99.20 6 =106.1°
AAE g (keal) =0 AAE,, (kcal) = 0.9

Figure 26. TS difference between the 6-endo and 5-exo TSs under Brensted base

conditions.

The TS in this case has become more associative relative to the Bronsted acid-
promoted reaction with the nucleophile approaching closer to the reaction center by
0.22 A and the leaving group distance decreasing by 0.11 A. The approach angle for
the 6-endo TS has increased by 3” to 99" but this slight improvement in the trajectory is
made redundant by a similar improvement in the 5-exo trajectory. Structurally, the TS
structures for both THP and THF formation show close similarity to the earlier acid-
promoted example. The erosion of selectivity computed does support the earlier idea
that hyperconjugation is important: in the base-promoted reaction, there is less build of
positive charge at the reaction center in the 6-endo TS, and so the gap between the two

structures is decreased relative to the Lewis/Bronsted acid promoted reaction.
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Experimnetally, the template is normally in place before cyclization occurs. To see how
the template affects the product distribution we investigated the first cyclization
following its introduction. From our calculation swe found that the selectivity for the 6-
endo reaction course increased to 2.3 kcal/mol resulting the 6-endo product being the

only observed product from the reaction (Figure 27).

NUCDiS =21 A NUCDiS =20 A

Figure 27. TS comparison between 6-endo and 5-exo under Bronsted base conditions

with a template.

Unlike the allylepoxide, the 6-endo reaction TS did not change with the introduction of
the template. The 5-exo TS only changed slightly with the structure becoming more
dissociative. The increase in 1.4 kcal/mol difference may have been a result from the
thermodynamic change that we have seen with previous examples. When we compared
the difference between the acyclic and template products we again found that the
template increased the difference in energy between the endo and exo products (Table

9).

Case Product ®®E,y, (kcal/mol) Favored Product
Acyclic 6.4 THP
Template 11.1 THP
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Table 9: Thermodynamic difference between tetrahydropyran and furan in the presence

of a pre-formed tetrahydropyran core.

2.2.4 Rationale for Substrate Controlled Regioselectivity

We considered the optimized structures and LUMOs for neutral and protonated
epoxides bearing the two directing groups investigated above at the same level of
theory (Figure 28). Firstly, in the protonated case (which serves as a model for both
Lewis and Brensted acid activation mechanisms) the structures and LUMOs reinforce
our previous dicussions in terms of C-O weakening. For ethylene oxide, protonation
leads to a symmetrical lenghening of the C-O bonds by 0.08A as they weaken. In the
substituted cases, the lenghening is unsymmetrical: with an allyl group the adjacent C-
O bond lenghtens more by 0.14A than the other C-O bond, and with a silyl group more
a similar effect is observed, this time by 0.06A. At the same time, the nature of the
LUMO reflects this trend: for both cases the larger coefficient is at the carbon adjacent
to the allyl/TMS group. Attack is therefore preferred at this position. In the neutral
epoxides, there is a much smaller asymmetry in both structure and LUMO. However,
these are distorted in the same way, with longer C-O bonds adjacent to the substituent.
Interestingly, the difference in C-O bond lengths is larger for the neutral silylated
epoxide than for the allyl epoxide.
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Figure 28. M06-2X/6-31G(d,p) optimized reactant geometries and LUMOs for neutral

and protonated epoxides with different substituents.

From the studies performed on the classic reaction techniques as well as the
conformational studies for the solvent models we have that electronics, TS position and
thermodynamics can play a significant role in determining the product distribution.
With this information in hand though it is still difficult to correlate the TS position,
mechanism (dissociative) and thermodynamic effect. As we have seen in the Bronsted
base reaction model for the trans-4,5 epoxyhexanol the position of the TS is later then
that of the Nicolaou reaction. As we know from Hammond postulate the later the TS
position the more physical characteristics that it will share with the product. The
Nicolaou reaction showed the most significant change in the thermodynamic with the
introduction of the template (9.3 kcal/mol) but this only resulted in a 1.3 kcal/mol
increase in the TS difference. On the other hand, the Jamison model only showed a 4.7
kcal/mol increase with the induction of the template but a 1.4 kcal/mol increase in the
difference between the TSs. These results highlight that the position of the TS is able to

mitigate the impact of the thermodynamic influence.
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2.3 Regioselectivity in templated epoxide opening cyclizations
2.3.1 Template Effect

Jamison et. al. in 2007 introduced a THP template into their reaction design to explore
its effect upon subsequent ring closures in water. From this and subsequent studies,
they found that the greater the number of heteroatoms in the template ring the greater
the 6-endo regioselectivity and the more robust the selectivity was to changes in pH. In
Jamison’s initial study it was argued that the template was explicitly involved in the
controlling the reaction though its interactions with the solvent which would result in a
twist-boat conformation. This conformational shift was argued to induce an improved
trajectory approach that would result in a more favored 6-endo reaction. Our
calculations have shown that even though the twist-boat induces a favorable approach
trajectory (6 relative to chair conformation) this is outweighed by the unfavorable
thermodynamic effect and increased activation barrier associated with the less stable

conformation.

As we have seen in our previous calculations the introduction of the template induces
an increase in the thermodynamic discrimination between the furan and pyran ring
formation. To investigate the templates interactions with water we decided to focus our
investigation on the derivatives of the template under both neutral and Brensted acidic
conditions. The same computational methodology that was developed in the preceding

section was adopted.
2.3.2 Tetrahydropyran template

Before investigating the possible effects of the template on the rate of reaction we
sought to understand the effects of the THP core on the first cyclization step. From our
calculations (Figure 29) we found that the predicted selectivity for the cyclization
product distribution was 20:1 versus 11:1 (®®TSe.5)y -1.94 kcal/mol) found
experimentally. With the marginal error we believed that the results and subsequent

structures generated would give an accurate interpretation on the effect of template.

62



Figure 29. CPCM-M06-2X/6-31G(d,p) TS structural difference between 5-exo and 6-
endo TS promoted by water, with a THP template effect.

The 5-exo TS became more dissociative relative to the acyclic case but the trajectory
increased by 4 . For the trajectory to improve for this mechanism we would expect that

the TS has become later. The 6-endo TS has not changed drastically with the induction

of a THP template.
Template Conditions TS locc(®) dnue(BA)  dig(A)
THP Neutral 5-exo 110.1 1.87 2.02

6-endo 101.4 1.92 2.00

Table 10: Further characterization of the TS for tetrahydropyran template in water.

Introduction of a second THP template was considered computationally, and resulted in
a further increase in 6-endo selectivity, giving a predicted selectivity of 34:1
(THP:THF) (®®TS.5) -2.45 kcal/mol). Experimentally Jamison and co-workers
found a selectivity increase to 19:1 (THP:THF) with this modification, so our

calculations were able to reproduce the trend in selectivity with good accuracy (Figure

30).
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Figure 30. CPCM-M06-2X/6-31G(d,p) TS structural difference between 5-exo and 6-
endo TS promoted by water, with a frans-fused bis-THP template effect.

Our TS calculations found that the bicyclic THP template increased the dissociative
nature of the 5-exo TS to a greater extent than for 6-endo. The trajectory for both cases
increased slightly over that of the monocyclic THP template. The separation between
the product energies increased slightly by 0.1 kcal/mol (11.4 vs 11.3 kcal/mol; bi- and
monocyclic templates, respectively), which would not account for a pronounced

increase in selectivity.

Template Conditions TS locc(®)  dvwe(d)  dig(A)
BI-THP Neutral 5-exo 111.1 1.85 2.04
6-endo 101.5 1.91 2.01

We were intriguied by the possibility, that rather than inducing a conformational effect,
an important role of the templates was to influence the reaction center by a withdrawl
of electron density through the sigma-framework. This would lead to greater charge
separation in the TS by deactivating the nucleophile. As Jamison and co-workers have
already shown, the discriminaton between 5-exo and 6-endo is greatly affected by the
entropic barrier for the reaction. From our TS calculations we found that the TS does
indeed become later, i.e. more dissociative. We would expect that charge separation in

the TS has increased relative to the GS to a greater extent in the bicyclic-template
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versus that of the single pyran. This effect was probed by NBO calculations on the
structures to obtain natural charges for each TS (Table 11). We observed that the
charge separation within the reaction center increases with the introduction of the
template. This effect though is localized to the 5-exo TS and does not affect the 6-endo
TS. Additionally, the greater charge separation for the 5-exo TS would also be expected
to cause more pronounced solvent reorganization, which would contribute to an

entropic factor disfavoring THF formation.

Template Trajectory LG Charge (¢) Nuc Charge (e) Charge

Separation (e)

Bis-THP 6-endo -0.11 0.23 0.34
5-exo -0.12 0.26 0.38
THP 6-endo -0.11 023 0.34
5-exo -0.12 0.25 0.37

Table 11. Analysis of the charge build up different between the TSs with different

template structures to promote the discrimination.

Our 1nitial calculations highlighted that introduction of a THP template increased the 6-
endo selectivity by increasing the thermodynamic difference between the THP and
THF products. This thermodynamic effect, however, is approximately constant for a
mono- or bicyclic template. The additional selectivity gained from the longer template
instead results in a slightly later 5-exo TS, which we hypothesize is the result of an
enhanced inductive affect on the reaction center. The greater charge-separation in the 5-
exo TS is a direct effect of being slightly later, and could also result in more

(unfavorable) solvent organization versus 6-endo-TS.

65



2.3.3 Cyclohexyl template

Following observations with the THP template, Jamison and co-workers reported
results with a cyclohexyl derivative as the template. It was found that the cyclohexane
template, unlike the tetrahydropyran motif, displayed a first order dependence on the
solvent for the 6-endo reaction course. Utilizing the two water model that we had
developed previously we find that the predicted selectivity is 1.2 :1 (THP:THF)
(®®TS-5) -0.24 kcal/mol) while the experiment shows 1 : 1.4 selectivity (Table 12). If
we compare 5-exo TS with a cyclohexyl template versus the 4,5 epoxyhexanol we find
that the reaction has become more associative, the forming bond distance is 1.87 A vs.
1.92A; cyclohexane and no-template respectively and is also true relative to the pyran
template. The 6-endo TS on the other hand shows similar structural characteristics to

the un-templated reaction.

Template Conditions TS locc(®)  dnue(B)  dig(A)
Cyclo Neutral 5-exo 105.6 1.87 2.03
6-endo 100.9 1.92 1.99

Table 12. TS characterization utilizing the standard water bridging template.

We would expect from these results that the 5-exo should be the dominant product and
display a distribution greater then that of the epoxyhexanol case. The introduction of
the template induces greater selectivity for the 6-endo product. With the introduction of
the cyclohexane motif we find that the tetrahydropyran template is more stable by 6.3
kcal/mol relative to the single pyran case. This combination could be a possible
explanation for why we find that the 6-endo trajectory is more stable then the 5-exo
trajectory. This argument though is highly dependent on the model that we had chose
initial. As we have discussed already, the cyclohexane displays a first order dependence

on the solvent. As our model is trying to replicate the second order dependence we
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deiced to break the solvent bridge for the 6-endo model and utilize the same non-

solvent bridge model that we utilize for the 5-exo TS.

With the alteration of the 6-endo TS we find that experimental outcome 1 : 1.2 is nearly
matched by our model, 1 : 1.6 (endo : exo). When we investigate the new 6-endo TS we
find that the trajectory has improved by 3  and the position of the nucleophile has
remained unchanged. We find that in this model, the distance of the breaking C-O bond
in the TS has decreased by 0.03 A to produce a more associative TS relative to the

solvent bridging model (Table 14).

Template Conditions TS locc(®)  dae(B)  dig(A)
Cyclo Neutral 5-exo 110.1 1.87 2.01
6-endo 101.1 1.92 1.96

Table 14. TS characteristics utilizing novel solvent model Figure 33.

2.3.4 Dioxane template

At the opposite end of the 6-endo selectivity spectrum from cyclohexyl is the dioxane
template which had displayed the greatest selectivity across the most diverse conditions
128: 1 and 7: 1 (THP:THF) (®&®TSs.5) -4.82 kcal/mol, ®®TS.s) -0.23 kcal/mol) under
neutral and acidic conditions. The dioxane template displayed the classic general
acid/base pH response curve, a double hump characteristic of discrete molecules acting
as an acid or base. This made us believe that even though that the kinetics dependence
on the solvent was unknown we could apply the tetrahydropyran model and
methodology to this investigation. Our initial calculations focused on the epoxide

cyclization under neutral conditions which displayed a product distribution of 130:1

(endo : exo).
Template Conditions TS locc(®)  dnwe(B)  dig(A)
Dioxane Neutral 5-exo 110.7 1.84 2.05
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6-endo 102.1 1.91 2.03

Table 15. TS Characteristics of the Dioxane template under classic solvent model.

In the optimized TSs we found that the nucleophilic approach trajectory has an
improved approach trajectory for the 6-endo TS when compared with the cyclohexane
derivative, but it is similar to that computed with a THP template. The 5-exo TS on the
other hand has a similar trajectory with the cyclohexane template. However,
comparison of the distances for the forming and breaking C-O bonds become shorter
and longer, respectively. The 5-exo TS is more dissociative relative to both the
tetrahydropyran and cyclohexane template. The 6-endo-TS has become more
dissociative as well but alterations to the bond distances are much less significant. The
thermodynamic difference in the THP and THF product stablities is decreased by 1.4
kcal/mol relative to the THP-template. This significant shift in the selectivity with a
decreases in the thermodynamic difference is rather surprising. To explore this case
further, we decided to investigate the Bronsted acid promoted 6-endo-tet reaction with

a dioxane template.

Utilizing the Brensted model we found that the predicted outcome from our
calculations was a 1.4 : 1 versus that of the 7: 1, endo : exo, found experimentally.
Even though there is error in our predications we believe that the structures generated

could still be useful (Table 16).

Template Conditions TS locc(®)  dnue(A)  dig(A)
Dioxane Acidic 5-exo 104.6 2.16 1.90
6-endo 95.1 2.21 1.87

Table 16. TS Characteristics of the Dioxane template under Brensted acid conditions.
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As we would have expected from our earlier calculations, the TS has become
significantly earlier relative to the neutral cases. The significant difference is that the
TS has become later relative to both the acyclic and tetrahydropryran Brensted acid
cases. The shifts to a later TS for both the neutral and acid model could result from the
deactivation of nucleophile. Jamison and co-workers discussed briefly the possibility
that the electronegative nature of the ring was inducing the 6-endo selectivity but

dismissed this proposal based on their results from a cycloheptyl template.

2.4.5 Cycloheptane Template

Jamison and co-workers developed a cycloheptyl templated reaction, for which it was
anticipated that the skew-boat conformation would not be accessible. As this motif
contained the endo-cyclic oxygen it may also serve as a probe for the effect of
deactivation of the nucleophile upon the regioselectivity. Experimentally, it was found
that the cycloheptane template induced a 1:3 selectivity, in favor of the THF product.
From our calculations utilizing a bridging water motif, we found that the selectivity
was 1:12 in favor of the THF product. The shift to 5-exo was reflected in our results
so we believed that we could utilize the structures to determine the origin for the shift
(Table 17). The 5-exo TS has become more earlier and more associative with the
epoxide shorting its bond distance relative to the other templates. This initial result
would give some credence to the hypothesis that the endocyclic oxygen has a limited
effect on the selectivity. Nevertheless, this template also leads to a difference in product
stabilities, which we have seen influences the selectivity of ring-opening. From our
calculations we found that the thermodynamic preference for the THP product lessened
by 2.5 kcal/mol relative to a THP template. Even without alteration of intrinsic
activation barriers, we would expect this thermodynamic effect to lead to a shift

towards THF formation.

Template Conditions TS Angle Nucpis  LGopis

Cycloheptane  Neutral 5-exo 109.8 1.86 1.99
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6-endo 98.8 1.92 1.99

Table 17. TS Characteristics of the Cycloheptane template under classic solvent model.

2.4 Environmental interactions
2.4.1 Electronic Effects

From our results thus far we have found that the position of the epoxide-opening TS
and its structure have a significant impact on the selectivity of the reaction. We have
computed the differential stabilities of the THF and THP products for different
templates in different conditions and, as expected, the THP dominates, although by
differing amounts depending on the system considered. While thermodynamics has an
effect, mainly through the position of the TS, there is no simple correlation between

these thermodynamic energy differences and experimental selectivies. (Table 18).

Template Conditions Favored Product ®E (kcal/mol)
Dioxane Neutral 6-endo 9.9

Acid 6-endo 6.2
THP Neutral 6-endo 11.3

Acid 6-endo 7.2
Cyclohexane Neutral 6-endo 9.6
Cycloheptane Neutral 6-endo 8.8

Table 18: Relative Product stability difference with the varying templates
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Figure 31. 6-endo product selectivity trend observed experimentally.

As stated previously the dissociative nature of the TS seems to correlate with lower
stability, and is often observed for the 5-exo TS leading to 6-endo selectivity. Utilizing
Wiberg Bond Orders (WBOs) we have compared the extent of bond breaking and bond
formation in the different TS structures (Table 19). This provides additional detail
beyond the length of these bonds in the structures.

Template Conditions TS \o--cc (°) Bue Bi,
Dioxane Neutral 5-exo 110.7 0.60 0.65
6-endo 102.1 0.60 0.61
Acid 5-exo 104.6 0.19 0.45

6-endo 95.1 0.13 0.45
THP Neutral 5-exo 110.1 0.65 0.62
6-endo 101.1 0.60 0.57
Acid 5-exo 104.0 0.22 0.42

6-endo 94.2 0.18 0.43
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Cyclo Neutral 5-exo 110.1 0.66 0.60

6-endo 101.1 0.61 0.55

Table 19. Bond Formation in the transition state for the respective transition state.

From these results we can see that as the electronic density of the ring is depleted with
the introduction of the endo-cyclic oxygens and as a result, the 6-endo TS becomes
more dissociative; (B, 0.61 and 0.6 for cyclohexane and pyran respectively) and (B,
0.55 and 0.57 respectively). The dioxane TS from this analysis has changed very little
when compared to the pyran template. The most significant impact of the electronic
perturbation is on the 5-exo TS where we can see that the leaving group bond breaking
increase by 0.05 A and the nucleophile bond formation decrease by 0.06 A as we shift
between the cyclohexane and dioxane templates. As Jamison and co-workers have
highlighted, water is able to help discriminate between the reaction trajectories based
on entropic effects. From the TS structure we would expect that as the TS becomes
later and more dissociative, charge separation will increase. The charge could induce
solvent re-organization around the TS resulting in the unfavorable entropic effect,

particularly for the 5-exo TS.

To investigate this possibility we have computed the natural charges at the reaction
center of the GS and TS structures. The relative difference allowed us to calculate the
charge separation (Figure 32). I chose to utilize this approach instead of the dipole
moment as I believe that if we treated the solvent as explicit rather then implicit we
would find that the solvent would recognize the charged separated groups as discrete

entities versus a global vector.

Template Conditions TS Angle CS (e) ®
Dioxane Neutral 5-exo 110.7 0.39 04
6-endo 102.1 0.35
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THP Neutral 5-exo 110.1 0.38 0.3

6-endo 101.1 0.35
Cyclo Neutral 5-exo 110.1 0.37 0.2
6-endo 101.1 0.35
Bi-Template Neutral 5-exo 109.8 0.38 0.3
6-endo 98.8 0.35

Table 19. CS = Charge Separation in the transition state as shown in Figure 32.
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Figure 32. Approach to Calculating the Charge Separation (CS) seen by the

environment.

From the charge separation shown in (Table 19) it becomes apparent that the TS
position influences this quantity, which in turn will affect the first solvation shell
around the TS. This contributes an entropic factor to the regioselectivity, which is
difficult to compute exactly, although qualitatively we argue that it will be related to
the degree of charge separation. Thus far we have found that the templates lead to a
thermodynamic improvement for the 6-endo trajectory, while changing the electronics

of the template result in changes in the solvent organization for the 5-exo trajectory.
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What we have not discussed thus far is how the electronics of the ring is able to
attenuate the position of the TS. To investigate this correlation we will need to

determine the inherent characteristics of the reaction potential energy surface.

2.4.2 Epoxide opening Potential Energy Surface (PES)

To better understand the inherent dynamics of the reaction we decided to calculate a
More O’Ferrall-Jencks plot of the THP-templated reaction under neutral reaction
conditions (Figure 33). This plot is traditionally generated through the investigation of
the linear free energy relationships and provides the researcher information on the
interdependence of interactions for a given reaction. To emulate this approach we
calculated a grid for the reaction coordinate, where the two coordinate directions were
the forming and breaking C-O bonds. All other geometric coordinates were fully
optimized while these two coordinates were incremented systematically to generate a 3-
dimensional energy surface showing the saddle point (i..e TS structure) and the region
around it on the PES. The distances were scanned over the range (3.0 — 1.5 A for the
nucleophile and 1.5 — 2.3 A for the epoxide; with grid spacing of 0.1 A) at the M06-
2x/6-31G(d,p) level of theory as used previously in this chaper. For this investigation
we utilized the most thoroughly investigated system, the THP-templated reaction in
water. The surfaces are represented as contour plots for with isocontours every 5
kcal/mol: a rainbow color scheme shows low energies in violet and high energies in

red.
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Figure 33. Potential Energy surface for the tetrahydropyran template. X marks on
graphs highlight the TS position of the cyclohexane, tetrahydropyran, Bi-template and
dioxane TSs. Graphic images were prepared using the MatPlotLib Python library to
interpolate between computed energy values. (A) 5-exo reaction profile. (B) 6-endo

reaction profile.

From the computed Moore O’Ferrall-Jencks plot the effect of having a later transition
becomes apparent. It would appear that the 5-exo reaction is much more sensitive to
alterations of the in the position of the nucleophile and leaving group then the 6-endo
reaction. For the 6-endo TS, the region of the PES around the TS is flatter, and more

forgiving of such alterations. By alternating the electronic nature of the template the
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chemist is able to control the nucleophilicity of the alcohol which results in a
significant shift in the leaving group to adopt the lowest energy reaction course. This
effect is less pronounced in the 6-endo reaction course but should be fairly pronounced
in the 5-exo reaction trajectory. When we focused our attention to the 5-exo trajectory
we indeed find that the TS is much more sensitive to alterations in the electronics of the

template.

As we have seen in computed structures, and now in the shape of the PES around the
TS, the 5-exo TS is sensitve towards perturbation by alteration of electronics or solvent.
Changing the TS structure towards a later structure results in greater charge separation,
which is itself unfavorable, but also leads to more pronounced solvent ordering around
the TS; this entropy effect was highlighted already by Jamison. Attempts to evalute the
effect of solvent polarity using implicit solvent models showed no effect upon
selectivity. However, the implicit model fails to capture the solvation shell around each

TS and so would be inadequate in describing any entropic effects of solvation.

2.5 Conclusions

From our computational results we have established that the regioselective of the
epoxide-opening cyclizations are influenced by several factors which influence the
transition state. Firstly, electronic effects from a donating substituent such as allyl or
trimethylsilyl group weaken the adjacent C-O bond to direct nucleophilic attack at that
position, which can be used to select for 6-endo closure. In the case of the templates
studied, there is a weaker inductive effect at play, but which nonetheless affects the
transition state position. For reactions in water, the ability of water to act as a “bridge”
avoids unfavorable charge build up in the TS, and this is achieved preferentially for the
6-endo pathway. It remains the case that this closure proceeds via a less favorable
trajectory in stereoelectronic terms, however, the enthalpic and entropic contributions
in water outweigh this. The 5-exo pathway was found to be more sensitive to
perturbation of template or solvent and as a result was raised in energy relative to the
competing ring-closure. In the absence of a template, and with acid or base catalysis the

more traditional 5-exo pathway remains as the more favorable ring closure.
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Chapter 3. Stereoselective
Spiroketalization of Enol Ethers

3.1 Introduction
3.1.1 Introduction

The enantioselective synthesis of natural products underlies much of medicinal
chemistry research. Complex synthetic targets have been successfully synthesized that
have allowed the scientific community to introduce novel molecules with applications
in both medicine and agriculture. There is a continuing need for enantiopure molecules
with significant therapeutic activity in the treatment of microbes and parasites. Modern
attempts to discover new compounds have focused on screening chemical libraries to
find bioactive lead molecules or those that display synergistic interactions with current
treatments.”” The chemical libraries utilized in these screens can either be fully
synthetic derivatives  (heterocyclic) or compounds designed around privileged

vy 4
structures found within nature.*’

Spiroketals are considered a privileged scaffold, as they are believed to mimic the beta-
turn motif found in many protein-protein interactions.® Spiroketal conformations may
be classified as anomeric or non-anomeric. The contra-steric preference for the former
of these two conformations derives from preferential interactions between the lone pair
of the endocyclic oxygen and [* of the exocyclic C-O bond (Figure 1). This
interaction is classically thought in terms of hyperconjugative arguments although
theoretical studies point to the importance of electrostatic interactions in dictating

relative stabilities.

78



0 0
Y::;ﬁ/Hm ‘::xﬁ/ORm

OR,, Hay

nO_’U' [——

9
A=y \\:%,@i
B~

Anomeric Non-Anomeric

Figure 1. Anomeric and non-anomeric spiroketal conformations showing the frontier

molecular orbital basis for the endo-anomeric effect.

The stereoselective synthesis of spiroketals is complicated by the observation that
under acidic conditions their formation can be reversible: in other words, while the
non-anomeric product may be formed initially the more stable anomeric product will
eventually come to dominate as the only product.” This observation confirms that the
non-anomeric product can be formed under kinetic control, and that the anomeric
product is the thermodynamic product. The non-anomeric product is therefore more
challenging to access, which has led to intense effort to develop synthetic methods for

kinetically-controlled spiroketal formation.®

In combinatorial library design, purity is a significant issue and critical to address early
on. In the later stages of drug discovery, the capacity to produce a chiral lead molecule
with excellent enantioselectivity (>90% ee), yield (>90%) and purity (>80%) can result
in a significant amount of cost savings for a medicinal chemistry project.” The
challenge of accessing a chemically complex library, using synthetic methods that can
be scaled up readily has been the ethos of several research groups’ strategies in the

design of combinatorial libraries and in total synthesis.'""!

We contrast two strategies
for stereoselective synthesis; the early stage introduction of a stereocenter which is
used to control subsequent transformations (i.e. substrate controll), and late stage

stereoselective transformations. The sensitivity of the non-anomeric spiroketal towards
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interconversion to the more stable anomeric form requires that this functionality is

introduced at a realtively late stage in a synthetic route.

3.1.2 Conceptual Models for Enantioselective Synthesis

The field of enantioselective synthesis has traditionally focused around several very
well developed (“priviledged”) catalysts or ligands. Understanding of stereoselective
synthesis has been influenced strongly, in particular by application of the Curtin-
Hammett principle.'”> The seperation of catalyst behavior (kinetics) and
thermodynamics has been one of ease versus that of necessity. Particularly for
enantioselective catalysis, there will be a fairly complex relationship between several
thermodynamic equilbria which are established (and will shift as reagents are
consumed etc) during catalysis. Although computational chemists traditionally think in
terms of activation (free energy) barriers , and experimental chemists in terms of rate
constants, the elementary rates themselves will change with the concentrations during a
reaction. Such complexity makes the de-novo construction of a catalytic reaction
especially challening, and often the assumption Curtin-Hammett (CH) type-behavior is
a simplification necessary to understand or model the reaction taking place.”” We
outline the CH principle more fully below, but summarize this concept graphically in

Figure 3.

CH: Only holds when A === B is much faster than product formation

more stable TS T """""""

TSAD

D more stable GS

Observable

Major Product intermediate c

Minor Product

Figure 3. Qualiative free energy profile illustrating Curtin-Hammett behavior, in which

the less stable intermediate leads to the major observed product.
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The example illustrated by Figure 3 emphasises that in the CH principle, it is transition
state stability which dictates the major product rather than the relative stabilities of the
preceding intermediates. The scenario illustrated above also shows that the more stable
intermediate (which may be the only one identifiable in experiment) may in fact not
lead to the observed product: i.e. the more active pathway is derived from the least
stable catalytic species in this case. The belief that by destabilizing the ground state the
catalyst is able to accelerate a reaction is not a new hypothesis.'* If we assume that
Figure 3 describes the formation of different stereoisomers, under conditions of a rapid
pre-equilibrium, the stereoisomer formed by the most stable transition state will
become the dominant species, assuming that its formation is irreversible. The
relationship between the major products being derived from the least stable
intermediate in a rapid pre-equilibrium was initial reported by Curtin and Hammett

(Figure 4).

lc]  kec
D]  Kap

(Gg - Ga), (G(TSgc) - Gg),

Kag =€ A kgc =€ a
(transition state theory)
cl
leads to: — = (G(TSec) - G(TSaol)y

D]

Figure 4. Derivation of the Curtin-Hammett equation shown in short-form.

In the context of asymmetric catalysis, one of the most famous expositions of the CH
principle is asymmetric hydrogenation of enamides catalyzed by Rh-BINAP complexes
to form enantio-enriched amino acid derivatives.'” The catalytic mechanism is believed
to start from the solvated cationic Rhodium catalyst which then coordinates the

enamide, (Z)-alpha-acetamidocinnamate (Figure 4).
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Figure 4. The so-called “Brown-Halpern” mechanism for the enantioselective enamide
reduction. The red equilibrium arrows highlight point of rapid equilibrium between

competing pro-chiral intermediates.

The diastereomeric catalyst-substrate complexes formed in enamide hydrogenation are
able to rapidly interconvert between the pro-R and pro-S complexes. This rapid pre-
equilibrium results in the least stable (reactive) diastereomeric leading to dominant
product. This well-studied mechanism, partially as a result of the characterizable
catalytically active intermediates, has made the Noyori reaction a go-to reaction in

industrial production of chiral compounds (Figure 5).

OH
HO OH
H H
N/ SR
H,N" ~“CO,H (o]
2 2 CO.H
L-DOPA Carbapenems
OAc OAc
0 _0 o o OH O
L S
H:N" ~CO-H HN"" ~CO.H NHR NHR

Figure 5. APIs produced through the Noyori reduction method.
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The validity of the CH principle depends on the assumptions outlines earlier, and
implies a rapid pre-equilibrium (i.e. interconversion of diastereomeric reactant
complexes). If this is not the case, it can lead to erosion of the observed
enantioselectivity and in some instances flipping of the enantioselectivity, compared to
the fully operative CH scenario.'® This behavior was demonstrated by Daley et al.
while investigating the reduction of several 3,3-dimethyloxaloacetate derivatives. In the
case of the asymmetric hydrogenation shown above, saturation by H, limits the
interconversion of the reactant complexes and leads to a change in enantioselectivity
even though the competing transition states for the hydrometalation step are
unchanged. It is fair to say that the CH principle makes the life of the computational
chemist significantly easier, since in principle it is only necessary to focus on the
competing TS energies. However, the blind assumption that it the C-H principle is in

. 1
operation may lead to erroneous results.'’

In this chapter we study different mechanisms of kinetically-controlled
spiroketalizations, and look at the role of chiral catalysts (phosphoric acids) in
mediating this tranformation stereoselectively. A perplexing issue for phosphoric acid
catalysis is the mechanism of action. Unlike the homogenous hydrogenation catalyst
mentioned above, the sheer scope of reactions promoted by the chiral phosphoric acid
makes it difficult to describe the effects of the catalyst to a single action.'®" Thus far
though there has been limited experimental kinetic work performed to investigate the
mechanism of reactions promoted by phosphoric acids. We decided to start with a
simple model and work our way up in complexity, from intramolecular to
intermolecular reactions, with varying degrees of symmetry. Rather than just focussing
on competing TS structures, we also address the role of the bound subtrate, and
investigate whether it is necessary to consider this to understand the selectivity in a

qualititative and quantitative fashion.
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3.2 Simple Spiroketalizations
3.2.1 Simple Spiroketalizations

As noted previously, a catalyst that displays dynamic behavior could display several
ground-state complexes, which can alter the kinetics of the reaction. In Figure 6,
modulation of the catalyst’s 3,3’-substituents from 1,3,5-trisopropylphenyl to
anthracenyl groups leads to a complete erosion of enantioselectivity from 92% to
essentially racemic product. It is possible that this could be derived from differences in
transition state geometries, or equally, the reaction kinetics may be diverted to regimes
outside of that envisaged in the Curtin-Hammett scenario. To investigate this
correlation and test the non-CH principle model, we decided to investigate the

intramolecular enantioselective spiroketalization reaction performed by Nagorny et.

20
al.

vy

984
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OO 0" "oH S Catalyst - 1% ee for S product
o) OH R 0 \ e
| Ph” Ph O pih
chiral phosphoric acid (CPA) s
catalysis

S Catalyst - 92% ee for S product
Figure 6. Varying enantioselectivity in asymmetric spiroketalization through catalyst

modulation.

Before we were able to investigate the enantioselective reaction we needed to establish
the mechanism of kinetically-controlled spiroketalizations from enol-ether substrates.
In doing so, we sought to determine the rate-determining step (RDS) and validate our
methodology on a simple chemical model. Based on known experimental data, the non-
anomeric selectivity of the phosphate catalyst could be described by two different

mechanisms; specific acid catalysis and general acid/base catalysis (Figure 7).
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Figure 7. Putative mechanisms investigated for Brensted-acid promoted

spiroketalization.

The specific acid mechanism (Figure 7, red) was advanced by Pierre Deslongchamps
based on the increased non-anomeric selectivity observed when the acid used to
promote the reaction was altered.”’** Deslongchamps argued that the selectivity was
dependent on the conformation of a discrete oxonium intermediate formed following
the protonation. As the conformation drifts from a half-chair to a skew boat in the non-
anomeric species we would expect diaxial strain to increase. The anomeric trajectory,
on the other hand, proceeds from a half-chair conformation to a chair conformation in
the product resulting in a trajectory that will show lower diaxial strain (Figure 8). In
fact, the endo-anomeric effect is stronger in the TS leading to the non-anomeric
conformation in the skew boat conformation. The difficulty with this argument is
knowing how to evaluate the combined quantitative influence of all of the steric and

stereoelectronic interactions, and whether one is dominant.
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Figure 8. The impact of the conformation of the transition state on the selectivity for

the outcome of the reaction.

The existence of charged intermediates is also possible in the chiral phosphoric acid

(CPA) catalyzed spiroketalization of enol-ethers, which occurs stereoselectively. Here

proton transfer to the enol-ether from the catalyst forms a chiral phosphate counterion,

which can influence the stereochemical outcome of C-O bond forming step by forming

a tight ion-pair with the oxonium intermediate. This would embody the aptly named

process of Asymmetric Counterion Directed Catalysis (ACDC) (Figure 9).

HO

Py
0.0
A'H S'P“o
- HO
R. 0%

Figure 9: CPA promoted enantioselective spiroketalization proceeding through a

specific-acid mechanism, with stereoinduction by ACDC.
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On the other hand, a simultaneous general base/acid mechanism has also been proposed
based on the experimental evidence of Tan, who showed that the spiroketalization of an
epoxidated glycal performed in methanol solvent proceeded with non-anomeric
cyclization as the dominant product.”* To investigate this mechanism they consructed a
linear free energy relationship (LFER) and peformed kinetic studies to determine the
role of the solvent and the position of the transition state based on the sensitivity to the

aromatic susbtituent (Figure 10).

OH

\/O
AN
E&‘ R soH E&b R Meon _ TIPSO
TIPSO I “~posi TIPSO~ -

Figure 10: Investigations performed by Tan and co-workers; reactions in TsOH and

MeOH display different Hammett constants indicative of differences in mechanism.

Tan and co-workers obtained a low Hammett )-value for the methanol promoted
spiroketalization relative to the acid promoted spiroketalization. They proposed that the
mechanism for the methanol-promoted spiroketalization was a Sn2 reaction: the
methanol solvent deactivates the anomeric effect by interacting with the endocyclic
oxygen. This would limit the ability to form a stable carbocation/oxocarbenium
intermediate, which is presumably the case for the reaction occuring with TsOH. Based
on our previous computational investigations with the 6-endo-tet reaction we believed
could use a “solvent bridge model” to investigate the proposed Sx2 mechanism. Our
computational results in this chapter are presented firstly for the reactions described by
Deslongchamps and Tan, in which the spirocyclizations are promoted by small, chairl
molecules. We use this work to gain insight into the mechanistic and conformational
details of the transformation, and then proceed to study the role of CPA catalysts in
enantioselective spirocyclizations. This process was developed to ensure that the
computational methodology was performing adequately, so that conclusions derived

from the transition structures and reaction coordinate were not erroneous.
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3.2.2 Bronsted Acid Promoted Spiroketalizations

In the 1970’s and early 1980°s Deslongchamps investigated the role of anomeric effects
upon stereoselectivity. In his seminal work on spiroketalization he found that the pKa
value of a Brensted acid had a significant effect upon the anomeric selectivity in
spiroketalizations of enol-ethers (Figure 8). The fact that different product ratios are
obtained with different acids confirms that the reaction is not thermodynamically
controlled. To account for these experimental results, Deslongchamps proposed that the
stereo-controlling event occured after oxonium formation: the discrimination depended

on the position of the transition state for nucleophilic attack.

The significance of the TS position of nucleophilic attack derives from the role of the
“Intrinsic” anomeric effect in controlling reactions. For the non-anomeric trajectory the
ring must adopt a skew-boat conformation to allow for the anomeric effect to
operate.”>* For the anomeric trajectory there is no need for such ring-distortion.
However, it is also necessary to consider intermolecular and intermolecular
interactions; intermolecular interactions between the glycal and the conjugate base, and
intramolecular (steric and stereoelectronic) interactions when considering ring
conformation. The effect of the transition state position becomes quite evident when
the transition state is early, both trajectories display similar conformations thus the
selectivity is dependent on the steric interactions with counter-ion. When the transition
state is later, the ring-distortion for the non-anomeric approach promotes greater
selectivity for the anomeric product, which has a lower-energy conformation. In this
mechanism there are several intermolecular effects that would difficult to separate from
the product distribution with different acids (Figure 11): the stability of the ion-
complex would have an impact on the selectivity as changes in the stability of this
intermediate could shift the position of transition state; the general base activity of the
counterion though would be more convoluted since it could accelerate the reaction
without altering the TS position. To investigate Deslongchamps’ model and determine
the inherent controlling effects we modeled the Bronsted acid spiroketalization of the
enol-ether in Figure 12 using HCI, formic acid and phosphoric acid. DFT calculations
were performed at the MO06-2X/6-31G(d,p) level of theory to investigate the

mechanism of this transformation.
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Figure 11. The potential role of the conjugate base (i.e. the counteranion) upon the the

kinetics of spirocyclization.

The three acids (HCl, HCO,H, H;PO4) are common reagents in promoting
spiroketalization which display different Brensted acidities and steric requirements.
Approximate pKa,; values are -7, 3.8 and 2.1. From our computational study we can
probe their effects on the selectivity of the reaction and probe the possible existence of
the oxonium as an intermediate. In fact, during the course of our calculations we were
unable to locate a stable intermediate corresponding to an oxonium/conjugate base ion
pair. In our optimizations, the proton transfer from acid to the enol-ether was always
followed by evolution to the cyclized product without an intervening intermediate.
Therefore, computationally the favored mechanism with each acid was a concerted, but
highly asynchronous process in which a proton is shuttled between subtrate and
conjugate base, leading to intramolecular nucleophilic attack. This new information led
us to suppose that the rate-determining step is the proton transfer to the enol as the
barrier to the nucleophilic attack was too small to determine. Treating the proton
transfer as the rate-determining step allowed us to predict the spiroketalization
selectivity (Table 1). The experimental substrate has a pre-existing stereocenter so that
the two diastereomers can be distinguished experimentally. In our computations, since

we can follow the evolution of two TS structures to the anomeric or non-anomeric
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product this substituent is not necessary for us to compute the kinetic selectivity. Of
course, this substrate could not be tested experimentally since the conformational
interconversion of products would be rapid, however, we are able to compare the

relative TS energies against the experimental product ratios.

Exp. Model
O
0] Acid (0] ﬁ
| OH U
Comp. Model Anomeric Non-Anomeric
o) Acid

0 -0
- 0
| OH
o)

Figure 12. Spirocyclization reaction studied computationally.

Acid Experimental ®®E* (kcal/mol) Computed
Selectivity Selectivity
HCIl 55% Anomeric 0.1 54 % Anomeric
H;PO, 60% Anomeric 0.2 60% Anomeric
HCO,H 57% Non-Anomeric -0.2 58% Non-Anomeric

Table 1. Comparison of kinetic selectivities computed versus experimentally obtained

product ratios.

Our calculations suggest that a single step controls the reactivity, for which two
distince conformations of the TS are possible. From this new mechanism the origin of

the selectivity could result from the geometric differences between the acids and their
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respective interactions with the pro-anomeric or pro-non-anomeric faces of the
substrate. Key differences between the acids considered are the required spatial
interactions that would promote a general base activity to re-generate the acid. The acid
with the least spatial constraints is HCl. From a structural analysis of optimized TS
structures we find that the critical difference between these structures is the non-
anomeric acyclic ring has adopted a distorted chair conformation (80") while the
anomeric TS displays a more ideal dihedral angle of 71" (Figure 13). The fact that the
selectivity is modest means that the relative stabilities of the two structures are very
similar. This is consistent with the idea that the stereoselectivity is controlled by
protonation which is relatively unselective, and then the nucleophilic closure proceeds

without an additional barrier.

HCl o HCI B
(a) (a)

(b) - L (b)

Figure 13. M062x/6-31G(d,p) TS structures for anomeric ({) and non-anomeric
(®) spiroketalization promoted by HCI; (a) highlights the geometry of the rate-

determining proton transfer while (b) highlights the ring conformation.
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In the GS leading to the anomeric product we find that the HCI proton is 1.91 A away
from enol carbon, with an approach trajectory of 94.3". The non-anomeric counterpart
displays an approach trajectory of 91.8° with a very similar distance to the proton. In
the non-anomeric ground state the HCI can position itself to display a productive NAC:
the alcohol can distort since there are no unfavorable steric interactions with the axial
H-6 proton. The anomeric conformation on the other hand has to adopt a more
unfavorable NAC as the alcohol is unable to adopt a new dihedral angle because of

steric interactions with the axial hydrogen at H-6.

Considering the phosphoric acid, phosphate is known (i.e. in nature) to accept
hydrogen bonding interactions with its oxygens and to act as a general base through
this interaction. In the GS we find that alcohol coordinates to the phosphoric acid
through a hydrogen bond in both non-anomeric and anomeric reaction pathways. The
dihedral angle is similar between these conformations (76.1° and 75.3°, respectively)
and the H-bonding distances are similar (1.98A for both) (Figure 14). In the TSs we
find the same trend of angles and distances. Considering the position of the transferring
proton in each TS, for the anomeric TS, the proton lies 1.36 A away from the oxygen
and 1.28 A from the carbon. The non-anomeric TS has an earlier transition state with

the proton transfer 1.32 A from the oxygen and 1.30 A away from the reacting carbon.
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Figure 14. M062x/6-31G(d,p) TS structures for anomeric ({) and non-anomeric
(®) spiroketalization promoted by H3;POs; (a) highlights the geometry of the rate-

determining proton transfer while (b) highlights the ring conformation.

Based on the results for the Deslongchamps’ model for cyclization the rate determining
and selectivity determining step is the protonation of the enol. This TS evolves to the
cyclized produce without the intervention of a second TS for C-O formation. The
selectivity for the reaction is dependent on the conformation of this transition state. The
relatively small differences between anomeric and non-anomeric product ratios is
consistent with protonation of either alkene face without pronounced selectivity, and
collapse to the product. The ability of the conjugate base to interact with the alcohol,
effectively shuttling a proton between this alcohol and the enol-ether is assisted by

coordination with e.g. phosphoric acid.
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3.2.3 Alcohol Promoted Spiroketalizations

Tan’s work has focused on the synthesis of benzannulated spiroketal natural products.?®
During the development of their methodology they found that the non-anomeric
spiroketalization reaction could be promoted in methanol alone. Upon investigation of
this reaction they found that the kinetics showed a second order dependence on the
solvent, methanol, and displayed a Hammett )-value of -1.3. The low ) value as
compared to the tosic acid promoted case, -5.1, convinced the authors that the reaction

had become Sx2 versus Sx1 proceeding via an oxonium intermediate (Figure 10).

To explain the aberration of the anomeric effect the authors proposed that methanol is
hydrogen bonding to the endocyclic oxygen. We examined this model computationally
and compared experimental Hammett values against our predicted values obtained
from transition state theory. GS and TS structures were optimized at the M062x/6-
31G(d,p) level of theory, including explicit solvent molecules and an implicit solvent
correction to describe bulk electrostatic and polarization effects. Single point energy
calculations were then performed on the optimized structures at the B2-PLYP/def2-
TZVPP level of theory. We constructed an initial model based on proposed interaction
of a methanol molecule with the ring oxygen atom. However, in our optimizations the
methanol relocated to coordinate with the nucleophilic alcohol, acting as general base,
and the interaction with the ring oxygen was not maintained. This reaction model

displayed Sx2-type behavior for all derivatives of the aryl group.

Para Substituent  Activation Calculated TST Experimental
Barrier log(kx/kn) log(kx/kn)
(kcal/mol)

H 18.98 0 0

OMe 18.99 -0.01 0.24

Me 17.98 0.92 0.057

CF; 19.41 -0.40 -0.86
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Table 2. Activation parameters computed with MeOH interacting with the endocyclic

oxygen, and correlation with experimental values.

The reaction profile for this model displays the Sx2 (i.e. concerted) energy profile that
we could expect for inversion of the stereocenter. In the TS with a p-OMe group we
find that the endocyclic Oengo-C bond distance has decreased from 1.39 to 1.30 A,
which could support the formation of the oxonium intermediate. The possible existence
of the oxonium intermediate can be decided based on the structure of the TS, focussing
on the dissociative reaction center, nucleophilic trajectory and ring conformation. The
reaction center can give a initial clue to the oxonium formation as the intramolecular
promoted opening would be significantly faster than nucleophilic attack. This would
result in a dissociative transition state. From the TS structure for the p-OMe derivative
we find that the bond breaking is 2.17 A in the TS and 1.39 A in the GS, while there is
only very minimal bond formation; the nucleophile is 2.03 A away (Figure 15). The
exploded transition state as well as the shorted endocyclic oxygen bond could support
an oxonium intermediate. Of course this is not conclusive as we would expect that an
electronic deficient center could still shorten its sp> bonds because of the change in the

electronegativity.

Figure 15. CPCM-M06-2x/6-31G(d,p) TS structure resulting from investigation of the

originally proposed model.
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The nucleophilic trajectory relays information about the LUMO. We examined a
control substrate without an endocyclic oxygen atom to examine the TS geomtry of
epoxide opening (Figure 16). We find that in this TS structure the approach trajectory

for epoxide opening is 98.7 and that for the oxonium approach is 104.8".

Figure 16. TS with approach trajectory and distances for the intramolecular epoxide

opening without an adjacent oxygen atom.

The conformation of the pyran in this model is indicative of an early twist boat, which
would promote orbital overlap between Oegngo and C,no. If the reaction was going
through an Sy2-type mechanism then we would not expect any assistance from the
endocyclic oxygen in stabilization of the nucleophilic trajectory. To explore how the
electronic tuning of the reaction center affects the transition state we investigated the
CF; substituted derivative. From our calculations the nucleophile is deactivated and the
epoxide bond retracts slightly (Table 2). The approach trajectory for the epoxide has
increased to 100.3° while the trajectory approach for the oxonium has decreased to
103.5°. This would give some indication that the nucleophile is interacting with
epoxide LUMO. The conformation and decrease in the endocyclic bond to 1.29 A
would indicate that the endocyclic oxygen has become more engaged in the reaction

center.

This result is what we would expect for a general acid/base reaction where the
acceleration of nucleophilic attack is such that the reaction proceeds via a single TS, an

Sn2 reaction course along the potential surface. This effect is observed in enzymology
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and has been more thoroughly characterized through transition state inhibitors and
computational modeling. ** This model has structural similarity to inverting glycosyl-

transferases.

Following the intrinsic reaction coordinate (IRC) we find that the product in our
computational model is unable to transfer the protons from the nucleophile to the
leaving group along the reaction coordinate. Using the CF3 derivative as an example we
find that the nucleophile is 1.56 A away with the pryan template displaying a full twist
boat conformation. It is evident from the structure that the “product” was unable to
transfer the protons (Figure 17). This higlights a potential limitation of an isolated
model for the reaction, in which the bulk solvent is unable to participate in e.g. proton
shuttling since it is only described implicitly. The limitation of the model aside, the
originally proposed model speculated that hydrogen bonding to the endocyclic oxygen
was inhibiting the anomeric effect, however computations suggest that this is not

relevant to the substrate reactivity observed.

Figure 17. “Product” found at the end of the IRC as a result of unstable charge

development.
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From our knowledge of glycosylations we surmised that the anomeric effect could be
attenuated if the ring was distorted to an unfavorable conformation resulting in poor
overlap between the endocyclic oxygen and epoxide. This distortion would curtail the
formation of the oxonium intermediate by inducing strain in the ring as a result of the
endocyclic oxygen trying to maximize overlap with the epoxide LUMO. To induce this
effect we could expect that there would have to be a favorable effect to counteract any
strain from a ring distortion. This could occur if the methanol molecules were able to
communicate through a hydrogen-bonding network. This network would also allow the
effective charge transfer between with in the reaction center that was lacking
previously, (Figure 18). Another possibility is the bulk solvent is organizing around the
transition state in such a way that the anomeric face is blocked through H-Bonding

interactions with the solvent.

H-Bond Bridge Solvent Blockade
Charge Dispersion Steric Interaction

Figure 18. Possible methods by which solvent can inhibit the anomeric effect.

To test these ideas we emulated the approach from our previous calculations. By
studying the three substrated with a bridged-methanol type model, we obtained a
calculated ) of = -1 with an R’= 0.93, close to experiment (Table 3). The reaction
profile for this reaction displayed the traditional oxonium formation only for the
methoxy derivative; however, the attack of this had a barrier of 0.05 kcal/mol, which
effectively makes all three substrates react in a concerted mechanism since the lifetime
would be shorter than a vibration. With an electron-deficient substituent we found that
the second transition state, nucleophic attack, was lower in energy then the
intermediate: this can occur due to innaccuracies in solvation treatment etc. and

effectively means that the second step is barrierless.
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Para Substituent  Activation Calculated TST Experimental log(kx/ky)

Barrier log(kx/kn)

(kcal/mol)
H 16.80 0 0
OMe 16.38 0.38 0.33 0.24 0.14
Me 16.88 -0.079 0.085 0.042 0.044
Cl 17.30 -0.46 -0.30 -0.35 -0.56
CF; 17.44 -0.59 -0.63 -1.1 -0.85

Table 3. Activation parameters computed for the solvent bridge model and the ) values

compared against the experimental measurements (in triplicate).

Within this solvent-bridged model, the TS for the methoxy derivative shows a
trajectory approach of 95.7° and 97.4° for the epoxide and oxonium intermediate
respectively (Figure 19). These trajectories would indicate that the TS is earlier relative
to the non-hydrogen bond network model. The TS in this case is significantly more

exploded relative to the non-bridging model with the epoxide bond breaking at 2.17 A
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and the nucleophile 2.52 A away. The conformation of the pryan ring did not alter

drastically from that of the Tan’s original model.
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Figure 19. CPCM-M06-2x/6-31G(d,p) computed representative reaction coordinated

for bridging MeOH molecules in an Sx2 spiroketalization.

As we would expect from a reaction with a low charge development at the reaction
center the transition state changes very little with differing substituents, from methoxy
to the trifluoromethyl derivative. The CF; TS shows an approach trajectory of 95.3°
and 98.1° which is similar to OMe, but significantly different from its contemporary in

the non bridging case. From these results it is evident that with greater electronic
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release there is a strong possibility that the reaction can display Sn2 characteristics.
These characteristics have not arisen by abolishing the anomeric effect but through
acceleration of the nucleophilic step by providing simultaneous activation of the
electrophile and nucleophile by shuttling the proton from one to the other, avoiding

unfavorable charge separation.

Our small “cluster” model captures the essential electronics of the reaction, and the
importance of proton transfer between nucleophile and electrophile. However, with
QM calculations it is difficult to capture the realistic effects of the bulk solvent beyond
an implicit treatment. This prompted us to consider using a QM/MM MD methodology
and to compare the results with the known LFER data. Therefore, we performed
QM/MM MD umbrella-sampling simulations. The semi-empirical DFTB method was
used for the QM description of the TS in the simulation and MM (AMBER force field)
was used to describe a box of methanol solvent molecules.’® These simulations led to
an estimated activation barrier of less than 5 kcal/mol, which is in obvious

disagreement with DFT results.
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Figure 20. Model highlighting the solvent surrounding the transition state and the

portion of the model being treated with high-level computation.

As an alternative to using the DFTB/MM energetics, we utilized the structural
information generated during the course of the MD simulations to perform energy
calculations with Gaussian (Figure 20). Effectively, this approach generates models
with several solvent molecules whose positions have been sampled properly. Snapshots
from the MD simulations were generated at regular intervals every 50 ps, and the
model was truncated by only keeping the solvent molecules with 5 A of the reaction
center the MD simulations contain several thousand atoms, from the methanol solvent
molecules. This resulted in snapshots of systems with around 100+ atoms which were
recomputed at the PM6 semi-empirical level of theory. To recalculate the reaction
profile the structure was reoptimized to find a TS but the solvent positions were fixed.
This approximation assumes the transition state lifetime (on the order of a
femtosecond) is shorter then that of the rate of non-viscous diffusion. From this
approach we were able to optimize a transition state structure and re-develop the
Hammett plot. From this initial proof of concept we were able to generate an explicit
solvent model that displayed a ) =-1.43 (exp. -1.3) with an R?=0.75. The solvent
molecules perform the same role as in the cluster model with two MeOH molecules:
namely to activate the OH group and the epoxide. In this larger model there is no

formal proton transfer mediated through the solvent molecules, however, this could be
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an artefact from the classical simulation used to generate the conformations. In this
model, the TS is more oxonium-like, however, the attack still occurs with inversion
since several molecules interact with the epoxide blocking the anomeric face of the

glycal (Figure 21).

Figure 21. TS in bulk solvent showing the anomeric face being blocked by the solvent

through hydrogen bonding.

We next investigated whether single point energy calculations could improve the
accuracy of these calculations, since the PM6 semi-empirical method is likely to
introduce innaccuracies. For these single point calculations we used the M062x/TZVP
level of theory. The results that we obtained from these DFT calculations showed no

improvement.

Our results thus far highlight that the rate-determining step for spiroketalization from
utilizing an enol substrate is the proton-transfer from the acid. Addition across the C=C
bond mechanism is in a syn-fashion, either proceeding via a very short-lived oxonium
intermediate, or more often, by the asynchronous addition of a tethered nucleophile.
This avoids unfavorable charge separation in the transition state, leading to a stereo-
control event linked to the stability of both the ground-state complex and the transition
state. In the reactivity of the epoxides of enol-ethers, the role of hydrogen bonding
additives, such as methanol solvent, is to mediate the proton transfer from the
nucleophilic alcohol to the electrophilic epoxide, again avoiding unfavorable charge
separation in the TS. These studies suggested to us that CPA-catalayzed

spirocyclization of enol-ethers would follow similar rules, namely, that the catalyst
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would enable syn-addition across the C=C bond, effectively shuttling a proton from the
alcohol to the enol-ether. We therefore turned to the enantioselective CPA-catalyzed

transformation.

3.3 C.P.A Promoted Sprioketalization
3.3.1 Computational studies with TRIP

In order to treat the size of the systems we decided to use QM/MM for our calculations
which have been shown in the past to be successful in other phosphoric acid catalyst
models.’! In this reaction, stereoelectronic effects play an important role, and improper
selection of the DFT method could lead to an erroneous model. To determine which
functional was the most appropriate we calculated the transition states for the proton
transfers between the anomeric and non-anomeric face. With the 6-31G(d,p) basis set,
we found that the MO6L functional correclty predicted the correct major product (1.80
kcal/mol in favor of the non-anomeric product), while both B97D3 and B3LYP were
unable to predict the correct major product (1.38 and 1.46 kcal/mol in favor of the

anomeric product).

The lower level of theory was chosen as molecular mechanics, with the Universal
Force Field (UFF). This has been shown in the past to the describe CPA-catalyzed
reactions with good reproduction of experimental results, and described the torsional
potential of the BINOL backbone well. Nevertheless, we did notice some differences
with respect to the MOO6L catalyst structure, which is critical for the description of the
chiral pocket size and interactions.’’ The ONIOM (QM/MM) method has difficulty
with interactions at the boundaries of the two levels of theory, such as charged
interactions between the high- and low-level. To help mitigate these errors we would
peformed DFT single point energy calculations on the ONIOM optimized structures.
Using the transition states derived from B97D3, B3LYP, and M061 we performed
single point calculations with CPCM solvent corrections for heptane. Since M062x was
not used previously we decided to use the MO6L transition state structures. From Table
8 it is evident that the M062x single point calculation were the most accurate since they

predicted the selectivity of the experimental reaction.
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Functional Basis Set Selectivity

B97D3 TZVP 1.9 kcal/mol (Anomeric)

MoO6L TZVP 0.14 kcal/mol (Non-Anomeric)
M062x TZVP 1.12 kcal/mol (Non-Anomeric)
EXP -0.94 kcal/mol (Non-Anomeric)

Table 8. Accuracy of the single point energy calculations with different functionals.

The model that we found to be the most predictive was the syn-addition model. An
alternative anti-addition was rejected since it predicted the anomeric product as heavily
favored, and perhaps more compellingly, the absolute energy of the syn-addition
models’ transition state was 6 kcal/mol lower then that of the most stable anti-addition
transition state. For the addition of phosphate to the substrate we were unable to find a

transition state.

We performed NMR experiments which suggested that a deuterated phosphoric acid
could deuterate an enol ether substrate, however, computationally it was not possible to
locate a discrete oxinium intermediate for the non-anomeric reaction pathway. Could
our inability to find the transition state be because the barrier to was to small or along
this potential energy surface was there no second transition state? To aid in addressing
this question we performed a scan along the nucleophile-anomeric carbon trajectory
from the transition state position to the product position. This showed the barrier to the
second TS as only 1 kcal/mol, indicating that it would be very short lived. This
information tells us that even though the oxonium intermediate is being formed, the

general base activity is accelerating the addition of the nucleophile.
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We also considered the possibility of two distinct coordination modes of the catalyst:
monodentate and bidentate. These distinguish whether the catalyst interacts via a single
oxygen atom, or by two (i.e. bifunctional) oxygen atoms along the reaction pathway. In
most previous applications, the bidentate mode is assumed to be operative, however,
such activity has been proposed and supported in some retaining glycosyl transferases™*
(Figure 22). Two aspects that separate these two coordination modes are the
recognition of the ground state and their steric requirements. The bidentate ground state
binds via two hydrogen bonds and requires the substrate to fully accommodate into the
BINOL ligand pocket. This requirement is diminished in the monodentate binding
since there is only one hydrogen bonding interaction. Additionally, these two different
binding modes are not discrete pathways. It would appear that the monodentate could
arise following the breaking of the more stable bidentate ground state. With the
establishment of the mechanism and the methodology we felt confident in exploring the

mechanism of the phosphoric acid catalyzed spiroketalization.
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Figure 22. The difference between the bidentate and monodentate binding to promote

the spirocyclization, considered computationally.
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3.3.2 D-Glycal Spiroketalization by (S) TRIP

Nagorny et. al. showed that using S-TRIP phosphoric acid catalyst instead of an achiral

catalyst, it was possible to obtain the non-anomeric adduct (Figure 23).%

JVO TRIP (S) Jv
O o}
o ,&3\/\/\/ o ° o
g OH (o]
HO bentane HO% 1 HO I

Expermental selectivity: 81 (Non-Anomeric) : 19(Anomeric)

Figure 23. Experimental outcome for the TRIP promoted spiroketalization of a glycal

This significant experimental shift in selectivity combined with our understanding of
the achiral promoted reaction made us believe that catalyst could help discriminate
between the ground state structures. From our reaction model (Figure 24) we can see
that the phosphoric acid forms a pro-non anomeric complex that is 4.3 kcal/mol more
stable then the pro-anomeric complex. The anomeric activation barrier though is 11.9
kcal/mol while the non-anomeric activation barrier is 14.9 kcal/mol. From our
calculations it would appear that the anomeric complex becomes more favorable when
the reaction begins to approach the transition state with an improvement in its

selectivity by 3.3 kcal/mol.
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Figure 24. CPCM-MO06-2X/TZVP//M06L/6-31g(d,p):UFF energy profile for the S-
TRIP promoted glycal spiroketalization (kcal/mol).

The association energy of the substrate and catalyst is sufficiently favorable that we are
left with a non-trivial energy barrier (17 kcal/mol) for the interconversion of the
reactant complexes. Once entropy is taken into account this is much reduced, but still
higlights the possibility for non-rapid interconversion of the two complexes leading to
the different products. By comparing solely the TS energies we find that the non-
anomeric TS is more stable by 1.3 kcal/mol, leading to a predicted product distribution
of 93:7 (non-anomeric:anomeric). This is in agreement with the sense of experimental
selectivity, although an overestimate of the 81:19 ratio. One possible source for this
discrepancy is in the inherent CH assumption from using TS energies. When we
calculate the rates by including the ground state effects, the selectivity for the non-
anomeric drops by 14% leading to a product distribution that matches the experimental
selectivity of 8:2 (Non-anomeric-Anomeric). If we assume that the reaction does not
display classic CH behavior we can determine from the model that the phosphate
catalyst promotes the anomeric product through ground-state de-stabilization while the
non-anomeric is just the most stable ground state. This was also reflected in the simple

phosphoric acid model studied in the Deslongchamps models. Just as before, we turned
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to the distortion technique to derive the inherent driving forces for the non-anomeric

formation.

The distortion-interaction (also known as activation-strain) approach analyzes the
activation barrier in a bimolecular reaction in terms of unfavorable geometric distortion
and favorable electronic interactions.”” We applied the distortion-interaction technique
to the study of the reaction above, in which the substrate geometry was retained by was
separated from the catalyst at various points along the reaction coordinate. When we
utilized this technique on the spiroketal reaction we found that the D-glycal with the
acetonide protecting groups and substitute C-3 carbon showed a greater preference (1.7
kcal/mol) for the nucleophile to be positioned on the non-anomeric face (Figure 25).
As the reaction progresses, the unfavorable distortion of the ring induced greater strain
in the anomeric conformation then the non-anomeric, culminating in a difference of 2.9
kcal/mol between the conformations. This is offset by interactions with the catalyst,
however, it can be seen that the substrate is able to adopt a more favorable

conformation in forming the non-anomeric product.
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Figure 25. Substrate distortion energy M06L/6-31g(d,p) along the reaction coordinate
approaching the TS. Beta and alpha refer to non-anomeric and anomeric configurations,

respectively.
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This trend that we find in our current study is different then what we expected from
Deslongchamps’ study, which showed that the anomeric distorted transition state, was
more stable as a result of the half-chair like structure. The acetonide protecting group in
this case rigidifies the ring, which potentially alters this conformational preference. As
we had seen previously, the non-anomeric conformation is distorted from a half-chair
to an envelope conformation which allows the adjacent acetonide protected 4,6
alcohols to maintain a chair conformation. The anomeric trajectory adopts a distorted
half-chair conformation but still maintains the chair conformation of the acetonide ring.
As the reversal of the prior trend was not the distortion of the acetonide ring we
investigated possible interactions with the C-3 alcohol to induce the reversal. From the
structural investigation we find in the anomeric trajectory the C-3 alcohol displays
marginal staggered overlap with the C-4 hydrogen (35), as the reaction progresses this
dihedral decreases to 25 which would lead to increased 1,3 di-axial strain. In the non-
anomeric trajectory we find that the dihedral angle is 50 and there is no change in this
overlap as the conformation is altered to the envelope. This could help explain the non-
anomeric stability shown in the global trend found in the substrate distortion (Figure

25).

This increase in strain should result in the acceleration of the non-anomeric reaction
resulting in only the non-anomeric product being formed. From the reaction profile
(Figure 26) we can see that the anomeric trajectory has a lower activation barrier,
which could only be attributed to a minimization of unfavorable contacts between the
catalyst and reaction trajectory. When we investigated the intermolecular interactions
between the catalyst and substrate, we could see that the favorable interactions at the
initial ground state were intensified by 2.6 kcal/mol, culminating to the 4.3 kcal/mol
difference between ground states. As the reaction commenced, interactions with the
non-anomeric transition state either created greater unfavorable interactions or the
catalyst reduced the unfavorable intermolecular interactions with the anomeric reaction
trajectory. To investigate the possible interactions we compared the images generated

from our computational investigation.
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Interaction
25.
20. [~
- L 2
o
[}
O 15.
= * ¢ Beta
5 B Alpha
0=J 10. [~
1] - ¢
] : *
5. & *
0. ¢
0 2 3 5 6 8

Figure 26. Reaction energy (MO6L/6-31g(d,p)) along the reaction coordinate
approaching the TS. Beta and alpha refer to non-anomeric and anomeric configurations,

respectively.

The non-anomeric substrate shows strong steric interaction between the Pro-S C-11 and
C-10 hydrogens in the substrate; with close contacts of 2.45 A and 2.39 A, respectively.
The anomeric configuration displays greater steric interaction between the C-3 axial
ring hydrogen and the catalyst in the substrate complex. These interactions are
subsequently relieved when the substrate transverse to the TS. The steric interactions
involved in the recognition of the anomeric face induced a conformational change
resulting in the eclipsed interaction discussed previously between the C;-OH and C4-H.
C-O formation is more advance in the anomeric TS, indicative of a later structure,
which is consistent with the greater distortion energy of the substrate along this

pathway as demonstrated earlier.
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non-anomeric anomeric

Figure 27. (S)-TRIP promoted spirocyclization TS structures.

3.3.3 Natural Product Motifs

To investigate the impact of the acetonide group in the above case, as well as a possible
application to natural product synthesis we decided to focus on a substrate where this
functionality has been replaced by an alkyl substituent. We computed the competing
TS structures for three different subtrates, finding the opposite (anomeric) selectivity in
each case. Based on these results we can deduce that glycal has a significant effect
upon selectivity in the above case, presumably due to the large size which leads to

steric interactions with the catalyst.

R
\@A/V\OH

OH

R= Me
R=Et
R=isopropyl

Substituent, R Conformation Selectivity
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Me Anomeric 99%
Et Anomeric 81%

Isopropyl Anomeric 97%

Figure 28. CPCM-MO06-2X/TZVP//M06L/6-31g(d,p):UFF investigation of the TRIP

application to the synthesis of Non-anomeric natural products.

3.3.4 D-Glycal Spiroketalization Promoted by (R)-TRIP

We found in this initial investigation that the population of the major product is
correlated to the major intermediate. It is difficult to assess how quickly the reactant
complexes interconvert, and it remains possible that a non-rapid equilibrium occurs.
From our distortion calculations and structural investigation we could quantify and
pinpoint the origins of selectivty as a direct result of conformational changes induced
when the phosphate binds to the ring. I would argue that the C;-OH and C4-H eclipsed
interactions are a direct result of introduction of the acetonide ring resulting in

alterations to conformational landscape (Cremer-Pople projection).

To understand more about the origins of chiral recognition, we explored the
spiriketalization of the same substrate promoted by the catalyst enantiomer.
Experimentally this (R)-TRIP catalyzed glycal spiroketalization showed a 1:2
selectivity in favor of the anomeric product. From our previous model and our
interpretation that the phosphate catalyst recognizes and stabilizes the non-anomeric
conformation we envisaged that two scenarios could account for the experimental
selectivity: firstly, (and more likely) the enantiomeric catalyst preferentially recognizes
the anomeric TS and secondly, that ground state effects could affect the ability to
interconvert between the two reactant complexes. When we modeled the reaction
(Figure 29) we found the former case appeared to represent the experimental outcome

the best, with the anomeric TS now being energetically favored. The selectivities for
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the two catalyst enantiomers are opposite, but not equal since the substrate itself is

chiral.

AAE =1.12 kcal (87%)
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Figure 29. CPCM-M06-2X/TZVP//M06L/6-31g(d,p):UFF energy profile for the R-
TRIP promoted glycal spiroketalization (kcal/mol).

The non-anomeric reaction course displayed a more stable catalyst complex by 8
kcal/mol, which alone means that the recognition of the ground state has improved by
3.7 kcal/mol and the anomeric activation barrier has decreased by 4.9 kcal/mol relative
to the S-TRIP ligand. As discussed earlier, if we can assume interconversion of the
reactant complexes (i.e. the CH principle) then it is possible to compute selectivity for
the anomeric product, which is 7:1. This overestimates the experimentally observed
selectivity of 2:1 although agrees with the sense of selectivity. If the reaction profile
were treated as being in a non-rapid equilibrium we would find that the predicted
selectivity would be 75% or 3:1 for (Ano :NA) which is more accurate then the C-H

model.

Investigating the structural characteristics of the ring we find that the conformation has
not drastically changed relative to the S-catalyst case. The only change worth noting is
the decrease in the 1,3 strain in the anomeric trajectory. The diaxial strain that we had
noted previously has decreased (40-30) versus (35-25) for the S-Catalyst. When we

investigated the non-anomeric GS and TS structure it became apparent that the 1.1
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kcal/mol increase could be from the non-favorable interaction between the carbon chain
of the nucleophile and the catalyst (Figure 30). For the interactions highlighted, the
proximity between the substrate and catalyst increases by 0.15 A as the reaction

proceeds to the TS.

Figure 30. Left hand side, substrate complex; Right hand side, TS for the non-

anomeric product.

This increase in steric interactions could help explain the relative acceleration of the
anomeric reaction course. To obtain a better structural understanding for the selectivity
changes with the R-catalyst we decided to investigate the anomeric structure to
determine if there is any intermolecular strain relief as the TS is approached. The
structure highlights that there are three steric intermolecular interactions with the GS
that are < 2.4 A away. As the reaction course transpires these unfavorable interactions
are relieved resulting in the acceleration of the pathway through ground-state

destabilization (Figure 31).

Substituent GS-Cat Dist. TS-Cat Dist
A) A)
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Me (1) 2.40 2.50

C-3H(2) 2.39 2.43

C-3 OH (3) 2.40 2.80

Figure 31. A decrease in the interactions with the substrate led to an acceleration of the

reaction to promote the anomeric reaction course.

3.3.5 D-Glycal Spiroketalization Conclusions

The (R) and (S)-TRIP promoted spiroketalization from the glycal substrate highlights
the impact of the ground-state and transition state recognition. As we have seen
previously, the initial recognition of the ground state is able to modulate the kinetics of
the catalyst leading to either a co-operative effect, GS and TS, both stabilized and
accelerated or a negative impact where the ground state is recognized but not the
geometry of the transition state. These classical issues for the case of non-rapid
equilibrium kinetics is seen in enzyme catalyst where the ultimate impact has been
correlated to the “catalytic competence” where the correlation between activity and
recognition helps determine which form of the catalyst will dominate in a mixture.
The D-glycal system we studied was restricted in the number of conformations that the
substrate could adopt. If these restrictions were removed then one would expect to find
that the selectivity of the reaction would be complicated by number of binding
interactions that the catalyst-substrate can adopt (Figure 31). By studying the
enantioselective spiroketalization of the enol ether by (S)-TRIP, (S)-9-Anthryl-
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substituted CPA and (R)-VAPOL we sought to understand more fully the interactions

controlling the product distribution.

3.3.6 Enantioselective Spiroketalization promoted by TRIP

As we have seen from our D-glycal model the rate-determining step was the proton
transfer from the phosphate and the predicted selectivity was heavily dependent on the
discrimination of the substrate. The D-glycal though is special as the iso-acetonide
protecting group froze the structure resulting in a restriction in the conformational
distribution. In contrast, the enantioselective substrate can adopt two different ground-
state conformations that we have subsequently labeled (R/S)-Ano and (R/S)-NAno

(Figure 32), which denotes the product chirality and conformational outcome

respectively.
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Figure 32. The conformations that can be adopted during the spiroketalization process.

Classically this ring flipping should only have a limited effect on the selectivity
outcome but as we have seen thus far the phosphate catalytic behavior appears not to
follow the rapid equilibrium model. The initial coordination of the catalyst has a
significant outcome on the predicted selectivity. We would expect that multiple

conformations of substrate could have drastic results on the predicted
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enantioselectivity. In this current model, the steric bulk has shifted from the glycal to
the nucleophile, which has been shown to have greater steric interactions with the
catalyst. We believed that this steric bulk increase could result in different catalyst
conformations being adopted. The most prominent competitor would be the Sxi
mechanism that we had discussed earlier, subsequently known as mono-pathway and
the traditional mechanism of the discrete separation of the general acid/base acidity is

subsequently known as the bi-pathway (Figure 33).
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Figure 33. The different conformations the catalyst can adopt which can show different

outcomes.

One would expect that the Sxi mechanism could accommodate the increased steric bulk
of the substrate while providing a similar general acid/base activity in the transition
state. The benefit of the alternate pathway could be extended to include possible
increase in the Bronsted acidity, which should result in an earlier transition state. As it

would be difficult to experimentally determine the Bronsted acidity changes of such a
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pathway we can utilize the transition state structure to determine whether the extent of

proton transfer has qualitatively increased or decreased.

From our previous calculations we found that the TRIP phosphate is discriminating
between the enantiofaces based on ground state recognition. With the S-TRIP catalyst,
Nagorny and co-workers found that the spiroketalization displayed a 92% ee for the S
enantiomer. From the reaction profile we are able to see that the TRIP ligands are again
discriminating between the pro-R and pro-S ground states, promoting a more stable
interaction with pro-S complex by 1.1 kcal/mol (Figure 34) resulting in a predicted

97% ee for the S enantiomer.

AAE = 0.4 kcal (37% ee S)
S (Rate) =97% ee S

TRIP-Bidendendite Pathway TRIP-Monodendite Pathway Only
Only
17 (0) 17 (0)
13.4 ¥
8.2
NA 7ot

Figure 34. Activation barrier in Red and Substrate energy difference with S-Ano Bi in
Blue. NA= Non-anomeric, Ano=Anomeric, Bi=Bidentate pathway, and Mono=

Monodentate pathway.
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Figure 35. A simple representation of the Figure above. Blue bar represents the
difference in ground state energy and the red bar represents the activation barrier for

that reaction course.

If the reaction was under a rapid-equilibrium we would expect that the monoanemeric-
pathway in the both the R and S case to be the dominate catalytic species resulting in a
difference of 3.6 kcal/mol for the enantiomers or a selectivity factor of 2248. This
would be significantly greater then the observed selectivity of 97% ee. As the mono-
pathway is highly selectivity for the § enantiomer we could expect that our initial
proposal for the mono-pathways existence could lead to erroneous results. To reassure
ourselves of a possible existence we compared; The Bi-pathway predictions alone and

the S Bi and Mono structures.

As there is no current structural information or kinetic data our best course of
determining the validity of our proposal is to use competitive models correlating the
observed competitive kinetics (e.e). The competitive argument against our model is the
Bi-pathway structures are the dominant active catalytic species in the solution. Based
on this model we would find that the enantioselectivity for the reaction under rapid
equilibrium would be 37% for the S-enantiomer and under non-rapid equilibrium 11%
for the S-enantiomer (Figure 35). In the S enantiomeric Bi pathway we find that the
transition state leading the anomeric product is 1.51 kcal/mol more stable then the non-
anomeric pathway and anomeric ground state is more stable by 1.3 kcal/mol. In
comparison the R-enantiomer Bi-pathway doesn’t show drastic discrimination between

the anomeric and non-anomeric pathways.
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When investigating the interactions between the catalyst and the substrate we found
that the mono pathway became more favorable by 1.6 kcal/mol (4.2-2.6) as the reaction
transitioned. The inherent substrate preference was 0.2 kcal/mol in favor of the mono-
pathway meaning that phosphate catalyst induced 1.6 kcal/mol more unfavorable
interactions between the bi-anomeric transition state and the catalyst then that of the

mono-pathway (Figure 36).
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Figure 36. Difference in the interactions between the catalyst and substrate as the

reaction progresses to the transition state.

By investigating the substrate structures we can see that a prominent contribution to the
2.6 kcal/mol (DH) difference is caused by the different hydrogen bonding interactions
in the ground state (Figure 37).
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Figure 37. Substrate binding in the S-Ano Bidentate and monodentate conformations.

The bidentate pathway is able to induce two hydrogen bonds with its substrate while
monodentate is unable to replicate this interaction. In the transition state though, both
binding modes have the same number of hydrogen bonds. The bidentate complex on
the other hand needs to break one hydrogen bond leading to the dramatic change in the
energy of the reaction trajectory as seen in the (Figure 37). As we reach the transition
state we find that mono-pathway is able to replicate the hydrogen bonding network and
minimizes unfavorable interactions because the substrate doesn’t need to penetrate into
the active site as far as in the bidentate case. We believe that the 1.3 kcal/mol (2.8
kcal/mol including ZPE correction) change in favor of the mono-pathway is caused by

the dissolving contacts with the catalyst.

122



Figure 38. Transition states in S-Ano bidentate and monodentate pathway (portions

removed for clarity).

The classical technique to deconvolute a complex mechanism is to utilize a labeled
substrate that can act as a marker in the products to help determine a plausible
movement of the electrons. Another route is to introduce a chiral center to abrogate
some of the reaction trajectories or to determine RDS order; scrambling of chiral

centers and match/mismatched pairing.

In the catalyst case, kinetic resolution is very useful as the introduction of chiral centre
will lead to matched and mismatched interactions with the active catalyst complex. The
effect of this mismatch pairing results in either a raising of the ground state and/or the
raising of the transition state for the non-complementary pairs. With the aid of the
structural models generated from the computational investigations the researcher can be
more judicious with the functionalization of the substrate to perturb the more sensitive
portions of the catalyst. In our case we would expect that pre-functionalization would
not only promote a matched and mis-matched model, but more importantly we could
expect that the conformational population to alter. As we demonstrated in our previous
model for the bi-pathway case, the R-enantiomer would be unaffected by substitutions

that altered the conformation population of the substrate while the S-enantiomer
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pathway would be more sensitive. Based on the structural analysis of the transition
state we would expect that alterations at C-5 would induce the conformational
perturbation without introducing steric interactions that could lead to a substantial

erroneous result. .

Thus far, we have seen that the interactions at the ground state will not only change the
kinetics of the reaction but as well the possible binding interactions/activation models.
As we have seen the drastic changes in the reaction selectivity’s as the catalyst have
change has been caused by subtle shifts in the ground state recognition. To understand
this effect further we investigated the reaction again but promoted by a different the 9-

Anthracenyl-phosphate catalyst.

3.3.7 Enantioselective Spiroketalization promoted by 9-Anthracenyl-substituted
CPA

Anthryl
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o] O “ph

| _Ph Anthryl
S -

OH Pentane, 0° ,
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Figure 46: Reaction outcome of the 9-Anthryl phosphate promoted spiroketalization.

The erosion of the enantioselectivity or even the flipping of the selectivity induced by
simple alterations of the ligands has always been perplexing. From our models we
believe that the selectivity shifts could be induced by changes in the stability of the
catalyst substrate complexes. To establish the interactions that induce the erosion of the
ee from 90% to 1% we modeled the reaction for (S) 9-Anthracenyl, (1% ee under un-
optimized conditions). From the reaction profile that we calculated, we predicted that
the enantioselectivity would be 10% for the R enantiomer. Our calculations were able

to predict and reflect the significant erosion shown experimentally, 1% ee.
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Figure 47. Reaction outcome for the S-9-Anthracenyl Phosphate promoted

spiroketalization.

In this case, the S-9-Anthracenyl catalyst recognizes pro-R substrate and forms a 3.2
kcal/mol more stable complex then with the Anomeric pro-Si substrate. The catalytic
mechanism using S-9-Anthracenyl seems to have altered as well. In this model, the
Mono-dendrite pathway has a limited effect on the selectivity of the reaction. This
could have been derived from the 9-Anthracenylcatalyst having greater a greater spatial
opening but limited protrusion into the active site. This limited protrusion would allow
the spiroketal to penetrate deeper into the active site while mitigating the steric

interactions seen in the TRIP acid case.

With these two catalysts we can now investigate the modeling effects of comparing just
the transition state versus the rates. If we were comparing just the transition states, we
would find that the predicted enantioselectivity only changes by 15 % when we change
the ligand from TRIP (35% ee) to 9-Anthracenyl. One could argue that alterations of
the steric environment coupled to shifts in the transition state position could result in
the lkcal/mol shift in favor of the R enantiomer. With an earlier transition state we
would believe that the discrimination between the enantiomers would decrease since
they are further away from the steric interactions with the ligands. This effect coupled
to the new steric environment would result in the seen erosion. For this case to hold we

would expect that the 9-Anthryl is more acidic resulting in a lowering of the activation
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barrier causing the transition state to shift earlier. For our theory we are assuming that
the catalyst only effects the intrinsic barrier and not the thermodynamic difference as
the shift in the thermodynamic difference itself would induce a change in the transition

state position (Figure 48).
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Figure 48. The impact of ligand alteration of the pKa of the catalyst and the possible

erosion in the transition state.

The position of the transition state was shifted later by 0.02 A when the S-TRIP ligand
was switched to the S-9-Anthracenyl. Since the transition state stayed roughly the same
we could conclude that the erosion of the enantioselectivity was not directly correlated
to changes in the transition state. An alternate explanation that follows this trend is that
the enantioselectivity is not only linked to the difference in the activation barriers, but
as well the to initial ground state distribution. The results from our models highlight
support an argument that the reaction is in a non-equilibrium situation resulting in the
most stable species dominating the product distribution. As we have highlighted
previously, the myriad of reactions that phosphoric acids catalysts could result from an
even more complex number of mechanisms that the acid could support. In this instance
we found that the enantioselectivity was derived manly from a combination of catalyst-
substrate and transition state interactions. This type of mechanism and the subsequent
kinetics (non C-H behavior) could help to explain some of the difficulty in predicting
the outcome of phosphoric acid reactions as the substrate begins to deviate from the
control study. To investigate this further we decided to remove a control present in this
study (the intramolecular reaction) and study an intermolecular reaction where not only
kinetics, order vs. non-ordered, can play a role but as well the number of binding

conformers can impact the selectivity of the reaction.
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3.3.8 Enantioselective Spiroketalization Conclusions

Based on extensive study of the spiroketalization reaction we have found that within
bulk solvent, the reaction is promoted through a syn-addition involving a general acid
mechanism. The phosphate catalyst replicates this effect but because of the bulky
structure another possible interaction that can be characterized as Sn; is able to
dominate the reaction course. The general base mechanism promotes the reaction to
resemble an S,2-like reaction course resulting in a very low activation barrier as
compared to the ground state equilibrium. This relatively slower equilibrium results in
the phosphate catalyst displaying non-CH behavior. This has been highlighted in all
three catalyst cases where the dominant product or the erosion of selectivity could be

explained through the recognition of one ground state over another.

The kinetic effects of phosphate enantioselective synthesis have not been explored in
the literature to the same extent as qualitative transition state recognition. The extent
and impact of the kinetic effects surrounding the control of enantioselectivity will be
further explored in the more complicated intermolecular desymmetrization of meso-

epoxides.
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Chapter 4. Chiral Phosphoric Acid-
Mediated  Desymmetrization  of
Meso-compounds

4.1 Introduction
4.1.1 Introduction

Our previous computations of the phosphoric acid promoted spiroketalization showed a
strong correlation between the lowest energy ground state and chirality of the product.
This type of behaviour could suggest a non-rapid equilibrium between ground state
structures leading to enantiomeric products, where the catalyst would discriminate
between the TS and the GS. This should cause us to approach the comparison of TS
structures alone with caution (as in the standard Curtin-Hammett scenario) in
computing levels of catalytic enantioselectivity. The effects of the pre-equilibrium, or
lack thereof, can have a significant impact on the observed selectivity in experiment.
As an example, while asymmetric metal-catalyzed hydrogenations often exhibit Curtin-
Hammett type behaviour, it is also well known there is a strong correlation between
hydrogen gas pressure and the efficacy of Noyori Asymmetric hydrogenation.' The
subsequent slowing of the hydrogen splitting has a global effect on the observed

enantioselectivity by resulting in a slowing of the rapid equilibrium.’

Focusing on catalysis with chiral phosphoric acids (CPAs), a limited number of
contacts (i.e. steric or Van der Waals interactions) occur between catalyst and substrate
and this may result in rapid pre-equilibrium. As we have seen with the
spiroketalization, binding orientations that were initially not investigated had a
significant impact on the kinetics of the enantiomer pathways. As the complexity of the
mechanism increases i.e ordered vs. non-ordered kinetics, we could expect the
correlation between calculated behavior and observed kinetics would be to complex to
derive. What we could find if we choose an inappropriate reaction is that the pre-

equilibrium kinetics will dominate the observed behavior of the catalyst.
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To investigate enantioselective catalysis with CPAs we decided to focus on the
asymmetric kinetic desymmetrization of cyclohexene-oxide. Here, a meso compound
(the epoxide) can undergo ring-opening with benzoic acid acting as nucleophile, with
the CPA acting as the source of enantioinduction. This reaction is attractive for
computational study due to the relative rigidity of both reactants, which decreases the
computational cost by restricting the number of possible conformations.’ Prior
experiments reported by List and co-workers have established that the initial binding
event is the complexion of benzoic acid and phosphoric acid to form an active dimer,
which acts as a chiral nucleophile.* As this reaction operates with an excess of benzoic
acid we can be confident that this chiral dimer is the catalyst resting state of the
asymmetric transformation, as shown in (Figure 1). Based on the bifunctional nature
of the catalyst, and computational precedent for catalytic modes of action, we generated
a working hypothesis that both nucleophile and electrophile would be activated in the

stereodetermining TS.

Desymmetrization

OBz

ternary complex
OH

with epoxide

Dimer Formation
(Resting State)

0" "0—H--0

Product

reaction coordinate

Figure 1: Qualitative reaction profile showing that in the catalytic process the most

stable intermediate (Dimer Formation) is the resting state of the catalyst.

4.1.2 CPA Bi-functional Activity

Earlier computational studies performed separately by Terada, Siméon and Goodman
and Himo have highlighted that for many reactions the CPA interacts with both

nucleophile and electrophile by hydrogen bonding interactions.® The net result is the
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creation of a well-ordered TS structure with a defined environment to ensure chiral
discrimination occurs. The general acid/base activity of the catalyst promotes a
controlled transition state which has enabled these researchers to make accurate models
to predict the stereochemical outcome from the reaction (Figure 2). These have been
applied to a broad class of reactions, and as we shall discuss in this chapter, we too
have been able to summarize the results of our computations in a similar fashion, which

is presented below.

Simén-Goodman Type Model:

bulky groups bulky group
above C below N
Lo - k3
7 N .
/:P\ ’o‘ .o'oﬁp\
, OH,s R K
' % '.'H
- "o
SRS
Ar \
major
~ Ar ‘ ~
TP T
R 2O >R
OfsprnQ o S

Himo-TeradaType Model:

Figure 2. Qualitative models originally developed for imine reduction, applied by us to

epoxide desymmetrization following computational investigation.

Our previous calculations with CPAs had highlighted that a pathway involving a single
oxygen atom of the catalyst forming two contacts with the substrate was competitive
with the bifunctional pathway involving two oxygen atoms. Prior, CPA promoted
desymmetrizations have suffered from reproducibility issues as salt contamination
caused the C.P.A act as a chiral ligand instead of an acid catalyst.” In our current study
we have focused on work performed by groups who had investigated the possibility
that metal leaching had resulted in a competing mechanism.® If the C.P.A is acting as a
general acid and not coordinating a salt we theorize that the mechanism will follow the

traditional bifunctional activation mode as suggested by Figure 1.
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4.1.3 Computational Methods

Most methodological details for the calculations in this chapter have already been
discussed in chapter 2, so we do not repeat those details. We have used a QM/MM
approach to study the phosphoric acids as has been shown to lead to successful
agreement between computation and experiment for several CPA-catalyzed
transformations in the literature.’ Specifically, we adopt the ONIOM implementation in
Gaussian, using the M062x density functional as the high level of theory, with the
universal force field (UFF) as the lower level, described by M062x/6-31G(d,p):UFF.
Optimizations were performed at this level. Single point energy calculations were
performed using M062x and a triple-zeta valence polarized basis set (TZVP) with a
toluene solvent correction (CPCM). While we have studied TRIP catalysts, for which
the structures are well known both computationally and from X-ray crystal structures
we have also studied newer variants of the CPA catalysts for which experimental
structures were not available. Since comparison with solid-state structures is
impossible, we believe that the accuracy of our method will be reflected in the
predictions of selectivity from the models. Our earlier benchmarking studies for CPA
models did not include thiol-based compounds, which we study in this chapter. A
benchmarking study has been performed (section 3.3.1) and the results are discussed

accordingly.

4.2 CPA-mediated meso-epoxide desymmetrization with benzoic acid
4.2.1 TRIP promoted mechanism and selectivity

List et al. have reported the stereoselective opening of cyclohexene-oxide by benzoic
acid: using the (R)-atropisomer of the TRIP catalyst results in a 75% ee in favor of the
(S,S) enantiomer. Since the epoxide ring-opening is a stereospecific transformation the
two possible products are the (R,R) and (S,S)-enantiomers. No diastereomers are seen
experimentally, consistent with opening of the epoxide with inversion. In this chapter,
we refer to (R) and (S) selectivity to discuss the formation of the (R,R) and (S,S)

products.
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We computed the competing GS and TS structures for the ring-opening. From our
calculations S-selectivity is observed for the TS (although not GS), which is consistent
with the sense of selectivity observed in experiment. If ones assumes that Curtin-
Hammett type interconversion can occur between the two GS complexes, then the
resulting enantioselectivity is computed as an er of 75:25, which compares well with

the experimental value of 79:21 (Figure 3).
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Figure 3. MO062x/TZVP//M062x/6-31G(d,p):UFF energy profile for the TRIP-

promoted desymmetrization of a meso-epoxide by benzoic acid.

From our computed reaction profile it is evident that major product is derived from the
least stable reactant complex, implying a rapid equilibrium prior to the epoxide opening
step. This also illustrates specific transition state recognition occurring along the S-
enantiomeric pathway which preferentially stabilizes this over the competing R-
pathway. In contrast to our previous calculations the difference in the ground state
energies only represent a 8% contribution to the activation barrier while it represented a

40% contribution to the activation barrier of the spiroketalization.

Analysis of the ground state-structures (i.e. reactant complexes) in the pro-R and pro-S
case highlights the different initial approach angles, 70° and 93°, respectively. In the
pro-R case the nucleophilic oxygen atoms is 0.16 A further away from the reaction

center, the electrophilic carbon carom. In the diastereomeric TS structures (Figure 4)
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the approach trajectory for both enantiomeric products is identical, 103°. This suggests
that the enantioselectivity arises not from steric effects which alter the nucleophilic
trajectory, but rather non-covalent interactions which preferentially stabilize the S-TS
structure. For comparison, the ideal approach trajectory we computed using a water

promoted reaction showed a trajectory in the TS of 100°.

(RR)-TS (S,S)-TS

Figure 4. M062x/6-31G(d,p):UFF optimized TS structures leading to enantiomeric
products Top: Full TS structures, Bottom: geometries with the CPA

backbone/substituents removed for clarity.

The initial 23" differences for the pro-R complex and the subsequent unfavorable
interactions with BINOL catalysts force the pro-R complex to adopt a conformation
that does not display a productive NAC.'" The initially less-productive binding event
would help explain the difference in observed selectivity but without probing the shifts

in the ground state and transition state position this conclusion would be speculative. A
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way for the catalyst to control a reaction outcome where there is a stereoelectronically
well-defined pathway, as in this case, is to perturb the reagents’ approach away from
ideality.” Essentially, this could be achieved either through electronic perturbation of
the reactants to alter the stereoelectronic trajectories, or through increased steric

interactions between catalyst and substrate, forcing a change in approach.

4.2.2 Modified CPA-mediated kinetic desymmetrization

Presented in List’s initial paper was the first utilization of a novel 3,3 -substituted
BINOL ring (Figure S, catalyst 2). The increased steric bulk over the TRIP catalyst
was hypothesized to increase non-specific interactions with the substrate. Unlike the
TRIP catalyst (Figure 5, catalyst 1) that can bind a substrate/TS by an “induced fit”
binding mode as the rotatable isopropyl groups can either protrude a methyl or
hydrogen towards the chiral pocket, the modified catalyst is assumed to project fixed

steric interactions towards the substrate.

Ho\ ,/O R: R:

P
N\
R. 2 QO R

catalyst 1 catalyst 2

er78.5:21.5 er96: 4

Figure 5. Catalyst structures reported for CPA-catalyzed epoxide desymmetrization.

With this new catalyst, List found that the enantioselectivity (ee) of the reaction
increased from 57% to 92% ee as shown in Figure 5. From the structure of the
modified catalyst 2 we would not expect the structural alterations to affect the overall
mechanism of the transformation, or the stability of the dimeric resting catalyst species.
The modified catalyst reduces the size of the chiral pocket created by the 3,3’-
substituents: from a visual comparison we could expect that the effect of this alteration
is more pronounced in the TS than in GS structures. In fact, the geometric difference is

relatively subtle: Figure 5 shows a space-filling CPK representation of the two

131



catalysts, extracted from the corresponding TS structure (Figure 6). It is noticeable that
the TRIP catalyst undergoes an opening of the chiral pocket, while this does not occur

for catalyst 2, presumably because of the greater bulk.

catalyst 1 (TRIP)

catalyst 2

Figure 6. Optimized ONIOM geometric comparison of the two catalyst pockets (the

CPA is shown in conjugate base form for clarity).

We obtained the analogous reaction profile with this modified catalyst for the epoxide
desymmetrization. Pleasingly, as was seen experimentally, the computed selective rose
for catalyst 2. The sense and level of enantioinduction (97:3) was in superb agreement
with the experimental value of (96:4). Although such quantitative agreement can be
fortuitous, reproduction of the experimental trend, namely an increase in selectivity,
suggests that the calculations describe the reaction well. The resulting energy profile is
show in in Figure 7. There is little discrimination between the reactant complexes, and

1.9 kcal/mol between the competing TS structures.
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Figure 7. M062x/TZVP//M062x/6-31G(d,p):UFF energy profile for the catalyst 2-

promoted desymmetrization of a meso-epoxide by benzoic acid.

From our reaction profile, Figure 7, there are two qualitative differences relative to
TRIP. Firstly, there is no discrimination between the reactant complexes, and secondly,
the preferential stabilization of the S enantiomeric pathway has increased. This is
consistent with the greater levels of enantioselectivity observed experimentally for this
catalyst. The effects of the catalyst structure on the TS may be studied from the
optimized structures below (Figure 8). From the structural analysis the most prominent
feature that we are able to decipher is the significant distortion of the benzoic acid as a
result of unfavorable contact with the catalysts. When compared to TRIP, with this
catalyst in the GS, the S enantiomer’s NAC has been decreased by 6  with an increase
in the trajectory distance to 2.7 A while the R-enantiomer’s trajectory has nearly stayed
the same while the distance from the reaction center has increased by 0.04 A as a result

of the unfavorable interactions.
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(R.R)-TS (S.8)-TS

Figure 8: M062x/6-31G(d,p):UFF optimized TS structures with catalyst 2 leading to

enantiomeric products Top: Full TS structures, Bottom: geometries with the CPA

backbone/substituents removed for clarity.

4.2.3 Brensted Correlation

A classic physical-organic technique to test the sensitivity of the reaction center to
either the nucleophile/leaving group is to utilize a Brensted plot.'"'* Such linear free
energy relationships (LFERs) correlate shifts in GS thermodynamics with changes in
kinetic reactivities. In our case, shifts in the thermodynamic state, the catalyst reservoir,
could convolute the outcome. The deviation from the ideal Brensted acid model,
investigated computational, would help highlight kinetic changes not correlated with

the rate-determining step. This would provide a way of correlating the ideal shift
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(computational) and the experimental outcome to detect possible deviations as a result

of shift in the stability of the catalyst-reservoir.

Ultimately, the best way to probe the reaction center would be to alter the electronics of
the catalyst as this would provide the most direct information on the effect of the
catalyst on the reaction center. Utilizing different phosphoric acid catalyst would be
uninformative, however, as the necessary alterations to the catalysts to induce the pKa
shift would also result in a new chiral pocket with different steric interactions. A more
subtle way to measure this effect, but still informative, is to alter the benzoic acid
nucleophile. We explored the same reaction with three different benzoic acids to
investigate the correlation between selectivity and the nature of the para-substituent

(CFs, H, MeO) (Figure 9).

o] o] O
/©)LOH 5 e— /ED)L(JH . — Q)L()p S —
FsC b MeO
A 189+
t B(S)= 0.68 R*=0.99
18.3 B(R) =055 R*=0.74
¥ 17.0%
17
16.8 %
16.6 +
AE |(kca/moll) /
R Product S Product
0 0

OH .
O/ » S-TRIP, Benzoic acid OO S-TRIP, Benzoic ack wOH
0Bz Toluene Toluane :/\ ~08z

Figure 9: M062x/6-31G(d,p):UFF computed Brensted analysis of the rate- and

selectivity-determining step in the epoxide desymmetrization.

Our computational Brensted analysis, illustrates the role of electronics in the

stereodetermining step: the activation barrier for the major pathway shows lower
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sensitivity to the change in nucleophile than the minor pathway. As a result the
enantioselectivity is computed to rise with an electron-deficient benzoic acid
nucleophile as the minor pathway becomes more unfavorable. In turn this gives us
information about differences between the TS structures for the two pathways. One
argument consistent with this is that there is an unfavorable increase in sterics along the
R-reaction coordinate, which becomes increasingly severe as a less nucleophilic (i.e.

more acidic) requires a closer approach to the epoxide.

4.3 Meso-Epoxide desymmetrization with Thiobenzoic acids

The implication of the stability of the benzoic catalyst reservoir can be explored
through the alteration of the nucleophile. In a related transformation to that discussed
above, List and co-workers disclosed that thiobenzoic acid could desymmetrize the
meso-epoxide with 81:19 er, marginally higher than with benzoic acid (Figure 10)."*"*
While the sense of selectivity is unsurprisingly the same as with a benzoic acid
nucleophile, less information was available about the nature of the catalyst:nucleophile
complex and so we investigated the reaction computationally. Additional

considerations such as the tautomerization state of the nucleophile add to the

complexity of this reaction.

OH OH
CDO S-TRIP, Thiobenzoic acid __ O’ O\
""SBz SBz

DCM

er19: 81

Figure 10: Experimental outcome when using thiobenzoic acid as the nucleophile in

CPA-promoted epoxide desymmetrization.

Thiobenzoic acid is only marginally more acidic than benzoic acid (by around 0.6 pKa
units), although sulfur nucleophiles are generally superior than oxygen for nucleophilic
substitution. In the light of our computed Bronsted information we might anticipate a

slight reduction in enantioselectivity, which we observed with the more electron rich —
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MeO substituted benzoic acid. To understand the structural differences of TS structures
with a thiobenzoic nucleophile in relation to those established already, we decided to

investigate the desymmetrization of cyclohexene oxide with thiobenzoic acid.

4.3.1 TRIP promoted desymmetrization

List et al. published the desymmetrization of the meso-epoxide by thio-benzoate using
several different organocatalysts, but the two we have focused on is S-TRIP (1) and R-
2 (Figure 3) developed by their group. To first consider the nature of the nucleophilic
species, we investigated the tautomerism of thiobenzoic acid. In the free monomeric
form of thiobenzoic acid we found a modest thermodynamic preference for the S-H
(carbonyl) tautomeric form over the alternative O-H (thiocarbonyl) form by 0.9
kcal/mol. We also studied the homodimeric form of thiobenzoic acid to explore how
this tautomeric preference is affected by hydrogen-bonding. A preference now emerges
for the thione O-H tautomer over the S-H form by 3.8 kcal/mol. The thiocarbonyl form
1s more acidic (by definition, as the less stable tautomer this is by 0.9 kcal/mol), and
forms stronger hydrogen bonding interactions. This implies that while in the free form,
the S-H form may be marginally favored, in the context of hydrogen-bonded
assemblies the O-H form is preferred completely. This of course has consequences for
the CPA-catalyzed desymmetrization, where the catalyst engages in dual hydrogen-

bonding interactions.
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Figure 11. Tautomerism of thiobenzoic acid computed at the M062x/6-31G(d,p) level
of theory.

The computational methodology that we had used previously had only previously
considered the presence of C, H, O and N atoms while the introduction of an S atom
may result in erroneous results utilizing the current methodology. To test other methods
we explored the computed enantioselectivity-using previously established functional
and basis sets by other groups.'>'® Due to the system size we still were reliant upon the
ONIOM approach for geometry optimizations, however, we considered a variety of

Minnesota functionals in reproducing the experimental selectivity.

Functional Basis Set Computed er (S:R)
MO062x:UFF (ONIOM) 6-31G(d,p) 98:2
MO062x TZVP 92:8
MO06-HF TZVP 99:1
MO062x 6-31++G(2d,2p) 98:2
MO06-HF 6-31++G(2d,2p) 98:2
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Table 1: Functional and Basis Set screening in the calculation of enantioselectivity

with a thiobenzoic acid nucleophile.

There is relatively little variation in the quantitative outcome of computations
performed at different levels of theory and with different sizes of basis set, and all
levels give the same absolute sense of enantioselectivity. All overestimate the
experimental values, while M062x/TZVP single point calculations utilizing ONIOM
geometries appeared to estimate the reaction outcome with greatest quantitative
accuracy. From our calculations, the computed enantioselectivity was 92:8 in favor of

the S enantiomer (c.f. 81:19 experimentally). (Figure 12).
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AE [kecal/mol /
S Product
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Expt.er 19 81
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Figure 12. M062x/TZVP//M062x/6-31G(d,p):UFF energy profile for the TRIP-

promoted desymmetrization of a meso-epoxide by thiobenzoic acid.

From our reaction profile we find that the catalyst displays a rapid equilibrium resulting
in the major product being derived from the slightly less stable reactant complex, the S-

enantiomer. Our results predict that the enantioselectivity will be 21% higher then that
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observed experimentally. It is worth noting that the conditions that this reaction was
performed under were non-optimized: List and co-workers had found that by running
the reaction under-cryogenic conditions the enantioselectivity could increase by 12%.
Based on these observations and results we believe that our model accurately reflect the
behavior of the catalyst in the reaction and we can utilize the structures generated to

derive the behavioral differences found in this catalyst.

Based on previous Brensted-analysis (Figure 9) it was unexpected that the more
nucleophilic thione is able to display such greater enantioselectivity then the benzoic
acid. To glean some useful information on the mechanism we investigated the
structures of both ground state and transition state to determine if destabilization of the
ground state was still controlling the enantioselectivity of the reaction. The R and S
trajectory display similar approach trajectories; starting 4 A away with very poor
overlap with the epoxide orbital, 56° and 59° respectively. In the transition state the S
enantiomer is 0.09 A further way but it displays a similar favorable trajectory as the R-
enantiomer. The critical difference between these two conformations can be seen in the
structures. In the S enantiomer case we find that the substrate is making T-stacking

with the catalyst while the R-enantiomer is projected out into space (Figure 13)."
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(R,R)-TS (S,8)-TS

Figure 13: MO062x/6-31G(d,p):UFF optimized TS structures with TRIP and a

thiobenzoic acid nucleophile leading to enantiomeric products.

The deviation from the trend that we would expect from the benzoic acid case is
directly contributed to the T-stacking only seen for the S-enantiomer pathway. In the
Benzoic acid case, the S-enantiomer is too far away, 7 A, from the BINOL-backbone to
make any productive nonbonding contacts. In the thione case though we could expect
that the longer C-S bond as well as the larger 3p orbitals could increase the redundancy
for the approach trajectory allowing for the deviation shown by the thiobenzoic acid

which could make strong contacts with the BINOL 3.5 A away.

The discrimination between R and S enantiomers is largely enthalpic in origin, rather
than due to entropic effects. This would be consistent with an increase in selectivity at
lower temperatures. Under the cryogenic conditions we could expect the catalytic
population of the S-enantiomer to increase leading to an improvement in the

enantioselectivity, as this reaction is not under-rapid equilibrium control.
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To optimize the enantioselectivity List and Co-workers used their CPA catalysts in
which the BINOL has been partially-hydrogenated. This is proposed to lead to an
increase in the torsion angle between the two phenyl rings, potentially opening the
chiral cavity around the phosphoric acid. Additionally, we anticipated that this would
also destroy the potential for a T-shaped stacking interaction that we had computed

previously (Figure 14).

e 8RR A

P
O/, \OH o/ OH 3
TRIP - Binol H® Binol

Figure 14. T-Stacking region highlighted in red for TRIP and the H® BINOL has these

Interactions removed.

4.3.2 Hs-TRIP promoted desymmetrization

As we have seen thus far, the increased nucleophilicity decreases the demand on the
reactant to be positioned in such a conformation that there is a proper trajectory
overlap. Previously, we had seen that the T-Shape stacking had contributed to the
discrimination between the two competing transition states but with this novel catalyst
this C-H-@ interaction would presumably be destroyed. The increased steric
interaction could result in further discrimination between the transition states, but we
would expect that without significant steric interactions this effect would be mitigated
as the nucleophile is further away from the reaction center and the thiobenzoic acid is

less sensitive to trajectory modulation.
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Figure 13: M062x/TZVP//M062x/6-31G(d,p):UFF energy for the H*-BINOL CPA

catalyst promoted meso-epoxide desymmetrization by thiobenzoic acid.

Based on our prior structural analysis for the fully aromatic backbone, it should come
as no surprise that the enantioselectivity is eroded with the removal of the aromatic
ring. From structural analysis of the optimized catalyst structures, we find that dihedral
angle between the two phenyl rings of the catalyst’s backbone increased to 56° which
would result in a more open pocket. This compares with a value of 51° for the fully-
aromatized backbone CPA. In the transition state the trajectory for the S-enantiomer
has become more favorable, 101°, while the bond distances have not changed
drastically (Figure 14). This should result in a increase in the overlap in the orbital
lowering the intrinsic barrier for the reaction. We would expect that such an outcome
would result in the a lowering of the activation barrier for the S-enantiomer pathway
and subsequently, lower the enantioselectivity of the reaction. Based on our results it is
difficult to determine the origin of the enatioselectivity increase with the introduction

of the novel norbornane-functionalized catalysts.
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R-Enantiomer S-Enantiomer

Figure 14. M062x/6-31G(d,p):UFF optimized TS structures with Hg-TRIP and a

thiobenzoic acid nucleophile leading to enantiomeric products.

4.4 Aziridine Desymmetrization
4.4.1 Aziridine Desymmetrization

CPA catalysis has also been used in the desymmetrization with meso-aziridines.
Interestingly, the relative loading of the nucleophile (benzoic acid) has an effect upon
the observed enantioselectivity. The nature of the nitrogen protecting group (benzoyl
derivatives were examined) is also critical: catalyst degradation becomes a competing
pathway, presumably through complete proton transfer and addition of the phosphate to

the aziridinium for the more basic derivatives (Figure 15)."
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Figure 15: Impact of electronics of the protecting group acid and loading of the

nucleophile upon the reaction outcome in CPA-promoted aziridine desymmetrizations.

This abrupt shift in the product distribution could come about if the mechanism of the
reaction changed. The results for the epoxide supported an ordered mechanism where
the benzoic acid first binds to the catalyst, to create a bifunctional species which is
capable of both nucleophilic attack and protonation of the epoxide. As the epoxide’s
capacity to act as a hydrogen bond acceptor is limited, as compared to the benzoic acid,
we would be more inclined to believe that the active phosphate catalyst ground state is
the phosphoric acid:benzoic acid dimer. With the increased hydrogen bond-accepting
capacity of the aziridine, it is tempting to speculate that the mechanism may not
proceed via this same sequence as earlier. An alternative resting state becomes the
phosphate catalyst:substrate dimer. As the complexity of the mechanism may be
changing based on the substrates’ physical properties, we needed to investigate how the
selectivity would change when the order of the reagent binding changes. To mimic this
effect we investigated both the unsubstituted benzamide, where the phosphate addition
was a significant side reaction and the 2,4-dinitrobenzamide where phosphate addition

was avoided.

Sun and co-workers investigated the initial binding event by characterizing the
intermediates that had arisen through phosphorus NMR." Based on the comparison of
phosphorus chemical shifts obtained for control species; catalyst alone,
catalyst:aziridine, and catalyst:nucleophile, the NMR analysis of the reaction mixture

of all three components did not show any peaks which were readily indentifiable. This
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could highlight that the catalyst reservoir has shifted away from the
catalyst:nucleophile complex which operates in epoxide desymmetrizations. It is
possible that the activation mode of the catalyst is via coordination to the subtrate
nitrogen atom, or alternatively to the carbonyl oxygen atom. It has been argued that a
rapid equilibrium arises between both coordination modes, and that the preferred

reaction pathway is via coordination to nitrogen (Figure 16).
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N-H Activation NO. O Activation

Figure 16: The two discrete protonation/hydrogen-bond activation modes that could be

involved in the phosphate promoted desymmetrization of aziridines.

We began our investigation into what we term the N--H activation mechanism, which
involves catalyst coordination to the aziridine nitrogen atom, while the P=O bond
activates the acid nucleophile to attack. From our calculations the difference in the TS
energies between the two enantiomeric pathways is 1.8 kcal/mol. However, for this
activation mode, the computed stereochemical preference is in the opposite sense with
respect to the experiments. From our initial results the reaction course was expected to
give the opposite enantiomer with 98:2 er (Figure 17). As far as possible we

confirmed that the original stereochemical assignment of the product was correct.
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Figure 17. MO062x/TZVP//M062x/6-31G(d,p):UFF energy for the TRIP-promoted

aziridine desymmetrization via a modelled N-H activation mode.

For N---H activation we find that both R and S reaction pathways display transition
states with a trajectory of 97 . The structure of the transition state points to T-Stacking
as the critical interaction between the R and S trajectories and the catalyst. When we
compare the distances in the structures we find that the S transition state is 0.7 A closer
to the BINOL backbone resulting in the favorable interactions that help promote the S-
enantioselectivity. It is striking to note that the epoxide and aziridine desymmetrization
reactions proceed to give opposite enantioselectivities with the same catalyst
enantiomer and nucleophile (Figure 18). This clearly sugested to us that an alternative

TS model would be required to explain the reversal of selectivity seen in experiment.
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Figure 18. Comparison of the experimentally determined enantioselectivities in
epoxide and aziridinium CPA-promoted desymmetrizations (major enantiomer of the

product shown in each case).
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Figure 19: M062x/TZVP//M062x/6-31G(d,p):UFF energy for the TRIP-promoted

aziridine desymmetrization via a modelled O-H activation mode.

For the carbonyl activation trajectory, which we refer to as “O-activation”, Figure 19
we find that the unlike in previous cases, the approach trajectory for the favored
reaction course is 107°, which is more favorable as compared to the to the S enantiomer
trajectory at 97°. In both transition states, we again find that T-stacking is a dominant
interaction with the substrate. Unlike the N-activation pathway, the trajectories in the
carbonyl activation pathway are 1 A closer to the BINOL catalysts. In the S-enantiomer
case though, the aromatic ring of the benzoic acid must sit over the face of the
cyclohexane ring resulting in steric interactions with the axial hydrogen (Figure 20).
As expected, to accommodate the hydrogen bond with the carbonyl group, the susbtrate
orientation is very different from the epoxide case. Now, the substrate lies closer to the
quadrant occupied by the catalyst substituent, and in the disfavored TS it is pushed
closer to this group. We have summarized the conformations qualitatively in the

Noyori-style quadrant cartoon in Figure 20.
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Figure 20: MO062x/6-31G(d,p):UFF optimized TS structures for azirine
desymmetrization with TRIP and a benzoic acid nucleophile leading to enantiomeric

products, via the O---H activation mode.

From the structural analysis it would appear that the chiral acids influences the reaction
trajectory through beneficial T-stacking. Unlike the R-enantiomer trajectory, the S-
enantiomer trajectory requires the benzoic acid to sit over the face of the ring. If this
were the origin of the control, we would expect to find that comparing the reactants
alone would result the R-enantiomer being more stable, which would account for the

origin of the enantioselectivity.

4.5 Conclusions

We have used QM/MM calculations to uncover the mode of catalysis and origins of

stereoselectivity in desymmetrizations mediated by chiral phosphoric acids. In the case
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of epoxides reacting with benzoic acids, the electrophilic and nucleophilic reactants are
simultaneously activated by the catalyst in a well-ordered transition state which enables
discrimination between the enantiomeric products. In the case of a thiobenzoic acid
nucleophile, the thione tautomer is found to be less stable as a monomer, but
preferentially formed once hydrogen bonding interactions are important. In the
nucleophilic reaction, attach by sulfur is mediated by hydrogen-bond activation by the
catalyst and stereoselectivity is consistent with that observed for benzoic acids. For the
case of aziridine electrophiles, two alternative activation modes were considered and
the O-H activation successfully accounted for the observed sense of enantioselectivity.
The resulting selectivities in each case could be rationalized in terms of a qualitative
model which should be useful to predict the outcome of future asymmetric reactions of

related catalysts and substrates.
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Appendix
Chapter 1:

1.14

Water position Screen (Figure 9)

Scheme # Name Enthalpy (Hartrees) Z.P.E (Hartrees) Frequency (cm™)
1A 6TS -730.7515131 0.300017 | -590.03
2A 6TS -730.7496983 0.297419 | -591.55
3A 6 TS (Twist) -730.7515131 0.300017 | -552.99
4A 6 TS (Twist) -807.1469969 0.323992 | -552.94
1B 5TS -730.7446296 0.299459 | -523.52
2B 5TS -730.7459184 0.297516 | -506.86
3B 5TS -730.7351746 0.297306 | -531.78
4B 5TS -807.1425804 0.321024 | -486.28
Solvent Isotope Effect
Name Z.PE
6TS —water bridge heavy 0.250386
6TS —water bridge 0.299516
6TS —no water bridge heavy 0.249175
6TS —no water bridge 0.296578
Section 1.2.1
4,5 trans Neutral
Name Enthalpy (Hartrees) Z.P.E (Hartrees) Frequency (cm™)
6-endo-TS -538.8692736 0.229546 -612.22
6-endo-Prod -538.96414 0.232885 -
5-exo-TS -538.8690209 0.229128 -549.22
5-exo-prod -538.9583049 0.231851 -




4,5 trans Acid

Name Enthalpy (Hartrees) Z.P.E (Hartrees) Frequency (cm™)
6-endo-TS -386.514307 0.19011 -457.60
6-endo-Prod -386.5575253 0.194482 -

5-exo-TS -386.5151971 0.190482 -437.90
5-exo-prod -386.5479326 0.193607 -

4,5 trans Base

Name Enthalpy (Hartrees) Z.P.E (Hartrees) Frequency (cm™)
6-endo-TS -385.5497128 0.162636 -649.94
6-endo-Prod -385.6173854 0.165686 -

5-exo-TS -385.5520371 0.162523 -619.17
5-exo-prod -385.6069262 0.165165 -

Section 1.2.2

Nicoalou Unsaturated

Name Enthalpy (Hartrees) Z.P.E (Hartrees) Frequency (cm™)
6-endo-TS -424.573472179 0.194906 -300.50
6-endo-Prod -424.610872587 0.198847 -

5-exo-TS -424.567944561 0.195237 -443.33
5-exo-prod -424.606318105 0.198733 -




Nicoalou Ester

Name Enthalpy (Hartrees) Z.P.E (Hartrees) Frequency (cm™)
6-endo-TS -652.364387773 0.239663 -384.44
6-endo-Prod -652.404434491 0.2432 -
5-exo-TS -652.361746196 0.239056 -443.04
5-exo-prod -652.400769781 0.24343 -
Nicoalou Template Ester
Name Enthalpy (Hartrees) Z.P.E (Hartrees) Frequency (cm™)
6-endo-TS -844.24576621 0.300017 -333.03
6-endo-Prod -844.293067778 0.309562 -
5-exo-TS -844.241309339 0.309801 -447.08
5-exo-prod -844.274313021 0.313348 -
1.2.3
Jamison Bronsted
Name Enthalpy (Hartrees) Z.P.E (Hartrees) Frequency (cm™)
6-endo-TS -795.095131163 0.292108 -588.92
6-endo-Prod -794.192550946 0.267351 -
5-exo-TS -795.091373387 0.292201 -608.92
5-exo-prod -794.1817455 0.266783 -

Jamison Bronsted Template




Name Enthalpy (Hartrees) Z.P.E (Hartrees) Frequency (cm™)
6-endo-TS -986.015692832 0.334653 -578.44
6-endo-Prod -986.078141168 0.338186 -
5-exo-TS -986.012504413 0.335155 -608.92
5-exo-prod -986.06022938 0.337923 -
Jamison BF;
Name Enthalpy (Hartrees) Z.P.E (Hartrees) Frequency (cm™)
6-endo-TS -1119.15860533 0.295683 -540.93
5-exo-TS -1119.1496532 0.295148 -515.21
Section 1.3.1
Tetrahydro-template
Name Enthalpy (Hartrees) Z.P.E (Hartrees) Frequency (cm™)
6-endo-TS -730.7515131 0.300017 -590.33
6-endo-Prod -730.8475898 0.30269 -
5-exo-TS -730.7459184 0.297516 -506.86
5-exo-prod -730.8341608 0.302196 -
Bi-Template
Name Enthalpy (Hartrees) Z.P.E (Hartrees) Frequency (cm™)
6-endo-TS -922.6343354 0.36999 -588.91
6-endo-Prod -922.730676 0.373466 -
5-exo-TS -922.6284033 0.367974 -494.56
5-exo-prod -922.7097741 0.37078 -




1.3.3

Carbon Template
Name Enthalpy (Hartrees) Z.P.E (Hartrees) Frequency (cm™)
6-endo-TS -922.6343354 0.36999 -595.11
6-endo-Prod -922.730676 0.373466 -
5-exo-TS -922.6284033 0.367974 -524.21
5-exo-prod -922.7097741 0.37078 -

1.34

Dioxane Template Netural
Name Enthalpy (Hartrees) Z.P.E (Hartrees) Frequency (cm™)
6-endo-TS -766.6405359 0.276392 -580.72
6-endo-Prod -766.7311035 0.277706 -
5-exo-TS -766.6310534 0.281454 -478.76
5-exo-prod -766.7266766 0.278935 -

Dioxane Template Acid

Name Enthalpy (Hartrees) Z.P.E (Hartrees) Frequency (cm™)
6-endo-TS -614.2832602 0.237058 -445.12
6-endo-Prod -614.3204991 0.240581 -

5-exo-TS -614.2816894 0.24 -446.24
5-exo-prod -614.3100545 0.240368 -




1.3.5

Cycloheptane Template

Name Enthalpy (Hartrees) Z.P.E (Hartrees) Frequency (cm™)
6-endo-TS -770.0355553 0.328641 -608.93
6-endo-Prod -770.1346897 0.331393 -
5-exo-TS -770.0356602 0.326056 -556.08
5-exo-prod -770.1188916 0.329588 -
Chapter 2
2.2.1
Bronsted Analysis
Name Description Enthalpy (Hartrees) Z.P.E (Hartrees) Frequency (cm™)
(HCI TS -963.57884871 0.250578 -754.25
(HCI GS -963.58031216 0.253143 -
® HCl TS -963.578737245 0.250639 -826.13
® HCl GS -963.579689678 0.253155 -
( Phosphate TS -1146.82964093 0.291721 -924.45
( Phosphate GS -1146.84792157 0.296456 -
® Phosphate | TS -1146.82942158 0.291784 -1019.94
® Phosphate | GS -1146.84723643 0.296724 -

2.2.2

Tan Model — No Solvent Bridge




Energy (Kcal)

Reaction Profile

Name Description Enthalpy (Hartrees) Z.P.E (Hartrees) Frequency (cm™)
R=H GS 961.7305259 0.382024 -

R=H TS -961.697622 0.377778 -101.62
R=OME GS -1036.928106 0.386694 -
R=OME TS -1036.878826 0.383661 -181.01
R=ME TS -961.6957755 0.377778 -180.70
R=ME GS -961.7449119 0.382024 -
R=CF; TS -1259.334901 0.355405 -192.29
R=CF; GS -1259.38391 0.358968 -




Tan Model-Solvent Bridge

Encrgy (Keal)

RC

Name Description Enthalpy (Hartrees) Z.P.E (Hartrees) Frequency (cm™)
R=H GS -922.4475884 0.353542 -

R=H TS -922.4095459 0.351445 -119.00
R=OME GS -1036.92981 0.38649 -
R=OME TS -1036.892608 0.384352 -162.22
R=ME TS -961.7469713 0.381061 -135.94
R=ME GS -961.7092885 0.378995 -
R=CF, TS -1259.386657 0.35883 -104.88
R=CF, GS -1259.347182 0.3564 -




Tan Model-Cyclohexane Model

Energy (Keal)

Reaction Profile

Name Description Enthalpy (Hartrees) Z.P.E (Hartrees) Frequency (cm™)
Cyclohexane GS -886.5287217 0.377561 -
Cyclohexane TS -886.4727995 0.375133 -503.21
Cyclohexane Prod -886.5491545 0.379988 -

Tan Model- Explicit Solvent Model

Name

Description

Enthalpy (Hartrees)

Z.P.E (Hartrees)

Frequency (cm™)

R=H

GS

-1.354836419

0.84924




R=H TS -1.341800631 0.848577 -259.29
R=OME GS -1.425052232 0.8777717 -
R=OME TS -1.412904595 0.876664 -261.94
R=Cl GS -1.455773516 0.885785 -
R=Cl TS -1.442651666 0.884459 -276.58
R=CF; GS -1.613586827 0.855304 -
R=CF; TS -1.59925635 0.854376 -269.69
2.3.1

In this section I use the Carbohydrate nomenclature { and ® to describe to

conformation of the product; { is anomeric while ® is non-anomeric.

Functional Exploration — TRIP C.P.A Glycal Cyclizaiton

Name Description Enthalpy (Hartrees) Z.P.E (Hartrees) Frequency (cm™)
(-B97D3 GS -3464.999248 1.276896 -
(-B97D3 TS -3464.991094 1.272528 -1184.93

® - B97D3 GS -3464.999259 1.276744 -

® - B97D3 TS -3464.98831 1.272076 -1150.87

® - B3LYP |TS -3466.89934 1.294953 -1119.83
(-B3LYP TS -3466.902126 1.294954 -987.23

® - MO6L TS -3466.379022 1.304161 -1349.60
(-MO6L TS -3466.378074 1.306077 -1365.89
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Single Point Exploration (TZVP basis set) - TRIP C.P.A Glycal Cyclizaiton

Name Description Enthalpy (Hartrees) Z.P.E (Hartrees)
(-B97D3 TS -3465.880296 1.272528
®-B97D3 | TS -3465.877264 1.272076
® - MO6L TS -3467.345292 1.304161
(-MO6L TS -3467.345209 1.306077
® -M062x | TS -3466.482458 1.304161
(- M062x TS -3466.480597 1.306077
Section 2.3.2
S-TRIP Glycal Cyclization
Name Description Enthalpy (Hartrees) Z.P.E (Hartrees) Frequency (cm™)
(- Acetal GS -1682.154671 1.353965 -
(- Acetal TS -1682.137932 1.349088 -1365.89
® - Acetal GS -1682.165073 1.3549 -
® - Acetal TS -1682.137986 1.348938 -1349.60
(- Acetal S.P.C GS -3466.503971 - -

11




(- Acetal S.P.C TS -3466.480597 - -

® - Acetal SP.C |GS -3466.512234 - -

® - Acetal SP.C |TS -3466.482458 - -

R-TRIP Glycal Cyclization

Name Description Enthalpy (Hartrees) Z.P.E (Hartrees) Frequency (cm™)
(- Acetal GS -1682.152998 1.351785 -

(- Acetal TS -1682.136854 1.346796 -1241.67
® — Acetal GS -1682.166036 1.352013 -

® — Acetal TS -1682.135962 1.347703 -1428.56
(- Acetal S.P.C GS -3466.505269 - -

(- Acetal S.P.C TS -3466.482046 - -

® - Acetal SP.C |GS -3466.516454 - -

® - Acetal S.P.C TS -3466.483044 - R

Section 2.3.2

TRIP (S) Enatioselective Cyclization (Bi-functional Activity)

Name Description Enthalpy (Hartrees) Z.P.E (Hartrees) Frequency (cm™)
(- S enant. (Bi) GS -1762.572669 1.408397 -

(- S enant. (Bi) TS -1762.551252 1.402977 -1288.53

® - S enant. (Bi) GS -1762.571193 1.408806 -

® - S enant. (Bi) TS -1762.549994 1.403654 -1358.46
(- S enant. S.P.C (Bi) GS -3546.874415 - -

(- S enant. S.P.C (Bi) TS -3546.851847 - -

® - Senant. S.P.C | (Bi) GS -3546.872669 - -

® - Senant. SP.C | (Bi)TS -3546.850113 - -
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TRIP (S) Enatioselective Cyclization (Mono-functional Activity)

Name Description Enthalpy (Hartrees) Z.P.E (Hartrees) Frequency (cm™)
(- S enant. (Mono) GS -1762.572669 1.408397 -

(- S enant. (Mono) TS -1762.555615 1.404972 -1339.41

® - S enant. (Mono) GS -1762.571193 1.408806 -

® - S enant. (Mono) TS -1762.548465 1.403569 -1331.29
(- S enant. S.P.C (Mono) GS -3546.874415 - -

(- S enant. S.P.C (Mono) TS -3546.858424 - -

® - S enant. S.P.C | (Mono) GS -3546.872669 - -

® - S enant. S.P.C | (Mono) TS -3546.848195 - -

TRIP (R) Enatioselective Cyclization (Bi-functional Activity)

Name Description Enthalpy (Hartrees) Z.P.E (Hartrees) Frequency (cm™)
(- R enant. (Bi) GS -1762.56316 1.409769 -

(- R enant. (Bi) TS -1762.551259 1.406096 -1345.31

® - R enant. (Bi) GS -1762.570225 1.410186 -

® - R enant. (Bi) TS -1762.549998 1.404164 -1345.01
(- R enant. S.P.C (Bi) GS -3546.868725 - -

(- R enant. S.P.C (Bi) TS -3546.854367 - -

® - R enant. S.P.C | (Bi) GS -3546.874415 - -

® - Renant. SP.C | (Bi)TS -3546.852431 - -

TRIP (R) Enatioselective Cyclization (Mono-functional Activity)
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Name Description Enthalpy (Hartrees) Z.P.E (Hartrees) Frequency (cm™)
(- R enant. (Mono) GS -1762.563399 1.410749 -

(- R enant. (Mono) TS -1762.552599 1.40696 -1330.19

® - R enant. (Mono) GS -1762.554091 1.411543 -

® - R enant. (Mono) TS -1762.545312 1.407759 -1235.01
(-Renant. S.P.C (Mono) GS -3546.868725 - -
(-Renant. S.P.C (Mono) TS -3546.856963 - -

® - R enant. S.P.C | (Mono) GS -3546.855349 - -

® - R enant. S.P.C | (Mono) TS -3546.86582 - -

Section 2.3.3

Antraquinone (S) Enatioselective Cyclization (Bi-functional Activity)

Name Description Enthalpy (Hartrees) Z.P.E (Hartrees) Frequency (cm™)
(- S enant. (Bi) GS -1762.544047 1.09002 -

(- S enant. (Bi) TS -1762.534481 1.086228 -1303.69

® - S enant. (Bi) GS -1762.543979 1.090674 -

® - S enant. (Bi) TS -1762.534537 1.085981 -1276.69
(- S enant. S.P.C (Bi) GS -3453.824459 - -

(- S enant. S.P.C (Bi) TS -3453.811854 - -

® - S enant. S.P.C | (Bi) GS -3453.823663 - -

® - Senant. SP.C | (Bi)TS -3453.810425 - -
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Antraquinone (S) Enatioselective Cyclization (Mono-functional Activity)

Name Description Enthalpy (Hartrees) Z.P.E (Hartrees) Frequency (cm™)
(- S enant. (Mono) GS -1762.562023 1.081033 -

(- S enant. (Mono) TS -1762.680044 1.086703 -1355.71

® - S enant. (Mono) GS -1762.546938 1.091943 -

® - S enant. (Mono) TS -1762.534031 1.086287 -1147.29
(-Senant. S.P.C (Mono) GS -3453.811853 - -

(- S enant. S.P.C (Mono) TS -3453.811785 - -

® - S enant. S.P.C | (Mono) GS -3453.825134 - -

® - S enant. S.P.C | (Mono) TS -3453.809754 - -

Antraquinone (R) Enatioselective Cyclization (Bi-functional Activity)

Name Description Enthalpy (Hartrees) Z.P.E (Hartrees) Frequency (cm™)
(- R enant. (Bi) GS -1762.567819 1.082526 -

(- R enant. (Bi) TS -1762.555984 1.077552 -1249.87

® - R enant. (Bi) GS -1762.569853 1.082159 -

® - R enant. (Bi) TS -1762.555422 1.077495 -1253.92
(- Renant. S.P.C (Bi) GS -3453.822023 - -
(-Renant. S.P.C (Bi) TS -3453.802731 - -

® - R enant. S.P.C | (Bi) GS -3453.821714 - -

® - Renant. SP.C | (Bi) TS -3453.799547 - -
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Antraquinone (R) Enatioselective Cyclization (Mono-functional Activity)

Name Description Enthalpy (Hartrees) Z.P.E (Hartrees) Frequency (cm™)
(- R enant. (Mono) GS -1762.566139 1.081734 -

(- R enant. (Mono) TS -1762.556388 1.078159 -1292.37

® - R enant. (Mono) GS -1762.565007 1.082942 -

® - R enant. (Mono) TS -1762.556404 1.077897 -1283.30
(-Renant. S.P.C (Mono) GS -3453.811853 - -
(-Renant. S.P.C (Mono) TS -3453.803716 - -

® - R enant. S.P.C | (Mono) GS -3453.813602 - -

® - R enant. S.P.C | (Mono) TS -3453.803214 - -

Chapter 3

W
N
[y

(S)-TRIP Benzoic Desymmerization

Name

Description

Enthalpy (Hartrees)

Z.P.E (Hartrees)

Frequency (cm™)

R-Pathway TS -1527.765706 1.275315 -568.20

R-Pathway GS -1527.794773 1.277605 -

S-Pathway TS -1527.766988 1.275156 -539.32

S-Pathway GS -1527.794608 1.277528 -
3.2.2

(S)-Custom Benzoic Desymmerization
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Name Description Enthalpy (Hartrees) Z.P.E (Hartrees) Frequency (cm™)
R-Pathway TS -1527.57172522 1.309391 -542.72
R-Pathway GS -1527.5994509 1.31142 -
S-Pathway TS -1527.56888415 1.309268 -563.63
S-Pathway GS -1527.59974291 1.311942 -

3.2.3

(S)-TRIP Bronsted Analysis

Name (OMe) Description Enthalpy (Hartrees) Z.P.E (Hartrees) Frequency (cm™)
R-Pathway TS -1642.251705 1.308668 -551.44
R-Pathway GS -1642.280565 1.311036 -
S-Pathway TS -1642.248852 1.308877 -554.83
S-Pathway GS -1642.279895 1.310441 -
Name (CF3) Description Enthalpy (Hartrees) Z.P.E (Hartrees) Frequency (cm™)
R-Pathway TS -1864.706121 1.280511 -551.41
R-Pathway GS -1864.735566 1.282545 -
S-Pathway TS -1864.703284 1.280814 -557.48
S-Pathway GS -1864.735539 1.282923 -

3.3.1

(R)-TRIP promoted resolution Functional Screen
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Name Description Enthalpy (Hartrees) Z.P.E (Hartrees) Frequency (cm™)
R-Pathway TS -1850.70222145 1.269473 -550.53
R-Pathway GS -1850.73244846 1.273051 -
S-Pathway TS -1850.70897496 1.270416 -490.67
S-Pathway GS -1850.7352285 1.272851 -

3.3.2

(R)-H® Custom List Thiobenzoate desymmerization

Name Description Enthalpy (Hartrees) Z.P.E (Hartrees) Frequency (cm™)
R-Pathway TS -1850.55460825 1.397108 -516.98
R-Pathway GS -1850.57858303 1.398694 -
S-Pathway TS -1850.55855518 1.39728 -530.69
S-Pathway GS -1850.58698929 1.399998 -

341

(R)-TRIP N-Activation Course

Name Description Enthalpy (Hartrees) Z.P.E (Hartrees) Frequency (cm™)
R-Pathway TS -1852.1760715 1.379533 -440.26
R-Pathway GS -1852.19595674 1.380293 -
S-Pathway TS -1852.17437112 1.379134 -493.27
S-Pathway GS -1852.19863353 1.380792 -
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(R)-TRIP O-Activation Course

Name Description Enthalpy (Hartrees) Z.P.E (Hartrees) Frequency (cm™)
R-Pathway TS -2056.580673 1.379569 -353.49
R-Pathway GS -2056.61410014 1.384722 -
S-Pathway TS -2056.58846348 1.380751 -441.5
S-Pathway GS -2056.61852742 1.384771 -
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