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Abstract

Computational chemistry is an important and increasingly useful branch of chemistry. New
technology has enabled faster and more accurate computations which allow researchers to quickly
provide insights to experimentalists in real time. In order to do this, tools which allow for the
discovery and prediction of new chemistries must be implemented. Chapter 1 provides an
overview of computational chemistry and focuses on advancements in reaction discovery.

In chapter 2, these methods are applied to reactions that encompass a wide range of
transformations from the field of mechanochemistry. Mechanically induced reactions often have
unique selectivities or mechanisms compared to traditional means of activation (photo, catalytic,
thermal) due to perturbations from the applied force to the underlying potential energy surface.
Growing String Method with a newly developed force functionality proves to be useful in
determining transition states and reaction paths on complicated, force-biased potential energy
surfaces, and as a result, new chemistries are discovered. The ability to elucidate the details of
three complex reactions is demonstrated in finding cis and trans isomers of the spiropyran to
merocyanin transformation at varying magnitudes of force, in uncovering the fundamental means
of flex mechanophore activation, and in showing the physical principles of force-transmittance
through different polymer backbones.

Chapter 3 describes the first mechanistic study of the metal-free redox-mediated ring-
opening metathesis polymerization (ROMP) process which yields poly(norbornene) of tunable cis

and trans content. The ability to modulate product content is demonstrated by varying parameters

XV



such as reaction conditions (solvent, temperature, time), counter anion size, and size and donating
ability of the R-group on the initiator. The trans product is favored under most conditions, but
product content can be shifted toward cis when the cation is sufficiently destabilized. Modifying
the R-group on the initiator is found to be stereo-electronically important. Overall, computations
provide key insights into the mechanism for stereoselectivity that allows for the potential to
generate ROMP polymers with highly tunable microstructures.

In chapter 4, a bimetallic catalyst that yields highly isotactic poly (propylene oxide) is
explored. The molecular geometry of the catalyst is determined to be in the closed conformation
with head-to-tail stacking. A kink in the salen ligand is found to be energetically accessible. This
geometric distortion may allow for less congested monomer addition and better molecular weight
control. Computations are used to make a series of substitutions on the catalyst in order to establish
structure-reactivity and structure-selectivity relationships. Chemical features such as Snx2 angle
and bond formation distance are used to describe these relationships in the first detailed
mechanistic exploration of this version of the catalyst.

The concluding chapter reflects on each of the projects described within the dissertation
and discusses open areas for future consideration. Overall, this work outlines applications of

modern computational tools to better understand polymeric materials chemistry.
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Chapter 1. Introduction

Investigating Reaction Pathways with Computational Chemistry

Computational chemistry is used to study the fundamental properties of atoms, molecules,
and chemical reactions using quantum mechanics and thermodynamics. A central goal of
computational chemists is to integrate chemical theory and modeling with experimental data.
Advances in the development of quantum mechanics (QM) and molecular dynamics (MD)
methods and in computer power have increased the reliability and efficiency of computational
modeling, making it possible to present complex analyses which can be used to design
experiments, test predictions, and uncover important mechanistic details that illuminate

experimental results.!?

Density Functional Theory

Density functional theory (DFT) has emerged as a valuable tool in computing as its
methods have proven to have a high accuracy to cost ratio. Due to DFT’s efficiency, it has become
an effective method for developing chemical understanding in cooperation with experimental
studies by uncovering atomistic-level details of a chemical reaction. DFT can be used to obtain the
geometries and relative energies of reactants, intermediates, products, and transition state
structures along a reaction path. The energies can be used to explain or predict experimental
activity and selectivity.

DFT methods are able to tackle large chemical systems because density functional methods
use electron probability density of the system as opposed to the electronic wavefunction. This

approximation allows DFT methods to circumvent the high-scaling cost of other high-accuracy



methods like coupled-cluster theory,>* a numerical technique for describing many-body systems
which is often considered the gold standard of quantum chemistry. The scaling for DFT is
significantly better than for coupled cluster (N3 for pure density functionals vs N7 for coupled
cluster).>® The favorable low cost to high accuracy ratio makes DFT appealing for modeling a
wide array of chemical systems including the ones presented within this document.”!?

In order to accurately model a chemical system with DFT methods, it is important to
carefully chose appropriate functionals and basis sets. The functionals used to describe electron
density vary in their approximations and therefore also in their suitability for handling various
chemical reactions. While some functionals may be more suited to specific kinds of complexes,
there are some functionals, such as B3LYP and others, which have been demonstrated to be
applicable to a wide variety of systems.'*!3 Even these more comprehensive methods have their
own challenges, however. B3LYP, for example, struggles to accurately model excited state

transformations!®-18

or long range dispersion interactions between orbitals which account for the
effect of distant orbitals on electron density.!>!°~23 Fortunately, a variety of methods for modeling
these weak interactions have been developed to reduce these deficiencies. The addition of
empirical dispersion corrections, for example, can be added to a functional.?? These dispersion-
corrected DFT methods improve the ability of DFT to accurately model reactions where long-
range dispersion interactions play an important role.

Choosing an appropriate basis set is equally important. The basis set defines the orbitals in
which the molecule’s electrons can be occupied. Valence orbitals are essential, and polarization
functions provide additional flexibility for electron density to adapt to an atom’s molecular

environment. Thus, for DFT calculations to be accurate, both the functional (level of theory), and

the basis set must be carefully considered.



Despite some of the shortcomings of DFT, when appropriate functionals and basis sets are
used, they have been demonstrated to accurately predict geometries that closely match
experimentally determined geometries for polymers and transition metal systems relevant to this
work.2#2% Additionally, energetic calculations used to evaluate the thermodynamics and kinetics
of a chemical system can be calculated within 2 kcal/mol for stable intermediates and within 5
kcal/mol for barrier heights when the right methods are applied."?°=° These accurate energetic
calculations have allowed DFT to be used to explain and predict chemical equilibria, relative rates,

and stereoselectivity in a broad array of reactions.

Automated Reaction Discovery

Though big strides have been made by the computational chemistry community through
the use of effective computational tools, many methods are still limited by what falls within the
scope of traditional chemical intuition due to the necessity for input from a chemist. For many
methods, the chemist must provide a guess structure for intermediates and transition states based
on experimental data or on intuition they may have based on prior knowledge of how molecules
tend to behave in similar systems. Many methods work best by evaluating previously hypothesized
reaction steps and thus are not able to actually discover new chemistry. This means that
traditionally, for new or unexpected reaction mechanisms, computation has not been able to
provide a useful solution. This problem is further complicated if the mechanism is particularly
challenging or nonobvious and proceeds through several reaction intermediates and transition
states along the way. In these scenarios, if intermediates or unexpected side reactions are unable
to be probed experimentally, then they are unlikely to be found using traditional computational

methods.



Recently, a number of automated reaction discovery tools have been developed to help
solve this problem. Automated reaction path finding has become increasingly important because
of its ability to map a PES of interest and explore the relevant chemical space for unintuitive
intermediates and transition states. The ability to readily uncover challenging and unexpected
chemistries helps increase the speed at which progress can be made and allows for swift
identification of structure-activity relationships. This means collaboration between computation
and experiment can lead to understanding of reaction landscapes and more efficient optimization
of advanced chemical systems.

This work describes the application of DFT and automated reaction discovery tools to
uncover mechanistic details for complex chemical systems. Before discussing the applications of
these methods in the following chapters, a brief introduction of the relevant background is
discussed. While not exhaustive, the following will cover the relevant background material for
the computational studies contained in this work. For a more detailed review, several thorough

studies that examine current methods are available.

Chemical Space and Potential Energy Surfaces
Energy profiles are useful for understanding thermodynamic equilibrium, determining
kinetic products and identifying minimum energy reaction paths. Figure 1-1 shows a representative
reaction profile for a chemical reaction proceeding from the starting material (A) to the product
species (C) through a transition state (B). The reaction profile is helpful for comparing relative
energies of the various transition and stationary states found along the reaction path as the reaction

progresses forward.



An energy profile is a cross section of the potential energy surface along the minimum
energy reaction path as shown in Figure 1-1. A potential energy surface is a multi-dimensional
surface that describes the energy of reactants as a function of their geometry. Computational tools
allow for the efficient identification of stationary states along the PES. Once the relevant points on
the PES are evaluated, they can be classified according to the first and second derivatives of the
energy with respect to the position, which are the gradient and curvature, respectively. Stationary
points, which have a gradient of zero, are minima and correspond to physically stable chemical
species. Saddle points correspond to transition states, the highest energy point on the reaction
coordinate.

Though the reactive space may be complex, when sampling the potential energy surface,
it is of main importance to sample the relevant space to find low energy intermediates. Sampling
relevant space but not the whole PES allows the computational chemist to quickly identify reaction

intermediates and transition states at a low computational cost.

Energy

A C

\%

Reaction Coordinate

Figure 1-1. The energy profile on the right is a cross section of the potential energy surface on the left. Reactant species (4)
proceeds through transition state (B) to arrive at product (C).



Thermodynamic and Kinetic Information from Potential Energy Surfaces

Once the energies of relevant species have been isolated, this information can be used to
predict the efficiency of a reaction if it is thermodynamically controlled. Though in some systems
experimental equilibrium constants may be trivial to obtain, in others there may be an equilibrium
of reactive but unobservable intermediates that control the product distribution, and in these cases,
computation is very valuable. For systems under thermodynamic control, computations can be

used as a predictive tool with the equilibrium expression,

—-AG
= e RT

Keq
where Keq 1s the equilibrium constant for a reaction between chemical species [A] and [B], AG is
the Gibbs free energy, T is the temperature, and R is the gas constant. The exponents ¢ and p
correspond to the reaction order of [A] and [B], respectively. This example demonstrates how the
calculated AGs can be used to predict experimentally observable quantities when reactions are
under thermodynamic control.

The Eyring equation, shown below, relates transition state energies (AG*) with reaction

rate, which describes reactions under kinetic control,

kpT\ —AGH
e = (S)

where r is the rate of the reaction from A to B, k is the transmission coefficient, kg is the Boltzmann
constant, T is temperature in Kelvin, 4 is Planck’s constant, R is the gas constant, and AG? is the
transition state energy. The Eyring equation can be used to predict experimental reaction rates but

computationally, it is typically more useful to predict relative rates of competing reactions so that

they can be easily compared.



Transition State Finding Methods
While geometries for stable intermediates can be trivial to obtain, finding transition state
(TS) structures has proven more challenging. Additionally, due to the high dimensionality of PESs,
an exhaustive search of the chemical space is not feasible. Therefore, a method that only explores
the local, relevant chemical space by finding low-energy intermediates and generating transition
states that connect them is useful for low-cost, quick, and accurate TS finding.

There are two main methods for locating transition states. The first method includes local
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surface-walking algorithms while the second includes interpolation methods. Surface-
walking algorithms start with a guess TS structure that is optimized until it meets the saddle point
TS criteria. These calculations can be computationally intensive, especially if the guess structure
is far from the true TS, which happens frequently if there is little information available about the
TS structure. Interpolation methods generate TS structures between given reactant and product
geometries. These methods are appealing because they require less user input and do not require
an initial TS guess.

Two interpolation methods for TS finding in widespread use include the nudged elastic
band method (NEB)** and growing string method (GSM).’*>5 NEB requires reactant and
product geometries and generates an interpolated set of nodes (optimized geometries) to form a
reaction path between the reactant and product points. Spring interaction between the neighboring

nodes are used to create a continuous reaction path. GSM is described in comparison in the

following section.



Transition State Finding via Growing String Method

GSM finds minimum energy reaction paths and TS structures by populating a reaction path
with interpolated images, or nodes, between user-provided reactant and product geometries. For
double-ended methods, nodes are added from both the reactant and product, growing strings
toward a TS structure from both ends. In single-ended methods, only reactant geometry and driving
coordinates that describe a desired reaction are required. The nodes are then added only from the
reactant end to find both TS and product structures. In both cases, the generated nodes are
optimized, reparametrized, and spaced along a reaction path. Once the string traverses a transition
state region, the string is optimized to refine the reaction path and transition state. A figure
demonstrating how single-ended GSM operates is provided below.

® Product

| TS |
:f:ng TS? P € TS Optimization

N
Reld Node Addeq

Optimized
odes @

Reactant

Product Potential
Reactant Well

Figure 1-2. Single-ended GSM. The red node represents the user-provided reactant geometry sitting at a local minimum on the
potential energy surface. The green nodes are the unoptimized nodes as they are added along the green vector which represents
the provided driving coordinates. They are then optimized (purple nodes) and another node is again added in the direction of the



driving coordinates. The node represents the generated product geometry and the yellow node represents the optimized transition
State geometry.

The Zimmerman Group continues to expand and adapt the application of GSM to
challenging chemistries. Recently, functionalities have been developed for GSM so that

photochemical,>® surface,’”>3® or force-biased® reaction pathways can be explored.

Dissertation Outline and Chapter Overviews

Chapter 1 provided a brief overview of how computational tools are used to explore
reaction pathways and inform chemical understanding. In Chapter 2, these tools are adapted to
solve challenging chemical problems in mechanochemistry. Complex reaction mechanisms for
three mechanochemical transformations are considered. First, examination of the spiropyran
mechanophore which undergoes an electrocyclic ring-opening reveals a complex mechanism with
two possible merocyanin product geometries. Second, a “flex-activated” reaction®®¢! is
investigated to uncover the mechanical activation mechanism when the direction of the force is
non-parallel to the breaking bonds. Finally, simulations explain and predict how polymer
backbones transmit force to effect mechanophore activation.5?

Chapter 3 is a complete mechanistic investigation of isomerization and propagation steps
of a metal-free ring-opening metathesis polymerization (ROMP).%* This polymerization shows
promise as a good stereoselective system as it has been observed that the ratio of trans to cis
product could be controlled by changing various parameters of the reaction such as reaction
conditions (temperature, time, solvent), counter ion, and size of R-group. It is hypothesized that
these parameters have the ability to control the tranm:cis ratio through steric and electronic
interactions. This study reports the mechanism of the redox-mediated metal-free ROMP and

focuses on understanding how to regulate the trans:cis ratio of the polymer. Starting structures are



identified and used to determine transition states and product geometries using the single-ended
GSM.>

Chapter 4 details the effects of substitutions on the activity and selectivity of a bimetallic
chromium catalyst for the polymerization of propylene oxide. This investigation is an attempt to
better understand how exchanging steric and electronic R groups in various positions on the
catalyst could lead to the development of a better catalyst for isotactic polymerization. Five groups
are considered at the ortho and para positions of the catalyst. At each position substitutions, that
modulate either the electronics or the steric bulk are included. Transition states and products are
obtained using the single-ended variant of GSM for the propagation step of each of the catalysts.
Ultimately, this study describes how molecular geometry can control energetics and kinetics of the
system including reaction rates and product selectivities.

Finally, Chapter 5 will include final remarks, a summary of the studies contained herein,

and a discussion of the limitations of this work.
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Chapter 2. Examining the Ways to Bend and Break Reaction Pathways Using
Mechanochemistry

This chapter is largely based upon published work:

Roessler, A. G.; Zimmerman, P. M. Examining the Ways to Bend and Break Reaction Pathways
Using Mechanochemistry. J. Phys. Chem. C. 2018, 122 (12), 6996-7004.
https://doi.org/10.1021/acs.jpcc.8b00467.

Introduction

The idea of mechanochemistry®+%°

emerged from the recognition that mechanical force
can be utilized to induce chemical reactions. Mechanochemical reactions may also have unique
selectivities and mechanisms compared to the more common means of activation (thermal,
catalytic, or photochemical). The use of mechanical forces therefore can permit otherwise
disallowed or unfavorable reactions,’®’! resulting in products that differ from traditional
expectations.””7* As a whole, mechanochemistry provides a host of unique reaction possibilities
that have high potential for gaining full control over a diverse range of reactivity.

Ongoing developments in the field of mechanochemistry have led to new classes of
reactions. The first class includes mechanofluorescence, mechanochromism, and molecular force
sensing®7>~77 that indicate a polymer is degrading under mechanical force. Next are reactions that
can increase the lifespan of the polymer through strain-release motifs, which have led to the
development of self-strengthening and self-healing materials.”®®! Finally are reactions that release

small molecules in the presence of a mechanical stimuli.®*3>-8* These reactions increase the

functionality of polymers, and allow development of stronger, longer-lasting materials.
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Spiropyran: Ring Opening Mechanochrome

—— — >_—-_<
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Oxanorbornadiene: Flex-Activated Small Molecule Release gem-dichlorocyclopropane: Mechanical Strain Release

Figure 2-1. Modes of mechanical activation at common mechanophores.

Mechanophores, or mechanical-stress-responsive molecules, can be inserted into a
polymer chain to respond to the application of strain. A few examples of mechanophores are shown
in Figure 1, all of which are formally ring-opening reactions. For example, the spiropyran
mechanophore (Figure 2-1a) is a good example of a molecular force sensor. Here, forces on the
polymer selectively strain the relatively weak spiro C-O bond and induce electrocyclic ring-
opening to its merocyanin form.’®3386 As the merocyanin product appears, the color of the
mechanophore changes from yellow to red.”?¢ In the flex-activated reaction of Figure 2-1b, bond-
breaking occurs only on nonintegral constituents of the polymer.®®! Instead of breaking a bond
along the polymer backbone, bond angle distortions push the mechanophore toward an angle-
differentiated product. This chemistry allows for the release of small molecules without directly
harming the polymer chain.?*

Though these reactions are functional, they all suffer from low mechanophore activation.
Historical approaches to increasing activation have included attempts at modifying the points of
attachment or the mechanophore itself.’®3” On the other hand, it has recently been demonstrated

that the polymer backbone also affects mechanophore activation.®? A gem-dihalocyclopropane

12



ring-opening mechanophore (Figure 2-1c) has been used to show that the poly(norbornene)
backbone gives a rate enhancement of 103 over the poly(butadiene) backbone.®? It has thus been
posited that the more rigid backbone has a “lever-arm effect”® that aids in activation of the
mechanophore. Understanding these behaviors and developing new strategies for increasing

mechanophore activation remain key questions for continued study.

/

/

Applied Bias

/

Energy |

Reaction Coordinate - Reaction Coordinate Reaction Coordinate

Loss of a Transition State Transition State Shift Loss of an Intermediate

Figure 2-2. Examples of energy surface deformations that may occur in mechanochemical reactions.

The complexities and interest in force-induced reactions stem from underlying distortions
of the potential energy surface (PES). At low forces, the reactions resemble their unbiased
counterparts and TSs involve small geometric perturbations from the unbiased saddle points. At
larger forces, however, the reaction landscape fundamentally changes,®?%2° resulting in at least
three scenarios where large differences in reaction pathways emerge (Figure 2-2). First, a clearly
defined TS on the unbiased surface could become an extended region of flat potential (Figure 2-2,
left). Next, the TS may qualitatively change location, and could even merge with a stable
intermediate (Figure 2-2, middle). In a third case (Figure 2-2, right), an intermediate could

disappear from the landscape, resulting in a reaction profile with one TS instead of two. In these

13



cases, knowledge of the initial landscape does not provide a good representation of the force-biased
landscape because the reaction pathways qualitatively change.

The present chapter reveals the complex reaction mechanisms for three
mechanochemistries of contemporary interest in order to explore the possibilities of Figure 2-2.
First, examination of the spiropyran mechanophore will show the disappearance of an intermediate
on the reaction landscape with increasing force. Second, a “flex-activated” reaction®®®' is
investigated to uncover the mechanical activation mechanism when the direction of the force is
not parallel to bonds that break. Finally, simulations will explain and predict how polymer
backbones transmit force to effect mechanophore activation.®?> Together, these studies represent
the first full reaction pathway optimizations for these challenging reactions, and provide deep

understanding that can be used to design new mechanochemistries.

Computational Methods

Single-Ended Growing String Method

The single-ended Growing String Method (SE-GSM) is herein used to locate reaction paths
and products without prior knowledge of the TS or product structure.’** This is achieved by
driving the reactants along a tangent vector toward a new stable intermediate, where the
coordinates for this vector consist of bond addition or breaking directions. During the SE-GSM

growth phase, the reactants are moved along the vector U,

3N-6
Ue=a ) GqlUgl, (D

k=1
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where §q is a vector representing the primitive add/break coordinates, and U,, are the delocalized
internal coordinates that span the internal motion of the molecular system. After moving forward
away from the reactant, U, also serves as a constraint to prevent structures from sliding back to
the initial state. The unspecified coordinates are set to zero in §g such that they can relax without
restriction during optimization. Since U, is a single degree of freedom among 3N-6 coordinates,
motion along U, can be asynchronous.

After growing a string that passes over a transition state region, the nodes along the string
are evenly redistributed and relaxed until an optimized reaction path is found. At this stage, the
driving coordinates are discarded, and the string, therefore, is allowed to reach a minimum energy
pathway without constraint. From this stage, an exact saddle point search occurs—which locates
the TS within the reaction string—and the reaction path leading from the TS to the reactant and
product is therefore found. Further details of GSM and SE-GSM methods are available in the

Supporting Information and prior publications.?8-3?

GSM Application for Mechanochemistry

Because the underlying potential energy surface becomes distorted under applied
mechanical bias, the single-ended string method will be appropriate for examining cases where the
product geometry may not be intuitively known. Mechanical activation of a mechanophore
effectively reduces the activation energy by coupling the mechanical work to the nuclear motion
associated with the reaction. As a force is delivered to the mechanophore, the energy provided by
the work can be quantified by

AE = —FAx  (2)
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where AE is the change in energy, F'is the amount of force applied, and Ax is the change in distance
over which the force is applied (Ax in the examples of this article will correspond to the distance
between the two atoms where the tensile force is applied. Changes in this distance therefore
correspond to interesting changes in the underlying PES). To operate GSM under an applied bias,
the energies at each node are calculated by applying this energetic correction term, and the forces
are also modified accordingly. Adding this bias potential to this single-ended string method
produces a powerful means to explore and study mechanochemical reactions. The overall scheme

for this method is shown in Figure 2-3.
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Figure 2-3. Algorithm for single-ended GSM when applied forces are included.

Computational Details
All quantum chemical computations utilized the B3LYP density functional**3¢ with the 6-
31G* basis set,*’ though the GSM method is not limited to these choices. GSM is written in C++
and utilizes the electronic theory software package Q-Chem? for gradient information. All

structure images were created in VMD.*°



In GSM, the maximum step size was set as 0.8 A-radian along the driving coordinate. The
eigenvalue shift parameter A of the eigenvector algorithm (see appendix)®? is selected so all
eigenvalues are positive, except from the exact TS search where A shifts only the non-TS
eigenvalues. Each new node is optimized during growth until the root mean square (RMS) gradient
is less than 0.005 Hartree/A, or 30 steps have occurred. Next, after the sum of perpendicular
gradient magnitudes over all nodes, F, has been converged (F < 0.3), the climbing image search
commences. Finally, the exact TS search begins after one of the following occurs: (1) the gradient
is less than 0.2 Hartree/A, the TS node converges to within 10 times the nodal convergence
tolerance, and the constraint force is less than 0.01 Hartree/A, (2) the gradient is less than 0.1
Hartree/A, the TS node converges to within 10 times the nodal convergence tolerance, and the
constraint force is less than 0.02 Hartree/A, or (3) the TS node is within five times the nodal
convergence tolerance. The nodal convergence tolerance was set to 0.0005 Hartree/A. Once the
TS node has reached a small RMS gradient (<0.0005 Hartree/A) the RP is considered converged.

In all of the test cases, tensile force is applied at terminal carbons of the polymer backbone,
or the carbons at the attachment points on the mechanophores (the method is not limited to the
study of canceling tensile forces, but these are most pertinent). The force is applied along the vector
that connects the two atoms at which the force is applied. Before GSM commences, the initial
structure is optimized under the force that will also be applied during string optimization. While
GSM is not restricted to this type of force, and can handle arbitrary force definitions, the tensile
force should closely resemble AFM experiments that have been applied to the chemical systems
under examination below.

For this initial structure optimization, geometries were allowed to relax from an extended

polymer that was optimized under relatively high forces. This is because a relaxed polymer chain
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in the ground state could have numerous low energy conformers existing in equilibrium with one
another. When a small initial force is applied to a polymer, the polymer chain is straightened. At
first, small forces make the polymer taut, and only after this is accomplished does the applied force
begin to influence mechanophore reactivity. Therefore, in order to obtain data that is not reliant on
arbitrary starting geometry configurations, calculations must use geometries relaxed from

extended polymers.

Results and Discussion

All of the reactions presented herein were chosen due to their complexity and the combined
breadth of difficult mechanochemical transformations they comprise. The first example, a
spiropyran mechanochrome, was chosen due to its size and multiple possible ring-opening
products, to demonstrate GSM can handle large systems.”?7632.8586 The second, a flex-activated
system, is discussed as an example of an unusual mode of activation where pulling along the
polymer backbone is substantially orthogonal to the reaction direction.®®! The third
mechanochemical reaction examines differing degrees of force transfer to the mechanophore via

two polymer backbones, in the “lever-effect” polymers of recent interest.%?
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Spiropyran ring-opening mechanochrome

Figure 2-4. From the force-induced spiropyran reaction, two different merocyanin products were identified. The cis and trans
isomers are shown on the right with the pertinent bonds highlighted in blue.

The spiropyran mechanochrome was designed to selectively stress the spiro C-O bond until
it ruptures, as discussed in detail by Sottos.”® The model for the spiropyran mechanophore in this
study is shown in Figure 2-4. The model was stretched by optimization at 4 nN of force, then
stepped down to 0 nN in sequences of 0.5 nN to obtain optimized geometries for the reactants.
Once the optimized structures were obtained, these were used as starting points for reaction path
finding with GSM. The driving coordinates (i.e. Equation 1) for ring opening were selected to
break the spiro C-O bond.

Interestingly, two different merocyanin products, the cis and trans isomers of Figure 2-4,
were identified. At forces less than 2nN, the cis product was found, but at higher (> 2nN) forces,
the ring-opened structure isomerizes to the trans product without an energy barrier. Double-ended
strings were then run from the initial geometry to both the cis and ¢trans products as well from the

cis intermediate to its frans product, as appropriate.
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Figure 2-5. The breaking spiro C-O bond length plotted vs the torsion angle of the four carbon atoms between the heterocycles in
Figure 4 at various forces. In the first graph, all reactions go to the trans configuration (torsion angle = 180°). In the second
graph, the reactions with stable cis intermediates are plotted with these intermediates marked. These curves are comprised of the
reactions to the cis product plus the cis-trans isomerization from that intermediate.

Figure 2-5 shows the progress of reaction for the mechanophore activation, comparing the
ring-opening coordinate, as measured by spiro C-O bond distance, to the cis-trans isomerization
coordinate measured by the corresponding torsion angle. In Figure 2-5, top, all reactions reach the
trans product in a single elementary step. Figure 2-5, bottom, shows reaction paths that lead to a

stable cis intermediate, as well as paths from this intermediate to the trans product. In the ground
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state, the TS occurs after the ring-opening, during the cis-trans isomerization step. Higher forces
result in only the trans product since the greater force leads to greater degree of elongation that

only the trans product can provide.

E, vs Force - Spiropyran
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Figure 2-6. Activation energy vs. force for spiropyran ring opening. See Figure 2-4 for reaction description.

As expected for a reaction where the product is significantly stretched compared to the
reactant, the activation barriers for ring-opening decrease as increasing force is applied (Figure
2-6). Because the transition states leading to the cis product and frans products are so similar, a
roughly linear graph is produced, with a slope of -5.9 kcal/(mol*nN). This can be understood by
noting that the cis-frans isomerization occurs after the rate-limiting, ring-opening TS.

Consistent with the observed decrease in activation barrier, the mechanophore eventually
breaks open without barrier at high forces. The amount of force required for this direct cleavage
of the spiro C-O bond is between 10.9 nN and 11.0 nN. Though it may be expected that the direct
cleavage would occur at ~4.5 nN, the optimization does not break the bond with this amount of
force because the nuclear motion associated with the bond breaking is not exactly parallel to the

direction of the force. Specifically, the torsional motion begins at the spiro attachment prior to the
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bond breaking and is nonparallel to the force. This example suggests that realistic reaction paths
will almost always occur along directions that are not fully in-line with applied forces, but that

force plus thermal activation is responsible for the mechanophore activity.

Flex-activated small molecule release

The bonds being broken in a flex-activated reaction are not directly elongated by the
application of the force, but rather are “flexed” through angular distortions. This strategy is useful
for promoting release of a small molecule that is embedded in the polymer, but not integral to its
structural integrity. As opposed to typical mechanophores where a bond breaks in a parallel
alignment to the applied force, the reaction coordinates involved in flex reactions are mostly
perpendicular to the direction of the force. The flex-activated oxanorbornadiene reaction
introduced by Boydston®®®! is one such example where the breaking bonds are not obviously

parallel to the applied force (Figure 2-7).

Bond Length vs Force at the TS
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Figure 2-7. Ring-opening flex reaction (left) showing applied force direction with red arrows. Bond lengths of the labeled bonds
stay relatively constant across the varying applied forces, indicating that the transition state geometry is largely unaffected by
the strain.
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Unlike in the spiropyran reaction, the key bond lengths at the TSs are roughly equal over
the differing forces, being only marginally changed by varying forces. Figure 2-7 (right-hand side)
shows that the bond lengths of key coordinates at the TS remain more or less constant under all
the applied forces. For example, the central C-C bond is 1.26 A at zero applied force, and 1.28 A
at 4 nN, while the C-C bonds of the ring opening reaction change from 2.16 and 2.21 to 2.12 and
2.16 A from zero to 4 nN. Even with forces biasing the potential energy landscape, essentially the

same TS geometry emerges at all realistic values of applied force.
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Figure 2-8. The central bond shortens as the reaction proceeds while the total extension of the mechanophore increases to
provide local strain relief.

The flex-activated reaction is even more interesting when one notes that the central C-C
bond contracts from a double bond to a triple bond during the course of the reaction. Extensive
forces therefore are not biasing the C-C distance towards the product, but instead are allowing the
total extension of the mechanophore to increase, as shown in Figure 2-8. The activation of the flex
system therefore can be understood as biasing the structure to longer chain extension, which can
occur due to linearizing the central carbon chain of the mechanophore. Incidentally with this
extension, at a linear structure the triple bond is preferred, permitting the retrocycloaddition to

proceed and release the furan.
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Figure 2-9. Plot of the energy vs 6. Note that there is not a single theta value that corresponds with the transition state at each of
the forces.

While GSM provides a simple, yet detailed description of flex activation, this description
differs from prior simulations which employed specific constraint coordinates to represent the
force. In those studies, a constraint coordinate, 0,°° was used to bias the reaction towards the
product, as indicated in Figure 2-9. By imposing a geometric constraint on the angle and then
systematically increasing the 6 value, the desired bonds eventually break. The 6 value does not
provide a fully useful representation of the reaction, however, as it is just one piece of the total
reaction puzzle. Figure 2-9 shows that the correct TS at each of the forces has a unique 0 value,
indicating that no single 0 can appropriately represent the reaction. Mechanochemical reactions
can therefore be considered to be multiparameter pathways, where many atomic coordinates
change in concert. The true reaction path is activated not just by force that “bends” one coordinate,
but thermal energy allows other degrees of freedom to move toward the TS on the force-biased
PES.

The sequence of activation energies as a function of applied force is given in Figure 2-10.

Just like the spiropyran reaction, a mostly linear decrease in barrier occurs with increasing force.
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Here, the activation energy is just over 10 kcal/mol lower in the reaction where 4 nN of force is

applied relative to the ground state reaction.

E, vs Force — Oxanorbornadiene
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Figure 2-10. The activation energy of the oxanorbornadiene reaction.

Lever-arm effect mechanochemistry
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Figure 2-11. The gem-dichlorocyclopropane mechanophore at the center of poly(butadiene) and poly(norbornene) chains. Force
is applied in the direction of the red arrows.

Lastly, we aimed to aid the understanding of the so-called “lever-arm” effect as presented
by Craig and coworkers.®>°” Two backbones, poly(butadiene) (PB) and poly(norbornene) (PNB)
were studied to observe the effect that the polymer backbone can have on mechanophore
activation. Experiments have reported that PNB provides a mechanical advantage by acting as a
lever that accelerates rates of reaction relative to PB by three orders of magnitude.®?

In agreement with previous studies,*' systematic GSM studies determined that the

chemistry in these systems is largely local (see Supporting Information) and not a strong function

25



of the length of polymer backbone. This is fortunate from a computational standpoint as the ability
to truncate without the loss of chemical accuracy saves computational time and resources. Our

chosen models for the gem-dichlorocyclopropane mechanophores are shown in Figure 2-11.

PB at 1nN
Ax =0.827 A

PNB at 1nN
Ax =1.038 A

v

Transition State: 37.701 A

Figure 2-12. Measuring the Ax of the gem-dihalocyclopropane mechanophore inserted into either the PB or PNB backbone. The
Ax was generally observed to be larger in the PNB chain, leading to a greater change in activation energy for the PNB backbone
since AEa = -FAx.

The function of mechanical advantage was studied by considering the total change in
polymer extension from the reactant to the TS, Ax, under a range of applied forces (Equation 2).
Figure 2-12 shows the reactant and TS structures in the PNB and PB backbones at 1 nN of force
as well as Ax. Since PNB provides the larger Ax, it follows that PNB would also provide a greater
change in energy relative to PB. Thus, the same amount of force applied to each backbone leads

to greater relative extension of the polymer in PNB.
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Figure 2-13. Mechanochemical activation effectively reduces the Ea by raising the reactant’s energy. In this case, the reaction
still goes through the same transition state.

Activation of the gDCC mechanophore couples the applied mechanical force largely in the
direction of the reaction. While it might be imagined that this brings the energy of the TS down,
the TS geometry at applied force is highly similar to that at zero force. Therefore the E, is reduced

by raising the initial energy of the reactants—which are highly stretched compared to the zero-

force structure—as suggested by Figure 13.

E, vs Force
50
40
2 30
£ —o—PB
§ 20 —o—PNB
= x gDCC
u’ 10 X
0 T T T 1
0 0.5 1 1.5 2
Force (nN)

Figure 2-14. Activation energy vs force plot for PB and PNB each with three monomer units on either side of the mechanophore,

and the mechanophore alone.
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The results also suggest that although PNB does provide a mechanical advantage relative
to PB, PNB is not acting as a lever in the sense of force amplification. When the activation
energies of the gDCC mechanophore in PB and PNB models are plotted alongside the data for
the mechanophore alone (Figure 14), it is clear that the isolated mechanophore activation barriers
are nearly identical to the results for the PNB chain. This indicates that the full force is being
transmitted to the mechanophore in the PNB chain. In the PB chain, however, some of the force
is being lost in other degrees of freedom due to the backbone being less rigid. Overall, PNB does
not enhance the force applied to the mechanophore so much as deliver it successfully. In passing,
we note that an alternative lever-arm system*’ may exhibit different behavior, as preliminary data
(unpublished results) indicate a different trend than seen in Figure 14. Further investigation will

determine where and if a true “lever-effect” is present in those systems.

Conclusion

Mechanochemistry is an important, emerging branch of chemistry that encompasses a wide
range of chemical transformations. Because mechanically enhanced reactions can permit otherwise
disallowed or unfavorable reactions, it is vital that the underlying modes of these new reactivities
be uncovered. This will allow identification of transition states and products for reactions that do
not easily fit into the scope of well-established chemical intuition. For instance, reactions that don’t
follow ground state rules or have unknown products can be examined, such as those from several
examples in the literature.”34>43 The ability to elucidate the details of these complex reactions was
demonstrated, in finding the cis and ¢rans isomers of the spiropyran to merocyanin transformation

at different magnitudes of force, the fundamental means of flex mechanophore activation, and
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showing the physical principles of force transmittance through different polymer backbones. First
principles simulation’s capacity for discovering reaction mechanisms under force will continue to
prove useful for developing improved mechanochemical reactions, mechanophores, and

ultimately, advanced functional materials.
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Chapter 3. A Mechanistic Look at the Tunable Microstructure of Poly (Norbornene) via
Stereocontrolled Metal-Free Ring-Opening Metathesis Polymerization

This chapter is based on a highly collaborative project with the research group of A.J. Boydston.
Boydston Group Contributors: Xuejin Yang, Postdoctoral Associate, and Sean Gitter, Ph.D.
Student.

Introduction

Poly (norbornene) (PNB) has high thermal stability (up to 400°C), a high glass transition
temperature (T, above 300 °C), and low moisture absorption making it a suitable polymer for
vehicle fittings such as bumpers, arm rests, and engine mounts.'?! Additionally, due to its excellent
optical transparency, low water uptake and low dielectric constant, PNB is also an ideal candidate
for applications in optical devices or as thin films or protective coatings in opto-electronic
materials.'”> Many of these desirable properties stem from the fact that in PNB, two adjacent
carbon atoms are fixed in their conformation which makes rotation between two neighboring

monomer units about the polymer chain axis strongly restricted.!?!

norbornene PNB

Scheme 3-1. Polymerization of norbornene to poly (norbornene) via ROMP

Norbornene can be polymerized to high molecular weight either through the double bond

103 or through ring-opening metathesis polymerization (ROMP), opening

while retaining both rings
one ring.'% This chapter is concerned with ROMP poly(norbornene). ROMP has been widely used

for norbornene polymerization due to its ability to achieve living polymerizations, a superior
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method for generating diblock and triblock co-polymers, and its ability to produce polymers with
narrow dispersities.'®1% The generalized mechanism for ROMP can be found in Scheme 3-2. A
metal carbene initiator and a cycloolefin undergo metathesis to form a metallocyclobutane. The
strained monomer then opens to form a metal carbene and the process can repeat with a new
monomer. Because ROMP capitalizes on ring-strain as the driving force to open a cyclic olefin,

the second step in Scheme 3-2 is essentially irreversible.

M —M —M
A, — H, — C
‘K‘LR "‘R —~r

Scheme 3-2. Generalized mechanism for ring-opening metathesis polymerization.

ROMP of norbornenes can lead to a variety of microstructures depending on the resulting
tacticity of the polymer (isotactic, syndiotactic) and double-bond configuration (trans,
cis).|0>110.111 1y PNB, the cyclopentylene rings necessarily have a cis configuration retained from
the monomer, but the connecting vinylene moiety possesses cis/trans isomerism.''? Further
complexity comes from the fact that polymers may have all trans or cis C=C bonds but that have
an isotactic or syndiotactic relationship between neighboring monomer units in the polymer.!!3:114

Figure 3-1 shows the four possible configurations.

cis, isotactic

cis, syndiotactic trans, syndiotactic

Figure 3-1. Possible microstructures for poly(norbornene).
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Polymers with high percentage of a single microstructure have more well-defined and
desirable properties than their atactic or non-stereospecific counterparts.!!':!15:116 Stereocontrolled
ROMP, however, has been difficult to achieve and still poses challenges in polymer chemistry.
Only limited control of trans/cis content has been achieved with discrete Ru alkylidenes and the
stereocontrol is typically dependent on specialized monomers.!!7-!® It is believed that the lack of
stereoselectivity in these systems is due in part to the Ru alkylidenes’ ability to rotate easily and
therefore inability to enforce the necessary steric constraints.!06:110118119  Recently, olefin
metathesis catalysts of tungsten, molybdenum, and ruthenium were found to initiate ROMP of
norbornene monomers with high stereocontrol of tacticity and trans/cis ratio.!''"!'7-118 The ability
to tune the ROMP polymer microstructure comes in part from a series of catalysts with polydentate
ligands which reduce the number of rotatable bonds on the metal center thereby locking the
catalyst into a configuration which selectively produces one microstructure over another.

Though these more traditional metal-based catalysts have begun to be optimized for ROMP
processes, undesirable metal-based byproducts are difficult to remove from the polymer after
polymerization.'?* Additionally, these metal-based byproducts can complicate biological studies
and electronic properties measurements. In order to remove the byproducts, complicated removal

procedures'?°

would have to be implemented, adding processing steps and therefore additional
costs for manufacturing facilities.

The first metal-free ROMP was reported by the Boydston Group® in 2015 in a photo-
mediated process. It was proposed that a metal-free process could potentially better control end-
group functionality and provide a new mechanism for complicated polymerizations. This metal-

free ROMP also shows promise as a good stereoselective system as it has been observed that the

ratio of trans to cis product could be controlled by changing various parameters of the reaction
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such as reaction conditions (temperature, time, solvent), counter ion, and size of R-group on the
initiator. It is hypothesized that these parameters have the ability to control the frans/cis ratio
through steric and electronic interactions.

The project described within this chapter seeks to provide a better grasp of the mechanics
of the stereocontrolling steps of metal-free ROMP and in turn, use this insight to understand and
control the selectivity. In order to do so, quantum chemical computations were employed to probe
relevant intermediates and transition state structures involved in the reaction equilibrium. Next,
the energies of the trans products were evaluated in comparison to the cis products when assorted
factors such as counter anion and end group were varied. The ultimate goal of this work is to
understand how these factors influence stereoselectivity, both individually and together, in order

to develop a ROMP system that can produce polymers with high tunability of stereocontrol.

Computational Details
All quantum chemical calculations were carried out using the Q-Chem 5.0 software
package® at the B3LYP level of theory® using a spin unrestricted formalism and the 6-31G* basis
functionals'?! for optimization and frequency calculations. The structures without counterions
were modeled as cationic doublets. Double-Ended Growing String Method (GSM) was used to
identify transition states and minimum-energy reaction paths from optimized reactant and product

structures.’?>! SMD solvation corrections!?2

were performed for all transition states and stable
intermediates at B3LYP/6-31G**? using the ORCA quantum chemistry package!?* with toluene.

Reported energies are Gibbs free energies with enthalpy and entropy corrections in the solvent

phase. All geometries were confirmed to have the appropriate number of imaginary frequencies.
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Discussion
We start by analyzing the mechanism of the photo-mediated, metal-free ROMP. The
reported mechanism, as depicted in Scheme 3-3, is initiated by a single-electron oxidation of the
vinyl ether initiator (A) to generate a radical cation (B). The radical cation can then react with
cycloalkene monomer to form a [2+2] complex (C). The initiation phase concludes with the
complex undergoing ring-opening in order to alleviate ring strain (D). Propagation with additional
monomers yields ROMP polymers with a reactive radical cation chain end (E), but would

eventually undergo reduction to arrive at F.

L Jn+1

Scheme 3-3. Generalized mechanism of redox-initiated, metal-free ROMP

During this process, isomerizations that determine whether the final product structure will
be cis or trans can take place. Scheme 3-4 shows important intermediates (1-3) during the ROMP

processes that can occur as one of four isomers (A-D).
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Scheme 3-4. Mechanism for propagation from four unique isomers of the monomer. For computations, the polymer (indicated
here by “P”) has been replaced by iPr to simplify calculations.

As demonstrated in Figure 3-2, at intermediate 2, both of the bonds off of the norbornene
can rotate allowing the transition from endo to exo and to other species 2 intermediates. For
example, intermediate 2A, in which both substituents are exo, can undergo rotations of either arm
to the endo position to result in species 2B or 2C. Alternatively, both of the arms could rotate to
the endo position in concert to isomerize to 2D. Once the reaction proceeds from intermediate 2 to
intermediate 3, however, the geometry is locked in and the bonds can no longer rotate freely to

move from one isomer to the next.
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Figure 3-2. Possible isomerization routes from species 24. The blue or green rotations may occur alone to result in species 2B or
2C, respectively, or both the blue and green rotations could happen in concert to isomerize to 2D.

As shown in Figure 3-3, the energy of activation for the isomerization from one isomer of
species 3 to another is insurmountable at room temperature. In the representative example, the
isomerization from 3A to 3B has an activation energy of 32.3 kcal/mol while the isomerization of
the analogous structures from species 2 carries an activation energy of 8.6 kcal/mol. The high
energy barriers for rotation of species 3 are due to steric clashes of the chain end and growing
polymer at the transition state, as demonstrated in Figure 3-3, as well as electronic effects of the
radical cation bond. The species 3 isomerizations are more difficult electronically because the

radical cation bond introduces an electron into its C-C 2p orbital making bond rotation more

36



challenging. The isomerization from 2A to 2B has an activation energy well within the accepted

limit for room temperature transformations.

Energy (kcal/mol)

Reaction Progress

Figure 3-3. Isomerization from 24 to 2B shown in black while the isomerization from 34 to 3B is shown in green. The transition
state structure for the species 3 isomerization (TS3) shows steric hinderance compared to the species 2 isomerization transition
structure (TS,). All energies reported in kcal/mol.

These low barriers for the isomerization of species 2 allow all four isomers to exist in
equilibrium. As the isomers proceed to species 3, the isomers get fixed into either a ¢rans product
(3A, 3B) or a cis product (3C, 3D). As shown in Figure 3-4, the various reaction barriers for
isomerization and ring-opening are all relatively low, allowing all of the species 2 and species 3

isomers to exist in thermodynamic equilibrium. The frans products are thermodynamically
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preferred and experimentally, under room temperature conditions in toluene, the trans product is

produced in a ratio of 1.18:1.

8.78
7.87 9.00 8.26 Trans Pathways
7.43 7.48 Cis Pathways
\ Species 2 Isomerizations
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Reaction Progress

Figure 3-4. Potential energy surface for isomerization between species 2 isomers and the forward reaction to each of the four
species 3 isomers. Trans pathways are shown in purple, cis pathways are shown in teal, and isomerizations from one isomer of
species 2 to another are shown in black.

Under the vast majority of experimental reaction conditions, the trans product is preferred
to varying degrees. Thus, the quantum chemical calculations are able to capture much of the
experimental preference before other contributing factors are considered. There are specific
reaction conditions, however, such as those in outlined in Table 3-1, under which the product ratio
can shift toward the cis product. When ROMP is carried out in a nonpolar solvent with a large
counter anion at low temperatures product ratios can lean toward cis as much as 1:1.70, trans:cis.
It was therefore determined that in order to try to capture the full story, it would be important to

consider and model some of the effects that these other conditions could have on the system.

38



Table 3-1. Temperature influence on stereoselectivity. Experimental data from the Boydston Group at University of Wisconsin,
Madison.

Qe FsC CF;
} EPE, pOMeTPT*BARF" Woa O FiC, \Q/ CFs
2 solvents, blue LED n N Q’BQ
L. FsC /@\ CF,
Condition: NB : EPE : pyrylium =100 : 1:0.05 o
Concentration: 2M MeO O O OMe FaC CFs
Temp . conversion M, exp My, exp "
solvent °C) time (%) [kDa] [kDa] b trans:cis
Tol -70 1h 15.0 6.220 14.66 2.36 1:1.70
Tol -29 4h 25.7 8.542 15.82 1.85 1:1.24
Tol 3 13 min 19.6 4.182 6.572 1.57 1.04:1
Tol 22 1h 8.61 2.717 3.482 1.28 1.18:1
Counter Anion Effects

The effect of varying counter-anion size was considered in order to expand the quantum
chemical model to a wider span of reaction conditions. According to the experimental data
presented in Table 3-2, as the size of the counter anion increases, the trans:cis ratio decreases. To
understand these effects, each of the four species 3 isomers were optimized with either the BF4 or

BARF" counter anion.
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Table 3-2. Counterion influence on stereoselectivity. Experimental data from the Boydston Group at University of Wisconsin,

Madison.
} EPE, pOMeTPTB, I,T\O/T%Et

DCM, blue LED

Condition: NB : EPE : pOMeTPT =100:1:0.05
Concentration: 2M

Pyrylium*(X) trans:cis FiC CFy
BF, 3.66:1 Q O
BARF = B
PF, 2.78:1 | > Fil cF,
BARF 12911 4o O X O owe T °Fs

Figure 3-5 reports the calculated energies of the species 3 isomers with coordinated BF4
anions in relation to the energies of the species 3 isomers without a coordinated counterion. When
BF4 is coordinated, the energies of species 3B and 3D are selectively stabilized relative to the
energies of 3A and 3C. This stabilization of 3B and 3D, which both have a cis radical cation bond,
ultimately shifts the equilibrium toward 3B, the lowest energy species. With the equilibrium
further shifted toward 3B, the trans:cis ratio will increase because the AG between the lowest
energy trans product and the lowest energy cis product increases from 1.9 to 6.0 kcal/mol when

the BF4 anion is coordinated.
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Figure 3-5. Relative energies of species 3 with and without counter anion. The black energies represent the energies of the
species 3 isomers with the BF; anion coordinated relative to the energy of species 34 with the anion coordinated. The purple and
teal energies are the energies without the anion coordinated. The gray energies are the difference in energy between the lowest
energy cis and trans isomers. Charge separation reported in gold.

The two species with cis radical cation bonds (3B and 3D) are stabilized when BF4 counter
anions are coordinated because having the chain end rotated up exposes the cation and allows the
anion to coordinate more closely leading to stabilizing coulombic interactions between the charged
species (Figure 3-5). In contrast, when the radical cation bond is in the ¢trans conformation, such
as in 3A or 3C, the anion is not able coordinate as closely, leading to greater charge separation
(3.07 and 2.91 A for 3B and 3D compared to 4.61 and 3.81 A for 3A and 3C). Ultimately, this
leads to a thermodynamic preference for species 3B when BF4 is coordinated and a high trans:cis
ratio.

When the much larger BARF" counterion is coordinated to the various species 3 isomers,
a different trend emerges. As shown in Figure 3-6, the cis isomers (3C, 3D) are thermodynamically
favored compared to the trans isomers (3A, 3B) with the larger counter anion. While the rotation

of the chain end was of significant energetic importance for the BF4, BARF" is so large that the
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local geometry is of less import, but that the geometry of the growing polymer chain becomes
relevant. In the cis products, the growing polymer chain is pointed up, allowing for a large
counterion to coordinate closely under the monomer and stabilize the cation. The trans products,
however, have the growing polymer chain pointed down in such a way that the large BARF~ anion
is unable to sufficiently stabilize the cation, leading to higher energies. When the BARF" anion is
coordinated, 3D becomes the lowest energy isomer of species 3 and is 2.1 kcal/mol lower in energy
than the most stable trans geometry. The stabilization of 3D leads to a preference for the cis
products, though this preference is not as strong as the trans preference with BF4 anions (AG =
2.1 vs 6.0 kcal/mol). Because the computational data considers a single low energy conformer, it

most closely models the data taken at low temperatures.

cis
3D
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£ 00  aa e i Cis Without Anion
E . 03 [aE=19 With BARF Coordinated
3 00 (LE=2 T —_
5 -21 -2.1
c
|

Figure 3-6. Relative energies of species 3 with and without counter anion. The black energies represent the energies of the species
3 isomers with the BARF anion coordinated relative to the energy of species 34 with the anion coordinated. The purple and teal
energies are the energies without the anion coordinated. The gray energies are the difference in energy between the lowest energy
cis and trans isomers. All energies reported in kcal/mol.

The data presented in Figure 3-5 and Figure 3-6 are solvent-corrected in a nonpolar solvent,

toluene, but we expect the observed effects to disappear in polar solvents. If a polar solvent is used,
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we don’t expect the trans content to increase with increasing anion size. The polar solvents are
already able to sufficiently stabilize the cation so exchanging for a smaller anion won’t be as
energetically impactful. Using a polar solvent or a small anion accomplishes the same task of

stabilizing the cation which leads to higher ¢rans content.

R-group Variations

Simulations then investigated the effect of chain-end R-group modification on reaction
selectivity. Five different substitutions were made of varying steric size in place of ethyl to
determine the effect of sterics on the trans:cis content of the product. In order of increasing size,
the substituted groups were methyl (Me), ethyl (Et), cyclohexyl (Cy), adamantyl (Ad), and methyl-
tri(ethyl) (CEt3). To quantify the steric size of each substitution, the Charton'?* parameter, derived
from van der Waals radii, was considered. Charton values have long been used to construct linear
free energy relationships in a variety of enantio- or stereoselective systems.!?>7131 A linear
relationship is obtained when the substituent Charton values are plotted against the logarithm of
product enantiomeric ratios.'?>!32 Computed AG between selected cis and trans products and the
natural log of experimental trans/cis ratios showed linear correlation to the steric Charton

parameter with R? values of 0.97 and 0.87 respectively (computed data in Figure 3-7, left).

Computed AGgis 1305 Vs. Charton Proton Affinity vs. Charton
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Figure 3-7. Computational AG quantities trend with the Charton value - a measure of steric size. Charton values (steric
parameter) correlate with proton affinities (electronic parameter) for this subset of R-groups.
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Although the substitutions had been made with sterics in mind, due to the nature of this
data set, as these R-groups increase in size, they also have increased donating ability. As can be
seen in Figure 3-7, right, for this subset of R-groups, the steric parameter trends reasonably well
with the proton affinities of the alcohol of each R-group (R-OH). Thus, the experimental and
computational data trend with the coupled electronic and steric parameters.

In order to delineate the electronic and steric contributions, the distortion/interaction
model'33713 of Houk was invoked (analogous model from Bickelhaupt is called the activation
strain model'3>713%)_ In this model, the energy of a structure is decomposed into two contributions:
the distortion energy, which is associated with the structural distortion that the reactants undergo,
plus the interaction energy between the molecule and its substituents or the moleclues in a
bimolecular reaction. In this work, the distortion energy comes from the increasing size of the R-
groups, while the interaction energy comes from the increased donating ability of the R-groups.
AG values were calculated for each of the stationary points with the various R-groups exchanged
for a methyl group. The geometry from the initial calculations was maintained for all atoms aside
from the methyl hydrogens to preserve the distortions enforced by the R-group while allowing the
electronic contributions to be removed. The obtained energies were then analyzed to parse out the

steric and electronic contributions to the total AG.

R-group Cs:icr:;zrt‘ii;n Coni:?;ilction NZrGTiIri::d
(kcal/mol) (kcal/mol) (kcal/mol)
CEts -0.320 1.023 0.703
Ad -0.241 0.425 0.183
Cy 0.032 0.055 0.088
Et -0.022 0.026 0.004
Me 0.000 0.000 0.000
Table 3-3. Electronic and steric contributions to the AGis.irans normalized to Me.
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According to the calculated energies, sterics play an important role in determining the
magnitude of the AG. A key geometric distortion to the structures that is dependent on the size of
the R-group can explain the energetic differences due to sterics. As the R-groups decrease in size,
the distance between the cation and the double bond decreases, allowing for more stabilizing ©
interactions in the structures with smaller R-groups (4.07 A for CEt; to 3.73 A for Me). More
importantly, the difference in distance (cis-trans) decreases. For larger R-groups, there’s a greater
difference in distance between the cation and double bond (0.44 A for CEt; to 0.18 A for Me) and

therefore a greater AGeis-trans.

Top View - Me /
|

R-group distance (A)

: CEts 4.07

. Ad 4.02
[} d=3.73 A

: Cy 3.84

. Et 3.74

Me 3.73

Figure 3-8. Top view of Me-substituted 3D showing atomic distance. Distances for other R-groups reported in the table. H atoms
omitted for clarity.

As the R-group increases in size, the AG increases which yields more highly trans product.
Sterics contribute to increasing the AG because the change in cation-double bond distance
increases with increasing steric size, effectively destabilizing the carbocation. Electronically,

however, with increased R-group size, there is increased donating ability which provides
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stabilization back to the cation. Thus, the steric and electronic effects of the R-groups are working
against each other. In the CEt; case, there is 1.023 kcal/mol of steric destabilization combined with
0.320 kcal/mol of electronic stabilization resulting in a AG of 0.703 kcal/mol.

Based on the computations, it is clear that both electronic and steric factors are important
for controlling the thermodynamic equilibrium of this system which regulates the microstructure
of PNB. Whichever isomers best allow the cation to be stabilized are energetically preferred. Our
results indicate that this photo-mediated ROMP process will produce PNB with high trans content
when larger R-groups are on the chain end, or smaller counterions and more polar solvents are
used, and that higher cis content can be achieved by exchanging to nonpolar solvents and larger

counterions at low temperatures to minimize entropic effects.

Conclusions

Herein, we have reported the first mechanistic study of the metal-free ROMP process. We
have demonstrated the ability of the metal-free ROMP system to polymerize norbornene
monomers into PNB with varying degrees of stereoselectivity which can be modulated by various
parameters including counter anion size, temperature, solvent, and size and donating ability of the
R-group on the initiator. Using experimental and computational insights, a model was developed
to explain the pattern of stereoselectivity exhibited in this metal-free redox-mediated system. A
series of substituted initiators were evaluated in the ROMP of norbornene monomers. Highly trans
polymers were generated in many cases. The data from both experiment and computation indicate
that the ¢rans products are thermodynamically favored under most reaction conditions, but product

content can be shifted toward the cis product when the carbocation is sufficiently destabilized.
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This trend is observed when ROMP is performed in toluene with BARF as the counterion at low
temperatures. Higher degrees of trans preference can be obtained by stabilizing the carbocation.

Modifying the R-group on the initiator was observed to be stereo-electronically important.
Larger R-groups shifted the product ratio toward greater trans content due to destabilization of the
cation by pushing the double bond out of range for = stabilization. A sufficiently donating group
could presumably overcome the steric effects to shift the equilibrium toward cis product.

The mechanistic insights gained in this study will not only aid in the development of new
metal-free catalysts, but also provide increased predictive power in polymerizations mediated by
these systems. Ability to have a high level of precision in tuning of the product content allows for
complete modulation of the polymer. Insights gained in the studies presented in this chapter will
provide a platform for the development of new metal-free systems capable of producing interesting

and varied architectures via ring-opening metathesis polymerization.
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Chapter 4. Investigating Steric and Electronic Variations of a Bimetallic Chromium
Catalyst

This chapter is based on a collaborative project with the research group of Geoffrey Coates.
Student contributors: Lilliana Morris, Anna Overholts, and Bryce Lipinski. Additional support
from Timothy Jugovic from the Zimmerman Research Group.

Introduction

The vast majority of manufactured poly (propylene oxide) (PPO) is low molecular weight
and atactic. Isotactic poly (propylene oxide) (iPPO), is not available commercially due in part to
the high cost to obtain enantiopure propylene oxide and the lack of catalysts that can isospecifically
polymerize rac-propylene oxide. A wide range of properties and precise tuning could be achieved
through control of MW and tacticity.!3° Stereoregular polymers display superior mechanical and
thermal properties compared to their atactic analogs. iPPO, for example, is a semicrystalline
polymer with a Ty, of 67 °C, while the atactic variation is an amorphous polymer with a Tg of -70
°C. Though the atactic variation is used in polyurethanes and commercially available foams, iPPO
would be a semi-crystalline thermoplastic.'¥’ This increased strength allows for a much wider
range of potential applications in plastics and packaging. A recent study revealed that iPPO
possesses high tensile strength and yet can undergo photolytic degradation when exposed to UVA
light, positioning it as a suitable replacement for nylon to reduce plastic waste.'*! An additional
motivating desire to optimize an isospecific catalyst system comes from the potential to easily
isolate enantiopure propylene oxide, a valuable synthetic building block.

In 2005, the Coates group reported the first production of highly isotactic PPO with a

monometallic salen-based Co catalyst.'*> While this catalyst exhibited excellent selectivity, there
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was little control over the molecular weight and therefore the dispersity of the polymers. Because
the M, was higher than predicted by monomer/catalyst ratios, this suggested that only a fraction
of the catalyst was active.'*? It was proposed that polymerization occurs when the catalyst is in the
crystalline phase by coordination of propylene oxide to a cobalt center adjacent to a cobalt-polymer
alkoxide complex of the crystalline catalyst.'*? The reported crystal structure helped confirm that
the selectivity occurred through enantiomorphic site control between chiral clefts of the packed
catalyst.!*® Adjacent stacks in the crystal exhibited mirror image symmetry, precluding
enantiopure crystals that would allow enantioselective polymerization.

Several catalyst systems aimed at achieving enantioselective polymerization of PO have
since been developed. Three generations of these catalysts are outlined in Figure 4-1. First, a chiral
bimetallic cobalt salen complex was designed (Figure 4-1, 1% Generation). This catalyst employed
a chiral binaphthol linker to rigidly hold the metal centers with a similar spacing to that observed
in the crystal structure. While the (salen)Co™ complex facilitated the synthesis of highly isotactic
PPO, it produced polymers with uncontrolled molecular weight and high dispersity.'#*!43 The lack
of molecular weight control is attributed to slow or incomplete initiation and rapid propagation.

Next, a bimetallic (salen)Cr!"

catalyst was investigated in an effort to gain more control
over molecular weight (Figure 4-1, 2" Generation). When used in conjunction with chain transfer
agents (CTA), this catalyst produces iPPO of targeted molecular weight with moderate control of
dispersity.!>!4¢ During polymerization, a dormant chain with an alcohol chain end enters the
catalytic cleft, initiating proton transfer from the dormant chain to the active chain. This proton
transfer makes the previously active chain dormant and the dormant chain active. Chain transfer

allows for production of multiple polymer chains per catalyst and control of molecular weight by

variation of the monomer to chain transfer agent ratio.!#’-'4° Molecular weight control from CTAs
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comes from equilibrium with competition between the monomer binding and the CTA binding. At
lower CTA concentrations then, the CTA 1is less likely to bind to the catalyst so the molecular
weight will be larger. At higher CTA concentrations, the equilibrium shifts toward preferential
CTA binding, so chains terminate at lower, albeit more predictable, molecular weights. This
catalyst, however, requires high loading of chain transfer agent in order to control dispersity which
in turn, impedes the synthesis of higher molecular weight polymers.

Finally, with the goal of attaining increased molecular weight control, a (salen)Cr'!!

catalyst
originally developed by Jacobsen and co-workers for the asymmetric ring-opening of cyclopentane
oxide was investigated (Figure 4-1, 3" Generation).!>* The flexible alkyl linker allows for more
conformational freedom compared to the more rigid binaphthol linker used in the 1% and 2"
generation catalysts. The flexibility of the alkyl linker introduces several new degrees of rotational
and translational freedom that were previously inaccessible. The flexibility is hypothesized to
allow the catalyst to use the added degrees of freedom to adapt a conformation for polymerization
that may have been inaccessible to the catalyst operating in the crystalline form or with the rigid
linker. This most recent linker modification has yielded catalysts with excellent enantioselectivity
in addition to producing polymers with dispersities as low as 1.3-1.4."3! Unfortunately, the most
active catalysts only display a conversion of 47% compared with historic conversions of up to 93%

for catalysts that readily produce atactic PPO.!52!53 Optimizing catalytic activity in the 3™

generation catalysts remains a goal of this research.
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Figure 4-1. Previous work on three generations of stereoselective bimetallic catalysts for PPO polymerization.

Historically, changing the catalyst anion'>*'37 and ligand substituents'**-'%* has been an
effective way to modulate catalyst activity and selectivity. More recently, ongoing research has
turned to catalyst ligand design to simultaneously control both molecular weight and isotacticity
of poly (propylene oxide). Coates and co-workers demonstrated that ligands that are more electron
withdrawing lead to decreased rates of polymerization but eliminate epimerization and
transesterification side reactions.'®

The project described within this chapter seeks to explore possible geometries of the highly
flexible 3" generation catalyst and subsequently report the configuration adapted by the metal
centers and salen ligand. While a few simulation studies have been performed on previous versions
of the catalyst to determine selectivity and mechanism,!>!'*3 this study will be the first investigation
into the 3™ generation catalyst. We hypothesize that similarly reported steric constraints from older
catalysts will still be relevant in the new system. Simulations of the propagation step will be
employed to provide insight into the stereoelectronic features that control catalyst activity and

enantioselectivity. These insights will subsequently be used propose and evaluate substitutions at

various positions on the catalyst that modulate either sterics or electronics.
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The proposed substitution sites at the ortho and para positions of the aromatic rings on the
salen ligand are presented in Figure 4-2. Substitution at these sites has been selected due to
previous reports of steric and electronic substituents being able to effect activity or selectivity of
similar catalysts for PO polymerization. Steric hinderance in the ortho position has led to greater
selectivity in a monometallic salen cobalt catalyst'>’ and more electron deficient catalysts have
been reported to exhibit lower rates of polymerization in an aluminum-based salen catalyst.'®*

Herein, quantum chemical calculations will be employed to find low-energy conformers of
the new flexible catalyst, determine the stereoelectronic features that control enantioselectivity,

and provide insight into how exchanging substituents effects catalytic activity.

'‘Bu Yl)\
A .
Ry N=
b
R2 C\) }h — O/Cr\o R1
Oy~ 30 O
N tBU R2

This Work
« variation of ortho and para substitution
* increased enantioselectivity
» excellent MW control

Figure 4-2. Design of a strategically substituted bimetallic chromium catalyst for the enantioselective polymerization of
propylene oxide.

Computational Details
Quantum chemical calculations were conducted utilizing Density Functional Theory
(DFT) with the Q-Chem 4.3 ab initio quantum chemistry package. Consistent with previous
work,'®? gas phase geometry optimizations were performed with the B3LYP density functional®
with spin unrestricted formalism and a mixed 6-31G/6-31G* basis set.!”! The 6-31G* basis set
was applied to all heavy atoms and reactive carbons, while hydrogens and non-reactive carbons

were treated with 6-31G basis set (Figure S12). In line with previous work,'? it has been determined
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that the heptet state corresponding to two chromium (III)s of spin 3/2 is the preferred electronic
state. Single point energies calculated with the Solvent Model based on Density (SMD) solvation
model were performed at B3LYP level of theory with def2-TZVP basis set and def2/] auxiliary
set and RIJCOSX integration method.!?2:123.165.16 Dimethoxyethane (DME, €=7.2) was used as the
implicit solvent. The [OAc™]~ anions were exchanged for [Cl]™ anions on the metal centers.
Transition state (TS) structures were determined using the double-ended Growing String Method
(GSM) >0t GSM was used to determine the transition state between an optimized reactant and
product by finding the minimum energy pathway and TS saddle point between the two structures
on the potential energy surface (PES). GSM calculations were considered converged when the
transition state node had an RMS gradient less than 0.0005 Ha/A. The EMSL Basis Set Library

was the source of all basis sets used.'®’

=N\ TR
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0
Bu = 0O O
jo‘Cr-N/
Bu

Figure 4-3. Representation of the mixed basis set application. Atoms in red were modeled with the 6-31G* basis set while
black atoms were modeled with the 6-31G basis. "P" marks the place of the polymer.
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Results and Discussion

To begin, we establish a computational model of the catalyst with geometric features that
that can be assessed to determine a structure-activity relationship and incorporated into future
catalyst design. In previous studies, bimetallic catalysts for the polymerization of PO contained a
rigid binaphthol linker to hold the metal centers in proximity to each other. With the modification
of the catalyst linker to the more flexible alkyl linker for this work, it was important to find low
energy conformers that could provide insight into the tunable parameters that control propylene
oxide polymerization including appropriate metal-metal spacing and enantiomorphic site
control.!43:144151 [deal metal-metal separation will allow the metals to be close enough that frequent
bond formation may occur between a bound monomer and alkoxide, but not so close as to prevent
subsequent monomer coordination. Along these terms, a recent study confirmed that the length of
the alkyl linker greatly impacted catalyst activity, and specifically, that a linker length of six
methylenes yielded the most active catalyst.!3! Additional metrics that describe the active site and
monomer alignment include Sn2 angles, bond formation distances, and ligand deformation angles
that allow the catalyst to selectively enchain one enantiomer over the other.

For these initial conformational evaluations, the salen ligand is substituted with ‘Bu groups
occupying each of the ortho and para positions of the salen ligands. Consistent with transition state

structure geometries from a previous study,'¢?

stable catalyst confirmations were found which held
the catalyst in a closed clam-shell configuration. The closed configuration is energetically
favorable due to the invocation of stabilizing interactions between the pi systems of the salen
ligands as well as dispersion interactions between the ‘Bu and cyclohexyl moieties. The 7 stacking

and dispersion interactions provide an energy advantage of 53.3 kcal/mol for the closed

conformation relative to the open catalyst. Figure 4-4 shows that this closed, clam-shell
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configuration holds the aromatic rings within 3.4 to 3.9 A and allows for stabilizing n stacking
between the aromatic rings of the salen backbone. The closed configuration holds the chromium
metal centers at a distance of 6.7 A which is in the same range (6 - 7 A) that previous generations

of the catalyst have operated.!43144.15!

Open Conformer “g
Relative Energy
583.3 kcal/mol

Closed Conformer
Reference Energy v
0 kcal/mol JY v

Figure 4-4. Closed and open conformers of the bimetallic Cr catalyst. In the closed conformer, the stabilizing pi stacking
between the salen ligands is achieved, giving an energy advantage to the closer conformer.

Next, it was important to determine if the catalyst preferred to stack head-to-head or head-
to-tail. The head-to-head configuration has the diaminocyclohexane moieties of the salen
backbones aligned so that they are facing the same direction and stacked one on top of the other
while the head-to-tail configuration has the ‘Bu region of one ligand stacked over the
diaminocyclohexane region of the other ligand. Figure 4-5 illustrates the two models. The head-
to-tail stacking was identified as the more likely configuration as the head-to-tail model provided

an 18.8 kcal/mol energy advantage over the head-to-head model.
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In the head-to-tail model, the ‘Bu groups from one salen ligand are able to provide
stabilizing dispersion interactions with the cyclohexyl groups of the other salen ligand. This
stabilization is possible due to the close proximity between the ‘Bu and cyclohexyl moieties
(between 2.2 and 2.4 A). In the head-to-head conformation, the cyclohexyl moieties from opposite
ligands are able to interact in the same range (~2.4 A), but the ‘Bu moieties are at a further distance.
In addition, the bulkiness of the ‘Bu groups confers steric hinderance on the head-to-head model
that is avoided in the head-to-tail model.

In the head-to-head model, the charged species on the salen ligands are aligned directly on
top of each other leading to electrostatic repulsion between pairs of oxygen atoms. In order to
mitigate these repulsions, the geometry offsets. By contrast, in the head-to-tail model, the geometry
is oriented such that nitrogen atoms are aligned over oxygen atoms which mitigates the
electrostatic repulsions between oxygen pairs as shown in Figure 4-5.

Finally, the Cr-Cr separation in these models is 6.70 A for the head-to-tail model and 5.83
A for the head-to-head model. Because this is a charged species and much of the charge would
reside on the Cr(III) metal centers, it is plausible that repulsive electrostatic forces additionally
elevate the energy of the head-to-head model.

Previously reported crystal structures of a salen-Co catalyst from the Coates group have
revealed preference for head-to-tail stacking,'#*'%® and Jacobsen monometallic and linked salen-
Cr catalysts have also been reported to work in a bimetallic fashion with this head-to-tail

orientation, further strengthening the conclusion.'°
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Figure 4-5. Head-to-head vs head-to-tail stacking. The head-to-tail configuration is energetically preferred by 18.8 kcal/mol. H
atoms have been omitted for clarity.

Two possible configurations for the catalyst emerged based on how the flexible alkyl linker
can attach to the two salen arms of the catalyst. As shown in Figure 4-6, the linker could attach to
one side or the other of the salen ligands, all else being the same. The minimum energy reaction
path for the (S)-conformer is lower in energy than the propagation step for the (R)-conformer.
Upon monomer addition with (S)-PO, there is a 4.53 kcal/mol energy preference for the (S)-
conformer of the catalyst. The relative transition state energies are 15.37 kcal/mol and 8.61
kcal/mol for the (R)- and (S)-conformers, respectively.

The preference for the (S)-conformer comes from orientation of the PO in the catalytic
cleft. In the (S)-conformer, the PO methyl points toward sterically unhindered space, while the
(R)-conformer causes the PO methyl to point toward the sterically hindered linker region of the
catalyst. These data demonstrate a preference for the (S)-conformer of the catalyst which has been

used as the model throughout the rest of the calculations for this chapter.
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Figure 4-6. Propagation of (S)-PPO in (R)- and (S)-conformers of the catalyst (blue and black, respectively). The (S)-conformer
has the lower energy reaction path and transition state energy. All energies reported in kcal/mol.

Finally, while modeling these structures, an unexpected degree of freedom presented itself
in the formation of a kink in the salen ligand. When optimizing, the metal center with a coordinated
polymer chain often found a minimum when the salen ligand bent away from the other metal
center. There is evidence from previous generations of the catalyst that this kink is found in its

145,168

crystal structures, presumably to help with packing, but this is the first indication that the

salen ligand may adapt this deformation during polymerization in solution.
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As demonstrated in Figure 4-7, there is little energetic penalty for one arm of the catalyst
to bend away from the other via a kink in the salen ligand. If this feature is new to the catalysts
that incorporate the flexible alkyl linker, then this geometric insight could explain why this
generation of the catalyst supplies greater molecular weight control. The kink in the salen ligand

opens up the catalytic cleft which in turn reduces congestion for each monomer addition.
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Figure 4-7. The kink found in the salen ligand of optimized geometries is measured through the C-Cr-C angles highlighted. Despite
wide variation in these angles, the energies of the structures are stable. Hydrogen atoms omitted for clarity.
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With this model of the catalyst in place (closed, head-to-tail, (S)-conformer, kinked), our
efforts turned toward modeling and understanding the enantioselectivity of the catalyst by
comparing the ability of the catalyst to polymerize (R)-PO verses its ability to polymerize (S)-PO.
For our purposes, the calculations are all performed with all (R) stereocenters on the
diaminocyclohexanes of the catalyst, as seen in Figure 4-3, which enantioselectively polymerize
(S)-PO. 144145169

For the ‘Bu catalyst, the (S)-PO provides the lower energy of activation, confirming that
our model is capturing the steric interactions that have been previously observed and reported as
controlling the catalyst selectivity.'? The atomistic simulations provide a 3D structural explanation
for the observed (S)-PO selectivity. First, monomer rotation gives an advantage to the (S)
enantiomer in terms of proximity of the reactive atoms to each other since the distances of the
breaking and forming bonds are closer than in the TS for (R)-PO (2.23 and 2.06 A for (R) and (S),
respectively). As shown in Figure 4-8, the (R)- and (S)- monomers take different orientations at
the propagation steps, TSr and TSs. In the (R)-PO TS (Figure 4-8, Left), the methyl group points
up, leading to steric interactions with both the salen ligand and the growing polymer. In the (S)-
PO TS (Figure 4-8, Right), however, the methyl points out of the cleft, avoiding steric clashes with
surrounding atoms. Additionally, the rotation of the propylene oxide monomer allows the (S)-PO
monomer to achieve slightly better alignment for an Sn2-type attack (155.9° for (R)-PO and 161.8°
for (§)-PO, compared to the preferred angle of 180°). The greater strain on TSr leads to the higher

energy transition state.
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Figure 4-8. Stereochemical model for propagation transition states for (R)-PPO and (S)-PPO. H atoms have been omitted for
clarity.

Para Substitutions

Though these systems have been evaluated with a variety of epoxides,'*>'7° and thorough
analyses have been performed on the effects of the cocatalyst,'” chain transfer agents,'> and
linker,'>"-1 little is known about substituent effects on the catalyst itself. In order to determine if
a more active or more selective catalyst could be designed, we began by substituting ligands of
124

varying size'?* and electronic properties'’! at the para position of the salen ligand (Figure 4-9).

The expectation was that increasing bulk in the para position would diminish activity while
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decreasing bulk could lead to more frequent ring-opening between the bound monomer and

polymer alkoxide species. It has been observed that electron deficient catalysts exhibit lower rates

164

of polymerization in salen alumninum based catalysts'®* so we hypothesized similar trends would

hold in our system.

[PPN][OAC?]
DME
(RQR) (R)\ (R) 23°C -
o, o __| N N o = o , lo Noiﬂ,}
A A hoS JE, — AP 0
Ry oo o = m
OAcP OACFa
HO/(\/ZOH Bu Bu
Figure 4-9. Substitution at the R1 para position highlighted in purple.

M, M,

Conversion TOF

Me  -0.17 0.52 19.5 257 07.0 105 1.08 43
Ad -0.13 1.33 11.2 147 042 74  1.09 52
‘Bu -0.12 1.24 25.5 347 09.0 123 1.10 57
CPh; 0.02 292 5.6 079  02.7 -8 -8 37
OMe -0.27 0.36 2.5 034  0I.1 -8 -8 45
F 0.06  0.27 7.8 105 032 047 1.13 37
Cl 023  0.55 26.0 357 104 14.1 1.11 32
Br 023  0.65 11.4 163 05.0 -8 -8 31

Table 4-1. Effect of variation of para group on catalyst activity for the polymerization of propylene oxide. Experimental data
from the Coates Group at Cornell University.*

 Polymerization conditions: 1 mL PO; [PO] = 4.8 M in DME; [PO]:[catalyst]:[cocatalyst] = 4,000:1:1; trxn = 3 h. ® Determined
gravimetrically. ¢ mmol PO consumed-mmol catalyst-1-trxn-1. ¢ mg polymer/(mmol catalyst + mmol CTA). ¢ Determined by GPC

relative to polystyrene standards at 30 °C in THF. & Not determined because peak fell outside the calibration region.

Substituting to adamantyl at the R1 para position decreases activity with little effect on
selectivity. Exchange to a larger and more withdrawing -CPhs group drastically decreased

conversion and selectivity factor (k). It is suspected that this is due to the bimetallic nature of the
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catalyst — with increased bulk in the para position, the two metals are no longer able to reach an
ideal distance for cooperative interaction. Exchange to a smaller methyl group had little
diminishing effect on either activity or selectivity.

The most promising catalyst, para methyl, was selected for further evaluation via
computation. Transition states and reaction paths for propagation were obtained using GSM for
the ‘Bu catalyst to compare with the para methyl substituted catalyst. Figure 4-10 shows the
potential energy surfaces for these two catalysts. The computed mechanism for propagation
involves an Sn2-type attack on the epoxide for a ring opening which involves both metal centers.
Comparable Sn2 angles (163.3 vs 163.5, para methyl vs ‘Bu) at the transition states correspond to
the similar energies of activation and experimentally reported activities. The bond formation
distances (2.03 vs 2.13 A, para methyl vs ‘Bu) give a slight geometric advantage to the para methyl

catalyst which results in a slightly lower computed energy via quantum chemical calculations.

15

AG (kcal/mol)
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Figure 4-10. Propagation potential energy surfaces and mechanism for the tBu catalyst and the para methyl substituted catalyst

Electronic effects were next considered by substituting methoxy, fluoro, chloro, and bromo
at the R1 para position. Catalyst activity was observed to depend significantly on the electronic

parameter. Comparing the fluoro substituent to the methoxy, for example, there is a clear
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distinction between activities of the respective catalysts. While the methoxy catalyst had negligible
conversion, the fluoro catalyst produced a small amount. It can therefore be concluded that electron
donating groups reduced catalytic activity. Similarly, using a para chloro group yields the same
activity as a para ‘Bu group even with its decreased size. Again, comparable activation energies
correspond to comparable bond formation distances (2.08 vs 2.13 A, para chloro vs ‘Bu) and Sx2
angles (163.9 vs 163.5 ©) at the transition states. Unfortunately, however, the catalyst with the para
chloro group has a relative rate of (R)-PO and (S)-PO enchainment that is less selective than the
‘Bu catalyst (selectivity factor krej 0f 32 vs 57, respectively). Figure 4-11 shows the potential energy
surfaces for the ‘Bu and para substituted chloro catalysts. The computed energies of activation are

within approximately 1 kcal/mol — within DFT error for catalysts with similarly reported rates.
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Figure 4-11. Propagation potential energy surfaces and mechanism for the tBu catalyst and the para chloro substituted catalyst.
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Ortho Substitutions
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Figure 4-12. Substitution at the R2 ortho position highlighted in orange.

Conversion TOF M, M,

R2 (9 Vef 0/\b -1ve theO. GPC Be krel
(%) (h™) (kDa)d (kDa)®

Me -0.17 0.52 <1 - - -5 -5 -

‘Bu  -0.12 1.24 25.5 347 9.0 12.3 1.10 57

Ad -0.13 133 9.0 104 3.6 06.2 1.14 134

Table 4-2. Effect of variation of the ortho group on catalyst activity for the polymerization of propylene oxide. Experimental data
from the Coates Group at Cornell University.

@ Polymerization conditions: 1 mL PO; [PO] = 4.8 M in DME, [PO]:[catalyst]:[cocatalyst] = 4,000:1:1; trxn = 3 h.
Determined gravimetrically. ¢ mmol PO consumed-mmol catalyst-1-trxn-1. ¢ mg polymer/(mmol catalyst + mmol CTA). ¢
Determined by GPC relative to polystyrene standards at 30 °C in THF. ¢ Not determined because peak fell outside the calibration
region.

While substituting at the para position enabled synthesis of a more active catalyst in the
para chloro catalyst, the increase to activity was small and at a significant cost to selectivity. In an
attempt to create a more selective catalyst, the ortho position was exchanged to a methyl and
adamantyl. Previous studies on a salen cobalt catalyst suggest that steric bulk in the ortho position
leads to increased selectivity while steric bulk around the metal center leads to decreased
selectivity.!4¢172 The ortho methyl substituted catalyst yielded negligible iPPO. The ortho
adamantyl substituted catalyst also exhibited lower activity but yielded a significantly increased
selectivity. The kel of the ortho-substituted adamantyl catalyst was found to be 134 compared to
57 for when ‘Bu was substituted at the para position.

The ortho adamantyl catalyst’s selectivity is observed computationally by having an

increased AAG* between the reaction paths for the (R)-PO and (S)-PO relative to the other catalysts
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that were studied. The AAG? for the ortho adamantyl catalyst is 3.3 kcal/mol compared to AAG¥s
of 0.1 to 0.3 kcal/mol for the other computed catalysts. Figure 4-13 reports the minimum energy
reaction paths for the propagation of an (S)-PO and an (R)-PO in the ortho adamantyl substituted

catalyst.

Ortho Adamantyl
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Figure 4-13. Potential energy surfaces for the propagation of both (S)- and (R)-PO in the ortho adamantyl catalyst. The ortho
adamantyl substituted catalyst has the greatest AAG* of 3.3 kcal/mol compared to 0.1 to 0.3 kcal/mol for other observed
catalysts. The pathway for (S)-PO is in black while the pathway for (R)-PO is in blue.

This increased selectivity is due to the ability of the adamantyl group to more closely
interact with the PO monomer. Due to its inability to rotate, the adamantyl group cannot
accommodate an (R)-PO monomer like the ‘Bu group can. As demonstrated in Figure 4-14,
compared to the ‘Bu catalyst, the ortho adamantyl substituted catalyst holds the PO monomer and
growing iPPO polymer more rigidly in place, leading to increased selectivity for the (S)-PO
monomer. The distance between the ortho adamantyl groups is shorter than the distance between
ortho ‘Bu groups (8.33 vs 9.65 A) leading to a narrower catalytic cleft. The distance between the

PO methyl and the closer ortho group is comparable between the two catalysts (4.85 vs 4.49 A),
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but the distance between the PO methyl and the opposite ortho group is shorter in the ortho
adamantyl catalyst (4.75 vs 5.71 A). The fact that adamantyl has no rotatable bonds in addition to
its proximity to the monomer means that it cannot rotate out of the way to accommodate an (R)-
PO monomer.

The geometric factors previously considered for activity; metal-metal distances (6.86 vs
6.82 A, ortho Ad vs ‘Bu), Sx2 angle (164.7 vs 163.5°), and O-C bond formation distance (2.11 vs
2.03 A); are all similar which suggests that the proximity of the ortho adamantyl groups is

responsible for selectivity.

4.49 A

475 A

Ortho Adamantyl Ortho t-Butyl

Figure 4-14. Stereochemical model for ortho adamantyl’s increased selectivity. On the left is the transition state for propagation
of the tBu catalyst and on the right is the transition state for propagation of the ortho substituted adamantyl catalyst. The increased
steric bulk and rigidity in the ortho position holds the (S)-PO more firmly in place in the adamantyl catalyst.

Based on the simulations, it is evident that exchanging for a larger, more rigid group in
the ortho position provides increased selectivity. The increased selectivity comes at the cost of
diminished activity, however. Because the adamantyl groups make the active space tighter, this
means that monomers will enter it less often, but when they do, they will all be oriented the same
way, leading to high enantioselectivity.

Experimentalists were unable to improve upon the ‘Bu catalyst in terms of increased
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activity and selectivity. Computationally, we were able to determine that chemically intuitive
features thought to control activity are similar in the catalysts that performed well. Optimizing
these features would lead to increased activity. The metrics considered were Cr-Cr distance, Sn2
angle, and O-C forming bond distance. In the most active catalysts, the Cr-Cr distances was found
to be 6.8 A, the Sn2 angle was found to be 163.5°, and the O-C bond forming distance was found

to be 2.03 A.

Conclusions

Isotactic poly (propylene oxide) (iPPO) is a desirable material due to its tensile strength
and high glass transition temperature. It is not available due in part to the high cost to obtain
enantiopure propylene oxide and the lack of catalysts that can isospecifically polymerize rac-
propylene oxide. Development of an enantioselective catalyst will deliver two valuable products:
iPPO and enantiopure epoxide, an advantageous synthetic building block.

This computational investigation modeled a promising but not yet fully optimized catalyst
for obtaining ;PPO. Using quantum chemical calculations, the molecular geometry of the catalyst
was determined, and tunable stereocontrolling features were developed for probing the relationship
between catalyst structure and activity. The Cr-Cr distance at the transition state was constant
across all four investigated catalysts varying from 6.82 to 6.86 A.

We found that modification of the structure to increase steric bulk at the ortho position lead
to increased enantioselectivity at the cost of decreased activity. The decrease in overall reactivity
is explained by the observation that increased steric bulk reduces the accessibility of the active site

for monomer addition.
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The capacity of our tunable features to predict and evaluate reactivity and selectivity will

continue to prove useful for improved catalyst design and, ultimately, for the production of iPPO.
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Chapter 5. Final Thoughts

Advancements in computing power and the development of new computational methods
have positioned computational chemists to be able to provide key insights by being able to
accurately and efficiently assess chemical mechanisms via quantum chemical simulations. As
theoretical methods become more efficient, theoretical and experimental chemists can work
together in real time providing insights and direction to each other, ultimately increasing the pace
of chemical discovery. Advancements in automated reaction discovery methods are central to
developing cost-effective tools to explore potential energy surfaces. The ability to efficiently probe
the relevant chemical space has allowed computational chemists to begin to move from the role of
experimental confirmation into the more essential role of guiding work being done in the
laboratory.

Our efforts have focused on uncovering features of a chemical transformation that control
its reactivity that are measurable and tunable. Examples of these features include geometric
quantities (i.e. bond lengths, angles, and torsions), functional group electronegativity, molecular
polarity, nucleophilicity or electrophilicity, size of functional group, AE:xn, coordination number
of reactive atoms, and metal center spin state. These added insights from simulation enhance
chemical understanding of a system by establishing important structure-reactivity relationships
which allow chemists to design more effective systems which exploit these newfound

characteristics.
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Research Summary

Chapter Two

The studies contained herein demonstrate the utility of reaction path exploration to
investigate chemical reactivity. In chapter 2, mechanistic details of three diverse mechanochemical
transformations are uncovered using a functionality developed for the Growing String Method
(GSM) to study reactions under an external mechanical force. Mechanochemistry is an important,
emerging branch of chemistry that encompasses a wide range of chemical transformations.
Because mechanically enhanced reactions can permit otherwise disallowed or unfavorable
reactions, it is vital that principles governing these new reactivities are probed. The use of single-
ended GSM proved invaluable in the identification of transition states and products for reactions
that do not easily fit into the scope of well-established chemical intuition. The ability to elucidate
the details of these complex reactions was demonstrated, in finding the cis and #rans isomers of
the spiropyran to merocyanin transformation under the application of varying magnitudes of force,
the fundamental means of flex-activation of mechanophores, and revealing the physical principles
of force transmittance through different polymer backbones. First principles simulation’s capacity
for discovering reaction mechanisms under force will continue to prove useful for developing
improved mechanochemical reactions, mechanophores, and ultimately, advanced functional

materials.

Chapter Three
In chapter 3, the first mechanistic study of the metal-free ring-opening metathesis
polymerization (ROMP) process is reported. We have demonstrated the ability of the metal-free

ROMP system to polymerize norbornene monomers into PNB with varying degrees of
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stereoselectivity which can be modulated by various parameters including counter anion size,
temperature, solvent, and donating ability of the R-group on the initiator. Using experimental and
computational insights, a model was developed to explain the pattern of stereoselectivity exhibited
in this metal-free redox-mediated system. When small anions or polar solvents are used, the
carbocation is stabilized, and product ratios lean more heavily toward trans product. Destabilizing
the cation by using a larger anion or nonpolar solvents leads to product with higher cis product. A
series of substituted initiators were evaluated in the ROMP of norbornene monomers. Highly trans
polymers were generated as the steric size of the R-group increased. A stereoelectronic effect was
reported in which larger R-groups sterically destabilized the cation by distorting the geometry and
preventing © interaction while the larger R-groups electronically stabilized the cation by their
increased donating ability. The data from both experiment and computation indicate that the trans
products are thermodynamically favored under most reaction conditions, but product content can
be shifted toward the cis product when the carbocation is sufficiently destabilized.

The mechanistic insights gained in this study will not only aid in the development of new
metal-free catalysts, but also provide increased predictive power in polymerizations mediated by
these systems. Ability to have a high level of precision in tuning of the polymer’s product content
allows for an unprecedented level of control over PNB microstructure. Insights gained in the
studies presented in this chapter will provide a platform for the development of new metal-free
systems capable of producing interesting and varied architectures via ring-opening metathesis

polymerization.
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Chapter Four

The mechanistic investigation described in chapter 4 modeled a promising but not yet fully
optimized catalyst for obtaining isotactic poly (propylene oxide) (iPPO). Using quantum chemical
calculations, the molecular geometry of the catalyst was determined, and tunable stereocontrolling
features were developed for probing the relationship between catalyst structure and activity.
Relevant features included Sn2 angle, metal-metal separation, and atomic distance between
reactive atoms. Catalysts which had Sn2 angles closer to the preferred angle for Sn2-type
transformations, 180°, has lower activation barriers and were therefore found to be the more
reactive catalysts. Metal-metal distances, reactive atom distances, and angle of kink in the salen
ligand provided important steric information about the preferred conformation in the catalytic cleft.
These principles can be used to design more efficient catalysts moving forward.

Additionally, in making substitutions on the catalyst, we found that modification of the
structure to increase steric bulk at the ortho position lead to increased enantioselectivity at the cost
of decreased activity. The decrease in overall reactivity is explained by the observation that
increased steric bulk reduces the accessibility of the catalytic cleft for monomer addition.
Exchanging the ‘Bu group for a methyl or chloro group at the para position lead to similar activity.
The capacity of our tunable features to predict and evaluate catalytic reactivity and selectivity will
continue to prove useful for improved catalyst design and, ultimately, for more efficient production

of iPPO.
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Open Questions and Future Considerations
Although the included studies have made significant contributions to a better understanding
of polymer mechanochemistry and two unique polymerization methods, many questions and open

pathways for research remain.

Chapter Two

Much is still unknown about the emerging area of mechanochemistry. GSM has proven to
be a valuable tool for uncovering the unexpected chemistries that are a result of the force induced
deformations to the potential energy surface (PES). In order to begin to uncover the relationships
between various moieties and PES deformations, extensive exploration of mechanically biased
PESs must be performed. By creating analogs of mechanophores which have been substituted with
moieties that modulate steric and electronic properties and understanding how each biases the PES,
we can begin to predict mechanophore reactivity more reliably and design mechanophore scaffolds

that activate under desired conditions.

Chapter Three

Though the metal-free ROMP process has been able to be optimized to yield highly trans
polymers, it is the cis product that is of more commercial value. Moving forward, experiments and
computations are being designed to probe and further understand the stereoelectronic dependence
of the product content ratios. In order to synthesize highly cis ROMP polymers, initiators
substituted with groups that destabilize the carbocation will be utilized. Additionally, steric
substitutions on the monomer which prevent close coordination and stabilizing interactions from

a counter anion will be explored.
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Chapter Four

The simulations models reported within chapter four provide valuable insight into the
mechanistic details of enantioselective propylene oxide polymerization by a bimetallic chromium
catalyst. Though these will be valuable in proposing new structures for the catalytic scaffold,
moving forward, so far, we have been unable to develop a catalyst that performed better than the
‘Bu catalyst in terms of both activity and enantioselectivity. We have demonstrated that an increase
in selectivity may be obtained by exchanging for large non-rotatable groups at the ortho position
such as seen with adamantyl. Increasing activity while maintaining high selectivity, however, may
prove to be challenging as the increased selectivity comes from reducing the size of the catalytic
cleft which appears to be directly responsible for diminished activity. Future work will focus on
making substitutions at other positions on the catalyst such as on the alkyl linker in order to more

strongly force enantiomorphic site control in the catalytic cleft.

Final Remarks
I hope that these principles will enable real progress in theoretical materials research. The
studies contained within this work demonstrate the ability of computational reaction exploration
methods to inform experiment and enhance chemical understanding. Accurate chemical models
can be used to uncover insightful structure-activity or structure-selectivity relationships by
measuring meaningful chemical descriptors. These insights allow experimentalists to learn from
the model and tune the features of the reaction that have been demonstrated to control chemical

reactivity and selectivity.
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