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ABSTRACT

Computational chemistry has been widely used to investigate chemical systems
and to infer properties relating their structure and reactivity. The advent of modern
density functional theory (DFT) methods has made computations on complex organic
systems with 50-150 atoms feasible, and accurate relative free energies and enthalpies of
transition states can be computed using DFT methods for mechanistic investigations of
organic reactions. | have used modern computational tools to investigate aza-thia
cryptands with important host-guest applications, the ground state structure of
[18]annulene, the observed stereo-reversal in an epoxide desymmetrization reaction
catalyzed by a chiral metal phosphate compared to a chiral phosphoric acid, and the role
hexafluoroisopropanol, a widely used polar solvent for C-H functionalization reactions,
in a palladium catalyzed C-H alkylation reaction. | have used DFT methods and modern
analysis techniques to study these complex organic systems and turn the numbers

provided by computations into chemically meaningful insights.



INDEX WORDS:  computational chemistry, density functional theory, macrocyclic
systems. organocatalysis, metal catalysis, structure elucidation,

mechanistic investigation



FROM NUMBERS TO INSIGHTS: COMPUTATIONAL STUDIES OF COMPLEX

ORGANIC SYSTEMS

by

SHARATH CHANDRA MALLOJJALA

B.S.M.S, Indian Institute of Science Education and Research-Pune, 2015

A Dissertation Submitted to the Graduate Faculty of The University of Georgia in Partial

Fulfillment of the Requirements for the Degree

DOCTOR OF PHILOSOPHY

ATHENS, GEORGIA

2019



© 2019
Sharath Chandra Mallojjala

All Rights Reserved



FROM NUMBERS TO INSIGHTS: COMPUTATIONAL STUDIES OF COMPLEX

ORGANIC SYSTEMS

by

SHARATH CHANDRA MALLOJALA

Major Professor: Steven E. Wheeler
Committee: Henry F. Schaefer
Eric M. Ferreira

Electronic Version Approved:

Ron Walcott

Interim Dean of the Graduate School
The University of Georgia
December 2019



DEDICATION
To Dr. Harinath Chakrapani, my undergraduate advisor, for helping me whenever

| was lost and in need of guidance.



ACKNOWLEDGEMENTS

| would like to thank my doctoral advisor, Dr Steven Wheeler for not only
accepting me as a graduate student but also for all the mentorship he provided and for
being patient, helpful, and kind to me in all the circumstances. He helped ease my
transition to Texas A&M University and later to University of Georgia. | would like to
thank my committee members Dr Schaefer and Dr Ferreira for providing helpful advice
and being very accommodating in managing the deadlines. |1 would also like to thank Dr
Allinger, Dr Walker and Dr Taschner for being valuable collaborators and providing
useful inputs during project discussions.

| like to thank past Wheeler group members Trevor and Andrea for providing
valuable insights during group meetings. It was a pleasure to collaborate with Rajat, who
was also a very good mentor figure and helped me through these five years. | also thank
Yanfei, Stephen, Drew, Bryan, Victoria, Aarya, Tony, and Laura for being a pleasure to
work with and for all the time we spent playing boardgames and sports. | also like to
acknowledge Laura’s help in proof-reading my thesis. | also thank Kathryn and Sybil for
all the help they provided throughout my time at the CCQC and the rest of CCQC for
making it a wonderful place to work at. | would also like to thank my friends Nishad,
Nisarg, Madhur, and Himanshu for being understanding whenever | had to rant about
stuff in my life.

Finally, I would like to thank my family who have been very supportive of all my

decisions throughout my life. I wouldn’t have managed these past years without the



support of Mom (Savithri) & Dad (Bhavanandam), and my brother (Srikanth). I also take
this opportunity to thank my uncles (Srinivas and Shravan), my aunts (Rajeshwari and
Lalitha) and my grandmother (Vasantha) for teaching me various things growing up and

taking care of me.

Vi



TABLE OF CONTENTS

Page
ACKNOWLEDGEMENTS. ...t %
CHAPTER

1 INTRODUCTION, BACKGROUND MATERIAL AND LITERATURE

REVIEW ...t 1

1.1 INErOAUCTION ...t 1

1.2 ANalysis TECANIQUES ......ccvveiiciiecieee et 2

1.3 Motivation for the Computational Studies............cccccevvvevviieiieeiiiienn, 5

2 COMPUTATIONAL STUDIES OF AZA-THIA CRYPTANDS................... 10

ADSEFACT ... 11

INEFOTUCTION ...t 12

ReSUILS and DISCUSSION ......cveuiiiiiiiiiiiicsieieee et 14

CONCIUSTONS ...ttt 22

Computational Methods.............cccoiveiiiiiiice e 23

3 [18]JANNULENE: A MORE COMPLETE STORY ....coceocviiriiiiiisiesieieiens 25

ADSEFACT ... 26

INEFOAUCTION ... e 27

RESUILS aNd DISCUSSION ......ccuviiieiieiiiieiienie it 31

CONCIUSION ... 40

Computational Methods..........ccccoiiiiieiiicie e 41

vii



4 ROLE OF ALKALI METALS IN CHIRAL PHOSPHORIC ACID

CATALYSIS. e e 42
ADSIIACT ...t 43
INEFOTUCTION ...t 44
RESUILS aNd DISCUSSION ......oveueeiiiiiiiicieitee e 48
CONCIUSTONS ...ttt 54
Computational Methods............cccovveiiiiiiece e, 55

5 MECHANISTIC INVESTIGATIONS INTO THE ROLE OF

HEXAFLUROISOPROPANOL AND ADDITIVES IN META C-H

FUNCTIONALIZATION OF ARENES .........ooiieeeee e 56

ADSEFACT ... 57

INEFOTUCTION ...t 58

ReSUILS and DISCUSSION ......cveeeiiiiiiiiisieeee e 60

CONCIUSTONS ...ttt 66

Computational Methods............ccccoveiiiieiece e, 66

6 CONCLUSIONS.......e e 68

REFERENGCES ... .ottt neennne s 69
APPENDICES

A SUPPLEMENTARY INFORMATION RELATED TO COMPUTATIONAL
STUDIES OF AZA-THIA CRYPTANDS ..o 96
B SUPPLEMENTARY INFORMATION RELATED TO [18]JANNULENE: A

MORE COMPLETE STORY ...oooiiiiiiiiiiiei e 97

viii



C SUPPLEMENTARY INFORMATION RELATED TO ROLE OF ALKALI
METALS IN CHIRAL PHOSPHORIC ACID CATALYSIS.........cccoovvnne. 100

D SUPPLEMENTARY INFORMATION RELATED TO MECHANISTIC
STUDIES INVESTIGATING THE ROLE OF
HEXAFLUOROISOPROPANOL IN META C-H FUNCTIONALIZATION

OF ARENES ... .o 102



CHAPTER 1
INTRODUCTION, BACKGROUND MATERIAL AND LITERATURE REVIEW

1.1 Introduction

Historically, computational chemistry has been extensively used? as an
interpretative tool to decipher the structure,®® spectra,’° and reactivity™ *"** of complex
chemical systems. Early computational efforts to understand complex organic systems
utilized molecular mechanics (MM), a classical mechanics-based approach to model
molecular structures. Despite providing reliable thermochemical data, they are restricted
by the availability of parameters for specific atom types.*'® Moreover, MM methods are
unable to provide insights into the electronic properties of the molecules being studied.
This can be overcome by solving the electronic Schrédinger equation using ab initio
methods to obtain the many electron wavefunction of the system. Solving the electronic
Schrodinger equation exactly for any but the smallest of molecules is computationally
prohibitive. This computational complexity problem can be alleviated by using density
functional theory (DFT) methods. DFT methods provide a massive reduction in
computational cost at a minimal loss in accuracy compared to correlated ab initio
methods. This, coupled with continuing advances in semiconductor technology,
development of new hybrid functionals, and empirical dispersion corrections’ have
allowed for routine applications of sophisticated computer simulations for large
molecules.’> 830 Fyrthermore, the development and implementation of numerous
analysis techniques such as distortion-interaction analysis,®% symmetry-adapted
perturbation theory (SAPT),%4% NCI plots,** among others have transformed molecular

modelling from an interpretative tool to a predictive tool.
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1.2 Analysis techniques

The many methods of electronic structure theory provide structures and energetics
for key intermediates and transition state structures. However, unraveling the origins of
the energy differences that underpin chemical phenomena (selectivity, reactivity, etc.)
require careful analyses of these structures and their underlying electronic structure. The
key analysis tools utilized throughout this dissertation are described briefly below, and

include distortion-interaction analysis®*® and electrostatic potential maps and slices.*?4°

1.2.1 Distortion-Interaction analysis

Distortion-interaction analysis or the activation-strain model*}® is an energy
decomposition scheme to understand the origin of reactivity and selectivity of molecules
and reactions. Morokuma® and Ziegler and Rouk® first applied this analysis
quantitatively to study stable molecules. Houk and Bickelhaupt®-3 later extended this
method independently to study equilibrium structures, non-stationary points, and
transition state (TS) structures. In the distortion-interaction/activation-strain model, the
energy along a potential energy surface can be decomposed into two components, the
strain (or distortion) and the interaction energy between these distorted fragments
(equation 1) along the reaction coordinate ({):

AE({) = AEgtrain(§) + AEinteraction(§)

This approach can be illustrated using transition states for a simple 1,3-dipolar

cycloaddition reaction (see Scheme 1) from Ess and Houk.®? The distortion component

(or the activation-strain energy) of the barrier height is the energy required to deform the
2



isolated reactants (viz., nitrous oxide and ethylene) into their TS geometries without
allowing for the interaction (See Figure 1). Distortion raises the barrier height as the
nitrous oxide distorts into a bent geometry and the ethylene loses its planarity. The
interaction component is the stabilization arising from bringing these two distorted

fragments together, lowering the reaction barrier.

Reactants TS

- Distortion - Interaction

- Reaction barrier

Figure 1 A distortion-interaction plot for 1,3-dipolar cycloaddition reaction reported by
Ess and Houk® (in kcal/mol).

While this analysis is most commonly applied to transition state geometries, it can
be applied to any point on a potential energy surface, most commonly along computed
intrinsic reaction coordinates (IRC). Generally, the distortion component is positive and
raises the reaction barrier while interaction component is negative and lowers the reaction

barrier. However, in the case of some cycloaddition reactions, the interaction energy can
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be positive and repulsive in the early stages of the reaction. The interplay between
distortion/activation-strain and interaction energy determines the reaction barrier, and the
separation of these contributions can often help pinpoint differences in barrier heights for

stereoselective reactions, etc.

1.2.1 Electrostatic potential slices

Non-covalent interactions, including hydrogen bonding interactions and
chalcogen bonding interactions, have been shown to play key roles in enzyme catalysis,*
8 drug binding, organocatalysis,**> 4953 and transition metal catalysis.>*>> These
interactions are predominantly electrostatic in nature. Wheeler, et al.l% 29 4345 4951
Cheong, et al.?® and Jacobsen, et al.,>®%" among others,?® 525 have demonstrated the
importance of understanding and modulating these interactions in catalytic systems. A
rigorous quantitative approach for understanding these interactions involves the use of
various energy decomposition schemes such as the Kituara-Morokuma energy
decomposition scheme®® or symmetry-adapted perturbation theory (SAPT).36-39

One less-utilized but no less powerful approach to quantifying non-covalent
interactions in stereocontrolling TS structures uses a combination of atomic charges
derived from natural population analysis (NPA)>*®° and electrostatic potential slices
(ESP).%>% For example, Seguin and Wheeler* used ESP slices along with NPA charges
to explain the endo selectivity observed in a chiral anion directed Diels-Alder reaction
(see Scheme 2). In particular, the ESP due to the catalyst on the reactants along a plane
containing key atoms involved in CH--O interactions revealed favorable interactions in

the case of the preferred diastereomer (see Figure 2).
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This approach is quite general, and ESP slices along various planes can give
insights into different stabilizing and destabilizing interactions responsible for the
observed selectivity. Generally, the ESP due to the larger fragment (the chiral anion in
Figure 2) is computed in the vicinity of the smaller fragment (the diene and dienophile

together in Figure 2).

OTMS OO Ar SO,CFa
O. JKL OMe , cat ‘”)\ SSZ_/)\SOZCFa
ED\ OFm so,
O Ph O‘ Ar
@ Ar = 9-phenanthrenyl

Scheme 2 Chiral anion directed Diels-Alder reaction studied by Seguin and Wheeler.*®

Less favourable

More favourable
TS s TSminor

major
Figure 2 Electrostatic slice along the plane containing a key CH...O interaction reported

by Seguin and Wheeler.*> Red/blue regions indicate stabilizing/destabilizing interactions
for positively charged species.

1.3 Motivation for the computational studies

Armed with these techniques, | have studied numerous complex chemical
systems. First, | studied a series of cryptands using molecular mechanics and DFT
techniques to understand their pore size tunability and their ability to bind copper(l) and
Cu(ll) ions. Secondly, | applied DFT methods in conjunction with more robust ab initio

methods to study the ground state structure and understand the mechanism behind
5



coalescence of the NMR chemical shifts at elevated temperatures observed in
[18]annulene. Thirdly, | studied an organocatalyzed thiolysis of epoxides to understand
the role played by alkali and alkaline earth metal salts of chiral phosphoric acid (CPA).
Finally, I applied DFT methods to investigate the role of hexafluoroisopropanol (HFIP)

and a silver salt in a palladium catalyzed meta-selective C-H activation reaction.

1.3.1 Motivation for studying cryptands

Metalloenzymes, which are enzymes with metal cofactors, make up a third of
known enzymes. They are involved in numerous processes including electron-transfer
reactions®®2 and the storage and transportation of proteins.®® Copper containing
metalloenzymes like plastocyanin and azurin have garnered significant interest as
potential therapeutic agents for various diseases. Studying how Cu(l) and Cu(ll) are
bound to both hard and soft nucleophiles present in biological systems will further our
understanding of these metalloenzymes. To this end, there is a necessity for
computationally tractable model systems. Cryptands are macrobicyclic polydentate
systems first synthesized by Jean-Marie Lehn.%* They have been used extensively for
host-guest applications such as ion trapping, metal extraction, molecular recognition, and
as molecular motors. Oxygen containing cryptands like Cryptand [2.2.2], have been
studied extensively. However, aza-thia cryptands haven’t been studied synthetically or
computationally. These aza-thia cryptands can serve as model systems to study the
copper binding affinity in blue copper proteins. Moreover, studying the pore size

tunability of these macrocycles opens the door for designing new cryptands with



enhanced ion-binding abilities. In Chapter 2, | study a series of cryptands to develop a

general understanding of their structure, conformations, and Cu-binding abilities.

1.3.2 Motivation for studying [18]annulene

There has been a long-standing interest in the study of annulenes aimed at
understanding the system size at which a fully delocalized = system gives way to a poly-
ene like character. Moreover, studying annulenes can further our fundamental
understanding of aromaticity. Annulenes may be broadly divided into two classes, viz.,
[4n]Jannulenes and [4n+2]annulenes, based on the m electron count. Schleyer and
coworkers® investigated a series of [4n+2]annulenes and identified [18]annulene to be
the tipping point where delocalized 7 systems give way to poly-ene like nature. A later
study by Schleyer and coworkers®® on the structure of [18]annulene further solidified this
claim by demonstrating the ground state structure of [18]annulene to be a bond
alternating poly-ene. However, further studies®’®® on the geometry of [18]annulene
reported the ground state to be bond-equal. Moreover, there has been a long-standing
discrepancy®®"° between the experimental enthalpy of formation values for this system.
Finally, Oth™ observed that the two distinct proton chemical shifts of [18]annulene
coalesce into a single peak at elevated temperatures and proposed a formal pathway for
this process. However, this pathway has not been studied computationally, and other
possible pathways for this observed coalescence have not been explored. In Chapter 3, |

study these three problems using DFT and ab initio methods.



1.3.3 Motivation for studying organocatalyzed epoxide thiolysis

Axially chiral motifs based on the binaphthol (BINOL) framework have been
used extensively as organocatalysts for stereoselective reactions.'® "> One such class of
organocatalysts are chiral phosphoric acids (CPA) and their derivatives, which have seen
a rapid rise in their use in organic synthesis. However, these catalysts were found to be
readily neutralized by alkali and alkaline earth metals present in the silica gel used for
purifying these compounds. Rueping,’* Ding,”® and Ishihara’® independently reported the
importance of acidic purification of these CPAs. Moreover, some of these alkali and
alkaline earth metal salts of chiral phosphates (CMP) demonstrated a stereo reversal to
that of CPAs. However, the origin of this stereo reversal was not understood. In Chapter
4, | report computational studies on a chiral lithium BINOL phosphate catalyzed epoxide
thiolysis reported by Antilla and coworkers’” to understand the role played by alkali

metals in stereo reversal.

1.3.3 Motivation for studying palladium catalyzed alkylation

Directing group assisted’® palladium catalyzed C-H functionalization reactions are
used extensively to do site-selective substitutions on arenes. Typically, these reactions
use silver salts as co-catalysts to enhance the rate of the reaction. Houk and coworkers’®
demonstrated that palladium silver complexes and palladium dimer complexes also
catalyze these reactions and are often the most favorable pathways. Moreover, recent
experimental studies by Maiti and coworkers®® &-8! jdentified hexafluoroisopropanol
(HFIP), a commonly used®® 8182 splvent for numerous C-H functionalization reactions, to

be vital for reactivity. There are no reports of computational studies on these reactions
8



which address both the active catalyst responsible for the selectivity and the role of HFIP.
In Chapter 5, | report computational studies on a meta-selective C-H alkylation reaction
catalyzed by palladium acetate in the presence of a silver salt to understand the role

played by HFIP and to identify the active catalysts.



CHAPTER 2

COMPUTATIONAL STUDIES OF AZA-THIA CRYPTANDS?

2 Portions adapted with permission from T. L. Walker, I. S. Taschner, M. Sharath Chandra, M. J. Taschner,
J. T. Engle, B. R. Schrage, C. J. Ziegler, X. Gao, and S. E. Wheeler, J. Org. Chem. 83, 10025 (2018).
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Abstract

We report computational studies on macrobicyclic aza-thia lactams and aza-thia
cryptands to elucidate their structures, investigate their pore size tunability, and quantify
their ability to bind Cu(l) and Cu(ll) ions. Building on the 14 membered N»S; template of
Weisman and Wong, we systematically investigated three bicyclic lactams with
bridgehead lengths of nine, eight, and seven carbons and their respective reduced forms
using modern DFT methods. The lowest-lying geometries compared favorably to the X-
ray crystallographic structures, thereby validating the computational methods employed.
Furthermore, we investigated a tetra thia bicyclic lactam and cryptand modelled after the
nine carbon bicyclic lactams and their ability to chelate Cu(l) and Cu(ll) ions. Computed
EPR spectra for the lowest-lying Cu(ll) bound tetra thia bicyclic lactam and cryptand was
in excellent agreement with the experimental EPR spectra, thereby establishing the
coordination observed in the solution phase. Copper ions were found to exhibit six
coordination with the sixth ligand at a larger than usual coordination distance, as

observed in the metalloenzymes plastocyanin and azurin.
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Introduction

The field of supramolecular chemistry has developed leaps and bounds since
Pedersen,®84 Lehn,®* & and Cram®® discovered crown ethers and cryptands. These
systems have been widely studied and used in host-guest applications including
sensing,® 8 molecular recognition,®®® molecular motors, metal extraction, and self-
organization in artificial molecular machines.®>% Of these two classes of host-guest
systems, macrobicyclic polydentate systems (cryptands) have demonstrated markedly
better selectivity and higher association constants compared to crown ethers, making
them a suitable candidate for exploring the design space of these systems. Recent
studies®°" have further demonstrated the power of cryptands as sensors for oncological
studies and biomedical imaging compared to their crown ether equivalents. Growing
interest in using copper containing radiotracers such as Cu(ll)-diacetyl-bis(N*-
methylthiosemicarbazone) for detecting markers for cancerous cells such as hypoxic
tissues has resulted in a need for designing better chelating agents for copper. Weisman
and Wong® have focused their efforts on developing bicyclic polyamines (see Figure 3)

capable of selectively chelating copper ions.

N,S, Tunable bridge

Figure 3 On the left is Weisman’s NS, pore® and on the right is a model cryptand with
the N2S> core.
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They reported®® novel 14 membered cross-bridged cyclams with an N2S; pore capable of
acting as a chelating agent for radiolabeled copper for positron emission tomography
(PET) imaging. Furthermore, their design was engineered to constrain the directionality
of the lone pairs to afford stable metal ligates. However, little is known about the redox

stability of Cu(l) and Cu(Il) complexes of these systems.

O
o0 {
//\qf'\N \N
N N
i~ N S N S
S N~— S N—
L1: n=5 L4: n=5
L2: n=4 L5: n=4
L3: n=3 L6: n=3
)} s
sj S ]
(0] 1 X
—_ LN TN
N S ~N S
SN S N—V
L7 L8

Scheme 3 Macrobicyclic lactams and cryptands investigated in this report.

Studying the chelating abilities of thioethers and thia-aza ligands can improve our
understanding of blue copper proteins and copper containing metalloenzymes® such
plastocyanin and azurin, which have sulfur containing ligands like cysteine that chelate

the copper ions. Furthermore, these metalloproteins have garnered significant interest as

13



potential therapeutic agents for various diseases. Unlike the chelating abilities of
cryptands containing oxygen atoms (such as cryptand [2.2.2]), which have been
extensively studied, there is a gap in our understanding of cryptands that contain softer
atoms like sulfur. To understand these systems better, and building on Pedersen’s work,%
Busch,®1%  Ochrymowycz,}%1% and Rorabacher!®® 105106 synthesized a series of

macrobicyclic thioether and thia-aza ligands. Lippard and coworkers'®’

synthesized a 14
member thia-aza ligand with an N2S; pore and demonstrated its ability to bind and detect
copper ions and nitroxyl species. The locations of the nitrogen atoms along with its ring
size makes this scaffold a suitable candidate to incorporate a bridgehead to expand the
design space for novel cryptands and to investigate the effects of incorporating a
bridgehead on the pore size tunability of these systems. By varying the size and chemical
composition of the bridgehead, insights into the tunability of binding strength and
chelation ability of these new cryptands with Cu(l) and Cu(ll) can be obtained, thereby
furthering our understanding of blue copper proteins and other copper containing
metalloenzymes.®* Herein, we report computational studies of novel dithia-aza and
tetrathia-aza cryptands using modern DFT methods. We also report computational studies

of Cu(l) and Cu(ll) complexes of tetrathia-aza cryptands to elucidate the structure and

nature of coordination.

Results and Discussion
Building on the NS, pore of Weisman and Wong,% we first chose to explore the
effects of incorporating a bridgehead on the pore size of these cryptands. For this, we

chose to study lactams of N.S, with bridge lengths of nine, eight, and second carbons
14



(L1-L3 in Scheme 3) and their corresponding amine cryptands (L4-L6 in Scheme 3). An
exhaustive conformational search was performed for each of the lactams and cryptands.
The global minimum energy conformations of L1-L6 are shown in Figure 4. Geometric
parameters from the computed solution phase geometry (in chloroform) for L1 are in
excellent agreement with the X-ray crystallography data provided by our experimental
collaborators (see Table 1).

Table 1 Experimental (denoted with *) and computed geometric parameters for the
lowest-lying lactams and cryptands with bridge length 9, 8, and 7 carbons.

Parameter L1%* L1 L2 L3 L4 L5 L6
N---N 4.88 4.96 5.78 5.50 5.20 4.59 5.03
S---S 5.84 5.57 4.44 4.71 5.67 6.40 5.58

(QCNC) 354,359 358,360 357,357 358,357 331,332 341,333 334,332

L4 LS L6

Figure 4 Computed lowest-lying geometries for lactams and amine cryptands with bridge
lengths of 9, 8, and 7 carbons.

15



All the lactams (L1-L3) were predicted to exhibit two key low-lying rotameric
forms (the rotamer of L1 is labeled LR1, etc.; see Figure 5). These rotamers differ in the
orientation of the carbonyl groups: either both the carbonyl groups oriented parallel to
each other or both the carbonyl groups oriented anti-parallel to each other. Strangely, for
the largest lactam (L1) the global minimum energy rotamer features anti-parallel
alignment of the carbonyl groups while for L2 and L3 the rotamer with parallel alignment
of the carbonyl groups is favored. The smaller pore size in L2 and L3, in comparison to
L1, was postulated as a one reason for this observation.

Transition states for the interconversion between these rotamers were located, and
it was found that this conformational barrier decreases with decreasing bridge length (see
Figure 5). The low-lying rotamers of L2 and L3 are expected to rapidly interconvert at
room temperature, with barriers of ~20 kcal/mol. L3 and its rotamer (LR3) are similar in
energy, so both rotamers are expected to be present at significant concentrations. L1 and
its rotamer of L1 (LR1) are essentially isoenergetic. However, unlike L2 and L3 the
barrier for interconversion is relatively high, suggesting that this system will be
conformationally stable at room temperature.

The amine cryptands (L4-L6) were predicted to exhibit three topologies based on
the lone pair orientation on the two nitrogen atoms: in/in, infout, and out/in. Of these
three topomers, the lowest-lying solution phase geometries were found to prefer an in/in
topology. The incorporation of a bridging ligand was found to significantly alter the
structure and conformation of the NS, pore. Moreover, lactams were found to have

nearly planar nitrogen atoms owing to the delocalization of the nitrogen lone pairs into
16



the C-O bonds. However, functionally, both cryptands and lactams are very similar to the

14 membered parent N.S; pore.

w
o

TS1
25 |-
©
g TS2
820 _
&
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5 15 |-
{ wa
(0]
Q2
c 10
o
©
()
w 5
: LR2 |
" L1 L2 iL3 LR{ kB3

Reaction coordinate

Figure 5 Computed barrier for rotamer interconversion of lactams with bridge lengths of
9, 8, and 7 carbons.

Owing to this, we chose to modify the bridge by replacing two of the carbons with
sulfur to increase the chelation ability of these cryptands. Furthermore, upon examining
the geometrical parameters for lactams and amine cryptands (Table 1), we identified L1
and L4 as suitable templates for further functionalization due to their large pore sizes (L7

and L8 in Scheme 3).
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Figure 6 Computed lowest-lying conformers (top) for aza-thia lactam (L7) and aza-thia
cryptand (L8) with their respective X-ray crystal structures (bottom). (Figure adapted
from J. Org. Chem. 2018, 83, 17, 10025-10036.)

Computed geometrical parameters for the lowest-lying conformers of thia-aza
cryptands L7 and L8 were found to be in excellent agreement with the X-ray
crystallography data (see Table 2 and Figure 6).1% L7 was found to exhibit two rotameric
states based on the orientation of the carbonyl groups. Similar to L1, the lowest-lying
rotamer was found to prefer parallel orientation of the carbonyl groups. However, the
computed barrier for the rotamer interconversion in L7 was found to be lower than that of
L1 by 2 kcal/mol (Figure 18, Appendix A). Furthermore, L8 was found to exhibit similar
structural properties to L4, with the lowest-lying conformer opting in/in topology. A

barrier of 10 kcal/mol was computed for the interconversion between the topomers

18



(Figure 19, Appendix A). Fragmentation analysis revealed lactam L7 to have a more

strained N2Sz pore than the amine cryptand L8.

Table 2 Experimental (denoted by *) and computed geometric parameters for aza-thia
lactam and aza-thia cryptand.'®

Parameter L7* L7 L8* L8
N---N 4.78 4.88 4.7 4.80
S---S 5.80 5.78 5.2 5.59
(3.CNC) 354,359 358, 360 337,331 337,334

Finally, we chose to investigate Cu(l) and Cu(ll) complexes of L7 and L8 to
understand the experimentally observed preference of these cryptands for selectively
stabilizing Cu(l). A thorough conformational search was performed to identify the
lowest-lying Cu(l) and Cu(ll) complexes of L7 and L8, which are depicted in Figure 7.
Upon identifying the lowest-lying Cu(ll) complexes for L8, electron paramagnetic
resonance (EPR) spectra were computed for all of the conformers within 1 kcal/mol of
the global minimum energy conformer. The computed EPR spectra were found to be in
excellent agreement with the experimental EPR spectrum (see Table 3) thereby

establishing the presence of these computed geometries in solution.
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» N

Cu(l)L8 Cu(ll)L8

Figure 7 Computed geometries for the lowest-lying copper complexes of L7 and L8.

Table 3 Experimental and computed g-tensors for the lowest-lying conformer (Cu(I1)L8)
of L8 chelated with Cu(ll) ions.

g-tensor Exp (298 K) Cu(IT)L8
g1 2.016 2.014
o) 2.084 2.079
23 2.122 2.103
iso 2.074 2.065

Natural population analysis (NPA)**® was performed on L7 and L8 to
understand the preference of L7 for Cu(l). We observed the magnitude of charges on the

sulfur atoms to be lower in L7 than L8, thereby making them softer nucleophiles. We

20



postulate the preference of softer nucleophiles by Cu(l), coupled with its inherent
stability in acetonitrile (the solvent used for EPR experiments) compared to Cu(ll), as the
predominant reason for the observed stability of Cu(l) complexes of L7. Furthermore, we
observed a longer than usual coordination distance (> 3.0 A) with one of the nitrogen
atoms, resulting in a pseudo five-coordination state for Cu(l) and (Il) resembling the
metalloenzymes plastocyanin and azurin. Conformers with shorter coordination for the
sixth ligand were found to over 2 kcal/mol higher in energy due to steric interactions
between the methylene groups of the cryptand backbone. ESP slices were generated to
visualize the electrostatic environment inside L7 and L8 surrounding the copper ions.
ESP slices for Cu(l) and Cu(ll) complexes of L7 and L8 across the plane containing
copper, sulfur and nitrogen atoms (Figure 8) revealed strong stabilizing interactions for
positively charged ions for the amine cryptand L8, compared to the amide cryptand L7.
These results further validate the soft nucleophilic nature of L7 resulting in less stable

Cu(Il) complexes.
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Cu(l)-L7 Cu(ll)-L7

Figure 8 ESP slices generated at ®B97X-D/def2-TZVP level of theory for copper
complexes (red = —60 kcal/mol; blue = +60 kcal/mol).

Conclusions

We have used density functional theory methods to elucidate the structure of eight
novel aza-thia and tetra thia lactams and cryptands. The lowest-lying conformers for L1,
L7, and L8 were found to be in excellent agreement with the X-ray crystallographic
structures. Furthermore, we identified a reduction in the N2S; pore size as the bridgehead
length was reduced from nine carbons to seven carbons. Bicyclic lactams exhibited two
rotameric forms that differ by the relative orientation of the two carbonyl groups. We
observed a preference for parallel alignment of the carbonyl groups in bicyclic lactams
L1 and L7, while the anti-parallel alignment of carbonyl groups was preferred in L2 and
L3. The computed barriers for the rotamer interconversion were found to decrease with
decreasing pore size. All the cryptands were found to exhibit three topomers, viz. in/in,

infout, and out/out based on the orientation of the lone pairs on the nitrogen atoms. The
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lowest-lying structures for all the cryptands studied showed a strong preference for in/in
topology. These topomers were found to interconvert with a barrier of only 10 kcal/mol.
The N2S> core in lactams was found to be more strained than in the corresponding
cryptands due to sp? hybridized nitrogen atoms in lactams.

Cu(l) and Cu(Il) complexes of L7 and L8 were also investigated computationally
to elucidate their structures and the coordination state of copper ions. It was observed that
copper ions exhibited six coordination, with a longer than average coordination distance
for the sixth ligand. This was attributed to the added steric strain of the lactam/cryptand

framework.

Computational Methods

An exhaustive exploration of conformational space was performed using the
MMEFF force field in conjunction with the macrocycle search feature of Schrodinger’s
Macromodel suite'® with an energy cutoff of 10 kcal/mol. The geometries of the
resulting conformers were then optimized at the B97-D/def2-TZVP level of theory,'"®
110 accounting for solvent effects with IEF-PCM112 (using dimethyl sulfoxide as
solvent). Geometries, harmonic vibrational frequencies, and thermal free energy
corrections (298K) were computed at the same level of theory. Representative transition
state (TS) structures connecting selected energy minima were verified by the presence of
a single imaginary vibrational frequency. Thermal free energy corrections were based on
the quasi-rigid rotor/harmonic oscillator (quasi-RRHO) approximation of Grimme.*® The
final presented free energies were computed at the PCM-oB97X-D/def2-TZVP//PCM-

B97-D/def2-TZVP level of theory.}”18110-112. 114 NMR shielding tensor computations
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were carried out at the IEFPCM-mPW1PW91/6-311G(2d,p) level of theory'>*!" using
the gauge independent atomic orbital (GIAO) method® 8 (chloroform as solvent). This
level of theory has been shown to be very accurate for predicting *H chemical shifts.® All
the computations were performed using Gaussian 09%'° and the B97-D computations
employed density fitting techniques. Molecular structure figures were generated using

CYLview.12
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CHAPTER 3

[18]ANNULENE: A MORE COMPLETE STORY®

®Mallojjala S. C. et al. To be submitted to J. Am. Chem. Soc.
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Abstract

We report computational studies on [18]annulene to address the ground state symmetry,
enthalpy of formation, aromaticity, and pathways for inner/outer proton conversion.
Zero-point vibrational energy corrected single point computations at the DLPNO-
CCSD(T)/cc-pVTZ level of theory on the conformer geometries obtained at the DFT
level confirm the symmetry of the effective lowest-lying ground state geometry to be Den,
in contrast to a wealth of recent ‘high-level’ computational studies. We postulate that the
discrepancy noted in earlier computational studies with experimental data is
predominantly due to the overestimation of the electronic energy difference between the
Cz and the Den structures at the CCSD(T)/DZ level of theory. Focal point extrapolated
electronic energy difference between the C, and the Den structures further validates this
hypothesis. Our computed enthalpy of formation for [18]annulene is 130.8 kcal/mol,
thereby resolving the sizeable discrepancy in the literature. Our study also shows that
[18]annulene is more polyene in character than benzenoid based on the enthalpy of
formation, nucleus-independent chemical shifts, and isomerization stabilization energies.
We also report multiple pathways for the inner/outer proton interconversion of
[18]annulene. The computed barriers for the lowest-lying pathways and the
corresponding interconversion rates are in general agreement with experimental data and
suggests that multiple pathways are responsible for this inner/outer proton

interconversion.
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Introduction

The study of annulenes, long of great theoretical interest, has recently undergone
a renaissance. The literature on annulenes is quite extensive and has mostly been
summarized in multiple reviews.!?!"'??> Annulenes may be divided into two classes, viz.
[4n]annulenes and [4n+2]annulenes. Castro and Karney,'?*"'?” Rzepa,'?® Allinger,!?°13?
Schaefer,% 133 and Schleyer,®6% 123 134136 among others,®” 137143 have studied the ground
state symmetry, conformational changes, and inner/outer proton interconversion for
various [4n] and [4n+2]-annulenes. A central point of contention concerning
[4n+2]annulenes is the size at which fully delocalized m-systems give way to poly-ene
like character. [18]annulene stands at the center of this debate, since X-ray

144-145 while

crystallography yields a bond-equal structure with Dgp-symmetry!3®:
computations support bond-localized ground state structures of either C> or Dsp-
symmetry.®667- 131143 Tn 2004, Schaefer, Schleyer and co-workers®® studied [18]annulene
using single point energy computations at CCSD(T)/DZP(C)+DZ(H) level of theory,
establishing a Co-symmetric structure with alternating double and single bonds for the
ground state. This was further supported by computed 'H-NMR chemical shifts and the
observation of a very large imaginary mode of 1100i cm™! for the non-alternating Den
symmetric structure at the BHandHLYP/6-311+G(d,p) and KMLYP/6-311+G(d,p) levels.
The timescale of X-ray crystallographic measurements and insurmountable disorder
problems were cited as an explanation for the observed discrepancy with the X-ray
geometry.

Recently, Allis and coworkers®” showed that the aforementioned discrepancy®®¢®

71144147 mioht be due to the zero-point level sampling of D3n- and C>-symmetric minima
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resulting in an effective Dsh-symmetric structure, despite the Dsh-symmetric stationary
point being a saddle-point at the KMLYP/6-311++G(2d,2p) level of theory. However,
they suggest that the NMR spectrum of [18]annulene is dominated by the bond localized
C> symmetric structure. More recently, Kwan and coworkers® used quasi-classical
dynamics simulations to compute NMR chemical shifts for [18]annulene, observing that
chemical shifts corresponding to the Den and Dsn symmetric structures are in closer
agreement with experiment than those of lower symmetry. Despite these efforts, a
thorough understanding of the ground state symmetry of [18]annulene is still lacking.
This can be attributed in equal measure to a lack of experimental data owing to the
synthetic challenges involved, the stability of [18]annulene, and a lack of rigorous
computational study across different functionals and basis sets. Despite the synthetic

challenges, the X-ray crystal structure'?® 144143

of [18]annulene has been reported
multiple times. For fluxional molecules like [18]annulene, which undergo substantial
conformational changes, the experimental structures provide a time-averaged structure.
Since computations are capable of revealing a single point on the potential energy
surface, it is possible to gain insight into selected points on the potential surface with
more certainty. This gives computational methods a powerful advantage over
experimental methods.

In this work, we have determined as much of the potential energy surface as we
believe to be of current interest to address the conformational and the ground state
symmetry problem. For clarity, and owing to the tendency of many computational

methods to predict minescule deviations from exact point group symmetry for many

stationary points on the [18]annulene potential energy surface, we focus on the broad
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question of whether the ground state is a planar bond equal structure (1) or a non-planar

1 2

bond alternating structure (2).

Scheme 4. Potential low-lying structures of [18]annulene. The planar non-alternating
form (1), and the non-planar form with alternating bond lengths (2).

Schleyer and Wannere® reported isomerization stabilization energy and nucleus
independent chemical shifts!** (NICS) to characterize the degree of aromaticity of the Den
structure of [18]annulene. However, thermodynamic stability as an alternative measure of
aromaticity hasn’t been explored for [18]annulene. Unfortunately, there is a significant
discrepancy in the experimental values for the enthalpy of formation, a measure of
thermodynamic stability, for [18]annulene. In 1965, Sondheimer and coworkers®
reported a value of 67+6 kcal/mol for the enthalpy of formation based on combustion
experiments. Nine years later, Oth and coworkers’® reported a value of 124+5.5 kcal/mol,
thereby establishing a need for a more accurate value of the enthalpy of formation for this
system. Strangely, we were unable to find any modern computational study aimed at
resolving this discrepancy.!? 43

At low temperatures, [18]annulene exhibits distinct 'H NMR chemical shifts for
the inner and outer protons. However, Oth et al.”! reported that these peaks coalesce at
314K and only a single sharp peak is visible at temperatures exceeding 394 K, indicating

relatively rapid interconversion of the inner/outer protons. Oth proposed that at elevated

temperatures the three degenerate [18]annulene structures (1, 1', efc.) interchange via the
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formal pathway depicted in Scheme 5, thereby causing the peaks to coalesce. Starting
from the planar bond equal structure 1 (presumed to be an energy minimum by Oth), this
pathway involves first the localization of n-bonds followed by the rotation of three C=C
bonds, a bond-shift passing through a D3p-symmetric intermediate, and then three more
rotations around C=C bonds before yielding the equivalent bond equal structure.
Analyses of the variable temperature NMR data provided an enthalpic barrier of 16.1
kcal/mol for this inner/outer proton interconversion.’! This pathway has not been studied
computationally and there are possible alternative pathways depending on the precise
order of different C—C bond rotations and bond shifts that were not considered viable by

Oth and co-workers.”! Furthermore, Castro and Karney'*®

showed that a similar dynamic
inner/outer proton interconversion occurs in [12]-annulene via a transition state with
Mobius topology, suggesting that the interconversion of inner/outer protons in
[18]annulene could also involve a Mdobius-like pathway. However, a Mobius-like TS or
intermediate for [18]annulene would be antiaromatic, so is likely disfavored relative to

the pathway proposed by Oth.”!: 148

Scheme 5. Oth’s formal pathway for inner/outer proton interconversion.”!
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Herein, we report geometries, energies, enthalpy of formation and isomerization
stabilization energies (ISE) for [18]annulene using DFT and robust ab initio methods. We
also report detailed studies to identify the predominant pathways for inner/outer proton

interconversion in [18]annulene.

Results and Discussion
Ground State Structure

The potential energy surface surrounding the Den-Symmetric stationary point for
[18]annulene is exceptionally sensitive to level of theory. We examined the Den-, Dan-,
and Cz-symmetric structures using a number of popular DFT functionals paired with both
the 6-311+G(d,p) and def2-TZVP basis sets. Different functionals give highly variable
results. For instance, ®B97X-D/def2-TZVP indicates that the Den-symemitric structure is
a fourth order saddle point, while the quasi-planar Dzg¢-symmetric version is a first order
saddle point. B3LYP/def2-TZVP predicts a first-order saddle point for the Den-symmetric
geometry, while this same functional paired with 6-311+G(d,p) predicts the Den-
symmetric structure of [18]annulene to be an energy minimum. The Dan-symmetric
structure, which Hudson and Allis®” found to be an energy minimum at the KMLYP/6-
311++G(2d,2p) level of theory, was found to be a bond-equal first order saddle point.
Upon examining the geometries closely, the Den, and planar Dan structures differ
minimally from one another. Based on these results, we have opted to not classify the
ground state of [18]annulene based on the symmetry of the system, but instead focus on
the more pertinent question of a planar, bond-equal or non-planar, bond-alternating

ground state.
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To establish a DFT method that provides the most reliable conformational
energies for [18]annulene, we computed geometries for nine low-lying structures (see
Figure 8) using six DFT functionals paired with two basis sets and compared these to
results at the DLPNO-CCSD(T)/cc-pVTZ level of theory. Electronic energies relative to
the bond-localized structure 2 using selected functionals as well as DLPNO-CCSD(T) are
listed in Table 4. DLPNO-CCSD(T) predicts that structure 2 is lowest-lying, falling 1.6
kcal/mol lower in electronic energy than structure 1; the other conformers are all at least
2.8 kcal/mol higher in energy than structure 2. Overall, the ®B97X-D/def2-TZVP
method provides highly accurate relative energies for these conformers, closest match
with the reference DLPNO-CCSD(T) data, apart from over-estimating the energy of 1
relative to 2. Notably, the energies from ®B97X-D appear to be far more accurate than

those of KMLYP, which has been previous used for this systems.
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Figure 9 Computed low-lying structures of [ 18]annulene at the ®B97X-D/def2-TZVP

level of theory.

Among the conformers in Figure 9, structure 1 has two nearly equal bond lengths (1.385
and 1.400 A) while structures 2-9 showed a strong tendency towards alternating bond
lengths (1.445+0.007 and 1.350+0.005 A). Moreover, structure 1 was planar while
structures 2-9 were non-planar. Efforts to obtain planar minima for 2-9 were unfruitful.
These results demonstrate the benzenoid nature of 1 and polyene like nature of 2. To
obtain more accurate geometric parameters for 1, we performed a DLPNO-CCSD(T)/cc-
pVTZ geometry optimization via the method of finite differences. Geometric parameters

obtained through this optimization were in excellent agreement with the X-ray
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crystallographic measurements!#14%- 147 A similar optimization for 2 couldn’t be

performed owing to the increased number of degrees of freedom.

Table 4. Relative electronic energies (in kcal/mol) for different structures of
[18]annulene.?
Structure B3LYP wB97X-D BH&HLYP DLPNO-CCSD(T)

1 0.0 4.7 2.5 1.6
2 0.0 0.0 0.0 0.0
3 5.1 3.0 3.7 2.8
4 6.1 23 3.6 24
5 7.9 3.3 5.0 34
6 9.4 7.4 8.1 7.2
7 5.7 2.0 3.5 24
8 6.7 2.2 4.1 24
9 7.1 3.9 5.1 4.0

®B3LYP and BHandHLYP (BHLYP) computed with 6-311+G(d,p) and ®B97X-D
computed with the def2-TZVP basis set; DLPNO-CCSD(T) energies computed with the
cc-pVTZ basis set at the ®B97X-D/def2-TZVP optimized geometries.

While the DLPNO-CCSD(T) computations clearly predict structure 2 to be lower
in electronic energy than structure 1, this energetic ordering switches upon inclusion of
zero-point vibrational energy corrections. This is true regardless of which DFT functional
is used to predict vibrational frequencies. As noted by Allis and coworkers,%” for the

commonly used BHandHLYP/6-311+G(d,p) level of theory, the electronic energy surface
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was found to be a double well potential. However, a qualitative investigation of the
DLPNO-CCSD(T)/cc-pVTZ electronic energy surface surrounding structurel indicated it
to be a minimum, thereby suggesting that it might not be a double well potential but a
more complex toplogy. This, along with data from Table 4, further illustrates the
sensitivity of the potential energy surface of [18]annulene to the level of theory
employed. We postulate this functional and basis set sensitivity to be due to an
incomplete capture of the electron correlation energy. Moreover, the discrepancy between
this work and past computational efforts®® can mainly be attributed to the overestimation
of the electronic energy difference between structures 1 and 2 by the past studies, which
is a direct consequence of the incomplete capture of electron correlation energy at lower
basis sets.

To further validate these results and support our assertion, we performed an
incremental focal point analysis'*"! to obtain the electronic energy difference between 1
and 2 at the complete basis set limit and to examine the qualitative behavior of electron
correlation energy. The focal point extrapolated value for the electronic energy at the
complete basis set limit was obtained to be 1.4 kcal/mol, favoring 2. Furthermore,
electron correlation energy was found to favor structure 1, which resulted in a decrease of
the electronic energy difference between 1 and 2 from 2.1 kcal/mol at the cc-pVDZ basis
set to 1.4 kcal/mol at the complete basis set limit. Upon ZPVE correcting this energy, we
find that structure 1 is favored over structure 2 by 0.5 kcal/mol, thereby confirming the
ground state of [18]annulene as a bond-equal structure, in agreement with the X-ray
crystallographic data.!*+1%5: 147 Thuys, while the vibrationally averaged structure is a

planar, bond-equal structure (1), the general flatness of the surrounding potential energy
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surface will result in significant bond-alternating character, explaining the polyene-like

reactivity of [18]annulene.!'¥’

Aromatization energy and enthalpy of formation

We then proceeded to evaluate the aromatic nature of [ 18]annulene with respect to
benzene. HOMA indices were computed for structure 2 of [18]annulene and of benzene
to gain insights into the aromatic nature of [18]annulene (see Table 5). HOMA analysis
suggests that [18]annulene is far less aromatic than benzene. Furthermore, the aromatic
stabilization energy (ASE) was assessed using the method of isomerization stabilization
energy (ISE). This was done at the DLPNO-the CCSD(T)/cc-pVTZ//wB97X-D/def2-
TZVP level of theory. A strain balanced scheme (see Scheme 6) was used to evaluate the
ISE. An ISE value of 10.1 kcal/mol was obtained for 2 while an ISE of 31.2 kcal/mol was
obtained for benzene, again indicating that 2 is significantly less aromatic and more

polyene-like than benzene.

Table 5 Computed aromatic indices for compounds 1 and benzene.

%Benzenoid
Index 2 Benzene character of 2
HOMA 0.4 1.0 40

ISE (kcal/mol) 10.1 31.2 32

NICS (ppm)  -5.5 -9.7 N/A
AH%r(298K) 1308 185 42
(kcal/mol)
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Scheme 6. Strain balanced equations used to compute ISE.

To further validate this result, we computed the enthalpy of formation at the same
level of theory for benzene and [18]annulene, as aromatic systems have lower per carbon
enthalpies of formation. The homodesmotic equation®® from Scheme 7 was used to
compute the enthalpy of formation. We obtained an enthalpy of formation of 130.8
kcal/mol for 2 as opposed to that for benzene, which was computed to be 18.5 kcal/mol.
This enthalpy of formation for 2 was found to be significantly higher than three times the
enthalpy of formation of benzene, further validating that 2 is more polyene like than
“truly aromatic”. Computed nucleus independent chemical shifts (NICS) for 2 and

benzene (Table 5) further demonstrate that 2 has much lower aromaticity than benzene.

-0

/+—»9N

Scheme 7. Homodesmotic equations used to compute the enthalpy of formation for
benzene and [ 18]annulene.
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Inner/outer proton interconversion

Twenty-four pathways were evaluated to investigate the inner/outer proton
interconversion of [18]annulene. Of these, 23 involved rotations across C-C=C-C bonds,
differing by the order of bond rotations and bond shifts, while the remaining pathway
passed through a Mdobius-like TS geometry analogous to that computed for [12]-annulene
by Castro and Karney.'?> All the pathways identified were verified by performing IRC
calculations. We find that while Oth’s proposed pathway’! is relatively low-lying, there is
one pathway that has a more favorable activation energy (see Scheme 8). In this most
favorable pathway, starting from structure 2 there is a bond rotation to form 3, followed
by a bond-shift to form 3s. This is followed by two bond rotations to form 8 then 9, then
another bond shift to form 9s. From here, the opposite order is followed, eventually
leading to structure 2°. Overall, in contrast to Oth’s formal pathway, there are three bond
shifts interspersed among the six bond rotations. The highest barrier for this process is the
initial conversion from structure 2 to 3, resulting in an enthalpy of activation that is ~1
kcal/mol lower that of Oth’s proposed pathway.”! However, given the energetic proximity
of these two pathways, they are both likely to be operative at elevated temperatures at
which inner/outer proton conversion is observed. Including ZPVE corrections, the barrier
for this interconversion at the DLPNO-CCSD(T)/cc-pVTZ//0B97X-D/def2-TZVP level
of theory was found to be 12.4 kcal/mol (Figure 10) for the lowest-lying pathway, which

is lower than the experimental enthalpic barrier of 16.1 kcal/mol reported by Oth.”!
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Scheme 8. Schematic representation of the computed lowest-lying pathway for

inner/outer proton conversion in [18]annulene.
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Figure 10 DLPNO-CCSD(T)/cc-pVTZ//@B97X-D/def2-TZVP ZPVE corrected potential
energy surface for the lowest-lying pathway for inner/outer proton interconversion in

[18]annulene.
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Conclusions

We have used 12 DFT levels of theory and DLPNO-CCSD(T)/cc-pVTZ ab initio
energies to study various conformers of [18]annulene to establish the symmetry of the
lowest-lying conformer. The nature of the low-lying Den- and Ca-symmetric stationary
points is exquisitely sensitive to level of theory, which underlies the disparate findings of
previous computational studies. In agreement with some recent computational work,%
we find that the C>-symmetric stationary point is the global minimum energy on the
electronic energy surface. However, as suggested by Allis and co-workers,®” we find that
the Den-symmetric stationary point is the global minimum on the ZPVE corrected
surface. We cannot say with certainty whether this stationary point is an energy minimum
or a first-order saddle point. Regardless, the effective structure of [18]-annulene, even at
0K, has Den-symmetry. This is in accord with experiment.”t: 144147 The discrepancy
between the experimental and past computational works can be attributed to an
overestimation of the electronic energy of the Den stationary point relative to the Co-
symmetric structure for [18]annulene in the computations due to the use of small basis
sets. We report an accurate computed value for the enthalpy of formation of
[18]annulene of 130.8 kcal/mol, thereby resolving the discrepancy in the literature.5%-"°
Finally, we identify a new low-lying pathway for the inner/outer proton interconversion
in [18]annulene. Our computed enthalpic barrier of 12.4 kcal/mol, albeit lower than the
experimental barrier reported by Oth,’* qualitatively agrees with the experimental
hypothesis of the presence of multiple pathways in the inner/outer proton interconversion
of [18]annulene. Overall, our data indicates that two nearly independent dynamical

processes are occurring for [18]annulene. On a short timescale, the molecule undergoes
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an inversion process between the two C> symmetric structures even at OK. On longer
timescales, the inner/outer interconversion occurs via multiple pathways. Both theory and
experiments’® are consistent with the hypothesis that the inner/outer proton flipping in

[18]annulene occurs via rotation about multiple C-C=C-C bonds.

Computational Methods

Density functional theory was employed for geometry optimizations, identifying
transition states, and computing vibrational frequencies using Gaussian 09.*° Common
DFT functionals including B3LYP,'®? B97-D,’%¥1% »B97X-D,'* M06-2X,'*
BH&HLYP,61%8 KMLYP™ were used with the 6-311+G(d,p)!!’ and def2-TZVP0
basis sets. Single point energies were computed at the DLPNO-CCSD(T)/cc-pV XZ160-163
(X =D, T, Q) level of theory for selected geometries and at the DLPNO-CCSD(T)/cc-
pVTZ level of theory for all structures using ORCA.1%* All the transition states were
verified by the presence of one imaginary vibrational mode. The method of finite
differences was used to optimize a Den Symmetry structure of the ground state at the
DLPNO-CCSD(T)/cc-pVTZ level of theory (See SI). *H NMR chemical shifts and NICS
were computed using GIAO-B3LYP/6-311+G(d,p) as suggested by previous studies.'®
Enthalpies of formation of the references species in Scheme 7 were obtained from ATcT
database.’®®> Harmonic oscillator model of aromaticity (HOMA)¥-167 indices were

computed at the ®B97X-D/def2-TZVP level of theory.
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CHAPTER 4

ROLE OF ALKALI METALS IN CHIRAL PHOSPHORIC ACID CATALYSIS®

¢ Mallojjala S. C. et al. To be submitted to ACS Cat.
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Abstract

Chiral phosphoric acids (CPA) derived from chiral diols (e.g. BINOL) have gained
prominence as privileged scaffolds for organocatalytic transformations. Ishihara and
coworkers’® demonstrated the potential utility of alkaline earth metal salts of CPAs
(CMPs) as catalysts for Mannich type reactions of aldimines. Subsequent reports have
demonstrated a marked difference in stereoselectivity between such metal phosphates and
their corresponding CPAs. Paton and coworkers'® postulated the geometric differences
in the steric environment of CMPs to be responsible for the stereo reversal observed by
Ishihara and coworkers. However, recent reports by Antilla and coworkers’’ have
identified stereo reversal in alkali metal phosphate catalyzed reactions compared to their
corresponding CPAs despite having a geometrically similar chiral pocket. The
desymmetrization of meso-epoxides was chosen as a suitable example to understand the
activity and origin of selectivity in chiral metal phosphate catalyzed reactions. In the case
of epoxide desymmetrization catalyzed by CMPs, the metal ion of the chiral phosphate
activates the epoxide by bonding with the oxygen, thereby facilitating the attack of the
nucleophile. Analyzing the transition states (TSs) for the thiolysis of epoxides suggested
that the interactions between metal phosphate and epoxide are the key factors governing
the selectivity. Further decomposition of this interaction energy using energy
decomposition approaches identified the perturbations caused by the metal ion to the
electrostatic environment of the epoxide in the stereocontrolling TS structures as
important. These results pinpoint electrostatic effects induced by the presence of the
metal ions as a reason for the difference in stereoselectivity between metal phosphates

and CPAs.
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Introduction

Chiral phosphoric acids (CPAs) have gained prominence as versatile
organocatalysts for stereoselective transformations.*® 23 2. 29 72-73 Traditionally, CPAs
were used as bifunctional Bronsted acid catalysts and the activity of these catalysts was
mainly attributed to the steric interactions of the 3,3’ substituents?® 7273 169172 gnd pK,."*
173 However, experimental and computational studies by Jacobsen,>®" Sigman,®3 17417
Toste,>® 17> Sunoj,?> 176178 and Wheeler,!® 2% 451 179 among others,'> 180182 have
identified the interplay between steric interactions and the numerous non-covalent
interactions between the substrates and the catalyst as the source of selectivity in many
CPA-catalyzed reactions. Exploiting these subtle interactions has resulted in
improvements in stereoselectivity and activity of previously studied CPA-catalyzed
reactions and paved the way for the development of novel CPA-catalyzed stereoselective
transformations. Despite these advantages and developments, CPAs are readily
neutralized to their respective alkali and alkaline earth metal salts by purification on silica
gel. Ding and coworkers’™ demonstrated that by performing an acid purification of these
CPAs, the efficacy of the catalysts can be increased. Furthermore, Rueping and
coworkers’ eliminated calcium salts of CPAs as active catalytic species for an
organocatalyzed carbonyl-ene reaction. These results demonstrated the detrimental
effects of chiral metal phosphate impurities (CMPs) to activity and stereoselectivity in
some CPA-catalyzed reactions. However, Ishihara and coworkers™ reported stereo
reversal with chiral alkaline earth metal phosphate catalyzed asymmetric Mannich
reaction compared to its CPA-catalyzed counterpart (see Scheme 9). This discovery led

to the emergence of chiral metal phosphate catalysis, and efforts from the Antilla,”” 183186
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Nakamura,'®’ Della Sala,'® and Rajanbabu’® groups has furthered the field of chiral
alkali and alkaline earth metal phosphate catalyzed asymmetric synthesis.

Despite these experimental advances, the role played by alkali and alkaline earth
metals in these systems and the cause for stereo reversal with respect to parent CPAS is

168 on Ishihara’s Mannich

poorly understood. Recent efforts by Paton and coworkers
reaction catalyzed by CMPs and CPAs (Scheme 9) shed light on the underlying role
played by alkaline earth metals. Paton et al.'®® identified the geometric differences in the
chiral pocket between CPAs and calcium bis-CMPs to be the reason for the observed
stereo reversal in their study. Furthermore, they also reported a difference in coordination

number between calcium and magnesium as a predominant reason for the selectivity

difference observed despite having geometrically similar chiral pockets.

H o o Cat. (2-5 mol%) e

S g oM
+ - M
Ph)\\N,Boc )J\/U\ Dichloromethane, 1h  5°° W)\AC : O‘

Ph : Ar

n
Ar: 4-(B-Naph)-CgHs
M: H, Ca, Mg

Scheme 9 An asymmetric Mannich reaction reported by Ishihara and coworkers.”

Table 6 Enantioselectivity data reported by Ishihara and coworkers’® for an asymmetric
Mannich reaction.

M Major enantiomer Experimental ee (%0)
S 27

Ca R 92

Mg R 43
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However, no studies exist for the chiral alkali metal phosphate analogues of CPAs
where, despite the chiral pocket being geometrically equivalent to that of CPAs, a
reversal in stereoselectivity was observed. One such example is the CPA-catalyzed
epoxide desymmetrization reaction in the presence of thiols reported by Sun et al.*®® (R1,
Scheme 10) and its CMP catalyzed counterpart reported by Antilla and coworkers (R2-
R4, Scheme 10).”” Seguin et al.*® and Ajitha et al.'®® independently studied reaction R1
using modern DFT methods and identified numerous non-covalent interactions as the key
factor for the observed selectivity. Furthermore, both studies identified the strength of
CH:O interactions between the epoxide and phosphoryl oxygen as a key factor for the
observed selectivity. Seguin et al.*° proposed an electrostatic model to explain the general
selectivity trend observed in CPA-catalyzed epoxide desymmetrization reactions and

compared it to an enzyme catalyzed reaction.
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Scheme 10 Epoxide desymmetrization reaction catalyzed by CPA and various CMPs.

Table 7 Experimental enantioselectivity data for various CPA and CMP catalyzed
epoxide desymmetrization reactions.

Reaction  Major enantiomer Yield (%) Experimental ee (%)

R1 (M=H) (R,R) 98 61
R2 (M=H) N/A 0 0
R2 (M=Li) (S.9) 92 83
R3 (M=Li) (S.9) 97 91
R4 (M=Zn) (S.9) 93 60

No computational studies exist for reactions R2-R4. Moreover, Antilla and
coworkers’’ observed no desymmetrization products with the commonly used CPA TRIP
[R2 (M=H), Table 7] and stereoselectivity was retained in R4 despite lacking any
sterically demanding 3,3° substituents. Herein, we report computational studies on

several CMP catalyzed epoxide desymmetrization (R2-R4, Scheme 10) using modern
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DFT methods. Furthermore, we investigated the role played by alkali metal in stereo

reversal compared to previous computational studies on R1 by Seguin et al.*°

I1. Results and Discussion

Macromodel 1

a molecular mechanics package, was used to identify the lowest-
lying conformers for each of the catalysts and reactants. These conformers were then
combined exhaustively to generate initial structures for transition state (TS)
optimizations. The stereocontrolling step was identified to be a concerted Sn2-like TS
depicted in Figure 11. The lowest-lying TS structures for R2 with M as lithium are shown
in Figure 11 with the epoxide bound to the catalyst via the lithium ion. For reactions R3
and R4, the lowest-lying structures were found to be structurally similar to R2 with
lithium. However, for reaction R2 with hydrogen, the lowest-lying TS structures
resembled that of reaction R1 previously reported by Seguin et al.*® These structures can
be found in Appendix C Figure 20. In all of the reactions, the Sn2-like attack of the
nucleophile is accompanied by the deprotonation of the nucleophile by the phosphoric
acid.

Computed relative free energy barriers and enantiomeric excess (ee) values are
shown in Table 8 and are found to be in agreement with experiment. In particular, even
though the selectivity is slightly over-predicted, the trend in enantioselectivities were
captured accurately. For comparison, we also recomputed the TS structures for reaction

R1 using the same level of theory used for R2-R4. For reaction R2 with M as hydrogen,

computed enantiomeric excess was used to understand the stereoselectivity with a CPA
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catalyst for thiophenol as the nucleophile. We predict CPA-catalyzed R2 reaction to

provide the same stereoselectivity as the CPA-catalyzed R1 reaction.

Table 8 Experimental and Boltzmann weighted computed free energy differences for the
competing enantiomers for epoxide desymmetrization reactions reported in Scheme 10 in
kcal/mol.

Reaction Experimental AAG* Major enantiomer  Computed AAG*

R1 (M=H) 0.8 (RR) 1.0
R2 (M=H) N/A (RR) 1.1
R2 (M=Li) 1.4 (S.9) 1.8
R3 (M=Li) 1.8 (S.9) 2.2
R4 (M=Zn) 0.8 (S.9) 1.5

For all of the reactions investigated, the lowest-lying (S,S) and (R,R) TS
geometries were very similar to each other, differing only in the position of the
nucleophile. The lowest-lying TS structures for reaction R2 (M=L.i) are shown in Figure
11. The lowest-lying TS structure leading to the major enantiomer is favored by 1.8
kcal/mol over the lowest-lying TS structure leading to the minor enantiomer on the Gibbs
free energy surface and by 2.4 kcal/mol on the electronic energy surface. The S-H-O
distance is smaller in the TS structure leading to the major enantiomer, while the forming
bond between the nucleophile and electrophilic carbon of epoxide is shorter in the TS

structure leading to the minor enantiomer (see Figure 11).
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TSmajor (S,S) Tsminor (RR)

Figure 11 Computed lowest-lying TS structures for a Li-BINOL phosphate catalyzed
epoxide desymmetrization reaction (R2 with M as lithium in Scheme 10).

Owing to this structural similarity between the competing lowest-lying TS
structures, we employed Houk and Bickelhaupt’s31® distortion-interaction/activation-
strain model to gain insights into the origin of stereoselectivity. In particular, the barrier
heights for lowest-lying TS structures leading to the major and minor products for
reaction R2 (M=Li) (see Figure 12) were found to be 16.3 kcal/mol and 18.7 kcal/mol
respectively. Upon decomposing these barriers into their respective distortion and
interaction components (see Figure 12), the distortion of the reactants is found to be
equivalent while the catalyst distortion differs by 1.6 kcal/mol. This, combined with the
0.9 kcal/mol difference in interaction energies, leads to the total reaction barrier

difference of 2.4 kcal/mol.
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Figure 12 Distortion-interaction analysis for the lowest-lying TS structures shown in
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Figure 10 for the reaction R2 with M=Li (Scheme 10), in kcal/mol.

Similar analyses were carried out for R1 and R2 (M=H), the latter of which was
compared with R2 (M=Li) to understand the origin of stereo reversal. The distortion-
interaction contributions to the energy of the TS leading to the minor products, relative to
that leading to the major products, for reactions R1, R2 (M=H), and R2 (M=Li) are
summarized in Table 9. Geometrically, TS structures leading to the major (R,R)
enantiomer were found to be more distorted than the TSs leading to the (S,S) enantiomer.
This result suggests that the observed stereo reversal is not due to geometric differences

in the chiral pocket. Moreover, the magnitude of the interaction energy was found to

determine the stereoselectivity.
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Table 9 Distortion-interaction data for lowest-lying TSs for selected reactions from table
8 for (R,R) with respect to (S,S) in kcal/mol.

Reaction Enantiomer AAE* AAEbistwortion AAEinteraction

R1 (M=H) (RR) 2.0 2.1 4.1
R2 (M=H) (RR) -1.1 15 2.6
R2 (M=Li) (RR) 2.4 1.6 0.8

We then decomposed the interaction energy into its components to gain further
insight. First, we computed the strength of dispersion interactions (Epispersion) between the
catalyst fragment and the reactants using Grimme’s'®® DFT-D3 approach. Then, the
electrostatic component of the interaction energy (Eeiectrostatic) Was estimated using Lu and
Wheeler’s*? approach for quantifying electrostatic interactions. Finally, the leftover
component from the interaction energy (Eerct) Was used as an estimate for exchange-
repulsion and charge-transfer interactions between the catalyst and the reactant
fragments. The relative interaction energy components with respect to (S,S) enantiomer

for the reactions from Table 9 are summarized in Table 10.

Table 10 Energy decomposition analysis for the reactions from table 9 for (R,R) with
respect to (S,S) in kcal/mol.

Reaction Enantiomer AAEinteraction AAEpispersion AAEEgkectrostatic  AAEErcT

R1 (M=H) (R,R) -4.1 0.4 2.1 2.4
R2 (M=H) (R,R) -2.6 0.4 18 12
R2 (M=Li) (R,R) 0.8 0.8 1.7 16
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Dispersion interactions between the catalyst and the reactants were found to
slightly favor the minor enantiomer and electrostatic interactions between the catalyst and
reactant fragments were found to strongly favor the major enantiomer in all the cases.
Based on these results, we hypothesize the changes in electrostatic environment of the
chiral pocket as the predominant reason for the observed stereo reversal in the reaction
R2 (M=Li) with respect to the reactions R1 and R2 (M=H). To further investigate the
origin of these electrostatic effects, we examined electrostatic potential energy slices

across the epoxide and the nucleophile for R2 with M=H and M=L.i (see Figure 13).

R2 (M=Li) TS 4o(S,S) R2 (M=Li) TS nor(R.R)

Figure 13 ESP slice along the plane containing a key C-H...O interaction previously
reported by Wheeler et al.*® for the reaction R1 (M=H).

ESP slices coupled with the electrostatic component of the interaction energy
revealed strong electrostatic perturbations caused by the alkali metal ion on the epoxide
as a primary source for the observed electrostatic effects. Furthermore, the CH-O
interactions previously identified to play a key role in the determining the stereo

selectivity by Seguin and coworkers*® were found to be quenched due to the strong
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perturbations caused by the presence of alkali metal. A similar analysis carried out on the
(R,R) enantiomer for R2 (M=Li) reaction with shorter SH-~O distances revealed strong
destabilizing electrostatic interactions on the epoxide due to the catalyst. The minor
enantiomer with a comparable SHO distance to that of the major enantiomer was
disfavored electrostatically by over 4 kcal/mol. These results together demonstrate the
importance of electrostatic perturbations caused by alkali metals in CMP catalyzed

reactions in determining the stereoselectivity.

Conclusions

We used modern DFT computations to investigate the role played by alkali metal
ions in chiral alkali metal phosphate catalysis and the origin of stereo reversal in CMP
catalyzed reactions compared to their CPA-catalyzed counterparts. We identified a
lithium BINOL phosphate catalyzed epoxide desymmetrization reaction as a suitable
candidate to investigate the role played by Li* in determining the stereoselectivity. We
used an energy decomposition approach on the lowest-lying TSs to understand the origin
of stereo selectivity in both CMP and CPA-catalyzed reactions. Distortion-interaction
analysis revealed the geometrical similarities between the chiral pockets of the catalysts
studied. Decomposing the interaction energy into its components revealed electrostatic
interactions between the catalyst and the reactant fragments as the origin of stereo
selectivity. Furthermore, strong electrostatic perturbations by the alkali metal ion on the
epoxide were identified as the origin for these favorable electrostatic interactions using
ESP slices. This result has further established the importance of non-covalent interactions

in organocatalysis.
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Computational Methods

Geometries, vibrational frequencies, and thermal free energy corrections were
computed at the B97-D/def2-TZVP level of theory,!® 154 192 accounting for solvent
effects with PCM (the solvent was toluene).!™ 1% Transition state structures were
verified by the presence of a single imaginary vibrational frequency. The presented
theoretical free energy differences (AAGY) correspond to the difference in free energy
between the lowest-lying (S,S) and (R,R) transition states for each reaction/catalyst
combination based on an extensive search of possible conformations of the catalyst and
substrates. It is assumed that these reactions are under Curtin-Hammett control and that
the enantioselectivity is dictated by AAG* for the stereocontrolling step (vide supra).
Thermal free energy corrections were based on the quasi-rigid rotor/harmonic oscillator
(quasi-RRHO) approximation of Grimme.'** In the quasi-RRHO approach, the entropic
contributions of low-frequency vibrational modes are interpolated between the values of
a harmonic oscillator and an effective rigid rotor.'®® The final presented free energies
were computed at the PCM-wB97X-D/def2-TZVP//IPCM-B97-D/def2-TZVP level of
theory.110. 154.192.1% Thjs |evel of theory, which accounts for the sundry dispersion-driven
non-covalent interactions operative in these transition states, predicts ee’s that are in
excellent agreement with experimental enantioselectivities. Atomic charges were
computed using natural population analysis.®® Throughout, cyclohexene oxide was used
as a representative epoxide and thiophenol was used as a representative nucleophile
(except where noted). All computations were performed using Gaussian 09'*° and the
B97-D computations employed density fitting techniques. Images for molecular

structures were generated using CY Lview.?
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CHAPTER 5
MECHANISTIC STUDIES INVESTIGATING THE ROLE OF
HEXAFLUOROISOPROPANOL AND ADDITIVES IN META C-H

FUNCTIONALIZATION OF ARENES®

4 Mallojjala S. C. et al. To be submitted to J. Am. Chem. Soc.
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Abstract

Directing group assisted palladium catalyzed C-H functionalization reactions are used
extensively to do site-selective substitutions on arenes. Typically, these reactions use
silver salts as co-catalysts to enhance the rate of the reaction. Houk and coworkers’
demonstrated that the low-lying pathways for these reactions often involve either Pd-Ag
or Pd-Pd complexes as the active catalysts. Moreover, recent experimental studies by
Maiti and coworkers® noted that hexafluoroisopropanol (HFIP), a commonly used
solvent for C-H functionalization reactions, is often vital for reactivity. There are no
reports of computational studies on these reactions that address both the active catalyst
responsible for the selectivity and the role of HFIP simultaneously. Herein, we report
computational studies on a meta-selective C-H alkylation reaction catalyzed by palladium
acetate to understand the role played by HFIP and to identify the active catalysts. The
active pathway for the meta product was found to proceed via a Pd-glycine intermediate
with participation of two HFIP molecules and with the 1,2-migratory insertion as the
turnover determining step. The inclusion of explicit HFIP molecules lowered the enthalpy

barrier by 13 kcal/mol, revealing its vital role in these reactions.
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Introduction

Functionalizing inert C-H bonds has been of great interest owing to the potential
of synthesizing complex organic molecules with far reaching applications.’® %7 Many
earlier efforts focused on ortho-functionalization of arenes by strategically installing
directing groups on the arene.’® 1%8-200 However, such a directing group based approach
was found to be lacking for the meta and para functionalization of arenes. Recently,
Yu,?%! and Maiti®® 20124 have employed nitrile and pyrimidine groups as directing groups
attached to a linker to facilitate distal meta/para functionalization. This strategy heavily
relies on the conformational flexibility of the linker employed and Maiti and coworkers®
have reported examples of distal C-H functionalization for different linker lengths
thereby demonstrating the tunability of this strategy.

Palladium salts remain the choice of catalysts among other transition metal salts
owing to their functional group tolerance.’®® The use of additives such as silver
carbonate, silver acetate, and cesium fluoride has increasingly gained prominence since a

seminal report by Mori and coworkers?%

in 2004 using silver fluoride as a co-catalyst
along with Pd(Il) for an oxidative dimerization reaction. However, the first X-ray
crystallographic evidence for a palladium-silver bimetallic system was reported by Hor et
al.?%” A computational investigation of distal meta C-H activation with a nitrile template
by Wu, Yu, Houk and coworkers™ further shed light on the role played by bimetallic
complexes in C-H activation reactions. They identified C-H activation step catalyzed by
[PdAg(u-OAc)s] as the lowest-lying pathway. Furthermore, they identified the

monometallic catalyzed C-H activation pathway to be disfavored by 12 kcal/mol. Further

studies by Sunoj, Schaefer and coworkers® 2% identified the stabilizing interactions of
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[PdAg(u-OAC)s] on the transition states (TSs) leading to the major product in the C-H
activation step. Together these studies have highlighted the importance of investigating
the role played by additives in mechanistic studies of Pd-catalyzed C-H activation

reactions.

t-Bu t-Bu t-Bu t-Bu
Pd(OPiv),
Ag(OP
@ﬂo A g(OPiv) N @O B
H

Pd(OAc), Pd-Ag(OAc), Pd,(OAc),
36.0 kcal/mol 24.8 kcal/mol 29.3 kcal/mol

Figure 14 meta-C-H activation reaction investigated by Houk and coworkers.” [Figure
adapted with permission of the journal, J. Am. Chem. Soc., 2014, 136, 1, 344-355]

Furthermore, numerous palladium catalyzed distal C-H activation reactions have
used hexafluoroisopropanol (HFIP) as a preferred solvent.8! HFIP is a polar protic
solvent and is a hydrogen bond donor and an acceptor due to the presence of an alcohol
group and six fluorine atoms. Due to this, it has been traditionally employed as a choice
of solvent for activating carbonyls and epoxides.®? Liu and Maiti®® exploited the
hydrogen bonding ability of HFIP in a para selective nitrile directed distal silylation
reaction catalyzed by Pd(Il). Computational studies and NMR experiments revealed
strong hydrogen bonding interactions with the ether linker as the key factor for the
observed selectivity. Despite this, there is still a gap in our understanding of the role
played by HFIP in pyrimidine directed distal functionalization. Furthermore, there are no

computational studies exploring the role played by HFIP in bimetallic pathways. Herein,
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we report computational studies of a pyrimidine directed distal C-H allylation reaction

reported by Maiti and coworkers.®

MesSi
-Pr Pd(OPiv),, /i.—Pr

i HFIP, Ag,CO
§I\i_Pr » AQY 3 SI\

o
GD

Figure 15 Maiti and Liu’s> hydrogen-bond promoted silylation reaction demonstrating
the stabilizing effects of HFIP. [Figure adapted with permission of the journal, Angew.
Chem. Int. Ed., 2017, 56, 47, 14903-14907]

Results and Discussion

A Pd-catalyzed meta C-H alkylation reaction reported by Maiti et al.®° (Scheme
11) was chosen as a model reaction to investigate the mechanistic role played by HFIP.
Silver acetate was used as an oxidant for this reaction. C-H activation with mononuclear
palladium acetate as the active catalyst can proceed via four different pathways, viz.

oxidative addition, electrophilic aromatic substitution, concerted metalation-
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deprotonation, and o-bond metathesis. Houk and coworkers’® examined all four pathways
and reported the concerted metallation-deprotonation pathway as the most favorable
pathway for palladium catalyzed C-H activation reactions. The mechanism for the
monomeric palladium acetate pathway without HFIP is shown in Scheme 12. First,
palladium acetate coordinates with pyrimidine and activates the arene carbon, eliminating
a molecule of acetic acid. In the second step, the allyl alcohol first forms a complex with
palladium, followed by a 1,2-migratory insertion. Finally, palladium can abstract one of

the two available B-hydrogen atoms via a B-hydride elimination pathway.

N
© ]
Nx
O Pd(OAC)2 (10 mol%)
_ Me Ac-Gly-OH (20 mol%) 9]
H + /\/ AgOAc (3.0 equiv) =
OH HFIP (0.7 mL) \ |N
90 °C, 24 h X~
COMe

Scheme 11 Pyrimidine directed distal arene meta-alkylation reaction reported by Maiti

and coworkers. &
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Scheme 12 Catalytic cycle for monomeric palladium acetate pathway. Pyrimidine
directing group is represented by DG.

We identified six potential active catalytic species present in the solution (Scheme
13). TS optimizations were performed for ortho-, meta-, para- C-H activation and
migratory insertion for all the potentially active catalytic species with no explicit HFIP
molecules, one HFIP molecule and two HFIP molecules. Literature reports® ™ on the
barriers for B-hydride elimination were much smaller than those for C-H activation or
migratory insertion. Consequently, we chose to model B-hydride elimination using
monomeric palladium acetate without any explicit HFIP molecules to reduce the

computational cost.
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Scheme 13 Active catalytic species investigated in this study.

The active catalytic species for the lowest-lying pathway for meta C-H alkylation
was found to involve Cat_B. The computed enthalpy barrier for the TS leading to the
meta C-H activation (TSm-cHcat B) is 22.7 kcal/mol with two explicit HFIP molecules,
while that for ortho is 23.0 kcal/mol. For para C-H activation, C-H activation catalyzed
by Cat_E is the lowest-lying pathway with an enthalpy barrier of 21.6 kcal/mol. Table 18
in Appendix D summarizes the computed enthalpy barriers for all the catalytic species for
the C-H activation step.

The turnover determining step was identified to be the 1,2-migratory insertion.
The computed enthalpy barrier for the TS leading to the meta product (TSm-micat A) Was
found to be 23.5 kcal/mol. This pathway proceeds most favorably in the presence of two

explicit HFIP molecules but without glycine as the ligand (see Figure 14), which is
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consistent with previous report by Paton, Maiti and coworkers.?®® Interestingly, the
computed barrier for 1,2-migratory insertion for the meta product with glycine as the
ligand was found to be 1.2 kcal/mol higher than the computed barrier without glycine.

Similarly, the computed barriers for ortho (Cat_A) and para (Cat_E) were found to be

30.0 and 26.9 kcal/mol respectively.

25 =
TSm-MICat_A
TSm-CHCat_B
20 =
5
E
8 15 |-
=
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©
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L0 10
5 = : — : . ]
: C-H 1,2-Migratory Hydride
: activation insertion elimination
-~ -« “«——»
0 b—

Reaction Coordinate

Figure 16 Potential energy surface for meta C-H alkylation reaction for the lowest-lying
pathway.

Furthermore, the computed enthalpy barriers for the C-H activation step with one
HFIP molecule were found to be disfavored to the lowest-lying pathway by a maximum
of 9 kcal/mol, while not including any explicit HFIP molecules incurred a maximum

energetic penalty of 13 kcal/mol for all the active catalysts examined. However, for the
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1,2-migratory insertion, the inclusion of one explicit HFIP molecule incurred a maximum
enthalpic penalty of 5 kcal/mol compared to the lowest-lying pathway, while leaving out
both the HFIP molecules incurred a maximum enthalpic penalty of 8 kcal/mol. In other
words, for both steps the presence of two HFIP molecules leads to substantial
stabilization and rate acceleration, explaining the finding that HFIP is vital for this
reaction to proceed. This stabilizing effects can be attributed to numerous CH-F
interactions between the HFIP molecules and the directing group along with strong

OH-0 and NH"O hydrogen bonding interactions (see Figure 14).

TS, micat 4(30.0 keal/mol) TS, mica a (23.5 keal/mol) TS, micat i (26.9 keal/mol)

Figure 17 Lowest-lying TS geometries for the turnover determining step (enthalpy
barriers in parenthesis).

Our computed enthalpy barrier for the direct B-hydride elimination of the proton
next to the oxygen was found to be 8.8 kcal/mol. However, no explicit HFIP molecules
were included while computing this barrier and hence the barrier for p-hydride
elimination is likely lower than this computed value. The computed selectivity (98%)
with 1,2-migratory insertion as the turnover determining step was found to be in excellent
agreement with the experimental value (95%; m:others= 20:1). Furthermore, we found
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additional competing pathways for meta-selective C-H activation and 1,2-migratory
insertion catalyzed by Cat_E with an enthalpy barrier of 22.1 kcal/mol and 26.5 kcal/mol

respectively (Table 18 and Table 19 Appendix D).

Conclusions

We reported a detailed computational study on a meta-selective pyrimidine group
directed distal C-H activation reaction to investigate the role of additives and HFIP in the
mechanism and to identify the active catalytic species. Migratory insertion was identified
as the turnover determining step. Two distinct mechanisms were found to be in action.
For meta and ortho, palladium was found to coordinate with the glycine for the C-H
activation step, while for para, a palladium silver acetate complex is the active catalytic
species. We found that HFIP forms hydrogen bonds with the non coordinating nitrogen of
the pyrimidine directing group and the ether linker. We also identified stabilizing sp? C-
HF interactions in all the transition states. The net result of the inclusion of two HFIP
molecules is substantial stabilization of the key transition states, explaining the
experimental observation that HFIP is vital for this transformation. While HFIP is not
always vital for related reactions, it is commonly found to provide enhanced rates,
suggesting that HFIP provides similar stabilization of rate limiting TS structures in other

C-H activation reactions.

Computational Methods
Density functional theory was employed for geometry optimizations, identifying

transition states, and computing vibrational frequencies using Gaussian 09.}'° The
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B3LYP/def2-SVP level of theory'®? 210 was employed for transition state optimization,
computing vibrational frequencies and enthalpy corrections. wB97X-D/def2-tzyp!l® 114
was employed for single point computations and natural population analysis.®® All the
transition states were verified by the presence of one imaginary vibrational mode. A
thorough conformational search was performed by scanning around key dihedral angles.
Enthalpy corrections were based on the quasi-rigid rotor harmonic oscillator (Quasi-
RRHO) approximation of Grimme.!* Solvent effects were accounted for by employing
the SMD solvent model and by including explicit solvent molecules wherever noted. Due
to the unavailability of cavity parameters for hexafluoroisopropanol in GaussianQ9,
isopropanol was used for defining the cavity along with the dielectric constant of

hexafluoroisopropanol as reported by Liu, Maiti and coworkers.> Images for molecular

structures were generated using CY Lview.?
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CHAPTER 6
CONCLUSIONS

Through these four studies, | have applied modern computational methods and
techniques to elucidate the structure, reactivity and mechanism of complex organic
systems. First, | studied various aza-thia cryptands and elucidated the structures of the
lowest-lying conformations. | identified cryptands capable of chelating Cu(l) and (Il)
ions. For my second study, | solved the ground state structure of [18]annulene and
resolve the discrepancy between past computational and experimental efforts.
Furthermore, | established the mechanism of inner/outer proton interconversion in
[18]annulene to explain the coalescence observed in NMR chemical shifts at elevated
temperatures. In my third study, I identified strong electrostatic perturbations in the chiral
pocket caused by alkali metal ions in chiral alkali metal phosphates as the primary reason
for the observed stereo reversal compared to a chiral phosphoric acid. For my final study,
| established the need for including explicit hexafluoroisopropanol molecules in
computational mechanistic studies of palladium catalyzed C-H functionalization reaction
the importance of investigating the bimetallic Ag-Pd and Pd-Pd complex catalyzed
pathways for C-H functionalization reaction. Together, these four projects demonstrate
the importance of modern computational investigations in structure elucidation and

mechanistic exploration.
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APPENDIX A

SUPPLEMENTARY INFORMATION RELATED TO COMPUTATIONAL STUDIES

OF AZA-THIA CRYPTANDS

Free energy surfaces for the rotameric interconversion of L7 and for the in/out topomeric

interconversion of L8.
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Figure 18 Interconversion of L7 between its two rotameric forms computed at the
®B97X-D/def2tzvp/b97d/def2tzvp in kcal/mol.
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Figure 19 Topomeric interconversion of L8 (in/in topomer) to L8 (in/out topomer)
computed at the ®B97X-D/def2tzvp/b97d/def2tzvp in kcal/mol.
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APPENDIX B
SUPPLEMENTARY INFORMATION RELATED TO [18]ANNULENE: A MORE
COMPLETE STORY

Table 11 ZPVE corrected DFT energies with 6-311+G(d,p) basis set
Conformer B3LYP BHandHLYP KMLYP B97D MO06-2X ®B97X-D

1 0.0 0.9 1.4 0.0 11 2.8
2 0.0 0.0 0.0 0.0 0.0 0.0
3 5.3 4.0 3.7 5.3 3.0 2.8
4 6.4 3.9 3.3 5.7 2.0 1.9
5 8.3 5.4 4.7 7.3 34 10.0
6 9.7 8.4 8.3 9.8 7.6 7.2
7 6.1 3.8 3.2 51 1.9 1.7
8 7.1 4.5 3.7 6.1 2.2 1.7
9 7.5 5.5 5.1 6.8 3.9 3.5
17 11.4 4.5 3.7 6.1 2.2 9.0

Table 12 ZPVE corrected DFT energies with def2-TZVP basis set
Conformer B3LYP BHandHLYP KMLYP B97D MO06-2X ®B97X-D

1 0.0 0.0 0.4 0.0 0.6 2.8
2 1.0 0.1 0.0 0.5 0.0 0.0
3 6.3 4.3 4.0 6.1 3.4 3.3
4 7.6 4.3 3.8 6.6 2.6 2.6
5 9.6 5.9 5.3 8.3 4.0 3.6
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6 10.8 8.7 8.6 10.5 8.0 7.7

7 7.4 4.2 3.6 6.1 2.4 2.4
8 8.3 5.0 4.3 7.0 2.8 2.5
9 8.8 6.0 5.6 7.8 4.5 4.2
17 12.4 133 10.7 12.0 10.0 9.3

Table 13 DLPNO-CCSD(T)/cc-pVTZ electronic energies for geometries optimized at
DFT methods with def2-TZVP basis set

Conformer B3LYP BHandHLYP KMLYP B97D MO06-2X ®B97X-D

1 0.0 1.2 11 0.0 1.5 1.6
2 0.0 0.0 0.0 0.3 0.0 0.0
3 6.1 2.8 2.8 6.1 2.8 2.8
4 7.5 2.4 2.4 5.5 2.4 2.4
5 8.3 3.4 3.4 9.6 3.4 3.4
6 11.7 7.1 7.2 11.6 7.2 7.2
7 5.8 2.3 2.3 5.7 2.4 2.4
8 6.5 2.3 2.3 6.4 2.4 2.4
9 7.5 3.9 3.9 7.3 41 4.0
17 12.2 13.5 9.3 10.3 9.3 9.4

Table 14 Incremental focal point table for computing DLPNO-CCSD(T) electronic
energy difference of 1 with respect to 2 at the complete basis set limit for geometries
optimized at QB97X-D/def2-TZVP level of theory

He  TOSLM  +3DLPNO- +3DLPNO- = DLPNO-
P2 CCSD CCSD(T) CCSD(T)
cc-pVDZ  +23.14  -45.83 +32.60 -7.79 +2.12
cc-pVTZ  +23.01  -42.79 +29.25 -7.84 +1.63
cc-pvVQZ  +2317  -42.72 +28.72 -7.80 +1.38
cc-pV5Z +2311  -42.67 [+28.72] [-7.80] [+1.36]
CBSLIMIT [+23.05] [-42.61] [+28.72] [-7.80] [+1.36]

98



Table 15 DLPNO-CCSD(T)/cc-pVTZ/IoB97X-D/def2-TZVP enthalpies for transition
states for inner/outer proton interconversion in [18]annulene conformers (TS connecting
conformers X, Y=Txy) in kcal/mol.

Structure  AHogrrHO

2 0.0

TS23 12.4
TSs34 12.1
TS36 16.1
TSs3s 115
TS4s5 12.9
TSa7 12.4
TS49 14.7
TSs7 12.4
TSe17 19.1
TSe7 14.5
TSe9 15.1
TSg9 12.2
TSg7 13.8
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APPENDIX C
SUPPLEMENTARY INFORMATION RELATED TO ROLE OF ALKALI METALS
IN CHIRAL PHOSPHORIC ACID CATALYSIS
Table 16 Computed quasi-RRHO free energies at the ®wB97X-D/def2-TZVP//B97-

D/def2-TZVP level of theory for all the conformers relative to the major enantiomer for
the reaction R2 (M=L.i) in Table 8 in kcal/mol.

TS Structure AGgrrHo TS Structure  AGgrrHo

TS11_SS 0.0 TS6_RR 2.5
TS17_SS 0.5 TS1_RR 2.6
TS18_SS 0.9 TS20_SS 2.6
TS15_SS 1.0 TS22_SS 2.7
TS13_SS 1.4 TS8_RR 3.1
TS12_SS 1.7 TS7_RR 3.1
TS4_RR 1.8 TS23_SS 4.1
TS21_SS 2.4 TS16_SS 4.6
TS2_RR 2.4 TS24._SS 4.8
TS19_SS 2.5 TS10_RR 6.4
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Figure 20 Lowest-lying TS geometries for CPA-catalyzed epoxide desymmetrization
reaction R1 in Table 8 reported by Seguin et al.*® [Figure adapted with permission of the
journal, ACS Catalysis, 2016, 6, 2681-2688]

Table 17 Electrostatic interaction energy for TS leading to the minor enantiomer (R,R)
for the reaction R2 (M=L1) in Table 8 with SH...O distance of 1.64 A relative to the
major enantiomer (S,S). (Energies in kcal/mol)

TS AAE  AAEEiectrostatic

TS6_ RR 2.8 3.6
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APPENDIX D
SUPPLEMENTARY INFORMATION RELATED TO MECHANISTIC STUDIES
INVESTIGATING THE ROLE OF HEXAFLUOROISOPROPANOL AND
ADDITIVES IN META C-H FUNCTIONALIZATION OF ARENES

Table 18 Computed enthalpy barriers for C-H activation with zero, one and two explicit
HFIP molecules at ©®B97X-D/def2-TZVP//B97-D/def2-SVP level of theory in kcal/mol.

#HFIP 0 1 2

Active Catalyst ortho meta para ortho meta para ortho meta para

Cat_A 36.1 481 399 311 449 310 26.7 369 279
Cat_B 304 311 307 277 286 281 230 227 236
Cat_C 312 308 295 286 27.7 271 246 243 239
Cat_D 283 289 281 257 251 260 238 254 233
Cat_E 302 311 291 281 274 254 232 221 216
Cat_F 299 294 301 267 269 264 241 232 223
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Table 19 Computed enthalpy barriers for 1,2-migratory insertion with zero, one and two
explicit HFIP molecules at ®B97X-D/def2-TZVP//B97-D/def2-SVP level of theory in
kcal/mol.

#HFIP 0 1 2

Active Catalyst ortho meta para ortho meta para ortho meta para

Cat_A 333 298 35 316 274 319 300 235 292
Cat_B 371 327 321 324 286 304 321 247 280
Cat_C 358 325 316 339 303 298 312 273 286
Cat_ D 36.2 338 311 321 30.7 294 317 274 272
Cat_E 342 332 338 310 294 311 304 265 269
Cat_F 346 337 340 315 318 302 321 268 275
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