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I have carried out density functional theory calculations on the IMMDA reactions of a series of ene-yne substituted
heteroarenes, in order to understand the effects of the identity and position of substitution of the tether, the identity of
the diene heteroarene, and the presence of an additional benzene ring fused to the diene heteroarene, on the
mechanism and selectivity of the intramolecular Diels-Alder (DA) reaction. For a subset of these reactions, | have
compared the computed free energies of reaction, the free energies of activation, and the gas phase bond-dissociation
energies and acidities of DA adducts with the experimentally determined activation free energies and reaction
selectivities for the final product. The results indicate that the mechanism of the DA step involves several competing
pathways, including the concerted cycloadditions and the stepwise additions with either the s-cis or s-trans
conformers of the ene-yne substrates. The computational studies also suggest that the product selectivity of the
IMDDA reaction is under Kkinetic control, and that the isomerized cyclohexadiene product is most likely formed

through an ionic mechanism
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1.0 INTRODUCTION

Intramolecular dehydro Diels-Alder (IMDDA) reactions'® are widely used in organic synthesis for the formation of
polycyclic, aromatic, and heteroaromatic compounds. They are furthermore interesting to study for theoretical reasons,
because they can exhibit reaction mechanisms that are different from what has been observed for traditional Diels-
Alder (DA) reactions. This thesis is an attempt to provide a greater understanding of the reactivity and selectivity of
the intramolecular di-dehydro Diels-Alder reactions of a set of 2- and 3- ene-yne substituted heteroaromatic dienes.
The main focus of this study is on understanding the effect of the position of substitution and the identity of the tether,
the effect of an additional benzene ring fused to the heteroarene diene, and the effect of the identity of the heteroatom.
| have performed a series of DFT calculations in order to understand the way in which these factors influence the
mechanism of the DA cycloaddition and the selectivity for the final products in the IMDDA reaction. Further insight
was obtained by comparing my computational results with the results of experimental studies that have been carried
out in the group of Dr. Kay M. Brummond.

1.1 MECHANISM OF THE DIELS-ALDER REACTION

The traditional Diels-Alder reaction is a [4+2] intermolecular cycloaddition between a diene and a dienophile. It was
first described by Otto Diels and Kurt Alder in 19289, and it has since become one of the most well-known methods
in organic synthesis for the generation of six-membered (cyclohexene) rings®®-%. In the Diels-Alder reaction, three C-
C n-bonds are broken, and two C-C o-bonds and one new C-C =-bond are formed. As a result this is an exothermic

process during which up to 4 sp? carbons are converted into sp® stereocenters.

The Diels-Alder reaction is one of the most studied reactions in organic chemistry, and it is still relevant today. This
is not surprising. It offers a straightforward method (the traditional DA reaction doesn’t require a catalyst, few
intermediates are produced, and the reaction conditions can be relatively mild) for the formation of six-membered
rings'?* that are ubiquitous among biological and biologically-active products, as well as a variety of materials in
electronics, and in polymers. It is furthermore a model reaction through which various theoretical and computational
approaches for the study of chemical reactions have been developed and popularized. For example, the utility of
molecular orbitals in the study of organic reactions became apparent through the theory of symmetry-based orbital
correlation developed by Woodward and Hoffman?®5-1¢ and the frontier molecular orbital (FMO) theory developed by

Fukuit™8, Other examples are the study of transition state aromaticity by Zimmerman?®, the distortion-interaction



model developed by Houk®, and most recently, the application of molecular dynamics (MD) simulations to the study
of chemical systems with more complex reaction dynamics than can be described by traditional transition state theory
(TST)?-23, The Diels-Alder reaction is a good model for theoretical investigation because it provides us with chemical
systems that are simple enough, while at the same time offering a significant amount of diversity by varying the

substitution pattern.

Two main mechanistic pathways, a concerted and a stepwise one, are known for the standard DA reaction. We can
illustrate these by considering the simplest case of a DA reaction, that between 1,3-butadiene and ethylene shown in
Figure 1. In both the concerted and stepwise case, butadiene can approach ethylene either in the s-cis conformation
(1), or in the s-trans conformation (5), which is more stable by 3.5 kcal/mol at the B3LYP/6-31G* level of theory?*.
This means that both an s-cis and an s-trans concerted mechanism, and an s-cis and an s-trans stepwise mechanism

are conceivable.
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Figure 1 The DA reaction between 1,3-butadiene and etylene. a) A plane of symmetry is conserved for the concerted mechanism
b) The concerted reaction mechanism with 1,3-butadiene in the s-cis conformation, passing through the pericyclic transition state
(3) ¢) The concerted reaction mechanism with 1,3-butadiene in the s-trans conformation d) the stepwise mechanism, passing
through a diradical stepwise transition state (8 and 11) and a diradical intermediate (9). The reported values are electronic
energies calculated at the (U)B3LYP/6-31G* level of theory, taken from references 21 and 24.



It has long been established from the results of both experimental and computational studies that for the Diels-Alder
reaction between ethylene and 1,3-butadiene, the concerted mechanism with 1,3-butadiene maintained in the s-cis
conformation throughout the course of the reaction (Figure 1b) is preferred*28, This is because the s-cis concerted

mechanism is the most electronically favorable one.

Apart from the more recent computational studies, the electronic structure of the s-cis concerted mechanism has also
been studied in the past in the above referenced classic theoretical papers by Woodward and Hoffman, Fukui, and
Zimmerman. These theoretical studies established that the s-cis concerted mechanism is an electronically favorable
thermally allowed process that proceeds via a synchronous pericyclic transition state (3). For example, looking at
Figure 1a, we can see that in the normal electron demand DA reaction, the HOMO of ethylene and the LUMO of
butadiene are both antisymmetric with respect to the plane of symmetry, ov. In addition to this, the HOMO and LUMO
are also in phase on the carbons where the new c-bonds are formed. Fukui argued that because of this, the frontier
molecular orbitals on the ethylene and butadiene will have a constructive interaction, making the reaction

electronically favorable.

Furthermore, we can see that for the approach of reactants shown in Figure 1a, oy is conserved throughout the reaction.
Woodward and Hoffman showed that in this case the molecular orbitals in the reactant and the product are correlated,
in the sense that, during the course of the reaction, molecular orbitals of a given symmetry with respect to oy in the
approaching reactants will be transformed into orbitals of the same symmetry in the resulting product. Because all the
occupied molecular orbitals of the product are correlated through symmetry with those in the reactants, the ground
state of the product correlates with the ground state of the reactants and as a result, the reaction is thermally allowed.
Thermal energy from collisions is enough to allow the reactants to overcome the energy barrier associated with the
changes in electronic energy and proceed to products. Although seemingly qualitative, this result is exact because
populated MOs correspond to electronic states, and electronic states of a given symmetry in the reactant correlate with

electronic states of the same symmetry in the product.

In addition to all this, another factor that contributes to the electronic favorability of the concerted pericyclic s-cis
transition state is the fact that the pericyclic [4+2] transition state is a Hiickel system with 6 electrons, so it is stabilized

by aromaticity.

Conversely, if the diene was instead maintained in the s-trans conformation throughout the reaction coordinate (Figure
1c), a symmetry element (Cz) would still be conserved?, but the s-trans concerted transition state (6) is much higher
in energy than the s-cis concerted transition state (3) and the final product of this reaction is the much more unstable
trans-cyclohexene (7) rather than cis-cyclohexene (4). The reason for the lower stability of both 6 and 7, is that in both
cases there is a pyramidal geometry enforced on the sp? carbons of the 7-bond in the highly strained geometry of the
molecule.?* 2230 As a result of all this, the s-trans concerted transition state is much less favorable than the s-cis
concerted transition state, the s-trans concerted cycloaddition reaction is endothermic rather than exothermic, and as

a consequence, this mechanism is very unlikely.

Turning our attention to the stepwise mechanisms shown in Figure 1d, we can see that for the case of a DA reaction

between ethylene and 1,3-butadiene in the s-trans conformation, the stepwise diradical pathway is more energetically
3



favorable than the concerted one. A stepwise diradical mechanism for the s-cis conformation of 1,3-butadiene is also
possible. Both stepwise mechanisms proceed through an initial transition state in which the first bond is formed (8
and 11), leading to the formation of a diradical intermediate (9) and a second transition state (10) that is usually lower
in energy than the first one and is more difficult to locate on the potential energy surface. The respective rate
determining transition states (8 and 11) for each of the stepwise mechanisms are however, less energetically favorable
than the synchronous pericyclic transition state. There is also a possibility of the stepwise diradical pathway diverging
to give the trans-cyclohexene product, however the results reported by Johnson?* indicate that this is a highly

improbable process.

From all this, it can be concluded that for the simplest Diels-Alder reaction between ethylene and 1,3-budatiene, the
concerted reaction with 1,3-butadiene maintained in the s-cis conformation, passing through a synchronous pericyclic

transition state is the most favorable one.

For similar Diels-Alder reactions, the concerted s-cis mechanism is usually preferred, though there are also cases of
DA cycloadditions that proceed through the stepwise pathway. For example, stabilization of the diradical TS through
delocalization due to conjugation with an adjacent double bond” 332 or a phenyl substituent on the diene or
dienophile® 3334 can lead to an increase in the energetic favorability of the stepwise mechanisms.

It is important to note that the particular reaction shown in Figure 1 is not a very efficient reaction in practice, but it is
a good model for illustrating the basic theoretical principles in the DA reaction and the theoretical conclusions are
transferable to more complex reaction systems. This simple reaction becomes more efficient with addition of a donor

substituent on the diene and an acceptor substituent on the dienophile.

1.2 DEHYDRO DIELS-ALDER REACTIONS

Another way to modify the classic Diels-Alder reaction is by increasing the unsaturation on the diene or the dienophile.
Such reactions are known as dehydro Diels-Alder (DDA) reactions'® 3441, The most common cases of DDA reactions

are illustrated in Figure 2.

Looking at the classic DA reaction, we can imagine that increasing the unsaturation on either the diene or the
dienophile, would have an effect on both the mechanism by which the reaction proceeds, and the observed products.
The DA cycloadduct in dehydro Diels-Alder reactions is usually a strained cyclic allene. This introduces a second step
for the formation of the final product, which is frequently an aromatic six-membered ring. As we can see in Figure 2,
hexa-dehydro DA reactions give fully aromatic benzyne derivatives as final products upon isomerization of the initial
DA adduct. Isomerization of the DA adduct also leads to the formation of aromatic products, benzene derivatives, in
the tetra-dehydro DA reaction. The di-dehydro reaction however, does not necessarily give an aromatic final product.
The product of the DA cycloaddition and subsequent isomerization in such reactions is a non-aromatic cyclohexadiene
derivative, but the presence of an aromatic benzene derivative formed by the loss of two hydrogens has also been
detected in such reaction mixtures, in some cases in significant amounts.®
4



The hexa-DDA and tetra-DDA reactions are very useful in organic synthesis, particularly for preparation of derivatives
and polycyclic compounds of benzene (or benzyne). The di-DDA reaction is also a synthetically interesting reaction
because it can additionally lead to two different potentially useful products from the same set of reactants.
Unfortunately however, the synthetic potential of di-dehydro Diels-Alder reactions is limited by the difficulty in
controlling the selectivity for the aromatic or non-aromatic final product, with experiments usually leading to a mixture
of both products. One reason for this is that the relationship between the reaction mechanism and the selectivity for
the final products, as well as the effect of experimental conditions on the mechanism and the selectivity of the di-
dehydro DA reaction, is still not well understood. A more thorough understanding is necessary in order to design
systems that will give better selectivity at milder experimental conditions.

hexa-Dehydro DA reaction tera- Dehydro DA reaction

( i — @ @

di-Dehydro DA reaction

. ©

Sim '

Figure 2 Dehydro Diels-Alder reactions

1.3 INTRAMOLECULAR DIELS-ALDER REACTIONS

The dashed arches in Figure 2 represents a tether connecting the diene and dienophile in the case of intramolecular
DDA reactions. The presence of the tether in intramolecular Diels-Alder reactions can affect the mechanism of the

DA reaction in two ways: By either enhancing or reducing the rate of the reaction, and by promoting stepwise bond
formation.

The effects on the rate of the reaction are a consequence of the favorable or unfavorable entropic effects that result
from the conformational properties of the tether or the geometric constraints imposed by the tether. The presence of
the tether can for example, make the reaction more favorable through entropic assistance. It can also lead to a reduction

in the rate of a reaction if the molecule can form stable conformations in which the diene and dienophile side chains

5



are positioned in a way that their approach is hindered*'. If there is electron delocalization present on the tether, or

electron withdrawing or donating groups, this can also have an effect on the rate of the reaction.

The presence of the tether between the diene and dienophile in a DA reaction can also introduce a significant amount
of asynchronicity in the concerted pericyclic TS, which in some cases can lead to a merging of the stepwise and
concerted pathways, with a single TS serving both pathways.* 36-3"- 42 \When in addition to this, there is unsaturation
or delocalization through conjugation on the diene or dienophile, the PES of the reaction is significantly different from
that of the traditional DA reaction. Such systems can be mechanistically atypical in a variety of ways, resulting in a
failure of traditional transition state theory in correctly describing their dynamics. Phenomena such as recrossing®,

multiple competing mechanisms, and mechanisms at the concerted/stepwise boundary have been observed.

1.4 INTRAMOLECULAR DI-DEHYDRO DIELS-ALDER (IMDDA) REACTION OF ENE-YNE
SUBSTITUTED HETEROARENES

From all this, it is clear that intramolecular dehydro Diels-Alder reactions have a lot of synthetic potential for the
generation of aromatic and nonaromatic polycyclic and heterocyclic compounds. It is also clear that these reactions
are more challenging for mechanistic study than typical DA reactions, and the mechanisms by which they proceed are
still not fully understood. In particular, there has not been a systematic analysis of the relationship between the physical
properties of the substrates, and the rates, yields and selectivity of the IMDDA reaction. This is particularly true for
the case of di-dehydro IMDDA reactions. Another common shortcoming of previous studies on IMDDA reactions is
that they tend to focus either primarily on the formation of the DA adduct, or on the subsequent isomerization and
oxidation steps. If we wish to understand both the rates of these IMDDA reactions and the product selectivity, it is

necessary to study both steps in conjunction.

In order to address these questions, | have performed a computational study on a set of de-aromative intramolecular
di-dehydro Diels-Alder reactions of 2- and 3- ene-yne substituted heteroarenes. | have also attempted to correlate my
computational results with the comprehensive experimental results on these reactions compiled by Ashley Bober and
Joseph Winkelbauer in the group of Dr. Kay M. Brummond.

The overall reaction is illustrated in Figure 3. As can be seen in Figure 3, the IMDDA reaction of 2- and 3- substituted
alkenyl heteroarenes consists of the two main steps discussed in the introduction for DDA reactions: In the first step,
the intramolecular Diels-Alder cyclization gives the dearomatized Diels-Alder adduct. Dearomatization in this case
refers to the additional loss of aromaticity in the heteroarene when forming the non-aromatic Diels-Alder adduct. In
the second step, either an intramolecular hydrogen atom abstraction and isomerization takes place to give the
isomerized product, in which the aromaticity of the heteorarene has been restored. Or, a concerted loss of Hy, gives
the fully aromatic oxidized product. Isomerization of the DA adduct, can also lead to the formation of another product

that we refer to as the diene product. The diene product has only been observed in DMF. It is an unreactive



intermediate. It does not go to product or reactant. This was confirmed experimentally by isolation of the DA adduct

in DMF that gave a mixture of oxidized product, isomerized product, and the diene product.

It is reasonable to assume that the initial step to form the Diels-Alder adduct (step 1) is the most energetically
demanding, and is thus the rate-determining step for the IMDDA reaction. On the other hand, the final product

selectivity is most likely a consequence of the elementary processes in the second step (step 2) of the reaction.
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Figure 3 The IMDDA reaction of C2 and C3 ene-yne substituted heteroarenes

In this thesis, | have focused on the set of substrates shown in Figure 4. In the naming of the studied compounds |
have adopted the following terminology: Each of the compounds is named according to the general scheme n-name-
e/k(t), where n represents the position of substitution of the tether, followed by a short form of the name of the
heteroarene. This is followed by the letter e or k, e indicating an ester tether, and k indicating a ketone tether. Finally,
t indicates that the hydrogen atom on the nitrogen in pyrrole and indole has been replaced by the tosyl group. For the
names of the heteroarene, thioph stands for thiophene, BT stands for benzothiophene, pyr stands for pyrrole, and ind

stands for indole. In addition to this, in the naming convention of the SI, -add stands for DA adduct, -ox stands for



oxidized product, and -isom stands for isomerized product. CS_TS means closed shell TS, OS_TS means open shell

transition state, and s-cis and s-trans, refer to the conformation on the diene.
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Figure 4 The list of substrates in the study of the IMDDA reaction of 2- and 3- ene-yne substituted heteroarenes

The substrates were selected either because experimental results were available (3-thioph-e, 3-BT-e, 2-thioph-¢, 2-
BT-e, 2-pyr-et, 2-ind-et, 2-pyr-kt, 2-ind-kt), or for completeness in the theoretical comparisons (3-pyr-e, 3-ind-e, 2-
pyr-e, 2-ind-e). The substrates for which experimental evidence is available, were chosen by the experimental
researchers for several reasons. An ester tether was chosen because based on previous reactions with heteroarenes, the
ester tether ones showed a larger range of variability depending on tether attachment position. They had conducted
the experiments with Sulphur- and nitrogen- containing heteroarenes only, because previous experiments had shown
that oxygen-containing heteroarenes gave poor yields in both the preparation of the substrate, and the cycloaddition
step. In order to study the effects of aromaticity, both thiophene and benzothiophene, and pyrrole and indole
precursors were chosen. In addition to the interest in increasing the mechanistic diversity for the set of IMDDA

reactions, including the benzofused heteroarenes, afforded a wider range of practically useful compounds.



For the nitrogen heteroarenes, the tosyl group had been used as a protective group in the initial synthesis of the
substrates, and it was interesting to see the effect of the presence of the tosyl group on the heteroatom. However, for
the 3-substituted species low yields and high reaction temperatures in the preparation of the aromatic product were
observed. This was attributed unfavorable steric effects in the DA transition state between the tosy group and the aryl

group on the alkyne. Because of this only the 2-substituted pyrrole and indole were included in the experimental study.

This selection of substrates reflects the goals stated in the introduction. |1 am interested in studying the effect of the
additional aromaticity due to the presence of the benzene ring fused to the heteroarene, the effect of tether attachment
position, and the effect of the identity of the heteroatom on the IMDDA reaction. In particular, | am interested in the
relationship between these factors and the mechanism of the DA cycloaddition, and with that, the rate of the reaction.
I am also interested in developing a greater understanding of the way in which these factors are related to the selectivity

for the final oxidized and isomerized product.

It is interesting to note that the experimental results indicate that only the cis-adduct has been observed in the reaction
mixture. This leads me to wonder why this might be the case. Is the trans-adduct not formed, or is it just not
experimentally observable? And, is this a sign that a stepwise mechanism does not occur for any of the reactions, or
is it possible that a stepwise mechanism does occur in some cases, but a trans-adduct is not formed? This experimental
result is not necessarily expected because the substrates in the studied IMDDA reactions have all the characteristics
of diene-dienophile pairs that would be characterized by a reaction PES significantly different from that of the
traditional DA reaction. Both the diene and dienophile are conjugated with aromatic substituents, a connecting tether
facilitates an intramolecular reaction, and the dienophile is acetylene, which is more unsaturated than ethylene.
Although a concerted s-trans TS for the DA cycloaddition is not possible, both the s-cis and s-trans stepwise transition
states are not unfavorable, and the trans-adduct although more energetically unfavorable than the cis-adduct, is not so
strained, that the reaction is endothermic. Because of this, we cannot exclude all possibility of a stepwise mechanism,

or the formation of a trans-adduct based on theoretical principles. As we will later see, DFT calculations confirm this.



2.0 COMPUTATIONAL METHODS

In order to answer these questions | performed a series of DFT (density functional theory) calculations using the
Gaussian 16* software package. | chose the methods for the calculations in step 1 and step 2 based on the specific
requirements for the properties studied. For the transition state calculations, it is important to consider that the
transition state contains partially formed bonds that require both non-dynamical and dynamical electron correlation
for a proper treatment*®. A method that does not account for electron correlation properly will not give a reliable
description of the transition state geometry. Furthermore, a correct treatment of electron correlation is more essential
for the transition state than for the ground state geometry. A method that does not account for electron correlation
equally well in the ground state and in the transition state, will not give reliable free energies of activation. It is very
expensive to achieve this computationally with ab initio methods, where calculations using high level methods such
as CASPT2, Cl, MP4, and CC are required. On the other hand, DFT calculations with hybrid GGA functionals can
offer a good treatment of electron correlation in the transition state and ground state at a much lower computational
cost. The B3LYP*“° functional, combining Becke's 3 parameter exchange correlation hybrid with GGA LYP
dynamical correlation has repeatedly been shown to perform well for the study of transition states in DA reactions®*

51, M062X%2, a meta-GGA hybrid functional is also frequently used in mechanistic studies on DA reactions.

| started out by optimizing the geometries of the transition states for the s-cis concerted, s-cis stepwise, and the s-trans
stepwise DA cycloaddition mechanisms and calculating the free energies of activation at the (U)MO062X/6-
311+g(d,p)//(U)M062X/6-31+g(d) and at the (U)B3LYP/6-311+g(d,p)//(U)b3lyp/6-31+g(d) levels of theory>*54. For
the open-shell species, | performed the calculations using the unrestricted formalism and breaking of the a-p and
spatial symmetries. A test for the stability of the wave-function confirmed that the closed-shell singlet is the lowest
energy wave-function for the closed-shell species, and an open-shell singlet is the lowest energy wave-function for

the open-shell species.

The correlation with experiment was, much less satisfactory with the M062X functional, and it seemed like M062X
consistently overestimated the free energies of activation for the stepwise transition states, and underestimated the
degree of asynchronicity for the concerted transition states, resulting in concerted free energies of activation that show
no correlation with experiment (see Figure B1 in Appendix B). This is not surprising. M062X is not the best performer
for open-shell systems among the M06 family of functionals®5¢, possibly due to the very high contribution from HF
exchange, and it is known to overestimate the free energy of activation for open shell-singlet TSs*’-8, On the other

hand, the B3LYP functional is known to give very good correlation with experiment for transition state geometries
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and free energies of activation for Diels-Alder reactions*, so | decided to proceed with the transition state calculations
using the B3LYP functional.

Because it initially seemed like the trans-adduct was formed in DMF, a very polar solvent, but not in other solvents,
we assumed that the polarity of the solvent might have an effect on the mechanism by which the reaction proceeds. |
hypothesized that a stepwise mechanism might be preferred in polar solvents, and a concerted mechanism in nonpolar
solvents. Because of this | performed the initial TS calculations (the calculations for 2-thioph-e, 2-BT-e, 3-thioph-e,
3-BT-e, 2-ind-et, and 2-pyr-et) in the two solvents in which the majority of experiments were carried out; DMF (a
highly polar solvent) and 0-DCB (which has a much lower dielectric constant than DMF). | also performed
calculations in the gas phase, for comparison with the solvent calculations. Even though we know now that the trans-
adduct has actually not been observed experimentally, the results of these calculations are still useful for an initial
analysis on the effect of solvent on the free energies of activation. However, because the initial calculations indicated
that the solvent does not have an effect on whether the s-cis or s-trans TS is more energetically favorable, or on the
relative favorability of the DA cycloaddition step for the different substrates, | proceeded to calculate the remaining
transition states in gas phase only (2-ind-e, 2-pyr-e, 3-ind-e, 3-pyr-e), or in gas phase and 0-DCB solvent where
comparison with the experimental rates determined in 0-DCB was needed (2-ind-kt, 2-pyr-kt, 2-pyr-kt-TMS).

For step 2, the studies on the effect of experimental conditions on product selectivity indicate that the selectivity is
under kinetic rather than thermodynamic control, and depends on the mechanisms by which the isomerized and
oxidized products are formed. In addition to this, the results of these studies led the experimental researchers to
hypothesize that the isomerized product most likely forms through an anionic mechanism. This was supported by the
fact that solvent polarity was found to influence the product selectivity. For example in the reaction of 3-BT, DMF, a
polar solvent, was found to promote the formation of the isomerized product, whereas in the much less polar 0-DCB,
the oxidized product was formed in a higher yield. Furthermore, the presence of water in DMF resulted in an increased
yield for the isomerized product, compared to reactions in DMF only, and experiments with D,O resulted in significant
deuterium incorporation. A kinetic isotope effect study on the reaction of 3-BT in 0-DCB, resulted in decreased yields
for both the isomerized and oxidized product, indicating the importance of hydrogen mobility. These results suggest
that water could be playing a role in the hydrogen abstraction for the formation of the isomerized product in polar,
protic solvents, and it provides additional support for the hypothesis that the isomerized product could form according
to an ionic mechanism. In addition to the effect of the addition of water in the solvent, increasing the initial
concentration of the DA adduct also increased the amount of isomerized product formed. The concentration effect
seems to indicate that the mechanism for the formation of isomerized product can also be propagated through
interactions with intermediates present in the reaction mixture. In addition to this, experiments on the effect of
atmosphere, revealed that oxygen has an accelerating effect on the rate at which the oxidized product is formed,
indicating that the oxidized product might form through a radical mechanism. Although it appears that experimental
evidence supports an ionic mechanism for the formation of the isomerized product, and a radical mechanism for the
formation of the oxidized product, a radical mechanism for the formation of the isomerized product can also be

considered, as well as the possibility of an ionic mechanism or unimolecular hydrogen abstraction for the formation
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of the oxidized product. The plausible mechanisms proposed by the experimental researchers for the formation of the

isomerized and oxidized product based on these results are summarized in Figure Al in Appendix A.

In order to test these hypotheses, | calculated the gas phase acidities and BDEs (bond dissociation energies), to see
whether the trend would support an anionic or radical mechanism for the formation of the isomerized or oxidized
product. The chemical equations according to which the BDE and acidity were calculated as well as the dissociating
protons for the 2- and 3- substituted DA adducts are represented in Figure 5. | also analyzed the relative free energies
of the da adduct and the oxidized, isomerized, and diene product, with respect to the substrate, in order to get an initial
idea of the effect of solvent and the identity of the diene heteroarene on their relative stability, and to confirm that the

selectivity is influenced by the relative free energies of reaction.

B3LYP however, does not perform well for reaction energies. M062X has been shown to give a much better prediction
of reaction energies. Houk has suggested that the error when using B3LYP and other functionals that underperformin
this way is a result of its inability to properly treat o-n transformations, and this leads to particularly large errors in
the free energies of reaction for reactions where the number of ¢ and & bonds is not conserved®. Because of this, for
the ground state relative free energies, and for the gas phase acidities and BDEs, | performed the calculations at the
M062X/6-311+g(d,p)//M062X/6-31+g(d) level of theory.

A) BDE:

R-H — R+ H’

B) Acidity:
A-H — A+ H'

C) Protons for which the BDE and acidity are calculated:

(/::3\ Hit oo <\/C:J‘
\\ \\\
X X2
Ph O
2-substituted adducts 3-substituted adducts

Figure 5 A) Chemical equations according to which the BDE is determined B) Chemical equation according to which the acidity

is determined C) Protons for which the BDE and acidity have been computed

| performed all the calculations in solvent using the SMD solvation model®. SMD is an implicit solvation model, so
it cannot offer a detailed understanding of the role that solvent plays if it has a more active role in the reaction studied.
It can however, provide an initial idea of the effect of solvent polarity on the relative energies of activation and
stabilities of the products in these reactions. This is adequate for the set of IMDDA reactions studied in this thesis,
because experiments on the effect of solvent indicated that solvent polarity was the main solvent property that had an
effect on the observed reactivity.
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| obtained the geometries, relative free energies, and free energies of activation at the standard temperature in
Gaussian, 298.15 K. | also determined the free energies, enthalpies, and entropies of activation, for the substrates for
which experimental rate data was available, at 363 K, the average temperature at which the experiments for the rates
of reaction were carried out, using the goodvibes program®-¢° with the harmonic approximation. The quasiharmonic
approximation did not seem to improve the results. | used the CY Lview® and Molden®” programs for visualization of

the optimized geometries.

Finally, 1 calculated the nuclear independent chemical shift (NICS)®° of the substrates, DA transition states, DA
adduct, isomerized, and oxidized product, in order to quantify the degree of breaking and restoring of the aromaticity
at these points along the reaction coordinate, and to test whether the aromaticity is related to the free energies of
activation, or the selectivity in the reaction. For these species, | determined the NICS(1)zz index, which has been
shown to be a reliable measure of the aromatic stabilization energies in planar m-systems®®70, NICS(1)zz values
correspond to the component of the NICS tensor that is perpendicular to the plane of the ring, calculated at a 1 angstrom
distance from the center of the ring, where the local shielding effects are negligible, and the observed chemical shift
is primarily a consequence of the n-current’ . This value can be read from the Gaussian output when the input geometry
for the NMR calculation is such that the atoms of the ring are positioned in the xy plane, and the center of the ring is
at the center of the Cartesian coordinate system. To maintain agreement with the conventions for the chemical shift,
the negative of this value is reported. In order to prepare the input geometries, | wrote a short C++ program that moves
the unweighted center of the ring to the center of the coordinate system, finds the best fit for the plane of the atoms of
the ring, places the ghost atoms at one angstrom perpendicular to the plane of the ring, and reorients the molecule so
that the ring lies in the xy plane. | have uploaded the program to my GitHub page?. I performed the NICS calculations
at the B3LYP/6-311+g(d,p)//B3LYP/6-31+g(d) level of theory, using the NMR keyword in Gaussian.

@ https://github.com/ElenaKusevska/NICS prepare_input/tree/master/using_regression_plane

13



https://github.com/ElenaKusevska/NICS_prepare_input/tree/master/using_regression_plane

3.0 RESULTS AND DISCUSSION

3.1 COMPUTATIONAL RESULTS FOR THE DA CYCLOADDITION STEP

3.1.1 Geometries of the identified DA transition states

For the first step in the IMDDA reaction, the formation of the DA adduct, | attempted to identify the s-cis closed shell
transition state and the s-cis and s-trans conformations for the diradical transition state for the substrates considered
in this study. | did not consider the s-trans closed shell transition state because it is not very probable, and it would not
lead to the desired product. | considered the s-cis closed shell transition states as representative of a concerted DA
pericyclic transition state, and the open shell transition states as representative of a stepwise DA transition state.
Inspection of the vibrational frequencies confirmed that the s-cis closed shell is a concerted transition state,
corresponding to the formation of both bonds, and the open shell transition states are stepwise, corresponding to the

formation of the first bond only.

I successfully identified the concerted s-cis TS for all of the substrates. For the majority of the substrates I have also
identified the s-trans stepwise TS. The s-cis stepwise transition states were very difficult to locate on the potential
energy surface because the geometry optimizations frequently collapse to the closed shell singlet due to their geometric
similarity with the corresponding s-cis concerted TSs. Because of this difficulty, | have only been able to optimize the
geometry of the s-cis open-shell transition states for 2-thiophene-e, 2-pyr-e, and 2-pyr-et in gas phase, for 2-BT-e, and
2-ind-e in 0-DCB, and for 2-thioph-e and 2-ind-e in DMF, at the (U)B3LYP/6-31+g(d) level of theory. The free
energies of activation of all the identified transition states, determined at the default temperature in Gaussian, 298.15

K are summarized in Table B1, in Appendix B.

The geometries of the transition states for some representative substrates, optimized at the (U)B3LYP/6-31+g(d) level
of theory in gas phase are shown in Figure 6 and Figure 7, and the geometries of the BT-e TSs optimized in 0-DCB
are shown in Figure 8. The results for the other transition states are analogous. There was no considerable deviation

in the optimized geometries with the inclusion of solvent effects modeled with the SMD solvation model.

Looking at Figure 6, Figure 7, and Figure 8, first of all, we can see that all of the closed shell transition states are
highly asynchronous. They are nonetheless, still concerted. We can also see that all three transition states have almost
the same length for the shorter bond that is more fully formed, but the second bond is longer in the diradical TSs. In
particular, we can see that in every case the second bond is longer in the s-cis diradical TSs, compared to the s-cis

closed-shell TSs, indicating that in spite of their geometric similarity these are indeed two different transition states,
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with a different degree of concertedness. It is also interesting to note that among the s-cis concerted TSs, the second
bond is shorter for the 3-substituted species, compared to the 2-substituted species, i.e. the s-cis concerted TSs are
slightly more synchronous for the 3-substituted species. It appears as though the particular conformational properties
of the tether and hetereocycle diene are such that for the 3-substituted species, concerted bond formation from an s-is
TS geometry is promoted.

2-thioph-e_CS_TS_s-cis 2-thioph-e_OS_TS_s-cis 2-thioph-e_OS_TS_s-trans
32.6 31.3 30.9

3-thioph-e_CS_TS_s-cis 3-thioph-e_OS_TS_s-trans

334 33.1

Figure 6 2-thioph-e and 3-thioph-e TSs for the formation of the DA adduct optimized at the (U)B3LYP/6-31+g(d) level of theory
in gas phase at 298.15 K. The reported bond distances are in Angstroms and the free energies of activation are in kcal/mol
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2-pyr-et-CS_TS_s-cis 2-pyr-et-OS_TS_s-cis 2-pyr-et-OS_TS_s-trans
314 30.2 37.2

3-pyr-e-CS_TS_s-cis 3-pyr-e-OS_TS_s-trans
325 32.7

Figure 7 2-pyr-et and 3-pyr-e TSs for the formation of the DA adduct optimized at the (U)B3LYP/6-31+g(d) level of theory in gas
phase at 298.15 K. The reported bond distances are in Angstroms and the free energies of activation are in kcal/mol

2-BT-e-CS_TS_s-cis 2-BT-e-OS_TS_s-cis 2-BT-e_OS_TS_s-trans
31.2 30.0 30.0

3-BT-e_CS_TS_s-cis 3-BT-e_OS_TS_s-trans

29.8 327

Figure 8 2-BT-e and 3-BT-e TSs for the formation of the DA adduct optimized at the (U)B3LYP/6-31+g(d) level of theory in o-
DCB at 298.15 K. The reported bond distances are in Angstroms and the free energies of activation are in kcal/mol
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3.1.2 Free energies of activation of the identified transition states

I began by optimizing the s-cis and s-trans TSs of 3-BT-¢, 2-BT-e, 3-thioph-e, 2-thioph-2, 2-ind-et, and 2-pyr-et in
gas phase, DMF, and 0-DCB solvent because of our initial hypothesis that the solvent might have an effect on whether
the concerted or the stepwise transition state is more energetically favorable. However, there is no evidence to suggest
that the inclusion of solvent using the SMD solvation model, at this level of theory, has any effect on which of the
transition states is the most favorable for a given substrate. For example, we can see in table B1 that in all the cases
where the s-cis stepwise TS has been identified, it is slightly lower in energy than the s-cis concerted TS, regardless
of whether solvent is present or not. Furthermore, looking at the results for the s-cis concerted and the s-trans stepwise
TSs for the different solvents summarized in Figure 9, we can see that solvent also does not play a role in whether the
s-cis or the s-trans conformation is more stable. This result is more clearly evident in Figure 10, and in Figure 11 we
can see that although there is an interesting solvent effect, the inclusion of implicit solvent affects the free energy of
activation of the s-cis and the s-trans TSs in the same way. The free energy of activation is increased in DMF compared

to the gas phase, and in 0-DCB the reaction is more favorable than in gas phase.

Looking at the data in Figure 9, we can see that there are some trends in the free energies of activation with respect to
the effect of the position of substitution and the presence of a benzene ring fused to the heteroarene diene. These
effects are evident in Figure 10, but they are better illustrated in Figure 12, where the difference in the free energy of
activation between the s-cis concerted and s-cis stepwise transition states for the sulfur and nitrogen heteroarenes with
an ester tether and no tosyl group on the nitrogen at the the (U)B3LYP/6-311+g(d,p)//(U)b3lyp/6-31+g(d) level of
theory in gas phase at 298.15 K is shown. We can see that for 2-BT-e, 2-thioph-e, and 2-ind-e the s-trans transition
state is preferred, and this is more pronounced for the benzofused heterocyclic dienes. On the other hand, for 3-BT-e
and 3-ind-e, the s-cis TS is more favorable, and there is no significant effect for 3-pyr-e and 3-thioph-e. This is better
summarized in Figure 13, where we can see that going from the 2-substituted to the 3-substituted species has a reverse
effect on the s-cis closed shell and the s-trans open shell TSs, and this is particularly evident for the benzofused
heteroarenes. For example, the s-cis concerted transition state of 3-BT-e is more favorable than the s-cis concerted TS
for 2-BT-e, and the s-trans stepwise TS of 3-BT-e is more unfavorable than the s-trans TS of 2-BT-e. Similarly, the s-
trans TS of 2-thiophene is more favorable than that of 3-thiophene. However, the s-cis TS is also destabilized in going

from 2-thioph-e to 3-thioph-e, but to a lesser extent.

Looking at the results in Figure 12 and Figure 13, we can see that the presence of the bezene ring fused to the
heteroarene also has an effect on the observed trend. The s-cis closed-shell TS is particularly stabilized in the case of

the 3-substituted benzofused species, 3-BT-e and 3-ind-e, but this is not the case for 3-thioph-e and 3-pyr-e.
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Free energy of activation in kcal/mol at the (u)b3lyp/6-311+g(d,p)//(u)b3lyp/6-31+g(d) level of
theory in gas, DMF, and o-DCB at 298.15 K
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Figure 9 Summary of the free energies of activation in 0-DCB, gas, and DMF

AG#([s-cis closed shell] - AG%[s-trans open shell] in kcal/mol at the (u)b3lyp/6-
311+g(d,p)//(u)b3lyp/6-31+g(d) level of theory in gas, o-DCB and DMF
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Figure 10 Effect of solvent on the relative stability of the s-cis CS and s-trans OS TSs

AG#[gas] - AG¥[solvent] in kcal/mol at the (u)b3lyp/6-311+g(d,p)//(u)b3lyp/6-31+g(d) level
of theory

I
I

 0-DCB s-cis closed shell @ o-DCB s-trans open shell = DMF s-cis closed shell & DMF s-trans open shell

Figure 11 Effect of solvent on the free energies of activation of the s-cis CS and strans OS TSs
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AGH[s-cis closed shell] - AG¥[s-trans open shell] in kcal/mol at the (u)b3lyp/6-311+g(d,p)//(u)b3lyp/6-31+g(d) level of
theory in gas phase

0 |

T-e 2-BT-e 3-thioph-e 2-thioph-e 3-ind-e 2-ind-e 3-pyr-e

B sulfur heterocycles O nitrogen heterocycles
Figure 12 Diference between the free energy of activation of the s-cis CS and the s-trans OS TS

The overall trend when there are no additional steric effects like those from the tosyl protecting group on the nitrogen,
can be summarized in the following way: For the 3-substituted benzofused species, the s-cis TS is stabilized and the
s-trans conformation is destabilized, and for the 2-substituted species, the s-trans TS is stabilized and the s-cis TS is
destabilized. This is most likely primarily a consequence of the particular conformational properties of the tethers that
promote the s-cis concerted pathway in the 3-substituted species, particularly for 3-substituted benzofused species,
and a stepwise pathway for the 2-substituted species. Considering that the 3-BT s-cis CS TS is more synchronous than
the 2-BT CS TS to a greater degree than is the case for the 2-substituted substrates, it is possible that the DA
cycloaddition is characterized by a greater degree of concertedness for the 3-substituted compared to the 2-substituted
heterocyclic dienes. These two effects, the effect of the presence of the additional benzene ring in the benzofused
species, and the tether attachment position, seem to be the main contributors to 3-BT having the most favorable s-cis
concerted transition state and 2-thiophene having the most favorable s-trans stepwise TS among the sulfur-

heteroarenes.

AGE[2-substituted] - AGE[3-substituted]in kcal/mol at the (u)b3lyp/6-
311+g(d,p)//(u)b3lyp/6-31+g(d) level of theory

1 -
0
BT-e q h-e ind-e

W s-cis closed shell @ s-trans open shell

Figure 13 Differemnce between the analogous 2-substituted and 3-substituted transition states
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3.1.3 Aromaticity of the diene heteroarene

Because the effect of the tether attachment position on the free energies of activation is enhanced by the presence of
a benzene ring fused to the heteroarene, and because the presence of the benzene ring has an effect on the relative
stability of the s-cis and the s-trans transition states, | considered the possibility that the observed effects are related
to aromaticity. | considered the possibility that the position of substitution and the conformation of the diene might
have an effect on the aromatic stabilization energy that could have an effect on the relative favorability of the transition

states.

This is however, not the case. The NICS(1)zz of several representative species are presented in Table 1. Because the
transition state is not a planar molecule the chemical shift on the outer side of the ring might be different from that on
the inner side of the ring, so it is necessary to make a distinction between the different sides of the ring. The directions
in space corresponding to NICS(1)zz-up and NICS(1)zz-down are illustrated in Figure 16. The directions for the other
species are determined in an analogous way. As we can see in Table 1, the differences in both the free energies of
activation and the differences in the NICS(1)zz values for these species are very small. Nonetheless, if we plot these
values (Figure 15), it appears like there is a trend where the relative free energy (or free energy of activation) is higher
for the species with higher aromatic stabilization energies. This seemingly counterintuitive result simply indicates that
aromaticity has no effect on the free energy of activation for the different transition states. Whether the s-cis or s-trans
TS is more favorable for a given heteroarene diene and position of substitution is not related to the aromaticity of the

heteroarene.

The trend observed in Figure 15 is simply a consequence of the fact that the studied reactions are dearomative
cycloadditions, and the product of the cycloaddition, the DA adduct, is not aromatic. Because of this, the further along
the reaction coordinate a species is, the closer it is to the final product, and so the relative free energy and the
aromaticity both decrease. A representative example of the changes in the aromaticity of the diene heteroarene
throughout the course of the IMDDA reaction is given in Figure 16. As we can see, the transition state is very early,
and the aromaticity of the diene heteroarene is not significantly different from that in the starting heteroarene. The fact
that the aromaticity in the transition state is not significantly distorted from the starting and that the aromatic
stabilization energies do not vary significantly among the different transition states for a given substrates is the reason

why the free energies of activation do not depend on the aromaticity of the diene heteroarene in the TS.
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Table 1 Computed NICS(1)zz values of the transition states and intermediates in the IMDDA reactions of thiophene and

benzothiophene, computed in gas phase fo the thiophene species and in 0-DCB for the benzothiophene species

Species Grel | NICS(1)zz-out | NICS(1)zz-in
2-thioph 2-thioph-e-CS_TS_s-cis 326294 |  -23.2383 -22.6085
2-thioph-e-OS_TS_s-cis 31.2745 -22.7084 -22.3037
2-thioph_e-OS_TS_s-trans 30.8705 -22.0871 -21.6480
2-thioph-e_ OS-intermediate_s-cis 26.9 -17.4679 -17.1553
2-thiops-e_OS-intermediate_s-trans | 26.738 -16.7702 -16.5307
3-thioph 3-thioph-e_CS_TS_s-cis 33.3669 | -23.6706 -23.0674
3-thioph-e_OS_TS_s-trans 33.1007 -21.5752 -21.8692
2-BT 2-BT-e-CS_TS_s-cis 312018 |  -17.7056 -16.9835
2-BT-e-OS_TS_s-cis 30.4495 -16.9521 -16.6285
2-BT_e-OS_TS_s-trans 29.994 -16.4123 -15.8564
2-BT-e_ OS-intermediate_s-cis 25.7484 -12.9341 -12.3990
2-BT-e_OS-intermediate_s-trans | 25.4711 -12.2503 -11.8006
Ph
S | X 0 Pt X 0o
\ I\
& (e = (0]
S
Ph
closed-shell s-cis TS
NICS(1)zz-up -21.9328 -23.2383
NICS(1)zz-down -22.2219 -22.6085
Grel 0.0 32.6
H
S S S
\ 0 \ o \ o
H
Ph O Ph O Ph O
0.7479 -22.5275 -21.0143
-0.6209 -21.3590 -20.3378
-23.4 -46.1 -54.4

Figure 14 Computed NICS(1)zz values of the heteroarene in the substrate, CS TS, DA adduct, isomerized, and oxidized form of 2-

thioph-e
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Figure 16 Definition of the “in” and “out” direction along the z-axis in the TS
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3.1.4 Proposed mechanism for the DA cycloaddition

For 2-thioph-e and 2-BT-e | have identified the s-cis stepwise transition states as well as the intermediates for the
stepwise mechanism. The proposed mechanisms for the DA cycloadditions for 2-thioph-e and 2-BT-e in gas phase
and 0-DCB respectively are shown in Figure 17 and Figure 18. | have not been able to identify the second transition
state in the stepwise mechanism. This transition state is typically very difficult to locate on the potential energy surface
for stepwise DA mechanisms. Having these more complete results, | can construct a clearer picture of the competing
mechanisms for these two substrates. Looking at Figure 17 and Figure 18, we can see that in both cases the s-trans
stepwise transition state has the lowest free energy of activation, followed by the s-cis stepwise and the s-cis concerted
transition state, which has the highest barrier, although the energy differences are very small. These energy differences,
within 1-2 kcal/mol, are small enough that we can say that all three transition states are energetically available, and

may contribute to the overall mechanism and Kinetics.

In order to get a clearer picture | attempted to correlate the computed free energies of activation with the experimental
free energies of activation derived from the rates of the reactions determined in 0-DCB, at an average temperature of
363 K. The computational free energies of activation at 363 K were obtained from the free energies determined at

298.15 K in 0-DCB, applying a temperature correction at 363 K using the goodvibes program.

The correlation between the experimental and computed free energies of activation for all the substrates in 0-DCB at
363 K is shown in Figure 19. We can see in figure 19 that both the s-cis concerted and the s-trans stepwise computed
free energies of activation have a positive correlation with the experimental activation free energies. This correlation
however is not very high, and for the case of the s-cis concerted mechanism it is insignificant. The correlation when
taking the lower energy transition state is also positive, but very small. We can also see that the free energies for the
Sulphur compounds (S-heteroarenes) are clustered closer together, but the energies for the nitrogen heteroarenes with

the tosyl group replacing the hydrogen atom on nitrogen (NT-heteroarenes) have a wider range of values.

If we take these two groups of heteroarenes, the S-heteroarenes and the NT-heteroarenes, separately, we can see that
the correlations are somewhat different. If we take only the data for the S-heteroarenes (Figure 21 and Figure 22), the
correlation for the s-cis concerted transition states is greatly improved, and for the s-trans diradical TSs it’s slightly
lower, On the other hand, for the NT-heteroarenes, the correlation for the s-cis concerted TSs is low, but for the s-

trans stepwise TSs, it’s higher than for the S-heteroarenes.

From these results it appears that the free energies of activation of both mechanisms show a correlation with the
experimental rates, which is better for the s-cis concerted TSs for the Sulphur heteroarenes, and for the s-trans stepwise
TSs for the NT-heteroarene. There is no evidence for one or the other of the two competing mechanisms taking
precedence under certain conditions, because taking the lower of the two computed activation free energies did not
improve the correlation (Figure 20, Figure 22, and Figure 24). This once again indicates that for the set of substrates
in this study, a contribution from all the mechanisms is possible. Though, it is important to note that | have not
identified all of the s-cis open-shell TSs. Perhaps once the s-cis open-shell transition states are available, the picture

of competing mechanisms, or a preferred mechanism for all substrates, will be clearer.
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To this point, | have been studying the mechanism of the DA cycloaddition within the framework of traditional TST.
It is possible that the mechanism for formation of the DA adduct can’t be properly described within this framework.
The shortcomings of traditional TST for describing the mechanisms of DA reactions and other similar cyclization
reactions are becoming increasingly apparent® 36-37.42-43 The assumption that the ensemble of reactive trajectories can

be approximated by a chemical reaction path may not be valid for more complex mechanisms.
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Figure 17 Proposed competing mechanisms for the formation of the Diels-Alder adduct in 2-thiophene, at the (U)B3LYP/6-
311+g(d,p)//(U)b3lyp/6-31+g(d) level of theory, in the gas phase

IMDDA reactions in particular, frequently have flat potential energy surfaces with a very small energy difference
between the concerted and stepwise TSs®. Furthermore, Singleton*? has pointed out that the assumption that
mechanisms can only be either stepwise (passing through an intermediate followed by a second energy barrier), or
concerted (there is only one kinetically distinguishable step), with the possibility of competition between two
mechanisms for more complicated cases, limits the kind of understanding of individual reaction mechanisms that we
can achieve. Recent results indicate that when the geometry of the concerted and stepwise TSs is similar, for highly
asynchronous TSs where both the cycloadduct and the intermediate are downhill from the TS, the stepwise and

concerted pathway proceed through the same TS.

One way that concerted and stepwise pathways can merge is through a post transition state-bifurcation on the PES,

diverging in two different directions from an initial shared transition state. In most examples of DA reactions of this
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kind going, the two pathways of the bifurcation diverge in such a way that one goes directly to products, and the other
passes through an intermediate and a second transition state to give the final product. Another possibility is that,
instead of bifurcating from an initial TS, the stepwise and concerted pathway pass through the same region on the
PES. In such a case, the concerted pathway also passes through the intermediate. The redistribution of vibrational
modes, which are not always much faster than rearrangements in chemical reactions determine whether a particular
trajectory will be trapped in the region of the intermediate or not’. In such a case, the product selectivity may not
reflect the presence of an intermediate or a second Kinetically distinguishable step, and a stepwise reaction may appear
stereochemically concerted. So perhaps, the lack of formation of the trans-adduct is not a consequence of a concerted
reaction being preferred in all cases, but of the specific dynamics of these reactions. Although the trans-adduct for
these reactions had a higher relative free energy than the cis-adduct, this is only 4-5 kcal/mol (See Table 2 in the next
section), and the reaction to form the trans-cycloadduct is still exothermic. Considering that the free energies of
activation of the transition states are very similar in most cases, it is possible that the dynamics of these reactions is

more complex, and there is contribution from all the pathways considered above.
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Figure 18 Proposed competing mechanisms for the formation of the Diels-Alder adduct in 2-benzothiophene, at the (U)B3LYP/6-
311+g(d,p) (SMD,0-DCB)//(U)b3lyp/6-31+g(d) (SMD,0-DCB) level of theory, in the gas phase
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3.2 COMPUTATIONAL RESULTS FOR THE FORMATION OF THE ISOMERIZED AND THE
OXIDIZED PRODUCT

The gas phase acidities (Figure 25 B) do seem to correlate with the experimental studies of the selectivity for the
isomerized and oxidized product for the different substrates. The experimentally observed selectivity for the oxidized
and the isomerized product agree with what we would expect based on the gas phase acidities, assuming an ionic
mechanism for the formation of the isomerized product and a mechanism that does not involve protons for the
formation of the oxidized product. 2-indole and 2-pyrrole have considerably lower gas phase acidities compared to 3-
thiophene and 3-benzothiophene. The loss of the proton should therefore be much more energetically favorable for 2-
pyrrole and 2-indole, and so they should be much more likely to undergo the ionic mechanism to form the isomerized
product. This is in agreement with what is observed experimentally. 3-BT shows a much greater propensity for forming
oxidized product over isomerized product, and 2-pyrrole and 2-indole show a greater propensity for the formation of
isomerized product. The BDEs (Figure 11 A) do not seem to support a radical mechanism for the formation of the
oxidized product. 3-BT has a very large propensity for the formation of the oxidized product, and yet it has the highest

BDE value. These results suggest the formation of the oxidized product does not proceed through a radical mechanism.

A gas phase BDEs in kcal/mol at the (u)m062x/6- B Gas phase acidities in kcal/mol at the (u)m062x/6-
311+g(d,p)//(u)m062x/6-31+g(d) level of theory 311+g(d,p)//(u)m062x/6-31+g(d) level of theory
68 67 326 324.2
394 323.3
o 64.4 64.6 322
B4 63.3 320
62.3 317.6
62 318
316 3137 314.8
60 2 314 312.1
53 312
310
6 308
54 306
2-thioph-e 2-pyr-et 2-BT-e  2-ind-et 3-thioph-e 3-BT-e 2-ind-et  2-pyr-et 2-BT-e  2-thioph-e 3-BT-e 3-thioph-e

Figure 25 Gas phase acidities and BDEs

The results of the DFT calculations of the relative free energies with respect to the substrate are summarized in Table
2. Some trends in the effects of attachment position of the tether, and the effect of the benzene ring for the benzofused
species are summarized in Figure 26. We can see on Figure 26 A that similarly to the transition states, there is a
stabilizing effect of the benzene ring that is most noticeable for the adduct, and to some extent for the oxidized product.
The trend for the isomerized product is not clear. The results in Figure 22A were obtained in gas phase, but the same
trend is present in DMF and o-DCB as well. There is a similar effect for the tether attachment position, shown in
Figure 26 B. Changing the tether attachment position from 2- to 3- has a stabilizing effect on the adduct, but the trend
is not clear for the isomerized and the oxidized form. The solvent effect (Figures 26 C, 26 D, and 26 E) indicates a
stabilization of the adduct in DMF for all substrates, and a slight destabilization of the oxidized product in 0-DCB.
These results are in agreement with the experimental result that the 3-benzothiophene adduct was the easiest to isolate,

and the isolation was performed in DMF.
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There is also a very pronounced solvent effect, particularly in DMF, for the 2-pyrrole adducts, oxidized, and
isomerized products. This greater sensitivity to the solvent is accompanied by a significant change in the dipole
moment for the 2-pyrole species in the DMF and 0-DCB solvents with respect to the gas phase, as a consequence of
different conformations being favored in different solvents. The 2-indole species also have larger dipole moments
overall, and see a change in dipole moment and the lowest energy conformation in different solvents, but this effect

is not as pronounced. In the other cases, the solvent effect is not clear.

The ground state free energies of the products do not correlate with the experimentally observed selectivity, confirming

the assumption that the selectivity in these reactions is under kinetic control.

Table 2 Relative free energies with respect to the substrate of the DA adduct, and the isomerized, oxidized, and diene product,
determined at the m062x/6-311+g(d,p) (SMD,DMF)//m062x/6-31+g(d) level of theory in DMF, 0-DCB, and gas

DMF DA cis-Adduct | DA trans-Adduct | Isomerized Product | Oxidized Product | Diene Product
3-thioph-e -28.7 -47.1 -55.2 -35.6
3-BT-e -34.3 -30.6 -48.4 -57.7 -40.8
2-thioph-e -25.3 -47.3 -54.8 -34.3
2-BT-e -30.3 -47.1 -55.4 -36.9
2-pyr-et -30.9 -20.8 -49.1 -57.7 -35.5
2-ind-et -34.7 -29.8 -47.6 -58.8 -41.5
Da cis-Adduct | DA trans-Adduct | Isomerized Product | Oxidized Product
3-thioph-e -26.6 -46.1 -55.2
3-BT-e -32 -28.9 -47.4 -57.4
2-thioph-e -23.4 -46.1 -54.4
2-BT-e -28.7 -45.9 -55.6
2-pyr-et -25.6 -16.8 -45.1 -55.5
2-ind-et -32.7922 -21.7 -46.7 -58.5
DA cis-Adduct | DA trans-Adduct | Isomerized Product | Oxidized Product | Diene Product
3-thioph-e -27.6 -46.3 -54.8 -34.5
3-BT-e -32.9 -29.2 -47.2 -58.0 -394
2-thioph-e -23.8 -45.9 -53.8 -33.0
2-BT-e -28.3 -45 -53.8 -35.0
2-pyr-et -26.75 -17.7 -45.9 -54.70 -33.0
2-ind-et -32.3 -26.9 -46.4 -57.3 -394
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4.0 CONCLUSION

From all this, it is clear that the IMDDA reaction of ene-yne substituted heteroarenes is a very mechanistically complex
system for study due to contributions from the competing concerted and stepwise pathways in the DA step and multiple
isomerization and oxidation products formed after the initial DA step. For the DA cycloaddition step, the s-cis
concerted, s-cis stepwise, and s-trans stepwise transition states have similar geometries and activation free energies.
Because of this, all three pathways are energetically available and can contribute to the overall reaction mechanism.
There are a few interesting trends, particularly that for the 3-substituted species that do not contain a sterically
prohibitive group on the heteroatom, like for example the tosy group in the nitrogen heteroarenes, the s-cis concerted
mechanism is preferred, especially for the benzofused heteroarenes. It appears that the trend is reversed for the 2-
substituted species, for which a stepwise s-trans mechanism is preferred, irrespective of whether the heteroarene diene
contains an additional benzene ring or not. This is not a consequence of variations in aromaticity of the heteroarene

with the position of substitution.

The BDE and acidity calculations support the ionic mechanism for the formation of the isomerized product. The
relative free energies of the substrates indicate that the selectivity for the final product is not under thermodynamic
control. The analysis of this data indicates that the 3-substituted benzofused adducts are the easiest to isolate, and that

polar solvents have an additional stabilizing effect.
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APPENDIX A

Formation of Isomerized Product

radical mechanism (nonpolar aprotic solvents)

H

e

H)Ph o

ionic mechanism (polar/protic solvents)
W Qﬁ< Q*< - Q
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Formation of Oxidzed Product

autooxidation / oxidation by an oxidant

H

Q- —Ch

H)Ph o

oxidation of isomerized product

Figure A 1 Proposed mechanisms for the formation of oxidized and isomerized product®
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APPENDIX B

Table B 1 Computed free energies of activation for the open shell and closed shell transition states of the substrates, using
different functionals and solvents. The calcuations were done at the (U)M062X/6-311+g(d,p) //(U)M062X/6-31+g(d) and
(U)B3LYP/6-311+g(d,p) //(U)B3LYP/6-31+g(d) levels of theory at the standard temperature in Gaussian, 273.15 K.

Functional- G* (DA-s-cis) G* (diradical-s-cis) Gt (diradical-s-trans)
Solvent kcal/mol kcal/mol kcal/mol
3-BT-e
b3lyp-DMF 28.5 31.6
b3lyp-gas 31.1 34.2
b3lyp-0-DCB 29.8 32.7
mO062x-DMF 26.0 32.1
m062x-gas 27.2 34.4
m062x-0-DCB 27.5 34.2
2-BT-e
b3lyp-DMF 29.9 28.7
b3lyp-gas 32.2 30.9
b3lyp-0-DCB 31.2 30.0 30.0
m062x-DMF 25.4
m062x-gas 26.7
m062x-0-DCB 27.7
3-thioph-e
b3lyp-DMF 30.5 30.9
b3lyp-gas 33.4 33.1
b3lyp-0-DCB 32.3 32.4
m062x-DMF 28.1 37.4
m062x-gas 29.6 33.2
m062x-0-DCB 29.1 325
2-thioph-e
b3lyp-DMF 30.2 29.2 28.7
b3lyp-gas 32.6 31.3 30.9
b3lyp-0-DCB 31.7 29.7
mO062x-DMF 27.8
m062x-gas 29.6
m062x-0-DCB 29.3
3-ind-e
b3lyp-gas | 30.4 | 33.1
2-ind-e

b This figure was created by Ashley Bober and Joseph Winkelbauer, and presented in a meeting on the research project.

I have included it here because it is relevant for the discussion.
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b3lyp-DMF 28.6
b3lyp-gas 324 31.1
b3lyp-0-DCB 314 29.8 29.4
3-pyr-e
b3lyp-gas 325 32.7
2-pyr-e
b3lyp-gas 32.8 31.3
2-ind-et
b3lyp-DMF 28.2 34.6
b3lyp-gas 31.3 38.2
b3lyp-0-DCB 29.2 36.3
mO062x-DMF 25.4 334
m062x-gas 26.4 36.9
m062x-0-DCB 27.3 36.3
2-pyr-et
b3lyp-DMF 28.5 34.2
b3lyp-gas 31.4 30.2 37.2
b3lyp-0-DCB 30.2 36.2
mO062x-DMF 28.6 32.8
m062x-gas 28.9 37.0
m062x-0-DCB 31.5 35.6
2-ind-kt
b3lyp-gas 30.4 39.5
b3lyp-0-DCB 30.2
2-pyr-kt
b3lyp-gas 31.3 37.8
b3lyp-0-DCB 31.7 37.3
2-pyr-kt-TMS
b3lyp-gas 33.8 43.0
b3lyp-0-DCB 33.8 43.2
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Experimental vs computed free energy of activation at the
(u)m062x/6-311+g(d,p) (SMD, 0o-DCB)//(u)m062x/6-31+g(d)
(SMD, o-DCB) level of theory

39 .
2-ind-et
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c 2-pyr-et
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[ ]
2-pyr-et R*=0.0119
31
° TSRO OURSTOPUR
............ e S iionhe
29 e e °
3-BT-e 2-BTe 2-ind-et
27
21 22 23 24 25 26 27 28
Experimental
® AGE (kcal/mol) *  AGE (kcal/mol)  ceeeeeees Linear (AG* (kcal/mol) ~ ---e-e-e- Linear (AGE (kcal/mal)
(s-cis CS) (s-trans OS) (s-cis CS)) (s-trans 0S))

Figure B 1 Result of the correlation between the computed and experimental free energies of activation at the (U)M062X/6-
311+g(d,p) (SMD,0-DCB)//(U)M062X/6-31+g(d) (SMD,0-DCB) level of theory. | have included this figure primarily, to
illustrate the very poor performance of the M062X functional.
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