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Abstract

The idea that increasing a reaction driving force will increase its rate is a central princi-
ple of chemistry. This principle has been used to great effect for the design of ‘strain-
release’ reactions, in which a driving force is provided by building strain energy into the
reactant. However, strain release alone is unable to account for the contrasting reactivity
of even the simplest of systems, such as cyclopropane and cyclobutane which release
near-identical amounts of strain energies but display stark differences in their rates of
ring-opening. In this Thesis, the dominance of strain release is challenged by introduc-
ing the concept of electronic delocalisation to enhance reactivity: a more delocalised
bond will be easier to break, and therefore incur a lower activation barrier to its cleav-
age resulting in a faster reaction rate. This idea is first explored through a computational
study of the electronic structure and reactivity of [1.1.1]propellane (Chapter 2), before
the importance of delocalisation is explored in the development of a new synthesis of
a-chiral bicyclo[1.1.1]pentanes — important motifs in drug discovery (Chapter 3). The
relationship between reaction rate, strain release and delocalisation is then quantified
through the development of a predictive model for the reactivity of small rings in gen-
eral (Chapter 4), where three-membered rings are found to be unique in their ability to
cause delocalisation-enabled reactivity. In summary, this Thesis introduces a framework
to better understand the relationship between ring strain and reactivity, and in doing so

guide synthetic efforts towards new reaction design.
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Introduction

1.1 Strain in organic chemistry

Strain is seemingly both an intuitive and an elusive concept. First described by
Baeyer in 1885 in a footnote on the compressed bond angles in cyclopropane com-
pared with methane (Figure 1.1a),! strain connects the reality of a given chemical
structure to its (often) unattainable ideal: an ‘unstrained’ reference. Deviation
from this ideal, however it may be defined, causes thermodynamic instability. In
other words, a strained compound has the potential to release more energy upon its
deconstruction, for example through combustion or reaction, than its unstrained
reference. The formal connection between such a strain-releasing process and
kinetic instability was first made in 1946 in Brown’s landmark paper, “A New
Steric Effect in Organic Chemistry”.% It was proposed that steric clashes between
tetrahedral carbon substituents (‘B-strain’, or back strain) would provide a “po-
tent driving force” for processes which would relieve this B-strain (Figure 1.1b),’
leading to the strain release hypothesis: destabilisation of reactants through strain
energy enhancement increases the rate of any process which releases this strain.
For example, Brown proposed that the tendency of tertiary alcohols to ionise could
be explained using the combination of opposing trends in B-strain and inductive
cation stabilisation, as could the increasing rate of alkyl halide hydrolysis with

increasing numbers of substituents on the carbon atom.*

This Thesis explores the strain release hypothesis that connects the thermody-

namics of strain energy to the kinetics of strain-release reactivity. To do this,
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a Baeyer’s strain theory b Brown’s B-strain hypothesis

: /A
a=109" 28’ a =60’
ideal strained release strain energy

Figure 1.1: a. Baeyer’s proposal that compression of the bond angles in cyclopropane compared
with those in a tetrahedron would cause an increase in strain. b. Brown’s hypothesis that the steric
clash of substituents around a tetrahedral carbon is relieved upon planarisation, increasing the rate
of ionisation.

two key concepts will be introduced: Firstly, the concept of strain energy, and
the experimental and computational methods with which it may be quantified —
with a particular focus on strain in small rings, which requires an overview of the
electronic structure of these compounds — and secondly, how strain energy and re-
activity can be linked through the use of linear free energy relationships (LFERs).
The motivations for this Thesis are also laid out through a discussion of reactions
of small rings, in particular for the development of caged hydrocarbons that have

applications in medicinal and materials sciences.

1.1.1 Strain energy: Definitions and quantification

While Brown was developing the idea of B-strain, theoretical chemists were at-
tempting to quantify, and therefore predict, the types and magnitudes of strain that
could occur in molecules. As described above, strain energy is the excess energy
contained within a molecule relative to an unstrained reference compound, which
may be directly compared by, for example, calculating or measuring an energy
while maintaining the number of atoms and bonds between the strained compound
and the chosen reference compound. Four ‘classical’ types of strain exist: bond

length strain, bond angle strain, torsional strain and steric (non-bonded, van der
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Bond length strain: Angle strain:
o @ @ L —_—
g : f‘f}“. d%.‘si
Torsional strain: Steric strain:
T
~-<------- >

Figure 1.2: The four types of strain commonly encountered in organic molecules.

Waals) strain (Figure 1.2).°> Bond length strain (A Ej,,,) arises through the exten-
sion or compression of a given bond length away from its ideal length, and can be

approximated by Hooke’s law

A-Ebond X (l’ - IL‘0)2 (11)

where z is the distance between the two atoms, and z is the optimum distance
between those atoms. Similarly, angle strain (AE,,y.) can be described by the

relationship

AE pgre < (0 — 0p)* (1.2)

where 6 is the angle between the three atoms, and 6 is the optimum angle between

those atoms.

Torsional strain (AFE,,.i0n) 1s slightly more complex, since its origin has often
been debated as the choice of method to characterise the contributions of steric,
electrostatic and stereoelectronic effects can alter the interpretation.®~'* Whatever

its physical origin, torsional strain can be described using a combination of cosines
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of the torsional angle, 7, using

[¢]

V VO VO
AE orsion = 71(1 +cosT) + 22 (1 + cos27) + 23 (1 + cos 37) (1.3)

where V° and V7, the one- and threefold barriers, are suggested to correspond to
steric repulsion, and V5, the twofold barrier, may be linked to stabilising hyper-
conjugative effects,!! leading to the familiar preference for staggered and gauche
conformers over eclipsed conformations. Lastly, steric strain (A F,,;.) arises from
non-covalent attractive (van der Waals forces) and repulsive (Pauli) interactions.
AFEy.,i. can be well-approximated by a Buckingham (1.4) or Lennard-Jones (1.5)
potential (where A, B and C' are constants, and ¢ is the dispersion energy found

at distance r = 2V/6¢).

AByerie = A — (1.4)
AB,porse = e {(%) v (%)6} (1.5)

Independently, Hill, and Westheimer and Mayer were the first to recognise that
each of these strain energies (bond length, bond angle, torsional, steric) could
be combined to give a single quantitative measure of the energy of a structure
in relation to the ideal ‘unstrained’ molecule.'>!® This idea is the foundation of
molecular mechanics, which uses each of the strain terms introduced above to
estimate the potential energy of the system, playing a central role as one of the
first computational tools employed to quantify strain.'* For an excellent summary

of these concepts, see Ref. [5].

Central to the quantification of strain energy through sums of individual strain
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a Franklin / Benson’s experimental group equivalents method b Pople’s isodesmic reaction approach
AHf (est.) = 3 x —4.95 = —14.85 kcal mol~! (25 °C)
A /\ + 3CH, ——>  3CH,
AHf (exp.) = +12.74 % 0.14 kcal mol~! (25 °C)
3 x C—(H)2(C)2 AHf (exp.) — AHf (est.) = 27.59 kcal mol™’ A(E+ZPVE) = -30.4 kcal mol~" (0 K)

Figure 1.3: a. Estimated and experimental heats of formation of cyclopropane using Benson’s
values for AH¢ (est.)!” and Knowlton and Rossini’s value for AH{ (exp.)'® giving an estimate of
the total strain energy. b. Isodesmic reaction to estimate the strain energy of cyclopropane, taken
as the negative value of the reaction energy (corrected for the zero-point vibrational energy, at the
HF/4-31G level).

contributions is the concept of the ‘additivity of chemical properties’ — i.e., that
properties of molecules can be represented by the sum of their individual atoms or
groups of atoms. This was first realised in 1940 by Pitzer when he derived a gen-
eral expression for the heat function (H° — H{)/T of any linear hydrocarbon, in
which he found dependence only on bond stretches, vibrations, torsions, a steric
term, and the number of carbon atoms in the chain.'> This idea was capitalised
upon in 1949 when Franklin proposed a set of ‘group equivalents’ — molecu-
lar fragments (e.g., CH, CH,) with assigned heats of formation — that could be
summed to obtain an estimate of the total heat formation of a molecule.'® Benson
later increased the range of fragments that could be employed, and defined a set
of notation that allows the simple application of these group equivalents.!” Group
equivalents then provided a new definition of the unstrained reference needed to
obtain a strain energy, where the predicted and measured heats of formation of a
compound could be directly compared; the discrepancy between these two values

is the strain energy (Figure 1.3a).

A significant limitation of this approach is the requirement of an experimental
heat of formation, restricting analysis to compounds stable enough to be both (i)
synthesised in significant quantities and (ii) measured. However, with rapid im-
provements in computational power in the 1960s!® came the ability to calculate

heats of formation and reaction of medium-sized molecules (10s of atoms) from
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first principles. While the absolute values obtained from these calculations were
plagued by large errors (~10 kcal mol~! using Hartree-Fock theory),? the rela-
tive heats of formation of similar compounds were found to be significantly more
accurate due to error cancellation. Pople was an early proponent of the use of
such an approach to compare the energies of similar compounds, introducing the
‘isodesmic reaction’ — a balanced theoretical reaction in which numbers and types
of bonds are held constant (Figure 1.3b).2! The power of the isodesmic reaction is
that, by eliminating differences in bond energies, the strain energy can be easily

estimated.

An alternative to Pople’s approach to calculate strain energy was introduced by
Wiberg?? and later adapted by Schleyer.?* This approach employed a set of ‘com-
putational group equivalents’, analogous to Franklin and Benson’s experimentally-
obtained group equivalents, first featuring the calculation of electronic energies
(with or without corrections for their zero-point vibrational energy and temper-
ature) of reference compounds, from which a set of group equivalents could be
extracted. An advantage of this approach over the Franklin and Benson approach
is that, provided the same level of theory is used to calculate the group equivalent
and the desired structure, significant errors arising from inaccuracies in the elec-
tronic structure method may be cancelled. Wiberg’s approach, recently reviewed
and updated by Rablen,>* allows the accurate prediction of the strain energy of

any compound, whether or not it has been synthesised.

Perhaps surprisingly, all measures agree that the strain energies of cyclopropane
and cyclobutane are rather similar (respectively 27.9 and 26.8 kcal mol !, accord-
ing to recent theoretical estimates,* and 27.6 and 26.4 kcal mol~! from experi-
mental heats of formation?). The cause of this similarity, in the face of Baeyer’s
angle strain argument, has resulted in much theoretical debate. One plausible ex-

planation is that cyclobutane incurs 1,3-diaxial steric clashes (Figure 1.4a), which
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a Comparison of strain effects in cyclopropane and cyclobutane
H
OO, M H
> X o
1,3-diaxial 106.3 £ 0.3 96.5 +1
steric clash
BDE / kcal mol™

b Cyclopropane bonding models

sp2 isoelectronic
. sp37 p )
bent | - c-aromatic
bonds (' 0 S
v B /_I_ --/A
6re 6o e
Coulson & Moffitt Walsh Dewar
antibonding-induced geminal
localisation hyperconjugation
o ok c oF
Inagaki Weinhold & Landis

Figure 1.4: a. Transannular non-bonded repulsion, or rehybridisation-induced C-H bond
strengthening, could explain the similar strain energies of cyclopropane and cyclobutane. Bond
dissociation energies (BDEs) taken from Ref. [30]. b. Various bonding models for cyclopropane
proposed over the past 75 years.

increases the non-bonded strain energy (the Dunitz-Schomaker hypothesis)?® — al-
though this puckering reduces torsional strain from eclipsing C—H bonds which is
unavoidable in cyclopropane. Another argument is that the C—H bonds in cyclo-
propane are stronger than those in cyclobutane due to rehybridisation,?’ partially
offsetting the increase in angle strain.?® A third explanation is that cyclopropane

is o-aromatic®® — an idea that will be discussed further below.

The argument of rehybridisation is corroborated by Coulson and Moffitt’s 1947

27,31

study on the electronic structure of cyclopropane. By assuming perfect pair-
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ing of electrons in each bond, they variationally optimised orbital hybridisation
parameters to arrive at the conclusion that the C—C bonds were formed from sp3-
hybrids, and C-H bonds formed from C sp??3 hybrids.?’” The lobes of the C sp>”
hybrids do not lie along the shortest line connecting pairs of C atoms, but are de-
flected outwards, giving rise to ‘bent’ bonds (Figure 1.4b). Coulson and Moffitt
concluded that this bent bonding describes electronic delocalisation — a property
that could explain the ability of cyclopropane to conjugate with neighbouring 7

systems,>?

as well as the low dipole moment of cyclopropyl chloride compared
with cyclopentyl chloride,® and the electrophilic character of the cyclopropane

ring.**

Also in 1947, Walsh proposed an electronic structure for cyclopropane in which
three sp? hybrids point towards the centre of mass of the ring like the spokes of a
wheel, and the remaining p orbitals are perpendicular to these sp? orbitals (Figure
1.4b).3435 This leaves two sp? orbitals to bond with the two H atoms per methy-
lene, explaining the slightly shorter and stronger C—H bonds observed experi-

mentally than those in methane.?36-3

However, Coulson and Moffitt argued that
Walsh’s molecular orbital (MO)-type description was less intuitive than their own,
concluding that the “considerable degree of delocalization in the cyclopropane
bond system ... accounts for the chemical and spectroscopic conjugating effects

rather more clearly than does Walsh’s qualitative argument.”?’

While the cyclopropane models of Coulson, Moffitt and Walsh are widely taught
in undergraduate Chemistry courses, some other more recent explanations for the
properties of cyclopropane in terms of its electronic structure are also worth dis-
cussing. In 1980 Dewar put forward a radically new proposal: that cyclopropane
was aromatic and isoconjugate with benzene (Figure 1.4b),>° and that cyclobutane
was isoconjugate with cycloocatetraene. He stated that “‘each carbon in the paraf-

fin [cyclopropane or cyclobutane] plays the same role as a (=CH—CH=) unit in
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the polyene [benzene or cyclooctatetraene]”, and that these paraffins are “hence
liable to exhibit o-aromaticity or o-antiaromaticity”. In other words, while cyclo-
propane and benzene can delocalise six electrons in a closed cycle and adhere to
Hiickel’s ‘4n + 2’ rule, cyclobutane and cyclooctatetraene instead contain eight
electrons in a closed cycle and therefore obey the 4n rule. As well as explain-
ing the unexpectedly low strain energy for cyclopropane in comparison with cy-
clobutane, Dewar pointed out, in the same manner as Coulson and Moffitt before
him, that this cyclic delocalisation was consistent with the chemical properties
of cyclopropane. However, Dewar appeared to hold Walsh’s cyclopropane model
in higher regard than Coulson and Moffitt’s, remarking that the bond-shortening
effect in cyclopropane was “not a mere "banana bond" effect”, and that in or-
der to understand the properties of cyclopropane, “one has to use a MO ("Walsh

2

orbitals") description.” The existence of o-aromaticity in cyclopropane is still

debated;*-? while its upfield 'H chemical shifts and unexpectedly high diamag-

netic susceptibility could be linked to aromaticity,*%*!

other explanations, such as
a diamagnetism induced by the unique arrangement of C—H bonds,*? have also

been put forward that do not require aromaticity to be invoked.

In 1991, Inagaki countered previous suggestions the electron density i1s more de-
localised in cyclopropane than cyclobutane.**** He suggested that geminal delo-
calisation, in which each C—C ¢ bond may donate its electron pair into an adjacent
C-C o* orbital, was in fact far smaller for cyclopropane than cyclobutane (Figure
1.4b). This result was used to explain the shorter C—C bond length in the former,
and a smaller angle strain term than cyclobutane. Inagaki’s interpretation, that
geminal delocalisation causes molecular destabilisation, led to the conclusion that
the “six electrons of the C—C o-bonds in [cyclopropane] and the C=C 7-bonds in
[benzene] behave in an opposite manner” — in direct conflict with Dewar’s expla-

nation.
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A similar approach to Inagaki’s was taken by Weinhold and Landis in 2005,%
where they employed their natural bond orbital (NBO) method to investigate gem-
inal delocalisation in small rings. However, their results point strongly to the en-
hancement of stabilising hyperconjugative interactions in cyclopropane relative
to cyclobutane. For example, using second order perturbation theory, they found
that each geminal o¢ci_cy — 0&, 5 interaction is worth 5.5 kcal mol™! in cyclo-
propane (Figure 1.4b), leading to a total energy-lowering effect of 33 kcal mol .
The equivalent interaction in the equilibrium geometry of n-propane is worth only
0.5 kcal mol ™!, a value that rises to 6.6 kcal mol~! when the formal C-C—C angle
is compressed to 60°. This latter result illustrates the importance of angle com-

pression in cyclopropane to enable this hyperconjugative delocalisation effect.

Each of these analyses strongly supports the idea that the electronic structures of
cyclopropane and cyclobutane are different — most concluding that the former has
a more delocalised density. This difference in electronic structure, and therefore
bonding, has been suggested as one reason the strain energies of cyclopropane
and cyclobutane are so similar. In the next section, we will introduce methods to
quantitatively link strain energy and reactivity, setting the stage to ask the ques-
tion of why ring-opening reactions of cyclopropane are so much faster than for

cyclobutane.

1.1.2 Connecting strain release energy to reactivity

To connect strain and reactivity is to find a quantitative link between the thermo-
dynamics and kinetics of a given process. This connection was made by Brgnsted
in 1924, who identified an empirical relationship between the strength of an acid
and its catalytic effect on the rate of decomposition of nitramide into water and
nitrous oxide (Figure 1.5a).%® Bell was the first to propose a theoretical founda-

tion for this relationship between the acidity / basicity of a catalyst, stating that

10
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“for acid catalysis a stronger acid means a less firmly bound proton and hence a
greater ease of transfer.”*’ He derived a model consistent with the experimental
finding that a small change in the nature of the acid should have a linear effect on
the activation energy for the proton transfer step. Evans and Polanyi*® generalised
these results by deriving the expected relationship between the activation energy
and driving force for three-centre (A + B-C == A-B + C) reactions, resulting

in what is now often described as the Bell-Evans-Polanyi principle

AEY = —aAH 0<a<l (1.6)

where AFE? is the difference in activation barrier between two similar reactions,
and A H is the difference in reaction enthalpy for the two reactions. This equation
provided the first quantitative expression for how an increase in reaction enthalpy

through an increase in strain release might cause a decrease in activation barrier.

Further advances in the quest for such a relationship came from a different direc-
tion. In 1956, Marcus published a paper on the prediction of the rates of electron
transfer in which there is minimal overlap of the donor and acceptor orbitals.*” His
equation linked the thermodynamic driving force of an elementary step and rate
constants for electron self-exchange reactions to the rate of outer-sphere electron
transfer between different species. However, he explicitly stated that his theory
was “not applicable to any electron transfer reaction having a large-overlap acti-
vated complex.”* While this might rule out any chance of applying this equation
to chemical reactions, in 1966 Sutin found that Marcus’ equation could accu-
rately predict reaction rates for both outer sphere and inner sphere electron trans-

fer processes. %!

Marcus addressed this new finding two years later, showing that
a version of his theory could indeed be used to predict activation energies for

chemical reactions involving significant orbital overlap.’? This equation can be

11
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a Bronsted’s base-catalysed nitramide decomposition

H\ //o HA @ S
N—N® —_ N=N—0 + H,0
o \O o logky < —logK,

b  Marcus theory and the Bell-Evans-Polanyi principle for chemical reactions

\
A-B-C [A-B--CF A-B-C

I

N
N\ AEarcus =~ AEgep
.

reaction coordinate

Figure 1.5: a. The acidity of a weak acid is anticorrelated with the rate of nitramide decompo-
sition. b. Marcus theory describes the relationship between driving force and activation barrier
using diabatic electronic states. For a small change in the driving force, the Bell-Evans-Polanyi
principle follows the same behaviour as Marcus theory.

expressed as

1 AH)?
apt— Lag s B

2 16E;, (1.7)
AEY = Ft _ E?

int

where E} is the intrinsic activation barrier for the reaction in the absence of a ther-
modynamic driving force (i.e., AH = 0). Comparing equations (1.6) and (1.7),
we see that the Bell-Evans-Polanyi equation is a truncation of Marcus’ equation
for chemical reactions. This corresponds to a change in the description of the

A-B and B—C bond stretching curves from straight lines (Bell-Evans-Polanyi) to

parabolas (Marcus) (Figure 1.5b). For similar reactions with a small span in A H

12
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values, both models should therefore predict equivalent relationships between the

reaction driving force and the activation barrier.

Application of these LFERs to link strain energy and activation barriers came al-
most 30 years later, when Hoz and co-workers first challenged the idea that the
enhanced strain of a molecule was the cause of greater reactivity.”>>* Their initial
studies compared the activation barriers of reactions with strained and unstrained
substrates, using a version of the Bell-Evans-Polanyi equation in which the per-

centage of strain release achieved at the TS is given by

1 1

E . —Er
% Strain released at TS = unstrained sirained s 100%. (1.8)
AEO,Imslralined - A-E(),strained

For the addition of hydroxide to either the central or side bonds of bicyclo[1.1.0]-
butane (Figure 1.6a), the reaction energies were found to be similar (-38.3 and
—34.0 kcal mol ™, respectively), yet the activation energies differ by more than
25 kcal mol~! (4.4 and 30.6 kcal mol~!, respectively). Hammond’s postulate
would indicate that the side-bond TS is more product-like than the central-bond
TS,> and should therefore experience greater stabilisation from a release of strain.
However, using the metric defined by (1.8), the strain energy relieved at the TS
for cleavage of the central bond is 97%, compared with 32% for cleavage of the
side bond. To explain this apparent contradiction, Hoz and co-workers suggested
that geometric distortion forces a change in hybridisation of the central bond, re-
sulting in a lower energy LUMO and earlier bond formation with the approaching

nucleophile.

Around the same time, Houk and co-workers investigated the rates of [2 + 2 + 2]
retro-cycloadditions of cyclohexanes (Figure 1.6b).°%%” Employing a Bell-Evans-

Polanyi-type correlation, they deduced that cyclopropane-substituted cyclohex-

13
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a Hoz's analysis of nucleophilic small ring-opening reactions b Houk’s analysis of [2+2+2] retro-cycloadditions

AE* = 22,0 keal mol~!
—_—
AE, = -20.8 kcal mol™!

aromatic TS stabilisation

AEt = 4.4 kecal mol™!
VAT CN HO<>9—CN

AE, = -38.3 kcal mol™"

PN NS =02

CN a =T
HOe\—/ AE, = -34.0 kcal mol~! HO 5

AE* = 50.4 kcal mol~!

CN ¥ cN | - -t

vs 17 HO- _2‘_1. 1.9 AE,=-13.9 kcal mol

HO" P antiaromatic TS destabilisation
NICS (6-ring) = —-25.3
NICS (4-ring) = 2.5
Reactivity model Reactivity model

HOMO 1 Lumo
CN CN
ﬁ O@‘ LUMO : LUMO
g ; HOMO
lower LUMO higher LUMO LUMO
energy energy HOMO HOMO

Orbital interactions through-bonds

aromatic TS
antiaromatic TS

Figure 1.6: a. The enhanced reactivity of the central bond of bicyclo[1.1.0]butane with hydroxide
can be explained in terms of the relative LUMO energies of the central and side bonds. Dis-
tances shown in A. b. TS aromaticity results in lower activation barriers for [2 + 2 + 2] retro-
cycloadditions of cyclopropane-substituted cyclohexanes relative to their cyclobutane-substituted
counterparts. Verhoeven’s ‘orbital interactions through-bonds’ (OITB) model provides an expla-
nation for the origin of TS (anti)aromaticity.

anes enjoy activation energies up to 16 kcal mol~! lower than expected, while
cyclobutane-substituted systems have increased activation barriers. As these re-
sults could not be explained using classical strain-release arguments, the group
turned to calculations of nucleus independent chemical shifts (NICS). Aromatic-
ity at the TS was found for systems substituted with cyclopropanes, and antiaro-
maticity for systems with cyclobutanes.>® In 1980 Verhoeven® discussed the im-
plications of Hoffmann’s® orbital interactions through-bonds (OITB) model on
the enhanced reactivity of three-membered rings, and Houk used this idea to ex-
plain the NICS findings (Figure 1.6b). For substrates with three-membered rings,
the highest occupied 0 MO (HO-0-MO) corresponding to the breaking bond is of

the correct symmetry to overlap with the LUMO associated with the trimethylene

14
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ring. Similarly, the lowest unoccupied o MO (LU-0-MO) corresponding to the
breaking bond can overlap constructively with the highest occupied trimethylene
orbital. As a result, aromaticity stabilises the TS for the cyclopropane-substituted
cyclohexane [2 + 2 + 2] retro-cycloadditions. For the cyclobutane-substituted cy-
clohexanes, the opposite is true — the HO-0-MO of the breaking bond overlaps
with the HOMO of the tetramethylene, resulting in a four-electron Pauli repulsion

and an antiaromatic TS.

In response to Hoz and co-workers’s LUMO-lowering argument for the enhanced
reactivity of three-membered rings, Houk and co-workers also investigated the
bicyclo[1.1.0]butane systems using the NICS/OITB approach.’® They argued that
aromaticity causes substrate distortion, which results in a lower energy LUMO of
the central bond than the side bond. In this regard, Hoz’s LUMO-lowering model

could be considered as a special case of Houk’s more general aromaticity model.

Hoz further explored the relationship between strain and reactivity using Marcus
theory, quantifying an “additional factor” that enhances ring-opening reactivity

61,62 For a set of similar reactions, where at least one

of three-membered rings.
member of the set is absent of strain, the expected activation barrier for a given
strain-relieving reaction could be calculated from the intrinsic activation barrier
for the unstrained reaction, and the driving force for the strain-relieving reaction.
Any discrepancy between the predicted and calculated activation energies could
then be attributed to the “additional factor” — speculated to be electronic in origin,
and related to the distortion-promoted LUMO lowering effect. A variety of carbo-
and heterocyclic small-ring systems were studied using this method, leading to
the findings that, in general, three-membered rings showed enhanced reactivity,
while four-membered rings were well-described by the Marcus equation. This
effect appears to be independent of reaction type — a similar “additional factor” is

observed for both anionic and radical reactions.5?

15
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Regardless of the model used to explain the enhanced reactivity of three-membered
rings over their four-membered counterparts, a wealth of experimental and com-
putational studies support the existence of this phenomenon. A timeline that sum-
marises some of the key scientific studies leading to our current understanding of

the relationship between strain and reactivity is shown in Figure 1.7.

16
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1.1.3 Contemporary applications of strain release reactivity

Strain release as a design principle in organic synthesis and chemical biology has
seen a rapid rise over the past two decades (Figure 1.8a). A prime example in
the latter field was reported in 2004 by Bertozzi and co-workers, where strain
was engineered into Huisgen’s [3 + 2] azide / alkyne click reaction®® through the
incorporation of the alkyne into an eight-membered ring (Figure 1.8b).%* This had
the effect of increasing the driving force for the cycloaddition, therefore increasing
its rate and allowing the reaction to occur spontaneously under ‘physiological’
conditions, without the need for a catalyst or elevated temperature.

a Strain release design principle b Bertozzi’s strain release bioconjugation

........... B\

_ N
eN—g=N Cu(l) cat. O\ N

_—
activation (
energy |/ ——= """ =0

introduce strain release
-------- (= 18 kcal mol™")

\N
(S]

@ Increase strain release
energy (SRE)

(@ Enhance reaction rate

SN

- Q

Figure 1.8: a. Introducing the release of strain into a reaction will increase its rate. b. The
transformation of cyclooctyne into cis-cyclooctene releases 18 kcal mol~! of strain energy, which
is enough to enhance the rate of [3 + 2] cycloadditions with azides to negate the requirement for a
catalyst or elevated temperature.

—N=N N
® o\

The application of the strain release principle in reaction design is exemplified by
ring-opening reactions of systems containing at least one small ring. As a general
rule, decreasing the number of small rings in a compound will decrease its strain
energy — such that a reaction that removes a small ring will enjoy an inherent
driving force for a process that may otherwise be thermodynamically disfavoured.
For example, the ring-opening of ethylene oxide releases 27.2 kcal mol~* of strain

energy, but the same process for tetrahydrofuran releases only a fifth of this value
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(5.6 kcal mol1).% The Bell-Evans-Polanyi principle (1.6) would predict ring-
opening to occur with a ~ 10 kcal mol~! lower barrier for the former (taking an
intermediate value of o = 0.5, which would be expected for the addition of an
alkoxide), or a ~ 107 rate enhancement. Epoxides, and related structures such
as cyclopropanes, have therefore found substantial use in total synthesis for the

construction of fragments and complexity generation in synthesis.®¢-¢’

As noted above, ring strain effects are often roughly additive, and it can there-
fore be advantageous to design reactions in which a bond that belongs to two
(or more) small rings is cleaved.® For example, cleavage of the central bond
of bicyclo[1.1.0]butane to reveal cyclobutane is accompanied by the release of
39.7 kcal mol ! strain energy,?* offering a substantial driving force to accompany
any reaction that involves this transformation. The key step in Fox’s total synthe-
sis of piperarborenine B was achieved using this strategy,®® in which a rhodium-
catalysed generation of a chiral bicyclo[1.1.0]butane, followed by organocuprate
addition to its central bond, resulted in a 69% yield of the desired trisubstituted
cyclobutane in 92% ee and a 4:1 dr (Figure 1.9a). Spearheaded initially by Wipf®

and later by Aggarwal,’"™"’

strain release chemistry with bicyclo[1.1.0]butanes
and their N-substituted analogues (azabicyclo[1.1.0]butanes) is now general and
can be used to synthesise a variety of densely-functionalised acyclic, mono- and
bicyclic structures (Figure 1.9b). It is worth noting that some of these approaches
were first developed for alkene substrates, leading to the question of whether the
bicyclo[1.1.0]butane chemistry is indeed driven by strain release, or instead en-

abled by the olefinic electronic structure of the central C—C bond (or perhaps a

combination of both factors).

Tricyclic hydrocarbons in which the three rings share a common bond (given the
moniker ‘propellanes’ by Ginsberg due to their resemblance to a propeller)’® have

also enjoyed significant interest in the strain release literature.”® Primarily of theo-
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a Strain release in total synthesis

i) Bng A
MeO [Rh] cat. [\ CO,Bu CuBr *SMe,
N, (0.1 mol%) MeO PPhg, THF, 1t
=
MeO CO,Bu _F;g’\’.!g MeO ii) BHT
Ly ~7810-10°C
u
strain release energy =~ —40 kcal mol™!
MeO,
o-R ~ OQ MeO
7 | N e
_-Rh_
o o

[Rh] = Rhy(S-NTTL)4(dCPA)

= . R2= Ph A
W0

q:rCOz'Bu

N
|

0]
e

Q/OMe
OMe
MeO

Piperarborenine B

b Advances in bicyclo[1.1.0]butane strain release chemistry

R

OO\ g
R 5\ i

Al o

Pt(II)

>
4 223

]
"’Bpin
hv\oRPd(n) /;

R
R2N<>4
‘Bpin <" _ R 4
[ Li base
x<
E* v A

¢} -— T
R RIX
N

N SAE
s

O

Rt
Bpin

Figure 1.9: a. Fox’s total synthesis of Piperarborenine B enabled by the strain release ring-
opening of a bicyclo[1.1.0]butane. b. Contributions of Wipf and Aggarwal to the development of
strain release chemistry with (aza)bicyclo[1.1.0]butanes. Left panel adapted with permission from

Ref. [70].
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retical interest in the 1960s and 70s, small-ring propellanes stretched the concepts
of bonding and hybridisation and continue to do so today. In particular, [1.1.1]pro-
pellane (tricyclo[1.1.1.0%3]pentane, 1) has long puzzled theorists since its inter-
bridgehead C1-C3 ‘bond’ is seemingly formed from the apparently non-existent

inverted overlap of (approximately) C sp? orbitals (Figure 1.10a),%

yet Hoffmann
predicted the molecule to have a closed-shell singlet ground state due to symme-
try constraints.®! This prediction turned out to be correct when, in 1982, Wiberg
successfully synthesised a sample of [1.1.1]propellane through dehalogenation of

the corresponding 1,3-dibromobicyclo[1.1.1]pentane (Figure 1.10b).3?

The strain energy of [1.1.1]propellane (99.2 kcal mol~!) is almost identical to that
of [2.1.1]propellane (tricyclo[2.1.1.0*]hexane, 99.6 kcal mol~!) and [2.2.1]pro-
pellane (tricyclo[2.2.1.0'*]heptane, 99.7 kcal mol™1), yet their ring-opened hy-
drogenation products vary greatly: bicyclo[1.1.1]pentane has a strain energy of
66.9 kcal mol~1, bicyclo[2.1.1]hexane contains 38.0 kcal mol~!, and bicyclo-
[2.2.1]heptane contains 15.9 kcal mol~! of strain energy (Figure 1.10c). Wiberg
argued that the far greater stability of [1.1.1]propellane over [2.1.1] or [2.2.1]pro-
pellane was due to the ordering of strain release energies®® — with the former being
stable in solution at temperatures over 100 °C,%* whereas the latter two sponta-

neously polymerise outside of a solid matrix.3>86

This strain release energy accompanying reactions of [1.1.1]propellane appears to
be in a ‘Goldilocks zone’, where the addition of anions, radicals and cations are

possible (and in many cases extremely facile),”¥’

yet spontaneous polymerisation
is largely avoided under the reaction conditions. An expedited synthetic route
towards [1.1.1]propellane by Szeimies in 1985,%* slightly modified by Michl,?®
then permitted its synthesis on a practical scale (Figure 1.10d), opening the flood-

gates to several decades of reaction development for the synthesis of bicyclo-

[1.1.1]pentanes (BCPs).
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a Predicted electronic structure b  Wiberg’s synthesis of [1.1.1]propellane
of [1.1.1]propellane
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Figure 1.10: a. Stohrer and Hoffmann predicted a closed-shell singlet ground state, despite the
apparent lack of C1-C3 orbital overlap. b. Debromination of 1,3-dibromobicyclo[1.1.1]pentane
reveals [1.1.1]propellane. c. [1.1.1]Propellane relieves the least strain upon hydrogenation com-
pared with similar small-ring analogues. d. Sequential lithium-halogen exchange / cyclisation
reactions, via a bicyclo[1.1.0]butane, affords practical quantities of [1.1.1]propellane.
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a  Properties of bicyclo[1.1.1]pentanes (BCPs) b [n]Staffanes: BCP oligomers

Tdecomp >300 °C

C BCPsiin fluorescent dyes

d BCPs in liquid crystal design € BCPs as molecular rotors

0 (o]
e W W TEYE
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Figure 1.11: Applications of bicyclo[1.1.1]pentanes (BCPs) in materials science.

BCPs are of considerable synthetic interest because of their well-publicised ‘won-
der properties’, such as rigidity, UV transparency, thermal stability, and 180° ar-
rangement of bridgehead substituents (Figure 1.11a).7°%" In the late 1980s, Michl
developed a controlled oligomerisation of [1.1.1]propellane to generate oligo-
BCPs, or [n]staffanes (Figure 1.11b), which exhibit higher melting points than
the corresponding n-alkyl chains, as well as thermal stability up to 300 °C.*° Hoz
later calculated that the 1D Young’s modulus of these [n]staffanes are greater than
that of diamond.”! As well as the oligomeric properties of BCPs, the monomeric
units have also been explored as insulating spacers in fluorescent dye design to dis-
rupt conjugation effects between the donor and acceptor motifs (Figure 1.11¢).87?
The use of BCP backbones to develop liquid-crystalline materials has also been
explored (Figure 1.11d).”>> More recently, the low barrier to rotation of the BCP
unit was exploited as a low-temperature molecular rotor in a metal-organic frame-

work (Figure 1.11e).” Further applications are discussed in Ref. [79].
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a BCPs as bioisosteres in medicinal chemistry b Novo Nordisk BCP replacement
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Figure 1.12: Applications of bicyclo[1.1.1]pentanes (BCPs) in medicinal chemistry.

The use of BCPs in materials science has been overshadowed by its expansion
in popularity as a bioisostere for para-substituted phenyl,”’'% fert-butyl'® or
alkyne'®? groups in medicinal chemistry (Figure 1.12a). Of these three replace-

% since it enables the so-called

ments, the former has gained the most traction,'”
‘escape from flatland’,'”” a phenomenon in which the fraction of sp?® centres in a
drug candidate has been found to correlate with clinical success. This idea was
first demonstrated by Pellicciari and co-workers at Novo Nordisk in 1996 when the
phenyl group of a (carboxyphenyl)glycine derivative, used for the study of a range
of central nervous system disorders, was replaced by a BCP (Figure 1.12b).”” The

linear arrangement of BCP bridgehead substituents was found to match those of

the phenyl derivative, and good activity was observed.

A direct comparison of the activity of a BCP-containing drug compared to the par-
ent phenyl-substituted compound was made by Stepan and co-workers at Pfizer

in 2012,” who synthesised and tested the pharmacological properties of a -
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secretase inhibitor for the treatment of Alzheimer’s disease (Figure 1.12¢). Similar
inhibition was observed for both the aryl and BCP derivatives in in vitro studies,
while the BCP compound showed both enhanced solubility and metabolic stabil-
ity. Further in vivo studies indicated improved oral bioavailability of the BCP
compound. Brown has also recently highlighted the potential for abiotic scaffolds
such as BCPs for the treatment of diseases prone to develop resistance.'’® While a
BCP-containing drug is yet to be approved for clinical use, the number of patents

featuring a BCP has risen sharply in recent years.!%

Due to the rise in interest of the BCP motif in medicinal chemistry since the early
2010s, strategies for their synthesis have followed. Wiberg’s classic synthesis of
BCPs involved an intramolecular Wurtz coupling,'” in the same spirit as the first
synthesis of cyclopropane almost a century before;''? however, low yields have
prevented this approach from being synthetically useful. The reader is referred to
Ref. [87] for a summary of other approaches to obtain BCPs, as this Thesis fo-
cuses instead on new methods that convert [1.1.1]propellane into the correspond-

ing BCP.

Wiberg pioneered much of the ring-opening chemistry of [1.1.1]propellane, re-
porting a myriad of atom-transfer radical addition (ATRA) reactions including
halogenation, halotrichloromethylation, thiyl and selenyl addition, acyl radical ad-
dition, hydrophosphination, nitration, radical-initiated oligomerisation, as well as
the addition of electron-deficient alkenes and alkynes, ring-opening reactions with

transition metal ions or acetic acid (Figure 1.13a).!!!

Organolithium and Grignard
additions to [1.1.1]propellane have also been reported by Della and Szeimies and
later used by de Meijere for the synthesis of liquid crystals (Figure 1.13b).!!1%!13
However, it was only in 2016 that a scalable route to BCPs from [1.1.1]propel-
lane was developed by Baran,'!'* who employed ‘turbo’ amides as nucleophiles

on a >100 g scale to synthesise 1-amino BCPs — bioisosteres for anilines (Figure
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a Wiberg’s development of [1.1.1]propellane chemistry b Szeimies’ organometallic additions
to [1.1.1]propellane
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Figure 1.13: Radical, cationic and anionic addition reactions to [1.1.1]propellane.

1.13c). Notably, this synthetic strategy was based upon the “spring-loaded” na-
ture of the interbridgehead C1-C3 bond of [1.1.1]propellane, citing the “~60 kcal
mol~! [energy] stored in this bond” (a value derived from Wiberg’s estimate of the
bond dissociation energy at the HF/6-31G* level).” It is therefore perhaps surpris-
ing that this reaction required elevated temperatures — as also found by Knochel

for aryl Grignard additions,'> and Walsh for the addition of 2-azaallyl anions.!''®

Milder conditions for ring opening of [1.1.1]propellane can be employed for rad-
ical reactions, as demonstrated in 2017 by Kanazawa and Uchiyama’s multicom-
ponent carboamination of [1.1.1]propellane at —20 °C (Figure 1.14a).!'® Ander-
son reported an efficient triethylborane-initiated synthesis of 1-halo-3-alkyl BCPs
a year later, also finding that ambient temperatures (or below 0 °C) were ideal
(Figure 1.14b).!'"7 A more general synthesis using this strategy was proposed by
the same group shortly afterwards, where triethylborane was replaced by an irid-

ium photocatalyst, enabling access to a wider range of radicals from alkyl and

"By this logic, ethane should be far more reactive than [1.1.1]propellane since its bond disso-
ciation energy is ~285 kcal mol~!.3°
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aryl iodides for the ATRA process.!'® Sheikh and Leonori also contributed to the
radical strain release toolkit, developing another multicomponent radical addition
to [1.1.1]propellane using electron-deficient N-centred radicals (Figure 1.14c).!"
MacMillan capitalised upon this multicomponent difunctionalisation concept with
metallaphotoredox catalysis,'?® employing activated carboxylic acids to generate
C-centred radicals to add across [1.1.1]propellane, followed by copper-catalysed
trapping and subsequent reductive elimination to form N-, S- and P-substituted
BCPs (Figure 1.14d). A wide variety of bridgehead-functionalised BCPs can now

be synthesised at will,'*! which we anticipate will further increase their popularity

as building blocks in medicinal chemistry.

The use of bridge-substituted BCPs as bioisosteres for ortho- / meta-substituted
arenes has also recently been explored.'?>~'?* Building on earlier work by Schliiter
for the synthesis of bridge-substituted analogues of [1.1.1]propellane,'*> Ma and
co-workers from Merck proposed a turbo amide addition to a 2-alkylpropellane,
giving access to a range of 1,2-difunctionalised BCPs (Figure 1.14¢).'?? Baran
and co-workers from Pfizer were simultaneously developing a related approach,
employing a 2-alkylpropellane in an ATRA reaction to synthesise the key BCP
building block.'?* Further developments in the synthesis and application of bridge-

substituted propellanes should be anticipated in the coming few years.

It is worth commenting on the lack of methods to synthesise BCPs from [1.1.1]pro-
pellane through cationic pathways. While reporting the first synthesis of [1.1.1]pro-
pellane, Wiberg noted its rapid reaction with acetic acid to form an exo-methylene
cyclobutane.” The general instability of 1-bicyclo[1.1.1]pentyl cations has since
become well-established,'?® therefore cationic methods to synthesise BCPs from
[1.1.1]propellane are unknown. While a handful of methods invoke a bridgehead
BCP cation to explain the mechanism of formation of intact BCP products, alter-

native mechanisms are far more likely.
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a Kanazawa & Uchiyama’s multicomponent carboamination of [1.1.1]propellane
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Figure 1.14: Radical difunctionalisation reactions of [1.1.1]propellane (a-d) and bridge-
substituted BCP synthesis (e). Pc = phthalocyanine, BTMG = 2-tert-butyl-1,1,3,3-
tetramethylguanidine, MTBE = methy]l tert-butyl ether, TTMSS = tris(trimethylsilyl)silane, MOM
= methoxymethyl.
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1.2 Contributions of this Thesis

A brief history of the development of the concept of strain and its relationship
with reactivity has been presented. From Baeyer’s theory of strain in cycloalka-
nes, Brown’s B-strain hypothesis, the use of LFERSs to relate kinetics and ther-
modynamics, and the development of computational methods to calculate strain
energies, physical organic chemists have developed the tools to routinely study
the structure / activity relationships that underpin the development of new strain-
release reactions. A sharp rise in the popularity of strain release as a synthetic
tool, combined with our incomplete understanding of the role of thermodynamic
and electronic factors determining the rates of these reactions, has inspired the

investigations undertaken here.

In Chapter 2, the origins of the rich chemistry of [1.1.1]propellane (Figure 1.15a)
are investigated. The rising popularity of BCPs in medicinal chemistry means that
efficient methods for their synthesis are desirable, and strain release additions to
the interbridgehead bond of [1.1.1]propellane by anions and radicals have shown
great promise as a general approach to BCP synthesis. A phenomenal number of
theoretical studies have probed the nature of the propellane interbridgehead bond,
and a similarly impressive number of synthetic studies have made use of its un-
usual properties. However, a systematic study to elucidate the link between bond-
ing and reactivity is yet to be undertaken. In this Chapter, we embark on such a
study to uncover the reasons for its unusually broad reactivity profile with anions,
radicals and cations. Introducing the idea of electronic delocalisation alongside
strain release as factors that enhance the reactivity of [1.1.1]propellane, this study
should find use in the synthetic community as a guide to consider when designing
new BCP syntheses. The work presented in Chapter 2 was published in Chemical

Science in 2020.'7
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a  Chapter 2: Investigating [1.1.1]propellane reactivity b Chapter 3: Sterodetermining factors in the asymmetric
using electronic delocalisation synthesis of a-chiral BCPs from [1.1.1]propellane

{o}
X?Q@‘x@ ﬁ P ﬁ J@_\H/p%(\%

(C)
X [ Chapter 4: Quantifying the relationship between strain
release and reactivity via delocalisation

enhanced reactivity

strain release

delocalisation

Figure 1.15: Overview of the content investigated in each of the Chapters in this Thesis.

In Chapter 3, the implications of the findings in Chapter 2 are explored through
the development of a direct catalytic asymmetric synthesis of a-chiral BCPs from
[1.1.1]propellane (Figure 1.15b); synthetic work in this project was carried out by
Marie Wong in the group of Prof. Ed Anderson. In this Chapter, the key synthetic
findings are summarised, including the important features of both the substrate
and organocatalyst to achieve high enantioselectivity in the reaction, as well as an
unusual dependence of the observed selectivity on the nature of the photocatalyst.
Building from this data, the computational study of this reaction will be discussed,
focusing on the stereodetermining step in which the key C—C bond is formed. A
kinetic model that rationalises the observed results complements the combined
synthetic and computational results, which is hoped to provide a guide for the de-
sign of future photoredox organocatalytic transformations, as well as highlighting
the importance of delocalisation to fully appreciate the chemistry of [1.1.1]propel-
lane. The work presented in Chapter 3 was published in Nature Communications

in 2021.!28
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In Chapter 4, the scope of these investigations is broadened by studying the rela-
tionship between strain energy and reactivity of small rings in general. The idea
of electronic delocalisation introduced in Chapter 2 is used alongside strain re-
lease to develop a quantitative model for predicting activation barriers in these
reactions. To this end, the principles introduced in the early electronic structure
studies of cyclopropane are employed to explore the origins of the differing reac-
tivity of cyclopropane and cyclobutane, as well as bi- and tricyclic systems and
heterocycles (Figure 1.15¢). The results presented in this Chapter aim to counter
the confusion around the origins of strain release reactivity, providing a general

and simple model to interpret and predict reactivity trends.

In summary, this Thesis will propose a framework to understand and predict the
behaviour, and in particular the reactivity, of small rings. The idea that electronic
delocalisation stands as an equal alongside strain energy to describe reactivity is
central to this framework — a more delocalised bond is easier to break, therefore a
lower activation barrier accompanies the transformation. We hope that the ideas
put forward here will contribute to the ongoing quest to synthesise better drugs
and materials, as well as a fuller understanding of the fundamental chemistry that

underpins the world around us.

1.3 Methods

A study of the reactivity of small organic molecules in solution using computation
requires the use of electronic structure methods to characterise reaction intermedi-
ates and transition states (TSs). In this Thesis, we employ methods that can accu-
rately describe challenging electronic structures, but are not so expensive that the
calculations become impractical. There are, broadly, two approaches to solving

electronic structure problems: wavefunction theory (WFT) and density functional
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theory (DFT). In the following sections, the methods employed in this Thesis will
be briefly introduced, emphasising the strengths and limitations of each. A more

detailed discussion of WFT methods is provided in Appendix E.

1.3.1 Wavefunction theory

Most common WFT methods are based on approximations to the time-independent

many-electron Schrodinger equation

HU = BV (1.9)

where H is the non-relativistic many-electron Hamiltonian, W is the wavefunction
of the system that describes the spatial coordinates and spins of all particles, and
the eigenvalue E is the total electronic energy. The Born-Oppenheimer approx-
imation is made, which sets the nuclear kinetic energy to zero and the internu-
clear repulsion as a constant, since nuclear motion takes place on a much longer
timescale than that of the electrons. The Born-Oppenheimer Hamiltonian then

comprises

) N M 7, NNy 7175
[ 3L 553 N5 3) SEIS 3) SR RNIRY
i=1 i=1 A=1 i=1 j>i A=1B>A

where the first term determines the electron kinetic energy, the second defines the
electron-nuclear Coulomb attraction, the third the electron-electron Coulomb re-
pulsion, and the fourth the internuclear Coulomb repulsion (¢, j represent electron
indices, A, B are nuclear indices). While this equation cannot be solved exactly
for more than one electron (hydrogenic wavefunctions), we can make the Hartree-

Fock (HF) approximation, in which the many-electron wavefunction is approxi-
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mated, using a Slater determinant, as an antisymmetrised product of one-electron

wave-functions (orbitals y;, Figure 1.16a) given by

xi(x1) oo oxwm(x)

xi(xny) oo xwm(xw) (1.11)

where x;(x1) denotes electron 1 occupying spin orbital i. P, is an operator that
generates the sth permutation of electrons 1, 2, ..., N (corresponding to switching

rows of the determinant), and p; is the number of row interchanges required to

achieve a given electron permutation.

a Hartree-Fock theory b Recovering dynamic correlation C Recovering static correlation
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Figure 1.16: Wavefunction theory (WFT) for the description of molecular electronic structure: a.
The Hartree-Fock (HF) energy depends on a set of occupied one-electron wavefunctions (orbitals)
using a mean-field approximation; b. Excitations from the HF wavefunction recovers the corre-
lated motion of electrons; ¢. A qualitatively incorrect HF wavefunction can be corrected using an
active space from which multiple HF determinants are formed.

Each electron then experiences repulsion by the mean field of the remaining elec-
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trons (v ) through the equation

1 Moz
— V=Y 2R bupe| i = Eix
9 V1 L HF | X X

(1.12)

The eigenvalue &; is the energy of the ¢th orbital x;. The operator J, returns the
Coulombic repulsion of an electron with the mean field of the remaining N — 1
electrons, where the superscript b denotes it is a two-electron operator. The oper-
ator K, the exchange operator, lowers the total energy by swapping electrons of
the same spin — a non-classical term arising from the indistinguishable nature of
electrons. Through this machinery, the many-electron Schrodinger is turned into
a one-electron problem, and can therefore be solved computationally. The total

HF energy is then given by

N
1
Euyp=)» & - SUHF (1.13)

where the total energy is not simply equal to the sum of orbital energies since

repulsions between pairs of electrons would be counted twice.

Electron correlation

HF theory is often described as being devoid of ‘electron correlation’ — a term used
to describe how the instantaneous position of one electron will affect that of an-
other — since the mean field approximation causes an electron to experience repul-

sion from the average position of any other electron in the system, not repulsion
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from the exact position of the electron at any given point in time. An unfortunate
consequence of this approximation is that that two electrons (with opposite spins)
may be found in the same volume element, so inter-electron repulsion is overes-
timated. The HF energy is therefore an upper limit (for a given basis set). It is
not strictly true that HF theory is correlation-free; the use of an antisymmetrised
wave-function does introduce same-spin (Fermi) correlation, however opposite-
spin (Coulomb) correlation is completely unaccounted for. As a result, HF theory
generally understabilises singlet states,'?® and gives bonds that are too short and
too strong.!3® This is illustrated by the predicted —28.2 kcal mol~! singlet-triplet
energy gap and C—H bond lengths of 1.095 A (singlet) / 1.069 A (triplet) for CH,
(cc-pVQZ basis set), compared with the experimental values of 9.0 kcal mol !

and 1.107 A (singlet) / 1.085 A (triplet), respectively.'?

Electron correlation is usually introduced into the HF wavefunction through the
incorporation of excited configurations. There are many different approaches to
this, but they can be broadly split into two. The first of these approaches uses
a single HF determinant directly, adding small corrections to the total energy by
variationally optimising the weights of the excited configurations (e.g., configura-
tion interaction methods, Figure 1.16b). The second approach uses multiple HF
determinants, variationally optimising both the weights of all configurations and
the orbitals in the wavefunction simultaneously to obtain an accurate description
of the electronic structure (e.g., complete active space methods, Figure 1.16c).
These two methods serve different purposes: single-determinant methods recover
so-called ‘dynamic correlation’ — the removal of the artificial repulsion arising
from the naivety of an electron to the exact position of the others as described
above, whereas multi-determinant methods recover ‘static correlation’ — energy
arising from the inability of a single determinant to qualitatively describe the elec-

tronic structure.'®! Static correlation effects are most prominent in systems with
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(near-)degeneracies, such as diradical species,'?? low-spin metal complexes'? or

bond dissociations. '3

It is worth noting that there is no physical distinction between dynamic and static
correlation, but paradoxically the methods employed to describe correlation ef-
fects must be judiciously chosen to ensure each type of correlation is treated in a

BBLA simple test for the presence of static correlation in a system

balanced way.
is to examine the natural orbital occupation number (NOON) from a correlated
calculation; a NOON > 1.98 likely indicates that a single HF determinant is suf-
ficient to qualitatively describe the electronic structure, such that a perturbative
treatment of dynamic correlation is sufficient (see below). However, if a NOON
1s < 1.98, it can be sometimes be wise to employ a multiconfigurational method,
such as the complete active space self-consistent field (CASSCF) method (see be-

low), to obtain a qualitatively correct wavefunction which can later be dressed

with dynamic correlation if quantitative results are desired.

Recovering dynamic correlation. To correct the HF energy for dynamic correla-
tion effects, (generally) small corrections are applied on top of a single HF wave-
function by incorporating excited configurations into the wavefunction (Figure
1.16b) to lower the total energy. While this might seem counterintuitive, electron
exchange terms between the HF and excited configurations compensate for any
increase in the one-electron energy (see Appendix E for further discussion). Of
the multitude of methods that incorporate correlation in this way, the most com-
mon are the Mgller-Plesset perturbation theory to second order (MP2) method!®
and the coupled cluster method with single, double and perturbative triple excita-
tions [CCSD(T)].!3 The MP2 method performs well for most organic molecules,
however can overestimate dispersion interactions'?” and struggle for open-shell

138

systems with small occupied-virtual orbital energy gaps.'”® This latter shortcom-

ing is particularly clear during bond dissociation, where the perturbation correc-
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tion diverges and massively overstabilises species at large separation. MP2 scales
as O(N 5), where N is the number of basis functions, restricting its use for large

systems.'?

Drastic improvements to electronic energies and properties are achieved with the
CCSD(T) method,"*® often described as the ‘gold standard’ for benchmarking
when experimental values are unavailable.!** For this method to be accurate, the
underlying HF determinant has to be qualitatively correct (i.e., the system does not
have strong multireference character, see below). In addition, CCSD(T) scales as
O(NT),13¢ severely restricting its use in systems larger than 10s of atoms. Recent
efforts to achieve linear-scaling coupled cluster methods have found reasonable
success, notably the domain based local pair-natural orbital (DLPNO) approxi-
mation to CCSD(T) which has been applied to systems of hundreds of atoms.'*!
This approach leverages the locality of correlation; correlation arising from the
motion of two electrons at either end of a large molecule is essentially zero, so
terms that include these interactions can be identified and neglected through the
use of localised orbitals and pre-screening. The DLPNO-CCSD(T) method is em-

ployed throughout this Thesis as a benchmark for electronic energies.

Recovering static correlation. The CASSCF method is most commonly used
to describe static correlation effects. A linear combination of HF determinants
is variationally optimised to achieve the desired electronic structure. To limit the
combinatorial explosion associated with the combinations of all electrons occu-
pying all possible orbitals, the orbital space is divided into three parts (Figure
1.16¢): an inactive subspace of occupied orbitals (treated at the HF level), an
active subspace (treated at the full configuration interaction (FCI) level®), and a

virtual subspace. The nomenclature used in this Thesis is CAS(n,m), where n is

"FCI is the exact solution to the electronic problem for a given basis, where all possible exci-
tations from all possible occupied orbitals are considered
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the number of electrons and m is the number of orbitals in the active space. In
the CH, example above, the CASSCF method with two electrons in two active or-
bitals (CASSCF(2,2)/cc-pVQZ) predicts a singlet-triplet gap of —10.4 kcal mol !

— much closer to the experimental value of —9.0 kcal mol .

Unfortunately, there are significant downsides to this method, for example the
active space is limited to only a dozen or so electrons and orbitals, and each cal-
culation must be rigorously checked to ensure the desired orbitals are employed
in the active space. There are no concrete rules for active orbital selection, but for
organic species it is often sensible to choose bonding / antibonding combinations
of orbitals where static correlation effects are believed to be important (e.g., the o
and o* orbitals of H, at large separation). In addition, while the electrons in the
active space are in principle treated exactly, those in the inactive space suffer from

the same problems as the HF method.

1.3.2 Density functional theory

WEFT requires the explicit calculation of four-centre two-electron integrals, there-
fore incurs a baseline O(N*) scaling. An elegant way to reduce this scaling is to
instead calculate the total energy from the electron density, which is a function of
only three spatial coordinates.'*> Hohenberg and Kohn demonstrated a one-to-one
mapping between the total electron density and energy of a system, based on the
idea that an ‘energy functional’ could extract this energy from the density using
(1.14), where the first term represents the attraction between the electron density
and the nuclei, and the second term describes the electronic kinetic energy and

electron-electron repulsion.'#?

Elpl = / v(X)p(r)dr + Flg] (1.14)
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Unfortunately, the exact form of such an energy functional is unknown, and likely
never will be. Modern density functional methods employ approximate function-
als which have been shown to be sufficiently accurate and can often reproduce
experimental trends and fundamental physical requirements to make their use
widespread, stimulating an explosion in the popularity of simulations in chem-
istry.!** In particular, for condensed-phase modelling (including molecular reac-
tions) Kohn-Sham (KS) DFT (1.15) is the most commonly-employed approxi-
mation for achieving any sort of predictive accuracy.!*® In KS-DFT, the total
electron density is approximated as a non-interacting density by introducing or-
bitals, as in WFT, which recovers accurate kinetic energies through T;[p] but re-
quires a Coulomb functional (Ej[p]) to obtain the inter-electron repulsion, and
an exchange-correlation functional (Fy.[p]) to calculate exchange and correlation

interactions between electrons.

Elp) =T.lo) + [ v(x)pe)dr + Eip] + Bl (1.15)

The exact form of the exchange-correlation functional is unknown, but several
decades of work have proved fruitful for the development of functionals that are
practically useful and can recover much of the correct physical behaviour of the

system.'** A hierarchy of functionals was proposed by Perdew, ¢

starting with the
evaluation of the exchange-correlation energy using the density of the system (lo-
cal spin density approximation, LSDA, Figure 1.17a). More accurate molecular
calculations can be achieved through dependence of FE,. on both the density and
its gradient (generalised gradient approximation, GGA), or the density, gradient,
and second derivative of the density (meta-GGA). However, many commonly-

employed functionals of these types suffer from using an approximate exchange-

correlation functional: each electron can repel itself (commonly described as self-
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interaction error, SIE).'*’” To correct for the over-delocalisation resulting from SIE,
a fraction of HF exchange energy can be included in the functional. Error cancel-
lation often results, giving rise to the enormous success of these ‘hybrid” DFT
functionals — although this error-cancellation is system-dependent.'** Further ac-
curacy can be gained by making the exchange-correlation functional depend on
virtual orbitals (‘double hybrid’ DFT), in a manner akin to the MP2 correction
to the HF energy.'*® While energies and other properties often systematically im-
prove with greater sophistication of the DFT functional, this is not always the

case, since KS-DFT is not variational.

a Jacob’s ladder of density functional approximations b Dispersion is lacking from DFT

Chemical

accuracy
® double hybrid Inclusion of MP2-like r

correlation
@ hybrid Inclusion of exact
(HF) exchange
. Dependence on

©) —_meta-GGA density, gradient and

second derivative

4
GGA Dependence on > (
@ density and gradient

_ LSDA Dependence on
@ pdensity Correlated WFT v’
DFT X

No exchange or
Hartree world correlation

simultaneous
fluctuation

C Gaussian basis sets d Resolution of the identity (RI) approximation
electron 1
Yol M
N - Slater: exp(—ar) electron 2

—— Gaussian: exp(-ar?)

@H‘/

electron 1

- 70

electron 2

Figure 1.17: a. Perdew’s DFT hierarchy; LSDA = local spin density approximation, GGA =
generalised gradient approximation. b. Local DFT cannot describe the nonlocal fluctuations in
density required for dispersion interactions. ¢. Linear combinations of Gaussians are routinely
used to approximate Slater functions. d. Cartoon to describe the resolution of identity (RI) ap-
proximation for a Coulomb integral, where a four-centre two-electron integral is transformed into
a two-centre integral via an auxiliary basis set.
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An additional problem with many commonly-employed DFT functionals is their
inability to describe nonlocal density fluctuations and therefore account for dis-
persion interactions (Figure 1.17b). At large interatomic separation, the disper-
sion energy should decay as —1/RS, but this behaviour is not fulfilled by many
common DFT functionals.'* One solution to this problem is to add an empiri-
cal correction to the total energy which describes any long-range interactions as
a function of the distance between atoms. For example, the D3BJ dispersion cor-
rection employed in this Thesis sums interactions arising from pairwise atomic
interactions, using a damping function to remove short-range correlation effects

that are already described by DFT.!’

1.3.3 Practical considerations

Basis set

Both WFT and KS-DFT-based methods require a finite basis set to evaluate the
integrals necessary to describe the electronic structure using computation. Hy-
drogenic orbitals decay exponentially with distance from the nucleus, therefore a
Slater-type basis set can be employed which decays as exp(—ar) and therefore
has the correct short- and long-range physical behaviour (Figure 1.17c). However,
greater computational efficiency can be achieved by using a Gaussian-type basis
set, where the orbital instead decays as exp(—arz), since the product of two Gaus-
sians centred on different points is a sum of Gaussians centred at a point between
those Gaussians (the Gaussian Product Theorem).!>! While many more Gaussians
are required to approach the correct physical behaviour, Gaussian integrals can
be evaluated analytically and therefore offer significant speed-up compared with
Slater-type orbitals. The Gaussian-type ‘def2’ basis sets developed by Weigend

and Ahlrichs are employed throughout this Thesis, given their strong performance
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across the periodic table and the ability to routinely employ the def2-ECP (effec-

tive core potential) for heavy elements.!>

Resolution of identity (RI) approximation

Most of the computational cost in electronic structure calculations arises from the
evaluation of four-centre two-electron repulsion integrals. This cost can be re-
duced by expanding the orbital basis functions over an auxiliary basis set'>315 —
in effect approximating these four-centre integrals as two-centre (Coulomb) and
three-centre (exchange) integrals (Figure 1.17d). Since all calculations in this
Thesis were carried out with the ORCA electronic structure package,'* the RI-
JCOSX approximation was employed as standard, which uses separate auxiliary

basis sets for the Coulomb, exchange and correlation integrals.'>*

Solvent effects

Two computational approaches exist to describe solution-phase reactions: explicit
or implicit solvation. Explicit solvation places the solute into a bath of discrete
solvent molecules, and therefore includes explicit solute-solvent interactions such
as hydrogen bonds. While explicit solvation would give the closest match to the
experimental system, it can become prohibitively expensive with increasing sys-
tem size. Moreover, the configuration of solvent molecules must be well-sampled
to include multiple configurations of similar energy that may be partially popu-
lated at a given temperature. There is the potential for an enormous number of
solvent configurations due to a lack of strong ordering interactions, and errors
may also arise in the calculation of entropic contributions due to an abundance of
low-energy vibrational modes. An alternative to the explicit solvation approach
is to instead use an implicit solvent model, in which a solvent-accessible cav-

ity is constructed around the solute, and charges are placed on the surface of the
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cavity to mimic the solvent medium. In this Thesis, the SMD solvent model is

employed,'’

charged (MUE = 4 kcal mol~!) and uncharged (MUE = 0.6 — 1.0 kcal mol~!)

since it generally performs well for solvation free energies of both

systems. The distinct advantage of such a solvent model is that it is applied dur-
ing the SCF cycle, such that the solute charge density is optimised for the given
solvent environment. However, a drawback of this approach is that any explicit

solvent-solute interactions, such as hydrogen bonds, are not accounted for.

1.3.4 Computational physical organic chemistry

To connect the electronic structure and reactivity of the systems studied in this
Thesis, a series of analyses based on population analyses, molecular orbital (MO),
distortion / interaction (DIA), and non-covalent interactions (NCI) were performed.
These properties can then be used to inform our understanding of the important

chemical interactions and trends that can be used to guide further experiments.

Population analysis

The accumulation or depletion of charges or spin density on individual atoms over
the course of a reaction can reveal the flow of electrons that loosely corresponds
to our understanding of reaction mechanisms using curly arrows. Partial charges
are not physical observables, therefore there are multiple equally valid methods
through which they can calculated; however, irrespective of the method employed,
quantitative structure-activity relationships can be constructed which link trends
in molecular properties or reactivity to partial charges. In this Thesis we employ
Hirshfeld partial charge analysis,'*® which allocates charges to each atom by com-
paring the calculated molecular charge density with that of a promolecule formed
from overlapping, but non-interacting, charge densities of the constituent atoms.

The advantage of Hirshfeld charges over other methods is that the direct use of the

43



The Reactivity of Strained Carbocycles Chapter 1

charge density results in lower sensitivity to changes in basis set size, compared
with partial charges obtained from atomic orbital contributions (e.g., Mulliken

charges!®) which can vary greatly.

It is also possible to use the diabatic fragments involved in an intermolecular re-
action in the place of an atomic promolecule to observe changes in charge density
over the course of a reaction. The charge density of each isolated fragment can
be subtracted from the total charge density of the system and visualised. Positive
lobes then represent a local increase in the electron density, and negative lobes
represent a local decrease. An electron density difference plot (EDDP) for the
addition of CN™ to acetone reveals the expected build-up of negative charge on the
carbonyl oxygen (blue lobe, Figure 1.18a) and depletion of density on the cyanide
fragment (red lobe). Additional chemical insight can be drawn from this analysis,
for example the accumulation of electron density in the region corresponding to
the forming C—C bond, depletion of density from the C=0O 7 bond, polarisation
of acetone charge density away from the approaching CN™ nucleophile, and dis-
ruption of oc—y — 7&_ hyperconjugation. Differences in Hirshfeld charges

between the TS and isolated reactants (Agq) are also shown for reference.

Molecular orbitals

Additional insight into the origins of reactivity can be drawn from an examination
of the molecular orbitals (MOs) involved in a reaction. There is debate over the

160.161 gince there is no unique definition and the con-

physical significance of MOs,
nection to experiment is complex, ' so care must be taken to ensure any chemical
interpretations that result from their use depend as little on the chosen method as
possible. Various methods exist to construct MOs and derive meaning from them,

which can be broadly divided into two.
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Figure 1.18: Analysis of the TS for the addition of CN™ to acetone, analysed using: a. Hirsh-
feld partial charges (g, in ¢) and an electron density difference plot (isovalue = 0.005 a.u.), b.
frontier molecular orbital (FMO) analysis (isovalue = 0.1 a.u.), ¢. natural bond orbital (NBO)
analysis (isovalue = 0.1 a.u.), d. distortion / interaction analysis, and e. non-covalent inter-
action (NCI) analysis (isovalue = 0.7 a.u.). Calculations at the CPCM(water)-PBEO-D3BJ/ma-
def2-TZVP//CPCM(water)-PBEO-D3BJ/ma-def2-SVP level. Hirshfeld charges for hydrogens are
summed into the nearest heavy atom. Unless specified, all energies are given in kcal mol 1.
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Delocalised MOs. The first of these categories, delocalised MOs, are obtained di-
rectly from a WFT or DFT calculation. They are often, by construction, symmetry-
adapted and orthogonal, which can limit interpretability except in simple cases.
However, delocalised MOs do have some important physical characteristics —
for example, that the lowest vertical ionisation potential (VIP) of a molecule is
approximately equal to the negative of the energy of the highest occupied MO
(HOMO) within HF theory (Koopmans’ theorem).'®® In addition, the HOMO-
LUMO (lowest occupied molecular orbital) gap derived from DFT can be used
as an approximation for the difference between the VIP and electron affinity.!%*
The HOMO energy and HOMO-LUMO gap then inherit some physical meaning,
relating to the ease with which a molecule may donate or accept electron density
during a chemical reaction. For example, frontier molecular orbital (FMO) theory
uses the energies and overlaps of the HOMO of a nucleophile and the LUMO of
an electrophile to predict reactivity trends: minimising the HOMO-LUMO energy
gap, or maximising the HOMO-LUMO overlap, leads to a lower energy TS (Fig-
ure 1.18b).!95-167 The HOMO-LUMO overlap term is especially significant for
pericyclic reactions, where the relative phases of the HOMO and LUMO of a pair
of reactants may lead to symmetry-allowed or symmetry-forbidden processes.'¢%16?
However, there are some disadvantages to using delocalised MOs to interpret re-

activity: the fact that they are constructed to transform as the point group of the

molecule results in artificial delocalisation effects that can confuse the connec-

tion to the chemist’s view of bonding, and the choice of method can also strongly

affect orbital energies and the extent of delocalisation. Nonetheless, delocalised

MOs are undoubtedly a powerful tool for the prediction and rationalisation of

chemical reactivity.

Localised MOs. The second category of MOs commonly used to analyse chemi-

cal reactions is localised MOs, where the orbitals are constructed such that they re-
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semble electron (pairs), allowing a more direct comparison with familiar covalent
/ ionic representations of bonding.!”® One such localised MO framework is natural
bond orbital (NBO) theory,!”! which takes delocalised MOs from a WFT or DFT
calculation and transforms them into localised ones, first by constructing ‘natural
atomic orbitals’ from the SCF first-order reduced density matrix, then forming
directional ‘natural hybrid orbitals’ (NHOs), before allowing the overlap of these
NHOs on different atoms to form NBOs (for an example see Figure 1.18c). The
resultant bonding picture strongly resembles that described by Lewis,'” where
electrons are generally localised on one or two atoms only (for ordinary organic
molecules). However, deviations from the localised picture, represented by an
increase in the population of antibonding NBOs, represents a deviation from the
Lewis representation of a molecule — commonly described as delocalisation. This
delocalisation relates to conjugation and hyperconjugation concepts, for example
in the description of the m-system of benzene using two cyclohexatriene resonance

forms.

Donor-acceptor interactions, such as donation from bonding to antibonding or-
bitals, can be quantified using second order perturbation analysis of the NBO

Fock matrix

0)) 71 *(0)y 12
@ _ o [Flg;™)

where n; is the Lewis occupation number of the orbital (0, 1 or 2), gzﬁl(o) is an
occupied (Lewis) orbital, gb;-(o) is an unoccupied (non-Lewis) orbital, F'is the Fock
operator, and ¢ is the orbital energy. The NBO program is widely implemented in

many popular electronic structure packages.
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Distortion / interaction analysis

Further insight into the origins of reaction barriers can be derived by examing
changes in geometry over the course of the reaction in terms of the energy; dis-
tortion / interaction analysis (DIA, also called the activation strain model)!”? is
one such method. For an intermolecular reaction, the total energy at a given point
on the potential energy surface (PES) can be described in terms of the energy

required to distort each fragment into its geometry at that point  according to

AEy,(¢) = E'(¢) — E'(0) (1.17)

where AFE?.  is the distortion energy of the ith fragment, and the sum of all distor-
tion energies is the total distortion energy (A FEy;,,). The distortion energy results
from deviations from ideal bond lengths, angles, etc. (i.e., increasing strain). The
difference between the energy change resulting from fragment distortion and the
total energy change, A E,,;, corresponds to stabilisation through the formation of

bonding and non-bonding intermolecular interactions, and is given by

AEmt(C) = AEtotal<§) - AEdist(C)- (118)

The position of a reacting complex on the PES is defined by a ‘critical geome-
try parameter’ — for example the forming C—C bond for the addition of CN™ to
acetone (Figure 1.18d). In this case, at the TS the distortion energy of acetone

dominates the activation barrier (AE; = 12.3 kcal mol™!), and from the

ist,acetone
calculated activation energy of 10.2 kcal mol~!, intermolecular interactions of-
fer 2.0 kcal mol~! stabilisation. In this example we have examined only the TS

geometry for simplicity, however it is often necessary to calculate the distortion
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and interaction contributions along the entire reaction coordinate to draw correct

conclusions about changes in activation energies between different systems.

Non-covalent interaction analysis

The methods of analysis discussed so far have focused on the effects of bonding
on reactivity. However, non-covalent interactions (NCIs) can be equally impor-
tant to unravel the impact of steric repulsion, dispersion, hydrogen bonding or
attractive electrostatic interactions on reactivity and selectivity trends. The NCI
method!”® makes possible the visualisation of these interactions by evaluating the
electron density (p) and the reduced density gradient (s o< |Vp|/p*/?) on a grid
spanning the molecule. This analysis provides a rough partition of real space into
non-bonding regions (low-p, high-s), covalent bonds (high-p, low-s) and non-
covalent interactions (low-p, low-s). The sign of the second-largest eigenvalue of
the electron density Hessian at a particular point (sgn(\2)p) then reveals whether
the interaction is attractive (sgn(A2)p < 0, local accumulation of density), repul-
sive (sgn(A2)p > 0, local depletion of density) or dispersive (sgn(A2)p ~ 0, weak
accumulation of density). In the addition of cyanide to acetone, steric repulsion
between the approaching anion and the methyl groups of the ketone destabilises

the TS (Figure 1.18e).

Linear free energy relationships

LFERs work on the principle that there is a linear relationship between a physical
organic parameter, for example a Hammett parameter (o) that describe electron-
withdrawal or donation,'”* and a free energy — usually a Gibbs free energy change
AG, but sometimes approximated as an enthalpy change AH through neglect of
changes in entropy. To obtain a predictive model from this data, linear regression

(LR) can be used to predict a free energy based on a physical organic parameter,
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once the model has been fitted to some calculated or measured data. In the same
way, multiple linear regression (MLR) can take multiple physical organic param-
eters simultaneously and return a predicted free energy, which is useful when
multiple features, e.g., sterics and stereoelectronics, are important to describe the
observed trend in reactivity under study. LFERs are employed in Chapter 4, so a

brief summary of the theory of LR and MLR is provided here.

Linear regression. LR is concerned with finding a linear relationship between
two variables: an independent variable, x, which functions as the input, and a
dependent variable, y, which functions as the output. LR then tests how well x

describes y through the equation of a straight line

y =B+ Bix (1.19)

where (3 describes the y-intercept — the intrinsic value of y when z is zero (i.e. has
no effect) — and f3; is the gradient of the line — the effect size. To find S, and (1,
the squared error between the y values predicted by (1.19) and the true y values
is minimised by least squares regression. One way of doing this is to introduce a

term to (1.19) to account for the model error (residuals), € = ¥ — y,req, through

Y=o+ Pix+e (1.20)

then calculate ¢; for each pair (x;, y;) in the data set. The coefficients 3, and 3; can

then be found by minimising the sum of square errors (residual sum of squares)
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N

SSres(Bo, B1) = > € (1.21)
aSSres

=0 1.22

. (1.22)
0SS, es

=0 1.23

95, (1.23)

then solving the resultant simultaneous equations for 5, and ;. A metric is then
required to quantify how well z describes y; this is most commonly done using

the coefficient of determination, R?, which is given by

N

SS’I‘ES —
R*=1-— S5, SSu= > (i) (1.24)

i
where S5, is a normalising factor, and ¢ is the mean of the true y values. An
R? of zero then indicates no correlation, and R? = 1 indicates perfect correlation.

Other error metrics are commonly used, such as the mean absolute error (MAE),

given by

N
1
MAE = > el (1.25)

where N is the sample size, and the root-mean-squared error (RMSE), which is

given by

(1.26)

RMSE punishes larger errors to a greater extent than MAE, and MAE is generally
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more interpretable.

Multiple linear regression. The LR approach that maps a single z onto y can be

generalised to multiple z; through the equation

N
y=P5+ Y Biwi+e (1.27)

which describes MLR — the process of finding how well a linear combination of
independent variables x; describe the dependent variable y. The same process for
finding the coefficients 3; can be used as for the LR case. Implicit in both LR and
MLR are the assumptions that (1) there is a linear relationship between x and y,
(2) the residuals € are normally distributed, (3) each pair (z;, y;) is independent of
all others, and (4) the residual € does not depend on the value of x;. In addition,

MLR requires the assumption that the independent variables are uncorrelated.

A danger of MLR is that increasing the number of independent variables in the
model will increase the correlation (R?), but once unseen data is fed into the model
the predictions may be poor. This is called overfitting, and can be avoided by min-
imising the number of independent variables included in the model. Additionally,
an LFER should reproduce the chemical behaviour of the system under study,
rather than simply provide a low prediction error, since this will provide chemi-
cal insight that can inform further improvements to the reaction or property under

investigation. Worked examples of LR and MLR are shown in Appendix F.

1.3.5 Stern-Volmer quenching

Alongside the theoretical models and QM calculations carried out in this Thesis,
we also investigated some aspects of reactivity using experimental techniques. In

particular, in Chapter 3 we investigated rates of electron transfer between an ex-
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cited photocatalyst and several components in the reaction mixture. We employed
the Stern-Volmer method to quantify the kinetics of intermolecular luminescence
quenching,'” in which the decrease in luminescence intensity, represented as a
normalised ratio (Iy/I), varies linearly with the concentration of a quencher ()

according to the equation

R ) (1.28)

where £, is the quenching rate constant and 7y is the lifetime of the excited state.
This result arises from the set of four processes that are assumed to completely

define the kinetics of an excited state M* formed upon irradiation of M:

Photoexcitation M+ hv — M* Eaps[ M|

Radiation M* — M + hv k. [M*]

Non-radiative decay M* — M Ko [ M
Quenching M +Q—M+Q k[M][Q]

Non-radiative decay includes processes such as vibrational relaxation and internal
conversion. The radiation quantum yield (®) of M * in the presence of () is defined

by the ratio of the radiation rate and all radiative and non-radiative processes

k,

The ratio of quantum yields in the absence and presence of () can be measured as

a change in the emission intensity

(I)O o ]0 o kr +knr +kq[Q]
O k. + kp, (1.30)

which simplifies to (1.28), where 79 = (k, + ky,)~*.
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While 7y must be measured to obtain k,, in this Thesis we are concerned only
with relative quenching rates. In this case, ratios of the Stern-Volmer quenching
gradient, k, 7, for different quenchers are sufficient, therefore explicit knowledge

of 79 is not required.
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Electronic structure and reactivity of [1.1.1]pro-

pellane

[1.1.1]Propellane (1) has attracted significant interest across many areas of chem-
istry over the past 50 years, from theoretical studies on its electronic structure to
its use in organic synthesis as a precursor to bicyclo[1.1.1]pentanes. It exhibits a
remarkably broad reactivity profile, undergoing additions of anions, radicals and
cations to its highly-strained cage. Much of the recent [1.1.1]propellane litera-
ture discusses the importance of the release of strain energy to enable reactiv-
ity, yet this strain release is similar to cyclobutane and cyclopropane — which do
not exhibit the same reactivity profile. In this Chapter, the relationship between
the bonding and reactivity of [1.1.1]propellane will be explored, where a o—-
delocalisation effect is proposed to work alongside strain release to enable such
facile reactivity. A summary of computational benchmarking studies is also dis-
cussed to validate the approaches employed throughout this Thesis. This work

was published in Chemical Science in 2020.'%

2.1 Ground state electronic structure

To understand how the electronic structure of [1.1.1]propellane influences its re-
activity, we carried out a detailed study of its electronic structure in the ground
state and its change upon bond-stretching or ionisation. These analyses reveal the
important features of the electronic structure of 1 that will determine its ability to

react with anionic, radical or cationic species. Much experimental and computa-
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tional effort has been put into understanding the nature of 1, and some of the key

studies will be summarised here.

The ground state geometry and electronic structure of 1 has been examined by
low-temperature gas-phase electron diffraction (GPED),!’® vibrational spectro-
scopy,!”” X-ray diffraction,'”® photoelectron spectroscopy'’”® and NMR, '3 which
have been complemented by extensive computational studies.05%181-186 The in-
terbridgehead (C1-C3) bond length from GPED is estimated to be 1.594 A,!70
which is only slightly elongated compared with ethane (1.524 A),'8” suggestive of
a covalent C1-C3 bond (Figure 2.1a). However, photoelectron spectroscopy re-
vealed a very short vibrational progression through ionisation from the 3a) orbital
responsible for the C1-C3 bond (Figure 2.1b),'” in line with calculations of neg-
ligible orbital overlap®® that would point to a complete lack of a o bond between
the bridgehead carbon atoms. Despite this latter evidence, the calculated singlet-
triplet gap of 1 is large (=~ 79 kcal mol~! at the MP2/6-31G* level),'®? consistent

with its resistance towards oligomerisation in solution.

Jackson and Allen proposed that the bonding energy apparently caused by a

C1-C3 interaction is in fact a result of three-centre two-electron bonding

(o-bridged 7 bonding) involving bridgehead-bridge orbital interactions (Figure
2.1¢),'8! although this was disputed by Davidson on the grounds that the C1-C3
interaction is net 7-antibonding.'®? Studies of the electron density of 1 provided
further insight; while a bond critical point was observed between C1 and C3, the
Laplacian of the electron density at this point — which should be negative for a
covalent interaction — was found to be positive through both computational and
experimental studies.!””!8% Indicative of a depletion of electron density, this re-
sult led to the classification of the C1-C3 bond of 1 as a charge-shift bond using
Valence Bond (VB) theory. This type of bonding is typified by the stabilisation

energy arising from resonance between the covalent ([C1°- - - *C3], repulsive) and
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a C1-C3 bond length of [1.1.1]propellane b Photoelectron spectrum
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Figure 2.1: a. Experimentally-determined C1-C3 bond lengths for [1.1.1]propellane from Refs.
[176-178]. b. Photoelectron spectrum of [1.1.1]propellane, adapted with permission from Ref.
[179]. c. Jackson and Allen’s o-bridged 7 bonding model for [1.1.1]propellane based on the 3¢’
MO, and the le” 7-antibonding MO pointed out by Davidson. d. Valence bond (VB) resonance
forms that describe the charge-shift bond of [1.1.1]propellane.

ionic ([C10)...)C3] and [C1™) . ..(DC3], attractive) structures (Figure 2.1d).
In 1, this situation is suggested to arise due to significant Pauli repulsion pressure

between each of the C1/3-C2 ‘wing’ bonds and the C1-C3 bond.

Following these studies, we sought to further investigate the ground state elec-
tronic structure of 1 to ensure an accurate reference was available to determine
changes in electronic structure through reactivity. We investigated this possibil-
ity with the complete active space (CASSCF) method, employing a (2,2) active
space to allow two electrons to populate both the o and o* orbitals such that any
diradical character could be accurately described (Figure 2.2a) We found that
Weasscrea = 0.95(a))?(af) + 0.05(a))°(a}y)?, leading to a population of the
C1-C3 o orbital of 1.91 electrons. For context, ‘ordinary’ closed-shell organic

molecules feature orbital occupation numbers in excess of 1.98 electrons, sug-
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a HF b Apcasscr2)-HF
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Figure 2.2: a. Active orbitals selected for the description of the interbridgehead bond of
[1.1.1]propellane (1), and comparison of HF and CASSCF(2,2) configuration coefficients. b.
Electron density difference plot for [1.1.1]propellane at the CASSCF(2,2) and HF levels (def2-
QZVPP basis). Isovalue = 0.002 a.u.

gesting correlation effects must be carefully accounted for in our description of 1.
Perplexingly, the large HOMO-LUMO gap (L, = 13.0 eV, RHF/def2-QZVPP) is
not typical of static correlation effects that might be expected from the CASSCF
wavefunction. Expanding the active space to include the next set of bonding /
antibonding degenerate orbitals (¢”) with a CASSCF(6,6) calculation revealed
an almost identical electronic structure and natural orbital occupation numbers
(NOON:Ys) of these €” orbitals >1.98 / < 0.02, suggesting that the (2,2) active space

is sufficient to describe any static correlation effects present in the molecule.

The calculated singlet-triplet gap (A Es_t) at the CASSCF(2,2)/def2-QZVPP level
is 131 kcal mol~!, but only 83 kcal mol~" at the HF level. Since the triplet state
is well-described by a single determinant, the increase in A Es 1 at the CASSCF
level must occur due to stabilisation of the singlet state. To investigate this ef-
fect further, we visually compared the difference in total electron density (p) be-
tween the CASSCF(2,2) and HF wavefunctions (Apcasscreo)-ur). HF theory
will be expected to overlocalise electron density in bonding regions due to a lack
of Coulomb correlation, a contribution present in CASSCF. For [1.1.1]propel-

lane, Apcasscre2)—nr reveals the expected depletion of density from the centre
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of the cage — but a redistribution of electron density through the accumulation of
the excess density onto the wing carbon atoms (Figure 2.2b). We interpret this
redistribution as the sacrifice of the C1-C3 ¢ bond to form a C1-C2 7-bonding
interaction. In terms of electronic configurations, this process can be thought of as
a o — [0* + 7] stereoelectronic interaction, or ‘c—mr-delocalisation’. The result of
this delocalisation effect is two-fold: firstly, the expected electronic unpairing that
would give an open-shell singlet state is avoided; and secondly, these m-bonding
interactions may provide structural integrity to the propellane cage, increasing the

activation barrier to unimolecular decomposition.

Localised representation. The o—m-delocalisation effect in [1.1.1]propellane can
be also analysed with a localised representation of the CASSCF(2,2) wavefunc-
tion. Here, we employ the Foster-Boys localisation'® of the SCF orbitals, which
reveals the expected bridgehead-centered orbital pair (Figure 2.3a), with three
electronic configurations comprising one covalent [W.,, = (¢1)'(¢2)'] and two
ionic [Wion1 = (01)%(¢2)? and Wipnn = (¢1)%(¢o)°] states. The resulting wave-
function: Weasscrooioe = 0.71W 0y + 0.15Wi0n1 + 0.15W;0n 2, indicates a 30%
contribution of ionicity to the bond, in good agreement with that obtained by
Davidson at the two-configuration SCF level.'®? This representation is also in
qualitative agreement with that arising from VB theory as described by Wu, Shaik,
Hiberty and co-workers: Wyg = 0.62Wo, + 0.19Won 1 + 0.19¥;,,,.!8¢ Interest-
ingly, the weights of the ionic structures were found to be greater for ethane than
1. However, the key difference between the two C—C bonds lies in the nature of

the covalent interaction: it is attractive for ethane, but repulsive for 1.

An alternative localisation scheme is available within NBO theory. In particular,
second-order perturbation theory analysis of the NBO Fock matrix reveals that
the o—m-delocalisation effect is equivalent to geminal hyperconjugation, in which

the o¢i_c3 and o¢;_c; orbitals donates electron density into the o5, -, and o0& 3
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a  Localised representation of the [1.1.1]propellane C1-C3 bond

covalent ionic 1 ionic 2
1 ¢
Feller etal. 0.72 0.16 0.16
Wu et al. 0.62 0.19 0.19
This work 0.71 0.15 0.15

b NBO

4 ) € Major resonance forms of [1.1.1]propellane
hyperconjugations

1
= A BRTR
. 2
0c1-c3—0"c1-c2 .
AE@=129kcal mol-t 1 ! 3 >

\
\
\

! !
% - |[A—A—n

*
0ci1-c2—0 c1-c3
0,
AE® = 13.8 kcal mol™" 27%

Figure 2.3: a. Localised CASSCF(2,2) active orbitals of [1.1.1]propellane, and weights of cova-
lent and ionic resonance forms from Refs. [182] and [186]. b. Geminal hyperconjugation between
the interbridgehead and wing bonds of [1.1.1]propellane. ¢. Resonance structures for [1.1.1]pro-
pellane.

orbitals, respectively (Figure 2.3b). These interactions are significant (12.9 and
13.8 kcal mol~!, respectively) compared with the equivalent interactions in cy-
clopropane (5 kcal mol 1), suggesting that geminal hyperconjugation, which has
already been suggested to account for the low strain energy of cyclopropane,®
plays an even more important role in stabilising the electronic structure of 1. The
geminal hyperconjugation model allows the representation of [1.1.1]propellane as
a resonance between its Lewis structure, in which all C—C bonds are o bonds, and

six degenerate alkene/carbene pairs (Figure 2.3c). Natural resonance theory indi-

cates that the Lewis structure contributes 58% to the total structure in [1.1.1]pro-
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pellane, while each alkene/carbene pair contributes 4.5%, leading to a total con-
tribution of 27%. These results confirm that the C1-C3 bond is delocalised over

the cage.

2.1.1 Electronic structure methods

Since our CASSCF calculations revealed only a small contribution (= 5%) of
a doubly-excited determinant wavefunction of [1.1.1]propellane, we were con-
fident that a robust single-reference approach would provide sufficient accuracy
to compute the desired molecular properties. We settled on the approximately
linear-scaling DLPNO-CCSD(T) method'*! with a large def2-QZVPP basis set'>?
to calculate several properties of [1.1.1]propellane, such as the singlet-triplet en-
ergy gap, the ionisation potential and the electron density, and used these values
as a reference method to benchmark a selection of density functionals for the re-

activity studies.

C1-C3 bond distance. One of the first indicators of the behaviour of a given
method is its ability to reproduce meaningful geometries. In particular, we evalu-
ated how well the C1-C3 bond length of [1.1.1]propellane is described by a range
of electronic structure methods (Figure 2.4). While different experimental values
have been reported for this distance which differ in the technique employed, here
we chose the value obtained from gas phase electron diffraction (1.594 A) as our
reference,!’® as it is free from crystal packing effects. At the HF level, this dis-
tance is underestimated (1.540 A) due to overlocalisation of the electron density
in this region. On the other hand, MP2 gives the smallest error among the meth-
ods tested; however, this may be coincidental as other properties are only poorly
reproduced (vide infra). Pure DFT methods slightly underestimate the C1-C3
distance, which may seem surprising as one would expect that electron density in

bonding regions should be underestimated due to self-interaction error.!*® Addi-
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Figure 2.4: Error in interbridgehead (C1-C3) bond length compared with gas-phase electron
diffraction measurements, employing a def2-QZVPP basis set.

tion of exact HF exchange causes further bond shortening, presumably due to the
aforementioned localisation error. Finally, the inclusion of MP2-like correlation
in double-hybrid functionals reduces the error, lengthening the C1-C3 bond but
still falling short of the experimental value. We suspect the geometric constraints
provided by the cage play a significant role in how well the C1-C3 bond length is
described.

Singlet-triplet gap. The singlet-triplet gap of [1.1.1]propellane indicates the ex-
tent of electron pairing in the C1-C3 bond, and is therefore a description of
o—m-delocalisation. We calculated A FEs 1 over a range of C1-C3 bond lengths
for a selection of methods and compared these results to the those obtained at
the DLPNO-CCSD(T)/def2-QZVPP level (Figure 2.5). As expected, HF theory
greatly underestimates A Fs_t over the range of bond lengths. We attribute this be-
haviour to overlocalisation of the density at the centre of the propellane cage and
consequently overestimation of electron-electron repulsion. While this is effect is

somewhat corrected with MP2, A E 1 is now overestimated by ~ 10 kcal mol .
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Figure 2.5: Mean errors in singlet-triplet energies (A Es_t, kcal mol 1) compared with DLPNO-
CCSD(T), employing a def2-QZVPP basis set. rci_c3 = 1.54 t0 2.00 A in 9 steps of 0.05 A.

GGA/meta-GGA density functionals tend to underestimate A Fs_t, which is made
worse with the inclusion of exact HF exchange in hybrid functionals. While
the inclusion of exact exchange often improves the behaviour of pure density

functionals,'**

we suspect that the delocalised nature of the interbridgehead C-C
bond diminishes the error cancellation that would usually result in more localised
electronic structures. Despite the poor performance of single-hybrids, all double-
hybrid functionals tested performed well. The inclusion of MP2-like correlation
may improve the description of the system by including the important double-
excitation featured in the CASSCF wavefunction. In general, we anticipate that
functionals in which A Fs 1 is underestimated will give activation barriers that

are much too low for [1.1.1]propellane, which will be problematic given that elec-

tronic activation barriers are likely to already be small for many of these reactions.

Vertical ionisation potential. The reaction of [1.1.1]propellane with cations is
likely to involve the donation of electron density out of the propellane cage, and

towards the approaching electrophile. In the most extreme case, this is equiv-

63



The Reactivity of Strained Carbocycles Chapter 2

0.5

§
.
0.0 \\k.
2 |7
505 |7
A
S0 é ~HF sMP2
§ % =PBE B97-D3
s é TPSS B3LYP
% - M06-2X ~ wB97X-D3
1.5 % sB2PLYP s B2GP-PLYP
Z PWPB95 DSD-BLYP
«DSD-PBEB95 DSD-PBEP86
-2.0

Figure 2.6: Mean errors in the vertical ionisation potential (VIP, eV) compared with DLPNO-
CCSD(T), employing a def2-QZVPP basis set.

alent to the ionisation of the propellane cage, which is known to cause rapid
fragmentation.'®! We therefore computed the vertical ionisation potential (VIP)
for a range of functionals and compared them to the DLPNO-CCSD(T)/def2-
QZVPP value (Figure 2.6). HF theory vastly underestimates the VIP of [1.1.1]pro-
pellane, in line with our suggestion that this method overestimates electron-electron
repulsion in the ground state. On the other hand, MP2 overestimates the VIP,
which suggests that the singlet state is over-stabilised. Among the GGA den-
sity functionals, PBE is surprisingly accurate, giving an error of only —0.10 eV;
however, we suspect this is fortuitous (vide infra). Single-hybrid functionals give
similar performance to GGA/meta-GGAs, although M06-2X gives almost exact
agreement with the reference value. Double-hybrid functionals generally perform

well; in particular, B2GP-PLYP led to an error of just —0.01 eV.

Density. To confirm that double-hybrid DFT is correctly describing the electronic
structure of the interbridgehead C1-C3 bond of [1.1.1]propellane, we explored
the ability of different DFT functionals to reproduce the CASSCEF electron density
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Figure 2.7: Electron density difference plots for [1.1.1]propellane at the DFT level (BLYP, B3LYP
and B2PLYP) compared with CASSCF(2,2), employing a def2-QZVPP basis set. Isovalue =
0.01 a.u.

(Figure 2.7). We chose three functionals from different rungs of the DFT Jacob’s
Ladder!¢: BLYP (GGA), B3LYP (single hybrid GGA) and B2PLYP (double-
hybrid GGA),!48.192.193

As we move up the Jacob’s ladder, density differences relative to CASSCF be-
come smaller, in agreement with the improved performance in the singlet-triplet
gaps and VIP estimations. For example, employing BLYP results in accumulation
of density on the carbon atoms and depletion along the side bonds. This would
suggest that repulsion between the side and central bonds is underestimated, there-
fore o—m-delocalisation is not properly described. B3LYP, which contains 20%
HF exchange,'”® provides a better description, despite HF suffering from over-
localisation problems. Here, accumulation of density is observed on the carbon
centres and along the central bond. The double-hybrid B2PLYP functional, which
includes 53% HF exchange and 27% PT2 correlation,'*® corrects this error, result-
ing in a density closely resembling the CASSCF density. The slight overlocalisa-
tion on the wing carbon atoms is likely to arise from truncation of the CASSCF

orbital space (i.e., neglect of dynamic correlation).

From the results described above, we anticipate that double-hybrid DFT func-

tionals will provide the optimal choice to describe the reactivity of [1.1.1]propel-
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lane. While the C1-C3 bond is slightly underestimated, the inclusion of MP2-like
correlation significantly improves electronic descriptions, including the singlet-
triplet gap, VIP and electron density. For systems where double-hybrids become
prohibitively expensive, such as transition state calculations on medium-to-large
molecules, single-hybrid functionals will be required, with the expectation that
activation barriers will be slightly underestimated due to singlet destabilisation

arising from the HF localisation error.

2.2 Rationalising the reactivity of [1.1.1]propellane

Having identified the presence of o—m-delocalisation in [1.1.1]propellane, we in-
vestigated how it might influence reactivity. We suspected that the unusually broad
reactivity profile observed with this system might be caused by this delocalisation
effect — a small penalty for distorting the electron density in the C1-C3 bond
could indicate low activation barriers with nucleophilic species, and the possibil-

ity of rapid electronic repulsion-relieving reactions with electrophiles.

We therefore undertook a systematic study of the reactivity of [1.1.1]propellane
with three types of system: anionic, radical, and cationic, using a minimal model
to achieve high accuracy and efficiency. The applicability of this model was later

tested in experimentally-relevant systems.

2.2.1 Reactions with anions

The addition of anionic species to [1.1.1]propellane can be thought of as an Sy2
reaction, in which the leaving group (nucleofuge) is the distal C3 atom of the cage.
However, at odds with most Sy2 reactions, there is no requirement to planarise the
central atom (C1) due to its pre-existing inverted geometry. As distortion of the

electrophile is usually the origin of the TS barrier in Sy2 reactions,!”? one would
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Scheme 2.1: Key step in Walsh’s dithiane addition to [1.1.1]propellane, calculated at the
SMD(1,4-dioxane)-UM06-2X/6-311+G(d,p)//UB3LYP/6-31+G(d,p) level.

expect low barriers for additions to [1.1.1]propellane, especially considering the
strain-release driving force for the reaction. However, counter to this intuition,
anionic addition reactions tend to require elevated temperatures and long reaction
times; for example, temperatures in excess of 50 °C and reaction times of around

114,194 These re-

16 h for the addition of turboamide anions to [1.1.1]propellane.
quirements were corroborated by Walsh in a combined experimental and com-
putational study on the addition of dithiane anions to [1.1.1]propellane (Scheme
2.1).115195 Their calculated activation barriers of ~ 30 kcal mol~! agree with the

need for experimental conditions of 80 °C and 16 h reaction time.

Reaction profiles and distortion / interaction analysis

To investigate the origins of TS barriers in anionic additions to [1.1.1]propellane,
we constructed a model system with hydride as the nucleophile. This system was
first modelled at the CASSCF(4,3)/ ma-def2-QZVPP level of theory. The active
orbitals were chosen based on the combination of the doubly-occupied hydride
Is orbital (¢2, Figure 2.8) with the bonding and antibonding combinations of the
C1-C3 o bond (¢; and ¢3). A relaxed scan of the forming C—H bond length ()
revealed a single maximum at 1.9 A, and an overall electronically favourable pro-
cess with a driving force of —20 kcal mol~!. Over the course of the reaction, the
orbital characteristics change from the initial H 1s, o and [0* + 7] to the bond-
ing (¢1), non-bonding (¢-) and antibonding (¢3) combinations of two p orbitals

(propellane fragment) and the H 1s orbital. Only two significant configuration
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Figure 2.8: Potential energy surface for the addition of hydride to [1.1.1]propellane at the
CASSCF(4,3)/ma-def2-QZVPP level (left axis), and the CASSCF(4,3) configuration coefficients
for this process (right axis). Inlay: Composition of active orbitals ¢;_3 along the reaction coordi-
nate.

coefficients were observed along the PES, the largest being the (¢;)%(¢2)?(¢3)°
configuration, with a smaller contribution from the (¢;)?(¢2)°(¢3)? configura-
tion. In fact, the latter configuration features only at large C—H distances, and
corresponds to the double excitation observed in isolated [1.1.1]propellane (vide
supra). The weight of the coefficient for this doubly-excited configuration decays
smoothly over the course of the reaction as orbital mixing occurs, so there is no
appreciable multireference character at the TS. We can therefore safely employ
DLPNO-CCSD(T) as we did for benchmarking studies. Both ¢, and ¢3 retain the
contribution of the bridging carbon p orbitals, and near-double occupation of ¢,

in the adduct suggests considerable delocalisation of the BCP anion over the cage.

To further analyse this reaction, we carried out a distortion / interaction analy-
sis (DIA) and electron density difference analysis to examine the role of propel-
lane cage distortion and electronic delocalisation in the observed reactivity (Fig-

ure 2.9). To our surprise, the distortion energy (A F4) remains close to zero
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Figure 2.9: Distortion / interaction analysis for the addition of hydride to [1.1.1]propellane, at the
SMD(Et,0)-DLPNO-CCSD(T)/ma-def2-QZVPP level. Inlay: Electron density difference plots
(isovalue = 0.01 a.u.) pre- (r; = 2.00 A) and post-TS (r1 = 1.75 A), at the CASSCF(4,3) [hydride
+ [1.1.1]propellane] / CASSCF(2,2) [ [1.1.1]propellane] / HF [hydride] levels (ma-def2-QZVPP
basis set).

prior to the TS — only when the forming bond reaches 2.5 A does distortion rise
above 1 kcal mol~!. At this point, the total barrier is already 5 kcal mol~! indi-
cating that interaction energy (A F),) is positive and responsible for most of the
energy barrier, an unusual phenomenon previously noted for some cycloaddition
reactions.'”? This A Ej, dominance is only overtaken at the TS, where [1.1.1]pro-
pellane distortion rises quickly and A F;,; becomes stabilising. During the forma-
tion of the product state, the C2—C4 distance decreases from 2.21 Ato2.11 A,
and the cage distorts by almost 40 kcal mol~! — a value which we can later use to

compare anionic reactivity with that of radicals and cations.

A density difference analysis, using the same fragments and methodology as the
DIA (Figure 2.9, inlay), reveals that as the TS is reached, the interbridgehead
C1-C3 bond becomes polarised such that charge is depleted from the C1 region

facing the hydride anion and accumulated at the back of the cage. We suggest
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that while this polarisation is disfavoured, the delocalised electron density of the

C1-C3 bond reduces the barrier compared with a more localised ¢ bond.

At the TS, a more substantial change in electronic structure is initiated, featur-
ing an accumulation of density onto the wing carbon atoms. This indicates an
increase in o—m-delocalisation in the product bicyclopentyl anion compared with
the starting propellane, which accounts for the observed cage compression from

the DIA.

The addition of anions to [1.1.1]propellane can therefore be understood as fol-
lows: The energy barrier for anion addition primarily arises due to distortion of
the propellane electron density rather than geometry; specifically, from polari-
sation of the electron density of the C1-C3 bond. Cage geometric distortion
is delayed as a result, with most geometric deformation occurring after the TS.
Carbanion delocalisation occurs in the product through a similar mechanism to

o—m-delocalisation in the starting [1.1.1]propellane.

Benchmarking an anionic addition

To analyse this reaction in increasingly complex systems, we sought to iden-
tify a general, accurate and efficient methodology as an alternative to CASSCF.
We performed a relaxed PES scan at the DLPNO-CCSD(T)/ma-def2-QZVPP//
CASSCF(4,3)/ma-def2-QZVPP level of theory, and evaluated single point elec-
tronic energies with a range of density functionals (Figure 2.10a) . We quantified
the overall performance of each based on the mean absolute error (MAE) and

maximum error (ME, Figure 2.10b).

As expected, HF theory underestimates the long-range interactions and consid-
erably overestimates the TS barrier. This contrasts with pure density function-

als, which underestimate both the activation barrier and overall reaction energy.
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a. Potential energy surface errors for the addition of hydride to [1.1.1]propellane,

with each method (ma-def2-QZVPP level) referenced to the DLPNO-CCSD(T)/ma-def2-QZVPP

energy. b. Mean absolute error (MAE) and maximum error for the PESs described in a.

Figure 2.10
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Figure 2.11: Effect of solvation on the addition of hydride to [1.1.1]propellane at the
[SMD(Et,0)]-DLPNO-CCSD(T)/ma-def2-QZVPP level.

The performance of hybrid DFT is much improved, but the TS barrier is non-
systematically either over- or underestimated with different functionals. Double-
hybrid DFT performs uniformly well over the whole PES. The smallest MAEs and
MEs were observed for MP2, B2GP-PLYP-D3BJ, DSD-BLYP and wB97X-D3,
suggesting that any of these methods would be suitable for describing the reac-
tivity of [1.1.1]propellane with anions. However, given the poorer performance
of MP2 and wB97X-D3 for the description of ground state properties, we suggest

that double-hybrids will be more reliable in general.

Finally, we evaluated the effect of solvation on the reactivity of 1 employing the
SMD implicit solvent model for Et,0," since ethereal solvents are commonly
used in reactions of 1 — either by choice or because 1 is conveniently synthesised
and stored in Et,0.!%° As expected, solvation stabilises the hydride nucleophile
relative to the bicyclopentyl anion, resulting in a significant barrier increase (Fig-
ure 2.11). For this reason, we employed an implicit solvent model for the subse-

quent study in which comparison with experiment is to be made.
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Figure 2.12: a. Potential energy surface for Baran’s turboamide addition to [1.1.1]propel-
lane, calculated with NH, as the nucleophile, at the SMD(THF)-DLPNO-CCSD(T)/ma-def2-
QZVPP//SMD(THF)-B2GP-PLYP-D3BJ/ma-def2-TZVP level (323.15 K, 1 M). Inlay: Distortion
/ interaction analysis for TS1. b. Electron density difference analysis and Hirshfeld partial charges
for TS1 and 1-NH;". A¢* = q%m —q1; A¢ = qiNH, — 15 Art = T%m —r.

Case study: Strain-release amination

Having identified the important features that determine the reactivity of anions
with [1.1.1]propellane, we investigated the seminal strain-release amination reac-
tion which features an amide anion addition to [1.1.1]propellane (Figure

2.12a).1141%* A model NH, anion was chosen for this study to avoid complica-
tions arising from conformational effects. The reaction was modelled using im-

plicit THF with the SMD solvation model to match the experimental conditions.

Addition of NH, to [1.1.1]propellane is only slightly exergonic (AGy =

—1.4 kcal mol~*, 1-NH;), suggesting that much of the strain release effect is can-
celled by the instability of the resulting bicyclopentyl anion. Despite this lack of
thermodynamic driving force, the activation barrier is low (AG* = 19.5 kcal mol~*,
TS1), a phenomenon that we can explain using our o—mr-delocalisation model in-

troduced above: the activation barrier results from distortion of the delocalised
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C1-C3 electron density, which incurs a much smaller penalty than geometric dis-
tortion which would feature in a later TS. Only upon quenching the bicyclopentyl
anion 1-NH; with a MgCI™ ion does the reaction become exergonic (AGy =
—67.5 kcal mol™1), suggesting that the quenching of charge separation is in fact

the reaction driving force, rather than strain release.

DIA of TS1 reveals that the 12.4 kcal mol~! electronic barrier arises primarily
from the destabilising interaction between NH, and [1.1.1]propellane (AESEnt =
4+8.3 kcal mol~!), with a much smaller contribution from the distortion of the
propellane cage (AEﬁgist’1 = 4.1 kcal mol ') and of the amide anion (AEdiist’NHZ_ =

0.0 kcal mol~!). Compared with the hydride anion addition, the contribution of

destabilising interaction energy at the TS is even greater.

Electron density difference analysis reveals a build-up of charge primarily on the
terminal bridgehead carbon (C3) at the TS and a depletion of the density on the
bridgehead carbon facing the amide anion (C1, Figure 2.12b). This qualitative
picture is corroborated by the increase in the negative value of the Hirshfeld partial
charge at C3 (Aq = -0.16 ¢) and an increase in the value at C1 (Ag = +0.11 e).
After the TS, density difference analysis suggests a significant increase in charge
on the bridging carbon atoms (C2). Strikingly, in the bicyclopentyl anion adduct,
the sum of charges on the bridging CH, units is —0.44 ¢, compared with the —0.51 e

partial charge on C3 — charge delocalisation appears to be significant in this anion.

Overall, these results challenge the suggestion that release of strain energy causes
the facile reaction of nucleophiles with [1.1.1]propellane, since anion instability
significantly outweighs any benefits arising from strain release. Instead, we sug-
gest that the polarisability of the C1-C3 bond due to o—m-delocalisation enables

these reactions.
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2.2.2 Reaction with radicals

We next investigated the reactivity of [1.1.1]propellane with radicals. This reac-
tion class is widely utilised in the synthesis of functionalised bicyclo[1.1.1]pentanes
due to the mild reaction conditions and short reaction times required to achieve
high product yields. In general, these reactions occur via the attack of a radical
species to the interbridgehead C1-C3 bond of [1.1.1]propellane, resulting in the
formation of a bicyclopentyl radical. The resultant radical is intercepted by ei-
ther an H-atom source, a radical trap or an organometallic species to form the
bicyclopentane product, or may intercept a second equivalent of [1.1.1]propel-
lane to form a staffane radical. As with the study on anionic addition reactions
to [1.1.1]propellane, we first studied a model reaction to identify the key features
that define the process using CASSCEF calculations, before investigating examples

of experimentally-studied reactivity.

Reaction profiles and distortion / interaction analysis

The addition of a methyl radical to [1.1.1]propellane was studied at the

CASSCEF(3,3)/def2-QZVPP level of theory. The active orbitals were chosen based
on the combination of the singly-occupied carbon 2p orbital on the CH; fragment
with the bonding and antibonding combinations of the C1-C3 o bond (Figure
2.13). A relaxed scan of the forming C—C bond length (7;) revealed a single max-
imum at 2.3 A, and an overall electronically favourable process with a driving
force of =21 kcal mol~!. As in the anionic addition reaction, orbital mixing oc-
curs over the course of the reaction, from their isolated carbon 2p and propellane
o and [0* + 7] orbitals to the bonding, non-bonding and antibonding combina-
tions of the three 2p orbitals of the methyl radical and propellane C1-C3 ¢ bond

(Figure 2.13, inlay).

75



The Reactivity of Strained Carbocycles Chapter 2

15 1

E Q

10— nergy L 0.9 7

— ($1)%(¢2) " (p3)° 0.8 (@)

— 5| @602 cQ

'6 — (1) () (¢03)" L 0.7 o

@]

E o} L 06 =h

= L=

(@] C

X .5 A =

X 51 4 koo 0.5 s

> =

D10 | - 0.4 9

O | ¢ L X-----

c L 03 8

W15 ]

F 02 &

- D

20 - 0.1 3
-25 . . ; ; 0
3.5 3 25 2 1.5

ril A

Figure 2.13: Potential energy surface for the addition of CH;" to [1.1.1]propellane at the
CASSCF(3,3)/def2-QZVPP level (left axis), and the CASSCF(3,3) configuration coefficients for
this process (right axis). Inlay: Composition of active orbitals ;3 along the reaction coordinate.

Three significant configurations feature along the PES, the largest being the
(1)*(d2)*(43)° configuration, with a smaller contribution from the
(¢1)°(¢2)*(3)? configuration at large C—C distances (again corresponding to the
[1.1.1]propellane double excitation). The third configuration, (¢1)(¢2)'(¢3)!,
appears only in the vicinity of the TS, and corresponds to the diradical structure

of the propellane interacting with the approaching methyl radical.

In principle, orbital mixing over the course of the reaction should be sufficient
to avoid the formation of a diradicaloid. Indeed, no such configuration was seen
for the anionic addition. To account for this difference between the anionic and
radical CASSCEF profiles, we suggest that the polarisation of the C1-C3 elec-
tron density for the anionic addition avoids an accumulation of charge inside the
cage. However, for the neutral radical addition this polarisation is much less pro-

nounced, resulting in a build-up of charge inside the cage which is alleviated by
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promotion of an electron into an antibonding orbital.

To further elucidate the origin of the TS barrier for this type of reaction, we inves-
tigated the influence of destabilising electronic interactions and distortion on the
activation energy via a DIA (Figure 2.14). As for the anionic addition, A Ey; is
close to zero before the TS, only rising above 1 kcal mol~! at r; ~ 2.5 A. In this
region, A FEy, is positive, which is rationalised as a result of the increase in elec-
tronic repulsion inside the cage prior to bond cleavage. After the TS, A Egg rises
sharply, in contrast to what would be expected from a reaction driven by strain

release, where geometric distortion would be anticipated prior to the TS.

During formation of the bicyclopentyl radical, the cage compresses, as evidenced
by the decrease in the C2-C4 distance from 2.22 to 2.16 A (Ar = 0.06 A).
However, this change is less pronounced than for the bicyclopentyl anion (Ar =
0.10 A). This cage compression in the radical adduct corresponds to only a

~ 15 kcal mol™! increase in distortion energy with respect to the isolated pro-
pellane, which is far less than the distortion energy computed for the formation of
the bicyclopentyl anion (40 kcal mol~!). This comparison partially explains the

enhanced reactivity of [1.1.1]propellane with radicals compared with anions.

To compare anionic and radical additions a density difference analysis was per-
formed. While significant polarisation was seen for the anion, negligible changes
are observed for the radical addition (Figure 2.14, inlay), even after the TS. This
result supports the argument that the origin of the TS barrier is different for an-
ionic and radical additions to [1.1.1]propellane — in the absence of long-range
electronic repulsion, radical addition reactions occur with only mild C1-C3 po-
larisation, therefore incurring a penalty from charge build-up inside the cage at the
TS. The lower barriers observed for radical vs anionic additions indicate that this

effect appears to be less detrimental than the inter-fragment repulsion observed
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Figure 2.14: Distortion / interaction analysis for the addition of CH; to [1.1.1]propellane, at
the DLPNO-CCSD(T)/def2-QZVPP level. Inlay: Electron density difference plots (isovalue =
0.01 a.u.) pre- (r; = 2.30 /0%) and post-TS (r; = 2.00 10%), at the CASSCF(3,3) (CH5" + [1.1.1]pro-
pellane) / CASSCF(2,2) ( [1.1.1]propellane) / HF (CH;") levels (def2-QZVPP basis set).

for anionic addition reactions.

Benchmarking a radical addition

A similar benchmark analysis to the one carried out for anionic addition was per-
formed for the addition of H' to [1.1.1]propellane, with the DLPNO-CCSD(T)/
def2-QZVPP//CASSCEF(3,3)/def2-QZVPP level of theory as a reference (Figure
2.15). Truncated coupled cluster methods can fail to describe diradical species
due to their single determinant nature.'®” However, since the maximum weight of
the diradical configuration from the CASSCF calculation is small (6%), DLPNO-

CCSD(T) should provide an excellent reference for benchmark studies.

Unrestricted HF (UHF) theory substantially overestimates the TS barrier, which
can be attributed to its lack of electron correlation which would otherwise alleviate

charge build-up inside the cage. However, the introduction of dynamic correlation
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with MP2 results in severe failures, underestimating the energy prior to the TS and
overestimating at the TS. We suspect this is due to the near-degeneracy problem
encountered by MP2, and the underlying UHF wavefunction deviates in (S?) by
up to 0.21. Pure density functionals generally overestimate the interaction en-
ergy prior to the TS, resulting in TS barriers that are too low. Hybrid functionals
offer varied accuracy, and while M06-2X performs best, it suffers from conver-
gence failures at larger values of 7. This result suggests that this functional may
not provide a robust and generally-applicable approach to model radical reactiv-
ity. Once again, double hybrid functionals perform well, with the B2PLYP and
B2GP-PLYP functionals offering low error. While this is perhaps surprising con-
sidering the poor performance of MP2, it indicates that the correlation introduced
with the KS orbitals alleviates problems arising from using a poor reference deter-
minant. From its excellent performance in the different reactions, we suggest that
B2PLYP or B2GP-PLYP with D3BJ dispersion are likely to offer the best overall

performance.

Finally, we evaluated the effect of solvent on the calculated PES. As expected for
a neutral reaction, the inclusion of solvent has a negligible impact on the shape of
the PES (Figure 2.16); therefore, it is likely not necessary to include solvent in the
calculation of neutral radicals with [1.1.1]propellane. However, to be consistent
with the study on the anionic reactivity profile and to reproduce the conditions
used experimentally, we employed the SMD solvent model for Et,O in the subse-

quent investigations.

Case study: Diiodination of [1.1.1]propellane

The reaction of iodine with [1.1.1]propellane has been widely employed as a
titration technique.'”® We expected its mechanism to follow that of carbon- and

nitrogen-centred radical reactions with [1.1.1]propellane, where the iodine radi-
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Figure 2.16: Effect of solvation on the addition of H" to [1.1.1]propellane at the [SMD(Et,0)]-
DLPNO-CCSD(T)/def2-QZVPP level.

cal forms a new C-X bond with the propellane and cleaves its interbridgehead
bond (Figure 2.17a). The resulting carbon-centred radical is then intercepted by
I,, forming diiiodobicyclo[1.1.1]pentane and regenerating the iodine radical chain

carrier.

To our surprise, the optimised product from this reaction does not resemble the
expected 1-10do-bicyclo[1.1.1]pentyl radical (Figure 2.17b). Instead, it forms a
coordination complex (C-I distance = 2.55 A compared with 2.13 A in diiodobi-
cyclo[1.1.1]pentane), with little appreciable change in propellane cage geometry
(Arci_cz = +0.02 A). The formation of this complex is electronically barrier-
less and accompanied by a free energy change of AG = —7.6 kcal mol™! (AH
= —10.4 kcal mol™1). The spin density of this complex is delocalised onto both
the iodine atom and the distal (C3) carbon atom, such that the C1-C3 bond is
weakened, surprisingly without altering the cage geometry. Interception of this
delocalised radical by I, then occurs at the C3 position in a second electronically

barrierless process (Figure 2.17¢), in which C3-I bond formation (r;) and C1-C3
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Figure 2.17: a. Anticipated mechanism for the diiodination of [1.1.1]propellane. b. Potential
energy surface for the diiodination of [1.1.1]propellane, calculated at the SMD(Et,0)-DLPNO-
CCSD(T)/def2-QZVPP//SMD(Et,0)-B2PLYP/def2-TZVP level. Inlay: Calculated structure of
I—BCP’ structure and its spin density (isovalue = 0.01 a.u.). ¢. Potential energy surface (left axis)
for interception of [I=BCP" as a function of the forming C3-I bond (r;). Right axis indicates the
length of the C1-C3 bond (72) as a function of ;.

Therefore, we suggest that the initial I" coordination is facilitated by delocalisa-
tion and is not related to strain release. The subsequent trapping of the radical
complex by I, is where the strain energy is relieved and causes this process to be
electronically barrierless. This explanation is consistent with the findings from

both the anionic and radical addition processes explored above — but in the case
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of iodine radical addition, the increased polarisability of I" and the weakness of
the C—I bond results in the expected TS instead being found as an intermediate on
the PES. It is likely that the through-bond / through-space interaction of the BCP
C-centred radical with the C-I o* weakens the C-I bond, disfavouring full C-I

bond formation in the adduct.

Halogen and chalcogen radical additions. To test the idea that the strength of
the forming C—X bond might affect the likelihood of full C-C cleavage vs the
formation of a radical complex, we calculated the PES for the addition of halide
(F°, CI', Br" and I') and chalcogen hydride (HO®, HS", HSe" and HTe") radicals to
[1.1.1]propellane (Figure 2.18). The extent of C—X bond formation was measured
by taking the relative C—X distance with respect to the C—X length in the saturated

bicyclopentyl product.

The 1-fluorobicyclopentyl radical behaves much as the 1-methylbicyclopentyl
radical — there is no appreciable difference in the C—F bond length compared with
the saturated product. However, moving down the group, the C—X distance in the
radical adduct increases, reaching its largest value of Ar &~ 0.4 A for the iodobi-
cyclopentyl radical discussed above. This can be interpreted in terms of bond
strengths and resonance structures: as the C—X bond weakens down the group, the
contribution of the resonance form with the intact C—C bond increases (Scheme
2.2). Equivalently, the C3-centred bicyclopentyl radical donates into the C—X o*
orbital with increasing efficiency as the C—X bond becomes weaker. There is then
a balance between the C—X and C—C bond strengths (the latter being determined

by o—mr-delocalisation).

The chalcogen hydrides follow a similar trend, with the C—X distance of the lowest
energy structure increasing down the group. However, the PES for HTe" addition

deserves more attention. While the global minimum on the HTe" PES is found at
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Figure 2.18: Potential energy surface for the addition of halogen (a) and chalcogen hydride (b)
radicals to [1.1.1]propellane as a function of  — r., where r is the length of the forming C-X
bond and 7, is the length of the equilibrium C-X bond in the saturated bicyclopentyl adduct.
Calculations at the SMD(Et,0)-B2PLYP-D3BJ/def2-TZVP level.

e e
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Scheme 2.2: Resonance forms ([X"- - - C—C] and [X—C- - - C"]) for BCP radical adducts (left), and

the possible through-space and through-bond orbital interactions that lead to different resonance
weights.
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Ar ~ 0.6 A, corresponding to the radical complex as observed for the I" adduct,
a second plateau is seen approaching Ar ~ 0.1 A. This second geometry corre-
sponds to the bicyclopentyl adduct with the fully-cleaved C—C bond. We propose
that the contributions of the two resonance forms ([X'- - - C—C] and [X-C---C’])
are different for the two geometries, with the distortion of the propellane cage and
loss of o—m-delocalisation responsible for the preference for the radical complex.
This ‘double-minimum’ phenomenon may be thought of as a type of bond-stretch
isomerism, and the equilibrium position could be biased through variation of the

tellurium substituent.

Through this study of the reactivity of [1.1.1]propellane with various radicals, a
key feature can be identified: minimal polarisation of the C1-C3 bond upon rad-
ical approach results in accommodation of electron density within the propellane
cage. The extent to which a radical may add to [1.1.1]propellane will depend
on the C—X bond strength relative to stabilisation due to o—m-delocalisation — for
weak C-X bonds, bicyclopentyl radical back-donation increases the equilibrium

C-X distance, giving rise to radical complexes.

2.2.3 Reactions with cations

For both anionic and radical reactions with [1.1.1]propellane, the increase in elec-
tron density inside the propellane cage is suggested to cause the activation barrier.
This leads to the question of what would happen if electron density was instead
lost from the cage, for example in the reaction of [1.1.1]propellane with a cationic
species. Experimental studies on the ionisation of [1.1.1]propellane have shown
that the radical cation undergoes a low-barrier C1-C2 fragmentation followed by
two additional C—C bond fragmentations, remarkably leaving the C1-C3 bond
intact in the product.!®! Similarly, protonation of [1.1.1]propellane leads to simi-

lar C1-C2 cleavage, at odds with the exclusive C1-C3 cleavage observed for the
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anionic and radical reactivity modes.’?

Reaction profiles and distortion / interaction analysis

We investigated the origin of this reactivity difference by constructing a model
system of the reaction of [1.1.1]propellane with a cation. Initial studies were car-
ried out on the addition of a proton to propellane, using the CASSCF/def2-QZVPP
method. We envisaged using an active space of two electrons in three orbitals (the
unoccupied H 1s orbital and the bonding and antibonding combinations of the
C1-C3 o bond) in the same manner as our study on anionic and radical reactions.
However, a scan of the forming C-H distance revealed complete charge transfer
from the propellane to the proton, even at large separation. This is shown by the
degeneracy of the singlet and triplet states at 7, > 3.5 A (Figure 2.19a) and the
active orbital composition consisting of the bonding (¢;) and antibonding (¢5)
combinations of the H 1s orbital with the C1-C3 bond of [1.1.1]propellane. All
attempts to restrict this charge transfer by selecting different active spaces were
unsuccessful, which points to the unique oxidising power of a gas-phase proton.
As a result, this charge transfer mechanism will likely not represent the general

reactivity profile of propellane with electron-deficient species in solution.

We therefore instead employed a methyl cation as the electron-deficient species,
using CASSCF(2,3)/def2-QZVPP. This time, selection of the C 2p orbital on the
CHj;' fragment (instead of the H 1s) and the bonding and antibonding combina-
tions of the C1-C3 o bond resulted in the desired orbital space (Figure 2.19b).
A relaxed scan of the forming C—C bond length () reveals a smooth energy de-
crease from 3.8 to 1.5 A separation and an overall driving force of —82 kcal mol~!.
Surprisingly, the C1-C3 distance decreases over the course of the addition, from
1.58 A at r; = 3.80 Ato1.54 A at r; = 1.60 A, in stark contrast with the increase

seen for both radical and cationic reactions.
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Figure 2.19: Potential energy surface for the addition of H* (a) and CH;" (b) to [1.1.1]propel-
lane at the CASSCF(2,3)/def2-QZVPP level (left axis), and the CASSCF(2,3) configuration co-
efficients for these processes (right axis). Inlay: Composition of active orbitals ¢;_3 along the
reaction coordinate.
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As in the anionic and radical addition reactions, the orbitals mix from their ini-
tial identity as isolated methyl 2p and propellane o and [0* + 7] orbitals, this
time to the bonding and antibonding combinations of the methyl 2p with the
propellane o orbital, and the bonding combination of the carbon 2p / propel-
lane [0* + 7] orbitals. Two significant configurations feature along the PES, the
largest being the (¢1)?(¢2)°(¢3)° configuration, with a smaller contribution from
the (¢1)%(¢2)?(¢p3)° configuration at large C—C distances (corresponding to the
[1.1.1]propellane double excitation). A third configuration, (¢;)°(¢2)°(¢3)?, ap-
pears at ry ~ 2.5 A, however, we attribute this to numerical noise rather than the
behaviour of the physical system. The lack of significant multireference character

indicates that this type of reaction is well-described by DLPNO-CCSD(T).

DIA reveals a slow increase in distortion over the course of the addition (Figure
2.20). The lack of TS for this PES means that AFE;, is stabilising at all C-C
distances, following closely the total energy curve until 7y ~ 2.5 A where dis-
tortion becomes significant, indicating bond formation. The majority of this dis-
tortion originates from pyramidalisation of the methyl cation (=~ 30 kcal mol~*
in the adduct) — the propellane cage is only distorted by ~ 5 kcal mol~! over
the course of the reaction. Compared with bicyclopentyl radical (15 kcal mol™!)
and anion (40 kcal mol~!) distortion, the formation of the bicyclopentyl cation
requires very little geometric distortion. While the radical and anion cages are
compressed (Arcy_cq4 =—0.06 and —0.10 A, respectively), the bicyclopentyl cation
instead slightly expands (Arcy_cs = +0.01 A).

We suggest that the formation of the bicyclopentyl cation from a methyl cation
and [1.1.1]propellane occurs through charge transfer from the propellane cage
to the cation. This process can be followed using a density difference analysis
(Figure 2.20, inlay): electron density diminishes from both the inside and the

back of the cage (in the vicinity of C3) and accumulates between C1 and the
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Figure 2.20: Distortion / interaction analysis for the addition of CH5" to [1.1.1]propellane, at the
DLPNO-CCSD(T)/def2-QZVPP level. Inlay: Electron density difference plots (isovalue = 0.01
a.u.) at the CASSCF(2,3) [CH;" + [1.1.1]propellane] / CASSCF(2,2) [ [1.1.1]propellane] / HF
[CH;"] levels (def2-QZVPP basis set).

methyl cation (indicating C—C bond formation), and onto the methyl cation itself.
This analysis is consistent with our o—m-delocalisation model, which is based on
the premise that there is significant electron accumulation inside the cage, leading
to an ‘internal pressure’ effect that inflates the cage like a balloon. Donation
of electron density to a cation decreases this internal pressure and shortens the

C1-C3 distance.

Benchmarking a cationic addition

For completeness, we benchmarked the addition of a cation to [1.1.1]propellane,
although this reactivity mode is less common. The PES for the addition of a
methyl cation to [1.1.1]propellane (r; = C1-Me) was calculated at the DLPNO-
CCSD(T)/def2-QZVPP//CASSCF(2,3)/def2-QZVPP level of theory, where the

BCP cation product was taken as the zero energy point since its wavefunction
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is well-described by a single HF determinant.

HF theory underestimates the interaction between the methyl cation and [1.1.1]pro-
pellane at longer 7, distances as a result of overlocalisation (Figure 2.21). As with
the anionic addition, the inclusion of perturbative dynamic correlation with MP2
results in excellent performance — in fact resulting in the lowest error for all meth-
ods tested. Pure density functionals are the worst performers, underestimating
the interaction between the methyl cation and propellane at all distances. Hy-
brid functionals give contrasting results, where B3LYP shows poor performance,
while both M06-2X and wB97X-D3 are much improved, likely owing to their
more highly parameterised functional forms and dispersion corrections. While the
performance of double-hybrids is improved with respect to the single-hybrids, the
gain is not as pronounced as for anionic and radical additions. In general, empir-
ical dispersion corrections improve the performance of double-hybrids. Despite
not being the best-performer for this system, the B2GP-PLYP-D3BJ functional

provides a reliable approach to explore all reactions involving [1.1.1]propellane.

Inclusion of implicit solvent in cation addition to [1.1.1]propellane strongly af-
fects the thermodynamics of the reaction. For methyl cation addition it leads to an
increase in the reaction driving force by 12 kcal mol~! (Figure 2.22). This is due
to the significant redistribution of charge involved in the process, necessitating the

inclusion of solvent effects for the study of this type of reaction.
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Figure 2.22: Effect of solvation on the addition of CH;' to [1.1.1]propellane at the [SMD(Et,0)]-
DLPNO-CCSD(T)/ma-def2-QZVPP level.

Case study: Cage fragmentation

Our previous analysis of the ground state electronic structure of [1.1.1]propel-
lane suggests electronic repulsion inside the cage gives rise to c—m-delocalisation,
which strengthens the cage through the formation of lateral C1-C2 7-like inter-
actions. The reaction of a cation with [1.1.1]propellane appears to relieve this

electronic repulsion, leading to a weaker cage structure and facile fragmentation.

To explore how the cage might fragment over the course of a cation addition,
we constructed a More O’Ferrall-Jencks plot (Figure 2.23),' using the forming
C1-CH; bond as r; and the breaking C1-C2 bond as r,. Calculations were car-
ried out at the SMD(Et,0)-B2GP-PLYP-D3BJ/def2-TZVP level (vide infra). We
were particularly interested to see whether the cation engaged directly with the
C1-C3 bond, or whether it might instead interact to a greater extent with the more

localised C1-C2 bond.

The PES that describes the subsequent cage fragmentation is flat, with some in-

dication of a bifurcation point. Path A follows a synchronous bicyclo[1.1.0]-

92



The Reactivity of Strained Carbocycles Chapter 2

N Me (1.45, 2.85)
N re1-c3 =170 A
0 Fer-c3=1.34 A

(2.70, 2.85) 20+ vf :‘
rci-cs = 1.66 A e B |
roa-c3 = 1.34 A 3PN B
AE = +13.0 kcal mol~"' E | AE =-82.1 kcal mol-!
.= !
N S _ >
- 20
1 1 ~
th A 5
ronous ©
& C1—(
Approx. bifurcation point s -40 g
or-'s 1 =
(2.28, 1.80) o5+ i T
forca = 1.56 A N i
Fea—ca = 1.42 A s, ,.' i ~60
AE =-19.1 kcal mol™’ 0
« 1
1.8 K== 2
(2.70, 1.65) 2 ® N (1.45, 1.65)
roi-ca=1.56 A Y - \ -80 ® Me rgic3=1.54A
reo_c3=1.46 A ° " 25 2.2 2.0 1.8 1.5 rco-c3=1.43 A
AE =—-67.3 kcal mol~!

AE = 0.0 keal mol™! r (C1-Me) / A

Figure 2.23: More O’Ferrall-Jencks plot for the addition of a methyl cation to [1.1.1]propellane,
with 71 (A) taken as the forming C1-Me bond and 72 (A) taken as the breaking C1-C2 bond.
Relative energies (kcal mol~!) are taken with respect to the species at (2.70, 1.65), calculated at

the SMD(Et,0)-B2GP-PLYP-D3BJ/def2-TZVP level.

carbinyl cation formation process, in which charge transfer from the C1-C3 bond
1s accompanied by C1-C2 lengthening to form the carbinyl cation. Alternatively,
path B follows C1-C3 cleavage to completion before C1-C2 fragmentation com-
mences in an asynchronous process. Path A and B lead to the same carbinyl
cation, in which the C1-C3 bond is partially intact due to stabilisation of the C1
cation by the C2—-C3 o-bond. The flat nature of the PES, with no saddle points ob-
served, suggests that both paths are likely operative, or indeed an alternative low-
energy pathway which combines features of both paths. This highlights the lack
of structural integrity of the cage upon the loss of o—m-delocalisation. It is also
worth noting that the structure corresponding to the bicyclopentyl cation was not a

minimum on the PES, which agrees with experimental findings from the reaction

of [1.1.1]propellane with acetic acid,? or cationic organometallic species,'**2% in

which no intact bicyclopentane products are observed.
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2.3 Conclusions

In this Chapter, we have explored the unusual electronic structure and reactivity
of [1.1.1]propellane employing CASSCEF, coupled cluster and DFT calculations.
CASSCEF calculations revealed important electron density donation from the in-
terbridgehead C1-C3 o bond into the [0* 4 7] system to alleviate strain energy
resulting from the extremely compact arrangement of C—C bonds (Figure 2.24a).
This effect, which we have described as o—mr-delocalisation, enables the rational-
isation of the unexpected reluctance of propellane to cage fragmentation. A lo-
calised orbital analysis leads to the same conclusion, where the Lewis structure of
[1.1.1]propellane is in resonance with six degenerate alkene/carbene pairs, which
stabilises the overall ground state of the molecule. This interpretation is consis-
tent with its large singlet-triplet gap (110 kcal mol~!) and the apparently non-
bonding HOMO suggested for [1.1.1]propellane,'” and previous studies which
demonstrate that the propellane cage is unstable towards fragmentation upon one-

electron oxidation.!!

The implications of the o—mr-delocalisation effect on intermolecular reactivity have
also been considered, where [1.1.1]propellane is able to undergo addition reac-
tions with anions, radicals and cations. A selection of experimental systems were
selected for study, allowing a set of general conclusions to be drawn for each re-
activity mode. We suggest that the delocalised nature of the interbridgehead bond
reduces the expected barrier to anionic addition through polarisation of the cage
electron density, and results in an anion which is delocalised from the bridgehead
onto the bridging carbon atoms (Figure 2.24b). Radical additions do not induce
the same bond polarisation, therefore some diradical character results at the TS
to alleviate electronic repulsion inside the propellane cage. The strength of the

forming C—X bond determines the extent of bond formation vs radical complex-
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Figure 2.24: a. o-m-delocalisation in [1.1.1]propellane defined with both MO and resonance
models. b. Key features of the reactivity of [1.1.1]propellane with anions, radicals and cations.

ation. For the addition of cationic species, charge transfer from the propellane
cage alleviates Pauli repulsion, and is therefore a barrierless process. The loss of
this repulsion, however, also removes the origin of the propellane cage stability,

therefore the cage fragments without a barrier.

These studies were accompanied by a benchmark of the PES for each process. We
suggest that double-hybrid density DFT functionals provide an accurate approach
with which to calculate thermodynamics and kinetics of reactions of [1.1.1]pro-
pellane. In particular, B2PLYP and B2GP-PLYP with an empirical dispersion
correction were found to perform well across all reactivity modes. Unfortunately,
pure or single-hybrid density functionals did not enjoy the same success, so in

cases in which double-hybrids cannot be used due to system size constraints, we
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would suggest undertaking a small benchmarking study on a model system to

ensure the less expensive method accurately reproduces the correct PES.
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Catalytic asymmetric bicyclopentylation of alde-

hydes

In this Chapter, consequences of o—m-delocalisation in [1.1.1]propellane (1) are
realised in its use for the development of a direct synthesis of a-chiral bicy-
clo[1.1.1]pentanes (BCPs) using photoredox, organocatalysis and H-atom transfer
catalysis. The low-barrier addition of an a-iminyl radical cation to the interbridge-
head bond of [1.1.1]propellane results in unusual dependence of stereoselectivity
on the nature of the photocatalyst. We propose a kinetic model that is consistent
with experimental outcomes observed during reaction optimisation, using DFT
modelling to investigate the importance of substrate-catalyst non-covalent inter-
actions on selectivity. The work presented here was published in Nature Commu-

nications in 2021.128

3.1 Synthetic development

Bicyclo[1.1.1]pentanes with an a-stereocentre may be considered bioisosteres for
benzylic, neopentylic or propargylic stereocentres (Figure 3.1a). Current syn-
thetic approaches towards «-chiral BCPs can be separated into three classes: chi-

201-205

ral resolution,” stoichiometric / auxiliary-based approaches, and catalytic

206-208 The latter are highly desirable, but to date have been limited to

approaches.
post-functionalisation of pre-formed BCPs. For example, Houk and Davies re-
ported the selective bridgehead C—H functionalisation of monosubstituted BCPs

with aryl diazoacetates promoted by a chiral dirhodium complex, giving access to
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chiral a-bicyclopentyl esters (Figure 3.1b).2% An alternative strategy by Aggar-
wal and co-workers featured an iridium-catalysed allylic substitution employing
a preformed organometallic BCP complex as the nucleophile.?’” To complement
these catalytic approaches, a synthetic strategy in which the stereochemistry is
set contemporaneously with the ring-opening of [1.1.1]propellane was envisaged

(Figure 3.1c).

3.1.1 Asymmetric radical three-component organophotoredox

reactions

The MacMillan?® group recently described a three-component organophotoredox
reaction in which a photocatalytically-generated a-iminyl radical cation adds to
a styrene or 1,1-disubstituted alkene, and the resultant benzylic or tertiary radi-
cal undergoes H-atom transfer (HAT) with a thiol (Figure 3.2a). The subsequent
iminium ion is hydrolysed to reveal an a-chiral aldehyde, which is reduced dur-
ing the work-up. To motivate the work carried out here, it has previously been
noted that radical addition to alkenes follows a similar kinetic profile to that of the
interbridgehead C—C bond of [1.1.1]propellane (Figure 3.2b).!'%21% As a result,
the addition of an a-iminyl radical cation to [1.1.1]propellane was envisaged for
the synthesis of aldehydes with an a-BCP substituent, based upon the conditions
developed for styrene by MacMillan. The (wet) experimental part of this project
was carried out by DPhil student Marie Wong in the Anderson group, who carried

out all optimisation studies and substrate scope that will be mentioned here.?!!

3.1.2 Reaction optimisation

Extensive reaction optimisation by Marie Wong on substrate Sa led to the iden-

tification of a set of conditions that gave a-chiral BCP 6a in 94% isolated yield
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Figure 3.1: a. «-Chiral BCPs may be thought of as surrogates for benzylic, neopentylic and
propargylic groups. b. Catalytic approaches to a-chiral BCPs through functionalisation of BCP
precursors. ¢. Our approach to the synthesis of a-chiral BCPs in which C1-C3 bond cleavage of
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a Multicatalytic a-alkylation of aldehydes
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Figure 3.2: a. MacMillan’s multicomponent reaction for the a-alkylation of simple aldehydes
using the merger of photoredox catalysis, organocatalysis and HAT catalysis. b. Comparison of
the radical reactivity of styrene with [1.1.1]propellane. Rate constants, k, in M~1 s~ 1.
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and 89% ee (Figure 3.3), where the aldehyde that resulted from the photoredox
organocatalytic reaction was reduced in situ to avoid risk of racemisation, and
aid with purification. Optimisation studies began with identification that diaryl-
prolinol silyl ether organocatalyst 3, with a pair of 3,5-bis(trifluoromethyl)phenyl
groups, was optimal for ensuring high enantioselectivity (86% ee) at 25 mol%
loading; replacing the trifluoromethyl substituents with hydrogens (i.e. employ-
ing the diphenylprolinol silyl ether 7) resulted in a drop in enantioselectivity to
44% ee. The choice of silyl ether was also found to be important, with TMS prov-
ing optimal. A 2 mol% loading of iridium photocatalyst [Ir(ppy),(dtbbpy)]PF¢
was found to give the highest yield (65%) and ee (86%) for the reaction. Inter-
estingly, the choice of photocatalyst significantly impacted the product ee. The
use of 2,4,6-tri-tert-butylthiophenol (4) as the HAT catalyst provided the desired
BCP product 6a in high yield (65%) and enantioselectivity (86% ee) at a loading
of only 10 mol%. Other classes of HAT catalyst offered varying results — often

providing high ee but suffering from reduced yield.
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Figure 3.3: Summary of optimisation studies. Figure adapted with permission from References
[128] and [211]. All optimisation studies carried out by M. Wong. “Reactions carried out with a
2:1 mixture of DME / Et,0. ®Reactions carried out with 1.0 equiv. 5a and 1.1 equiv. 1.
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Scheme 3.1: Control reaction of [1.1.1]propellane with thiol 4 either in the dark or under blue
LED irradiation. Reaction carried out by M. Wong. Figure adapted from Reference [211].

A control reaction of thiophenol 4 with [1.1.1]propellane in the dark or in the pres-
ence of blue LED irradiation (24 h) generated the expected bicyclopentane-thiol
adduct, as well as ring-opened methylenecyclobutane and 1,3,5-tri-fert-butylbenz-
ene (Scheme 3.1). None of these products were observed under the photoredox
organocatalytic reaction conditions, suggesting that either thiyl radical addition
is outcompeted by reduction by the reduced photocatalyst, or that thiyl radical

addition to [1.1.1]propellane is reversible.

It was also found that maintaining a reaction temperature of 10 °C was important
to obtain high enantioselectivity, and that the optimal solvent for the reaction was
a 1:1 mixture of DME and Et,0. This is particularly convenient, since [1.1.1]pro-
pellane is commonly synthesised and stored as an ethereal solution, in which it is
stable at —20 °C for at least six months. Using [1.1.1]propellane as the limiting
reagent, the desired product 6a was obtained in a slightly increased yield (94%)
and the ee was maintained (89% ee). Finally, control experiments showed that
blue LED irradiation, the organocatalyst and the photocatalyst were all required
in the reaction, and that only trace product was observed in the absence of the

HAT catalyst.
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3.1.3 Substrate scope

A variety of simple aldehydes were found to afford good to excellent yields and
excellent enantioselectivities (6b-e, 44-96%, 96-98% ee), including primary, sec-
ondary and tertiary a-carbonyl substituents (Figure 3.4). The only exception to
this was propanal (5b), the product from which (6b) was formed in 63% yield
but only 64% ee. [-Carbonyl substituents such as arenes, an alkene, alkyne or
heteroatom (sulfur or nitrogen) were also well-tolerated (6f-j, 50-99%, 89-97%

ee).

Remote functionality such as a primary alkyl chloride (61, 98%, 86% ee), es-
ter (6m, 97%, 92% ee), ether (6n, 83%, 97% ee) and acetal (60, 99%, 95%
ee) also proved successful, and the pharmaceutically-relevant piperidine group?!?
also gave high yield and enantioselectivity (6p, 83%, 97% ee). Heterocyclic
substituents including a furan (6q), thiophene (6r) and pyridine (6s) were toler-
ated and gave high enantioselectivity (90-96% ee), although the latter two prod-
ucts suffered from diminished yields (25% and 29%, respectively). An alter-
native quenching method to the HAT catalyst employed superstoichiometric N-
(phenylthiol)phthalimide, resulting in the formation of thioBCP 6t in a 50% yield
and 88% ee.

It was found that a-aryl aldehydes gave poor conversion and enantioselectivity
(Figure 3.5), and a-heteroatom substituents were also not tolerated due to a lack
of reactivity. Additionally, S-substituents such as an ester or benzoyl group, or an

a-trifluoromethyl aldehyde, resulted in complex mixtures of products.
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Figure 3.4: Successful substrate scope for the asymmetric ring-opening of [1.1.1]propellane.
4Quenched with N-(phenylthiol)phthalimide. Figure adapted with permission from References
[128] and [211].
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Figure 3.5: Unsuccessful substrates for the asymmetric ring-opening of [1.1.1]propellane. Figure
adapted with permission from Reference [211].

3.2 Mechanistic studies

Following the suggestion from the work of MacMillan, we proposed a mechanism
that could account for the results of the optimisation study and the observed sub-
strate scope (Figure 3.6). Initial condensation between diarylprolinol organocata-
lyst 3 and the aldehyde S would result in the formation of an enamine (8), which
could be oxidised by the excited photocatalyst to form an a-iminyl radical cation
9. [1.1.1]Propellane could then intercept this electron-deficient radical via cleav-
age of its inter-bridgehead bond, which would set the a-stereocentre and result in
a BCP radical 10, which in turn would undergo HAT with the thiol catalyst 4. The
resultant thiyl radical could then be reduced to regenerate the photocatalyst, and
the ensuing thiolate anion could be protonated, for example by the pyrrolidinium
ion, to reform the thiol catalyst. Hydrolysis of the product iminium ion 11 would

reveal the a-chiral BCP aldehyde (12) and regenerate the organocatalyst.

Side-product formation could be envisaged by trapping of BCP radical 10 with
a second molecule of [1.1.1]propellane to form a staffane radical (13) — a pro-
cess commonly encountered in atom transfer radical addition (ATRA) reactions
involving [1.1.1]propellane. Additionally, the interception of [1.1.1]propellane by

84,111,213

thiophenol is well-documented to be facile, as shown in Scheme 3.1, ex-
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Figure 3.6: Proposed mechanism for the synthesis of a-chiral BCPs from an aldehyde and
[1.1.1]propellane.

N\

plaining why the choice of HAT catalyst is crucial to the success of the reaction.
It is worth noting that kinetic studies by Scaiano suggest thiyl radical addition to

[1.1.1]propellane to be reversible.?!*

Approach. To validate this mechanistic hypothesis, a combination of experi-
mental and computational techniques were used to interrogate specific steps of
the mechanism. We first needed to confirm experimentally that the excited pho-
tocatalyst was indeed oxidising the enamine, rather than any of the other reac-
tion components (e.g., [1.1.1]propellane or the thiol). Calculations by Luo and
co-workers at the IEF-PCM(MeCN)-M06-2X/6-311G(d,p) level revealed an ox-
idation potential of E°(a-iminyl radical cation/enamine) = +0.77 V vs SCE for
the enamine derived from propanal and organocatalyst 3 in MeCN,?!> and cyclic
voltammetry data from Malliaras, Bernhard and co-workers for iridium photocata-

lyst [Ir(ppy),(dtbbpy)]PFs showed an estimated reduction potential for the excited
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state of E°(Ir(IID)*/Ir(Il) = +0.66 V vs SCE in MeCN.?'® From these values a
slightly endergonic electron transfer process is predicted (AE° =-0.11 V, AG =
+2.5 kcal mol~!), necessitating a Stern-Volmer quenching study to investigate if

this electron transfer process was indeed occurring in this reaction.

Alongside support for the mechanistic hypothesis, we were also keen to explore
the origins of stereoselectivity in the reaction. In particular, we wanted to con-
struct a model that could explain the observations that: (1) the enantioselectivity
varies with the nature of the diaryl substituents of the organocatalyst; (2) poor
enantioselectivity is observed for propanal, but is excellent for octanal; (3) the
enantioselectivity varies with the choice of photocatalyst. Traditional models
based on steric shielding appeared to be inconsistent with these findings.?!” We
therefore turned to computation, investigating the presumed stereodetermining
step of the reaction: C—C bond formation between the a-iminyl radical cation

and [1.1.1]propellane.

3.2.1 Stern-Volmer quenching studies

The species which most efficiently quenches the excited state of the excited pho-
tocatalyst is likely to be directly involved in the photocatalytic cycle. Using
Stern-Volmer quenching (see Section 1.3.5), we could directly interrogate this
process by measuring the decrease in the luminescence intensity of the photocat-
alyst as a function of the concentration of a quencher. By comparing the lumines-
cence quenching for a series of quenchers, the relative efficiency of photocatalyst
quenching can be obtained. We therefore systematically tested each component

of the reaction mixture to rule in / out its involvement in this cycle (Figure 3.7).
While the organocatalyst 3 showed a small quenching gradient (k,79) of 2.7 M~ s,

the aldehyde 5t displayed enhanced quenching (8.3 M~! s~!); however, a 15:1
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Figure 3.7: Stern-Volmer quenching study for the reaction components in the synthesis of a-chiral
BCPs.

mixture of aldehyde and organocatalyst (to ensure complete consumption of the
organocatalyst) resulted in a quenching gradient greater than either of the indi-
vidual components: k,7o = 13.3 M~ s7!. Adjusting for the ~ 7% concentration
of the enamine in this mixture (assuming complete enamine formation), and sub-
tracting the background quenching of the remaining aldehyde, the iminium ion
was estimated to quench the excited photocatalyst with a rate 10 x greater than

the next best quencher (k,7o = 83.4 M~! s71).

An alternative mechanism for this reaction could involve oxidation of [1.1.1]pro-
pellane, however the negligible (and unphysical) quenching gradient (k,7 =

—1.5M~* s~ 1) allows us to rule out this mechanism. In fact, Bally and Williams'"!
revealed that the propellane radical cation undergoes a series of low-barrier re-
arrangements to form a 1,1-dimethyleneallene radical cation (14, Scheme 3.2),
which would likely outcompete any intermolecular processes and result in low / no
product yield. As a result, we can rule out any involvement of an oxidation event

involving [1.1.1]propellane in this reaction. Additionally, luminescence quench-
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Scheme 3.2: Proposed degradation pathway for the [1.1.1]propellane radical cation, with energies
reproduced from Reference [191]. Energies (E.; + ZPVE) in kcal mol~! at the CCSD(T)/cc-
pVTZ//B3LYP/6-31G™ level.

ing by the thiol was also found to be inefficient compared with the enamine (k,7
=43 M~ s71), allowing us to also rule out any mechanisms invoking an excited

state, or oxidised / reduced, thiol.

Despite the predicted endergonic electron transfer from the enamine to Ir(II1)*, our
quenching study provides support for the formation of an a-iminyl radical cation
in the catalytic cycle. We next turned to computation to investigate the fate of this

radical cation, in particular its impact on the enantioselectivity of the reaction.

3.2.2 Reaction profile calculations

To explain the experimentally-observed trends in enantioselectivity, a kinetic model
was constructed that would allow us to examine the effect of the organocatalyst,
substrate sidechain and photocatalyst on the reaction. An equilibrium mixture of
E- and Z-enamines, defined by K4, will be oxidised by the excited photocatalyst
with rates ksgrg and ksgrz, respectively, resulting in a non-equilibrium mixture
of E- and Z-a-iminyl radical cations (Figure 3.8a). These radical cations may
then potentially interconvert to their equilibrium populations via TSzg. Attack on
these a-iminyl radical cations by [1.1.1]propellane can occur through open (Si) /

closed (Re)-face attack to the E/Z radical cations (Figure 3.8a, box), and these four
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pathways lead to the two diastereomers of the BCP adduct. It is crucial to know
the relative rates of E/Z-radical cation isomerisation and [1.1.1]propellane addi-
tion; if isomerisation is fast (kz/r > kg..z), stereoselectivity will be determined
entirely in the C—C bond forming step, but if it is slow (kz/r < kg..z), both the
E / Z enamine ratio and open / closed face addition preference will determine the
stereoselectivity. For this latter scenario, we can imagine two limiting / extreme

cases (Figure 3.8b), which are outlined as follows:

Case 1 (ki g/k1 7z < ksi-g/kge-g): [1.1.1]Propellane addition occurs exclusively via
the open face (Si-E / Re-Z attack) of the a-iminyl radical cation, such that
the enantiomeric ratio (er) is approximately equal to the ratio of enamine
oxidation rates (k1 g/k1, 7). The ratio ky g /k; 7 is defined as the ratio of in-
trinsic electron transfer rates between the excited photocatalyst and enamine
(kser, £/ kser,z) multiplied by the ratio of E and Z enamines at equilibrium

(K¢q = [E-enamine]/[Z-enamine]).

Case 2 (ki g/k1z > ksig/krer): [1.1.1]Propellane addition occurs to both the
open (Si-E / Re-Z) and closed (Re-E / Si-Z) faces of the a-iminyl radical

cations, such that the er is approximately equal to ks; g/ kge.E-

If k1 5/k1z = ksi-g/kge-g, both Re-Z and Re-E pathways will contribute to the

formation of the minor (Re) enantiomer.

We anticipate an energetic preference for the E-enamine over Z-enamine due
to 1,3-allylic strain between the enamine a-substituent and the pyrrolidine ring,
which will also be the case for the Z-a-iminyl radical cation, and TSg._ and
TSs;_z. Additional steric repulsion might be expected between [1.1.1]propellane
and the diarylprolinol pyrrolidine substituent, disfavouring TSg,.r and TSg;_ 7 —
an effect often cited as the origin of stereoselectivity with the Hayashi-Jgrgensen

organocatalyst.?!8
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Figure 3.8: a. Enamines, a-iminyl radical cations, and C—C bond forming TSs for the stereodeter-
mining step of the catalytic cycle. b. Kinetic profile that defines the stereodetermining processes
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C-C bond formation vs isomerisation

To investigate the competition between the rates of radical cation isomerisation
vs C—C bond formation, we constructed a model system of the a-iminyl radical
cation derived from propanal and pyrrolidine (15). The reaction pathway was cal-
culated at the SMD(DME)-DLPNO-CCSD(T)/def2-TZVPP//SMD(DME)-PBEO-
D3BJ/def2-TZVP level. The E-a-iminyl radical cation E-15 was found to be
4.1 kcal mol~! lower in energy than Z-15, reflecting the manifestation of 1,3-
allylic strain in the latter (rg_g = 2.25 A, /C1-C2-C3 = 129.9°, Figure 3.9). We
found that the activation barrier connecting E- and Z-15 (TSzg-15) was 17.3 kcal
mol~!, presumably reflecting the inevitable loss of radical stabilisation during
this interconversion. Addition of [1.1.1]propellane to E-15 was calculated to be
slightly endergonic, due to the approximate cancellation of the enthalpic and en-
tropic contributions upon bond formation. The activation free energy for the TS
that connects E-15 to adduct 16 (TS-E-15) was found to be 13.9 kcal mol™!, in
comparison with AG* = 12.9 kcal mol~! for the TS that connects Z-15 to adduct
16 (T'S-Z-15). The finding that C—C bond formation is likely to occur with a lower
barrier than isomerisation suggests that we cannot assume an equilibrium popu-
lation of E- and Z-a-iminyl radical cations in the reaction, and therefore that the

stereoselectivity may be determined by K if open-face addition is dominant.

Methodology validation

Initial attempts to calculate TSs for the diarylprolinol silyl ether systems were
thwarted by a flat PES, and resultant low barrier, for the addition of [1.1.1]pro-
pellane to these a-iminyl radical cations. A pragmatic approach was therefore
adopted in which the fully-optimised forming C—C distances from model systems
were used as constraints for the TS structures of the full system. This approach

requires validation to ensure that such an approximation would still lead to results
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Figure 3.9: Calculated PES for the competition between «-iminyl radical cation E/Z
isomerisation and [1.l.1]propellane addition, at the SMD(DME)-DLPNO-CCSD(T)/def2-

TZVPP//SMD(DME)-PBEO-D3BJ/def2-TZVP level. Free energies calculated at 283.15 K and

1 M, distances shown in A, and angles in degrees.
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that are representative of the real system. Unfortunately the use of a constrained
TS prevents an estimation of entropic contributions to barrier differences, since
the structures are not true minima on the PES; however, the approximation that

AAG* =~ AAE? for this system is validated below.

Firstly, to validate the use of single-hybrid DFT for optimisation, the forming
C-C distance between [1.1.1]propellane and E-15 was scanned using either PBEQ
or B2GP-PLYP (both with D3BJ empirical dispersion) with either the def2-SVP
or def2-TZVP basis set, and the SMD solvent model for DME (Figure 3.10a).
Taking SMD(DME)-B2GP-PLYP-D3BJ/def2-TZVP as the reference, the PBEO
functional with the same basis set and D3BJ dispersion slightly underestimates
the activation energy, as expected from the results of Chapter 2. Single point cal-
culations at the SMD(DME)-B2GP-PLYP-D3BJ/def2-TZVPP level for addition
TSs with model system 15 at either the SMD(DME)-B2GP-PLYP-D3BJ/def2-
TZVP or SMD(DME)-PBEO-D3BJ/def2-TZVP level revealed a discrepancy of
< 0.1 kcal mol ™!, suggesting that the geometry at the latter level of theory would

be adequate.

Unfortunately, decreasing the basis set size artificially increases the driving force
(presumably due to basis set superposition error) which lowers the activation en-
ergy, and all attempts to calculate TS barriers for the diarylprolinol system were

unsuccessful with both the def2-SVP and def2-TZVP basis sets.

To validate the use of constrained TSs for the diarylprolinol system, we built a
system of intermediate size (17), in which a tert-butyl group was used in place of
the diaryl / silyl ether pyrrolidine substituent (Figure 3.10b). Relative activation
energies, AAFE?, for the constrained TSs were compared with those from full
optimisation at the SMD(DME)-PBEO-D3BJ/def2-SVP for the Si-E, Re-E and
Re-Z approaches, where we found that the relative energies (SMD(DME)-B2GP-
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Figure 3.10: a. PES for the addition of [1.1.1]propellane to E-15 as a function of the forming
C—C bond length (r) in A. b. Overlaid fully-optimised and constrained TS structures for the
addition of [1.1.1]propellane to E-17 and Z-17, and relative Gibbs free energies (AAG?) and
electronic energies (AAEY) at the SMD(DME)-B2GP-PLYP-D3BJ/def2-TZVPP//SMD(DME)-
PBEO-D3BJ/def2-TZVP level. Free energies calculated at 283.15 K and 1 M.
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PLYP-D3BJ/def2-TZVPP) of the structures from each of these approaches at the
level did not exceed 0.1 kcal mol~!. Additionally, AAE* and AAG* showed
excellent agreement, with deviations not exceeding 0.1 kcal mol~!, suggesting
that our approximations would allow us to gain at the very least qualitative, if not

quantitative insight into selectivity in the full system.

Since the nature of the sidechain could impact the TS geometry, we also con-
structed a third model system (18) with a methyl carbamate (Moc) substituent
in the place of the methyl substituent, as an analogue of substrate Sa used for
the experimental optimisation studies (Figure 3.11). As for the model system
with a methyl sidechain (15), there is a thermodynamic preference for the E-a-
iminyl radical cation over the Z geometry, which can again be linked to sidechain
/ pyrrolidine steric repulsion. The activation barrier for the formation of adduct 19
from E-18 and 1 is similar to that connecting Z-18 and 1 to adduct 19 (10.9 and
10.6 kcal mol™?, respectively). We suggest that the barrier-lowering effect that
arises from the reduction in 1,3-allylic strain on reaction with 1 that was seen for
TS-Z-15 (methyl sidechain) is also important for TS-Z-18; however, while this
effect resulted in a 1 kcal mol~! lowering of the activation barrier for the Z isomer
of the iminyl radical cation over the E isomer for the methyl sidechain, the same
magnitude is not seen for the Moc sidechain. A distortion / interaction analysis,
along with recognition of an earlier TS for the E than Z isomer, indicates a slightly
stronger interaction between the propellane and E-18 earlier on the PES. This ef-
fect may be due to the conformation of the sidechain, where the antiperiplanar

relationship between the radical centre and the C-N bond stabilises the TS.
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Figure 3.11: Calculated PES for the addition of [1.1.1]propellane to E/Z-c-iminyl radical
cations E-18 and Z-18, at the SMD(DME)-DLPNO-CCSD(T)/def2-TZVPP//SMD(DME)-PBEO-
D3BJ/def2-TZVP level. Free energies calculated at 283.15 K and 1 M, distances shown in A, and
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Stereoselectivity in the full catalytic system

With a method to calculate relative activation barriers in hand, we could then
examine the relationship between equilibrium E / Z enamine ratios, open / closed
face addition, and the observed stereoselectivity. Gibbs free energy changes (AG)
were calculated for the £ and Z minima at 283 K, and converted to equilibrium
(~AG/RT)

constants using the relation K4 = exp

of E-20 and Z-20 (AGgz = 3.9 kcal mol ') led to an estimation of K., = 1 x 10°

. The relative Gibbs free energies

at 283 K (Figure 3.12a, i). In comparison, the Si-E addition pathway is strongly
favoured over Re-E addition (AA E;.g/ge.g = 4.9 kcal mol 1), giving an estimated
ksi.g/kge.r of 6 x 10 at 283 K (Figure 3.12a, ii). Stereoselectivity is therefore
likely to be determined by Case 1 —i.e., the enamine E/Z ratio limits the observed
ee (as well as a possible contribution from the relative oxidation rates of these
enamines, since a value of K., = 1 x 10 would imply an ee of 99.8 % at 283 K,

compared with the experimental value of 89%).

Looking more closely at the reason for such a large preference for open-face ad-
dition, non-covalent interaction (NCI) analysis reveals stabilising C-H- - - F and
C-H- - - O interactions between the Moc sidechain of the a-iminyl radical cation
and the diarylprolinol substituents (Figure 3.12a, iii and Appendix B). Closed-
face attack would require the loss of these interactions to allow the propellane to
approach the radical centre. We hypothesised that these interactions amount to an
enhanced steric block of the closed face of the radical cation, and that the absence

of these interactions would lead to poorer selectivity.

To test this idea, we replaced the trifluoromethyl substituents on the organocatalyst
with hydrogen atoms (21, Figure 3.12b). Interestingly, the calculated enamine E/Z
ratio is enhanced compared with the trifluoromethylated organocatalytic system

(AGgz=4.8 kcal mol !, K4 = 5x10°, Figure 3.12b, i) — perhaps due to stronger
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interactions between the sidechain and the aryl substituents in Z-20. However, this
ratio becomes inconsequential to the selectivity; closed-face (Re-E) addition is
now disfavoured by only 0.4 kcal mol~! with respect to open-face (Si-E) addition,
resulting in kg;.p/kg..r = 2.2 at 283 K (Figure 3.12b, ii) — corresponding to a
predicted ee of 34%. This value is in excellent agreement with the experimental
stereoselectivity using this organocatalyst (44% ee), and indicates a switch from
Case 1 to Case 2, where closed-face addition is the dominant source of the minor

enantiomer.

NCT analysis shows a significant reduction in the appearance of stabilising non-
covalent interactions between the Moc sidechain and the organocatalyst substituents
(Figure 3.12b, iii and Appendix B). Calculated Hirshfeld charges for model sys-
tems 3,5-bis-CF;-toluene and toluene for the crucial H atom involved in the most
important C—H- - - O interaction reveals a small (0.02 e) decrease in partial charge
for the latter molecule (Figure 3.12, inlay), which points to a slightly weaker elec-
trostatic interaction with the carbonyl oxygen of the Moc sidechain. In combi-
nation with the reduction in dispersion interactions between the sidechain and
diphenylprolinol substituents compared with the CF;-substituted organocatalyst,
a general decrease in interactions between the sidechain and organocatalyst is the

proposed cause of poor stereoselectivity with this organocatalyst.

We were also interested to see that high levels of stereoselectivity could be induced
in the absence of polar functionality, for example substituting the Moc sidechain
for a hexyl chain in substrate Se (Figure 3.13a). For this system, K., was calcu-
lated to be 5 x 10* (AGE/z = 4.8 keal mol ™!, Figure 3.13a, 1), and kg;.g/kg,.r at

283 K as 70 (AAE; =2.4 kcal mol™!, Figure 3.13a, ii). These values would

i-E/Re-E
suggest a switch to Case 2 — the substantial contribution of 1,3-allylic strain in the
Z-enamine means kg; g/ kg is limiting. The attractive sidechain / diarylprolinol

NClIs again enhance the closed face steric block, leading to a predicted ee of 97%
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Figure 3.13: Calculated E/Z-enamine equilibria (i) and constrained TSs for [1.1.1]propellane
addition for substrates Se (a and Sb b.

for this substrate — the same value as that seen experimentally.

The low ee of 64% observed experimentally for propanal (i.e., a methyl sidechain)
merits further discussion. We anticipated that the methyl sidechain would inter-
act less strongly with the diarylprolinol substituents, and therefore the attack of
[1.1.1]propellane to the closed face of the radical cation would be more simi-
lar in energy to attack of the open face, resulting in Case 2 (Figure 3.13b, ii).
However, this prediction was not borne out by the calculated ks; g/kg..r value of
6 x 10% at 283 K (AAEEi_E/Re_E = 3.6 kcal mol~!), which would correspond to
an ee of 99.7%. In comparison, the calculated enamine E/Z energies correspond
to a Keq of 2 x 10? (AGg/z = 3.1 keal mol ™!, Figure 3.13b, i), likely suggest-
ing that selectivity is determined not by a reduced preference for open-face ad-
dition, but rather by the enamine E/Z ratio and the subsequent rates of oxidation
(Case 1). The reduced E/Z enamine ratio can be attributed to the small size of the
methyl sidechain compared with longer sidechains. However, the small difference

between AAE§ and AGg/z prevents any stronger conclusions from being

i-E/Re-E

drawn.
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Origins of the dependence of stereoselectivity on the photocatalyst

The above studies on the variation of enantioselectivity with the nature of the
sidechain and diarylprolinol substituents led to explanations of selectivity being
limited either through the irreversible oxidation of equilibrium populations of £
and Z enamines, or by poor selectivity for open-face addition due to a lack of
stabilising NCls between the substrate sidechain and diarylprolinol substituents.
However, the use of K., to predict whether Case 1 or 2 would be dominant im-
plicitly assumes that the £ and Z enamines would be oxidised (irreversibly) at the

same rate.

Estimation of K4 for each of the systems mentioned above in which Case 1 is
in operation results in a systematic overestimation of reaction stereoselectivity.
There are a few reasons that this might be the case, the first of which could be due
to an overestimation of AG'/; from our calculations — which is certainly possible
given the difficulty of accurately predicting entropy in large, flexible molecules.
However, this would not account for any variation of enantioselectivity with the

choice of photocatalyst.

A possible cause of this catalyst dependence is that, while it was assumed that
the oxidation of the E and Z enamines is irreversible, the lack of strong driving
force for iminium ion oxidation might suggest that electron transfer could occur
from the reduced photocatalyst back to the a-iminyl radical cation. The result of
this would be that the E and Z iminyl radical cations could equilibrate not only
through C-C bond rotation, but also by interconversion of the precursor enam-
ines (via protonation to the iminium ions). This equilibration would then result
in C—C bond formation being stereodetermining, therefore direct competition be-
tween Si-E, Re-E and Re-Z attack. However, for the system with a Moc sidechain,

Re-Z attack is even higher in energy than Re-E (Figure 3.14a), so any reversibility
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in the oxidation step would be inconsequential to the stereoselectivity; the same
is true for the n-hexyl sidechain (Figure 3.14b). Conversely, Re-Z attack is lower
in energy than Re-E attack on the a-iminyl radical cation with a methyl sidechain
(due to relief of torsional strain and little contribution from NCls, Figure 3.14c),
therefore reversible oxidation could alter the stereoselectivity. However, the value

of AAE!

SiE/Re-Z = 2.2 kcal mol~! would still correspond to an ee of 96% — sig-

nificantly more than that observed experimentally (64%). In combination, these
results suggest that any reversibility in the oxidation of the enamine has little con-

sequence on the reaction stereoselectivity.

An alternative explanation for at least part of the discrepancy between the pre-
dicted and experimental stereoselectivity may, however, come from differing ox-
idation rates of the E- and Z-enamines. As mentioned, the Z-enamine features
greater 1,3-allylic strain between the enamine «a-substituent and the pyrrolidine
ring (Figure 3.15), which manifests itself as a 3.1° increase in pyramidalisation at
the N atom (Np) for the Z-enamine compared with the E-enamine. Upon oxida-
tion, both E- and Z-enamine N atoms approach planarity, and we therefore antici-
pate enhanced strain relief at the electron transfer TS for the Z-enamine. Addition-
ally, upon oxidation, the enamine C=C bond and C3- - - C4 distance lengthens by
0.04 A and 0.1 A, respectively, reducing the steric clash between the Z-enamine
and Z-a-iminyl radical cation. Interestingly, the oxidation of the E-enamine is cal-
culated to be marginally favoured over the Z-enamine (AAG = 1.2 kcal mol™)
which could simply relate to superior product stabilisation. However, the rate of
Z-enamine oxidation may be greater than for the E-enamine, as the former will
enjoy greater relief of steric strain along the C1-C2 coordinate at the electron

transfer TS.

This proposed difference in oxidation rates of the two enamines could reasonably

be expected to vary with the nature of the photoredox catalyst through changes in
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its excited state oxidation potential or structure — which could explain the unusual
variation in ee observed experimentally for different photocatalysts. This hypoth-
esis, however, requires further experimental validation, for example through a
systematic study on the relative oxidation rates of E and Z enamines under geo-
metric constraints with photocatalysts of varying type and redox potential range.
The development of computational methods to explicitly calculate intermolecular

transfer processes would be required for further theoretical study.

3.3 Conclusions

In this Chapter, a multicatalytic approach for the synthesis of a-chiral bicyclopentyl
aldehydes was presented (Figure 3.16a): Photoredox-catalysed one-electron oxi-
dation of an enamine formed from the reaction of an aldehyde and an organocat-
alyst results in the formation of an a-iminyl radical cation, which cleaves the
interbridgehead bond of [1.1.1]propellane to form a chiral bicyclopentyl radical.
This radical is then trapped by an H-atom catalyst, and results in the formation
of the a-chiral bicyclopentyl aldehyde after hydrolysis of the iminium ion. The
reaction was shown to tolerate a range of functionalities on the aldehyde, giving

easy access to valuable building blocks for drug design.'?32!!

A combined experimental and theoretical study provided evidence for the pro-
posed mechanistic cycle, including Stern-Volmer luminscence quenching that con-
firmed the feasibility of the key electron transfer event between the enamine and
excited photocatalyst. A model for enantioselectivity in this reaction was pro-
posed that is consistent with experimental observations (Figure 3.16b), and DFT
calculations were used to understand the critical role of enamine geometry and
NClIs to achieve high stereoselectivity. Crucially, rapid C—C bond formation is

enabled by o—m-delocalisation in [1.1.1]propellane, resulting in a similar reactiv-

126



The Reactivity of Strained Carbocycles Chapter 3

a Synthesis of a-chiral BCPs through photoredox-, organo- and HAT catalysis

[Ir(ppy)2(dtbbpy)]PFg (2 mol%)
Organocatalyst 3 (25 mol%)
HAT catalyst 4 (10 mol%)

o H,0 (2.0 equiv.), blue LEDs OH H
DME/E! 1:1,0.2M), 24 h
l 120 (1:1, 0.2 M), 20 examples
+ then 25-99% yield
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Figure 3.16: a. Overview of the a-chiral BCP synthesis developed here. b. Model for stereose-
lectivity for this reaction, with two requirements that must be fulfilled to achieve high stereoselec-
tivity.
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ity profile to olefins.

The judicious choice of an organocatalyst that benefits from significant stabilising
NClIs between the substrate sidechain and the diaryl prolinol substituents effec-
tively results in enhanced steric shielding of the closed face of the a-iminyl radical
cation. In the absence of these NCIs, closed-face addition will be in closer compe-
tition with open-face addition, resulting in poorer selectivity. Unexpectedly, with
the ‘right’ organocatalyst these NCls are sufficient to almost completely block
closed-face attack, which changes the stereodetermining step from C—C bond for-
mation to the oxidation of the E/Z enamines. Since the resultant a-iminyl radical
cations interconvert with a rate slower than C—C bond formation, a high E/Z ratio
is then important to ensure high stereoselectivity. It is suspected that the relative
rates of £ and Z enamine oxidation vary with the photocatalyst, which could also

affect the observed stereoselectivity.

Based on these studies, two conditions are proposed that must be met to ensure

high stereoselectivity in this reaction:
1. Sufficient 1,3-allylic strain to disfavour the Z-enamine at equilibrium.

2. Sufficient attractive NCIs between the substrate sidechain and diarylprolinol
substituents to effectively block addition to the closed face of the radical

cation.

It is hoped that the reaction and stereoselectivity models put forward in this Chap-
ter offer both a practical method to access building blocks of value in medici-
nal chemistry, and further insight into this type of reaction mechanism for future
reaction design. The importance of delocalisation-enabled reactivity is realised
through the unusual dependence of stereoselectivity on the nature of the photocat-

alyst.
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Quantifying the roles of delocalisation and strain

release on the reactivity of small rings

In Chapter 2 the idea that the interbridgehead C—C bond in [1.1.1]propellane is
delocalised over the cage was introduced, conferring both structural stability and
enhanced reactivity. However, so far, the connection between delocalisation and
reactivity has been qualitative. Moreover, relative importance of the release of
the ~ 30 kcal mol~! strain energy and electronic delocalisation is unknown. In
this Chapter, a quantitative model that allows the direct comparison of these two
effects is proposed. The Bell-Evans-Polanyi principle and Marcus theory confirm
that strain energy alone is indeed insufficient to account for the variation in re-
activity of a variety of small rings with different connectivity. Building on work
by Houk and Hoz,>33*36-8:61.62.219 de]ocalisation in small rings is quantified using
NBO theory, and incorporated within the Bell-Evans-Polanyi and Marcus models
to generate predictive models able to reproduce experimental reactivity trends. A
simple ‘rule of thumb’ is also proposed, where the fusion of a three-membered
ring to a breaking bond lowers the activation energy by ~ 10 kcal mol~! per ring

— arate enhancement of ~ 107 at 298 K.
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4.1 Relationship between strain energy and reactiv-
ity

As the driving force for a reaction increases, the rate of that reaction will increase
(Figure 4.1a). This idea was first quantified in 1924 by Brgnsted who introduced
an empirical linear relation-ship between the acidity of a general acid catalyst and
the rate of the decomposition of H,N,0,.!”* In 1936, Bell, and shortly afterwards
Evans and Polanyi, independently investigated the physical origin of this linear

relationship,*’8

resulting in the eponymous Bell-Evans-Polanyi (BEP) principle
which determines the activation energy of a reaction using the driving force for

that step according to

AEf = AE}

int

+ aAE,
4.1)
0<a<l1

where A E* is the potential energy barrier to the reaction, and AE;, is the intrinsic

activation barrier in the absence of a driving force, AE,.

A similar result can be drawn from Marcus theory. Marcus originally investigated
the rates of electron transfer using overlapping parabolas to describe the reor-
ganisation of solvent spheres during electron transfer.*” He later used the same
formalism to describe chemical reactions (4.2),%? where the overlapping parabo-
las represent the potential energy surface of the bonds being broken and formed
over the course of the reaction (Figure 4.1b). The height of the intersection of the
parabolas approximates the energy of the transition state (TS) relative to that of

the reactants and products, which are found at the minima of the parabolas.

130



The Reactivity of Strained Carbocycles Chapter 4

a General relationship between b Marcus theory for reaction rate
strain and reactivity prediction
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Figure 4.1: a. Increasing the reaction driving force through an increase in strain release lowers the
activation barrier for that reaction. b. Overlapping parabolas describe the reaction PES, allowing
the relationship between driving force (AE,.) and activation barrier (A E?) to be quantified using
Marcus theory.

AE?
16AE?

nt

AEY = AE?

1
it §AEr + (4.2)

A comparison of (4.1) and (4.2) reveals that the Bell-Evans-Polanyi principle is an
approximation to Marcus theory in which the potential energy surface is described
by two overlapping straight lines (instead of parabolas). The two models should

therefore give similar results for small changes in AF,.

Both the BEP principle and Marcus theory directly link a reaction driving force
and its activation energy. In principle, either of these relationships can be used
to investigate the effect of strain release energy on reactivity — the strain release
energy is equivalent to increasing the reaction driving force. If strain release were
solely responsible for changes in reactivity, a strong linear relationship would be
expected between the calculated and predicted activation energies using either

(4.1) or (4.2).

The use of linear free energy relationships (LFERs) to investigate strain release
reactivity was also identified by Houk and Hoz. Houk employed a BEP-type anal-
ysis to identify that [2 + 2 + 2] retro-cycloaddition reactions of cyclohexanes were

16 kcal mol~! lower than expected when substituted with cyclopropanes (Figure
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a  Houk’s analysis of [2+2+2] retro-cycloadditions b Hoz’s analysis of nucleophilic small ring-opening reactions
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Figure 4.2: a. Houk’s study on the relative rates of [2 + 2 + 2] retro-cycloadditions of substituted
cyclohexanes. b. Hoz’s study on the addition of nucleophiles to strained hydrocarbons.

4.2a).>’ Hoz, using Marcus theory, identified activation barriers 7-17 kcal mol !
lower for the radical and anionic ring-opening of three-membered rings than ex-
pected (Figure 4.2b),®! naming this strain-independent barrier-lowering effect an
“additional factor”. The origin of this “additional factor” has been debated. Hoz
proposed a distortion-driven rehybridisation effect that lowers the LUMO of the
breaking bond, causing earlier bond formation. Houk, using NICS calculations
and an orbital interaction through-bond (OITB) model, proposed that aromaticity
in TSs featuring three-membered rings causes the barrier-lowering effect, and that
the LUMO-lowering effect proposed by Hoz was in fact a consequence of this

aromaticity (for further discussion, see Section 1.1.2).

In this Chapter, a complementary and general model is provided that unifies the
reactivity of small rings in terms of their bonding and strain release energies.
The quantitative power of this model is illustrated in the systematic study of
ring-opening reactions of small rings, culminating in analysis of heterosubstituted
small rings and a ‘rule of thumb’ to quickly estimate relative reaction rates based

on visual inspection.
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4.2 Predicting the reactivity of small rings

A set of 12 hydrocarbons with varying numbers of small rings was constructed
(Figure 4.3a), with numbers of three- (n3) and four-membered (rn4) rings, strain
energies and strain release energies summarised in Table D.1. For this set of
molecules, TSs and adducts for the addition of a methyl radical, CHj, to each
molecule were calculated at the DLPNO-CCSD(T)/def2-QZVPP//B2PLYP-D3BJ
/def2-TZVP level, giving access to activation enthalpies (A H*) and reaction ener-
gies (A H,) for the construction of BEP and Marcus models. Enthalpies were used
in preference to free energies since strain energies are commonly reported in these
terms, however the conclusions from these models were found to be independent

of the choice of AH or AG.

Use of both the BEP and Marcus models for this set of reactions leads to a poor
correlation (R? = 0.51 and 0.62, respectively, Figure 4.3b/c) and large prediction
error (root mean-square error, RMSE = 10.1 and 8.8 kcal mol~!, respectively).
These findings are in line with previous studies, where the reaction driving force
is insufficient to account for the observed reactivity trend. It is particularly note-
worthy that the reaction enthalpies for the ring opening of cyclobutane, cyclo-
propane and [1.1.1]propellane are very similar (AH,: -26.8, —28.4 and -28.2
kcal mol 1, respectively), yet their activation enthalpies span over 30 kcal mol !
(AH*: 36.1, 26.4 and 5.0 kcal mol~*, respectively). In this case, enthalpic differ-
ences effectively determine differences in Gibbs free energies (AG*: 47.0, 36.9
and 15.3 kcal mol ! respectively), which result in estimated rate constants span-
ning 23 orders of magnitude at 298 K. Clearly strain release is unable to account
for this range of reactivity profiles; differences in delocalisation, therefore bond-
ing, were therefore investigated as a means to improve predictions and recover a

more complete picture of strain release reactivity.
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Figure 4.3: a. Set of 12 hydrocarbons with varying ring sizes and strain energies, and Bell-Evans-
Polanyi (b) and Marcus (c) plots showing prediction of activation barriers using A H, for this set
of 12 hydrocarbons. Blue dashed lines represent perfect correlation, and solid black lines are the

regression lines.

4.3 Linking delocalisation to reactivity

Delocalisation is an inherently fuzzy concept, since it is not a physical observable.

It is defined here as the extent to which an electron pair in a bond between two

atoms is spread over neighbouring atoms or groups, for example through conjuga-

tion or hyperconjugation.?? Intuitively, one can imagine that a more delocalised

bond will be easier to break, and therefore result in a lower activation barrier com-

pared with a more localised bond. To investigate this relationship, first a method

to routinely calculate the delocalisation associated with a given bond is required,

that is both widely applicable and inexpensive to calculate for a range of system

sizes. Two methods to obtain such a delocalisation parameter are focused upon
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here, and a comparison with delocalised MOs is briefly mentioned.

Quantifying delocalisation

The definition of delocalisation above lends itself to a local orbital representation.
The Lewis representation of a molecule perfectly localises each bonding electron
pair between two atoms.!”’ Natural bond orbital (NBO) theory provides a way
to quantify the extent of delocalisation, since each NBO represents an electron
pair in the Lewis structure, with an orbital occupancy (N,..) of exactly 2. De-
viation from 2 indicates delocalisation of the electron pair, therefore 2-N, . can
be used to quantify delocalisation. For example, in Chapter 2 an NBO analysis
of [1.1.1]propellane was presented, involving resonance between its Lewis struc-
ture and resonance forms with six alkene / carbene pairs, suggesting a delocalised
electronic structure. 2—N,.. for 1 is 0.167, compared with 0.017 for the localised

C—C bond in ethane.

For the set of 12 hydrocarbons introduced above, 2-N .. was calculated for each
of the bonds being broken and they were ranked by the extent of delocalisation
(Figure 4.4). In general, bonds that are part of a three-membered rings are more
delocalised than those that are part of the analogous four-membered ring. For ex-
ample, the C—C bonds of cyclopropane (2—N .. = 0.046) are more delocalised than
cyclobutane (0.029), as expected from the analysis of Coulson and Moffitt.?” Simi-
larly, the interbridgehead bond of bicyclo[1.1.0]butane (0.125) is more delocalised
than that of bicyclo[2.1.0]pentane (0.081), which is in turn more delocalised than
the interbridgehead bond of bicyclo[2.2.0]Jhexane (0.045). The maximum num-
ber of three-membered rings that a bond can be part of is three, a value achieved
by [1.1.1]propellane which gives rise to the maximum value of 2-N,,.. for the set
(0.167). Conversely, the minimum possible number of three-membered rings is

trivially zero, which in this set we attribute to ethane with its minimum value of
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Figure 4.4: Ranking of delocalisation based on 2-Nocc or (1-ELF) of bonds shown in red for the
set of 12 hydrocarbons shown in Figure 4.3a.

2—N e of 0.017.

An alternative scheme to represent the extent of delocalisation associated with a
given bond is via the electron density of the molecule. The electron localisation
function (ELF) provides one such measure, where the density at a point in space
is compared with that of a uniform electron gas.??! ELF runs from 0.5 (complete
delocalisation) to 1 (complete localisation), so to compare directly with the or-
bital delocalisation measure we took the value of 1-ELF such that a larger value
indicates greater delocalisation. The ELF value was calculated at the bond critical
point for each of the 12 hydrocarbons, except [2.1.1]propellane for which no bond
critical point could be identified. The trend in 1-ELF was found to follow closely
that observed with the 2-N .. parameter (Figure 4.4), giving us greater confidence

that we are indeed quantifying delocalisation.

Combining strain and delocalisation measures

The delocalisation measure 2—N,.. was incorporated into the BEP model using
a multiple linear regression (MLR) model. The resultant model (Figure 4.5a)
gives an excellent correlation (R? = 0.97) and low prediction error (RMSE = 2.5
kcal mol™!). The negative value of the coefficient 3 indicates that the intrinsic

activation barrier decreases as delocalisation increases, independently of the con-
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tribution of strain release to the activation barrier. Including the quadratic term
in the Marcus model alongside the 2—N,,.. parameter results in a slight increase
in the performance of the model (R? = 0.98, RMSE = 2.2 kcal mol~*!, Figure
4.5b). The coefficient « is 0.5, as expected from the Marcus equation (4.2), and
~ is 0.002 mol kcal~!, in reasonable agreement with the value (16AH} )~ =
0.001 mol kcal~* predicted by Marcus theory. The modified models are therefore
reproducing the physical behaviour of the systems under study. Given the simi-
larity in the behaviour of the BEP and Marcus models, only the BEP model was

considered from this point onwards due to its simplicity.

Through the ranking of delocalisation in the 12 hydrocarbons by their delocal-
isation values, a general trend appears between the number of three-membered
rings appended to the breaking bond, n3, and the delocalisation parameter 2—N ...
The n3 parameter could be used in the place of 2—N,.. to predict the effects on
activation barriers simply by visual inspection. The MLR model resulting from
this substitution shows an excellent correlation between predicted and calculated
activation barriers (R? = 0.99, Figure 4.5¢) with a low prediction error (RMSE
= 1.2 kcal mol™1). The coefficient 3 using this model represents the decrease
in intrinsic activation barrier per additional three-membered ring — in this case
~ 10 kcal mol~!. Since AAH* ~ AAG for this set of similar reactions, a rate

enhancement of ~ 107 per additional three-membered ring is expected at 298 K.

Since the strain release energies of cyclobutane, cyclopropane and [1.1.1]propel-
lane are approximately the same, their starkly different reactivity profiles can be
attributed to the extent of bond delocalisation. This delocalisation increases from
cyclobutane to [1.1.1]propellane due to the maximisation of ns. Similarly, the ac-
tivation energy ordering of bicyclo[2.2.0]butane (n3 = 0) > bicyclo[2.1.0]pentane
(n3=1) > bicyclo[1.1.0]hexane (n3 = 2) can be rationalised by the same argument.

From this model, it is clear that simply varying the number of three-membered

137



The Reactivity of Strained Carbocycles

Chapter 4

Predicted AH* / kcal mol™t

Predicted AH* / kcal mol™!

50

N
o

30

20

AHY= AH}, + aAH, + B(2 = Noce)
R2=0.97 4
RMSE = 2.5 kcal mol~!

CHj3" addition

AHE, = 48.9 kcal mol !
a=0.31
B =-192.4 kcal mol~ e~1

|
0 :K
0 10 20 30 40 50
Calculated AH* / kcal mol=*
AHY = AH}M + aAH, + f3ng
0T R2-0.99
RMSE = 1.2 kcal mol~!
401 CHj3" addition
30
20
AHE | = 49.9 keal mol~?
a=048
10 B =-10.5 kcal mol~?!
01K
0 10 20 30 40 50

Calculated AH* / kcal mol~*

b AH*=AH}, 4+ aAH, + B(2 — Noce) + YAH?
0T R2 - 0.08 A
RMSE = 2.2 kcal mol™?!
CHj" addition
- 40 3
©
S
830
3
- 20
J5 ¢ -1
©° AH}, = 51.3 kcal mol
3 a=0.50
& 10 B=-182.4 kcalmol~t e~?!
y = 0.002 mol kecal ™!
04lek
0 10 20 30 40 50
Calculated AH* / kcal mol™?!
d AHY = AH}, + aAH, + fng
7
0 R?=0.98 P
RMSE = 2.7 kcal mol~! A
- 60 NH,~ addition
|
©
250
©
(s}
=< 40
2
S 30
2
Q
S 20
& AH?, = 49.6 kcal mol ™!
10 a=0.60
B =-10.4 kcal mol~t ¢!
K
0
0 10 20 30 40 50 60 70

Calculated AH* / kcal mol™!

Figure 4.5: Multiple linear regression (MLR) plots for CH;" addition to the set of 12 hydrocarbons
in Figure 4.3 based on the Bell-Evans-Polanyi (a) and Marcus (b) equations and the 2—N .. param-
eter to include delocalisation, and MLR Bell-Evans-Polanyi + n3 plots for CH;" (¢) and NH; (d)
addition. Blue dashed lines represent perfect correlation, and solid black lines are the regression
lines.
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rings appended to a breaking bond is a powerful way to enhance or suppress
reactivity, for example switching the behaviour of the molecule from a highly-
reactive bioconjugate warhead (e.g., bicyclo[1.1.0]butane derivatives)!'*??? to an

inert lipid tail group (e.g., bicyclo[2.2.0]hexane derivatives).?*?

To test the generalisability of the delocalisation model, the methyl radical was
replaced with an amide anion, NH;, as the species to attack each of the 12
molecules in the hydrocarbon set. Amide anion addition to [1.1.1]propellane, bi-
cyclo[1.1.0]butane and bicyclo[2.1.0]pentane derivatives were employed by Baran
for the synthesis of substituted amines,'!*!** therefore analysis of these systems
would allow exploration of the importance of delocalisation in a further exper-
imentally relevant setting (Figure 4.5d). Activation barriers are accurately pre-
dicted once again (R? = 0.98, RMSE = 2.7 kcal mol1), and the coefficient 3 ~
—10 kcal mol~! is in excellent agreement with that obtained for the radical reac-
tion. This result indicates that the contribution of delocalisation to reactivity may
be independent of reaction type. Based on this model, if the delocalisation effect
were to be somehow removed from [1.1.1]propellane, its activation barrier would
increase from 13.2 to 44.4 kcal mol !, rendering it inert under the reaction condi-
tions. The release of strain energy therefore appears to be insufficient to cause the
observed reaction — it is instead delocalisation that weakens the breaking bond,

leading to its ‘spring-loaded’ behaviour.''*

Having established the predictive power of either the 2—N,.. or n3 delocalisation
parameters in the BEP model, the extent to which Hoz’s LUMO-lowering effect
or Houk’s aromaticity / OITB effect describe the same strain-independent reactiv-
ity enhancement was explored. The LUMO energy (ELymo) and HOMO-LUMO
gap (A Exomo.Lumo) were extracted for this set of hydrocarbons and incorporated
into the linear model, where the chosen orbitals represented the bonding and an-

tibonding combinations of the breaking C—C bonds. The LUMO energy provides
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Figure 4.6: Multiple linear regression (MLR) plots for CH;" addition to the set of 12 hydrocarbons
in Figure 4.3 based on the Bell-Evans-Polanyi principle using the LUMO energy (Eruymo) (a) and
HOMO-LUMO gap (A FEyomo-Lumo) (b). Blue dashed lines represent perfect correlation, and
solid black lines are the regression lines.

negligible improvement to the prediction of activation barriers (Figure 4.6a, R? =
0.81, RMSE = 6.2 kcal mol~1), and results in an unphysical negative intrinsic acti-
vation barrier. The positive coefficient 5 does indicate anticorrelation between the
LUMO energy and the strain-independent barrier-lowering effect, implying that
in general a lower LUMO energy may be loosely connected to enhanced reactiv-
ity. However the overall poor performance of the model, in particular the negative
intrinsic activation barrier, suggests that the LUMO energy alone is of little value
for the quantitative prediction of reaction rates. Poor model performance likely
results from the delocalised nature of this type of MO, where information not

directly connected to changes in bonding ‘contaminates’ the relevant information.

The use of the HOMO-LUMO gap significantly improves the correlation and
decreases the prediction error of the model (Figure 4.6b, R? = 0.94, RMSE =
3.5 kcal mol™!). Once again, the positive sign of the coefficient 3 indicates anti-
correlation between the HOMO-LUMO gap and the strain-independent barrier-

lowering effect. This finding bolsters the proposal that the OITB model ex-
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plains the enhanced reactivity of three-membered rings, therefore supporting TS
(anti)aromaticity (de)stabilisation. However, a negative intrinsic activation barrier
and coefficient « result from this model, indicating divergence from the Bell-
Evans-Polanyi principle — an increase in reaction driving force would cause an
increase in the activation energy. While the HOMO-LUMO gap includes infor-
mation on the nature of the bond being broken and its direct surroundings, non-
physical MO delocalisation will introduce additional chemical information that
may be unrelated to changes in bonding at the TS, and therefore introduce noise
to the model. As a result, while arguments based on either the LUMO energy
or HOMO-LUMO gap provide intuitive qualitative explanations for the enhanced
reactivity of small rings independent of the strain contribution, they appear not to

be of use within the quantitative model proposed here.

Delocalisation in heterocycles

The facile ring-opening reactivity of heteroatom-containing small rings, such as
azetidines and epoxides, is widely exploited in synthetic organic chemistry.??4226
The four-membered analogues of these rings, however, display diminished reac-
tivity, making them inviting inert building blocks for use in pharmaceuticals.??’-*
To investigate whether delocalisation plays a role in this reactivity difference, a
dataset was compiled from Hoz and co-workers that reports the error between the
calculated and predicted activation barriers from the Marcus equation (4.2), for an-
ionic and radical ring-opening reactions of carbo-, aza- and oxacycles commonly
encountered in synthetic chemistry (Figure 4.7a).%"'5> We found a good correlation
between the Marcus prediction error and the number of three-membered rings
(n3, R? = 0.93, Figure 4.7b), and a low model error (RMSE = 1.6 kcal mol™1).

This error is the rate enhancement caused by Hoz’s “additional factor”, therefore

we suggest that the connection between increased reactivity and delocalisation

141



The Reactivity of Strained Carbocycles Chapter 4
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Figure 4.7: a. Set of 14 heterocycles (C, N, O) and their reactions with anions and radicals (for
the full set of reactions studied see Figure D.1). Cleaved bonds are colour-coded by type (C-C:
green, C-N: blue, C-O: red). b. Plot showing the ability of n3 to predict deviations from activation
barriers predicted using Marcus theory. Overlapping blue dashed and black solid lines represent
perfect correlation and regression lines, respectively.

in three-membered rings can be generally applied regardless of the type of bond

being broken.

As observed for carbocycles, increasing the number of three-membered rings
fused to the breaking bond decreases the intrinsic activation barrier. This is illus-
trated by the comparison of dimethylamide anion addition to N-methylaziridine
(Marcus error = 8.7 kcal mol™!) and azabicyclo[1.1.0]butane (Marcus error =
19.5 kcal mol'). Therefore, aza- and carbocycles experience a similar contri-
bution of delocalisation to barrier lowering. However, the equivalent reactivity
enhancement for ethylene oxide over oxetane appears to be slightly diminished,
with a Marcus error of only 6.2 kcal mol~!. This could either be due to de-
creased delocalisation as a result of an increase in electronegativity upon chang-
ing the nucleofuge from C to O, or a smaller contribution of delocalisation at
the TS due to a steeper C-O extension PES. Conversely, the reactivity of aza-

bicyclo[2.1.0]pentane appears to be greater than that predicted by the number of
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three-membered rings. Specifics of geometry and hybridisation are of course not
included in the simple n3 parameter; therefore, small deviations between predicted
and calculated activation barriers are anticipated. A greater amount of data for
each bond type would be required to comprehensively investigate the effects of
O- and N-substitution. However, the good agreement already achieved despite
not accounting for different bond types, geometries and hybridisation suggests
that delocalisation still plays a critical role in determining differences in activa-

tion barriers in general.

A ‘rule of thumb’ for small-ring reactivity

Having established a model to explain the enhanced reactivity of more delocalised
bonds, a ‘rule of thumb’ was proposed that could be used to quickly estimate
the relative reactivity of small rings. Based on the simple modified BEP model
shown in Figure 4.5¢, A H, can be approximated by tabulated strain release ener-
gies (SREs), and « is taken as 0.5 and /3 as —10 kcal mol~! for simplicity. Despite

the intrinsic activation barrier (AH :

) not being known without explicit calcula-

tion, the difference in activation barriers between two substrates (AAH*) can be

estimated using

AAHY =~ 0.5ASRE — 10Ans. (4.3)

This simple model was tested on Wiberg and co-workers’ 1-halo-3-trichloro-
methylation of [1.1.1]propellane, bicyclo[1.1.0]butane and bicyclo[2.1.0]pentane
with BrCCl, or CCl, (Figure 4.8a).3%!!! While [1.1.1]propellane and bicyclo[1.1.0]-
butane were found to readily undergo these reactions, bicyclo[2.1.0]pentane show-
ed no reactivity under these conditions. Additionally, competition reactions show-

ed [1.1.1]propellane to undergo a more rapid reaction than bicyclo[1.1.0]butane.
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Figure 4.8: a. Wiberg’s halotrichloromethylation of [1.1.1]propellane, bicyclo[1.1.0]butane
and (unsuccessful) bicyclo[2.1.0]pentane, and the strain energies of the reactants and prod-
ucts from Ref. [24] (WIBD level). b. Comparison of calculated [DLPNO-CCSD(T)/def2-
QZVPP//B2PLYP-D3BJ/def2-TZVP] and predicted activation energies using the ‘rule of thumb’
Bell-Evans-Polanyi / n3 model (4.3).

Wiberg noted that the observed reactivity of these three molecules directly op-
posed the trend in SRE, and that properties such as the ionisation potential and
local charge concentration were also unable to even qualitatively reproduce the

reactivity trend.®>!!!

By adding a delocalisation parameter into the BEP model in (4.3), the observed
reactivity trend is correctly predicted, with estimated activation barriers relative
to [1.1.1]propellane of 6.3 and 12.1 kcal mol~! for bicyclo[1.1.0]butane and bi-
cyclo[2.1.0]pentane, respectively (Figure 4.8b). To test the numerical accuracy of
these predictions, activation and reaction enthalpies were calculated for the ad-
dition of CCl; to each of these small rings. The lowest barrier was calculated
for [1.1.1]propellane (AH ' = 0.5 kcal mol™'), with addition barriers for bicy-
clo[1.1.0]butane and bicyclo[2.1.0]pentane greater by 3.5 and 10.2 kcal mol !,
respectively. Considering the simplicity of this model, the small discrepancies
between the calculated and estimated barriers are acceptable. In fact, much of
the model error can be traced back to the difference between the SRE and AH,

for [1.1.1]propellane, rather than from the delocalisation parameter. In addition,
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quantitative agreement was observed between the trend in activation enthalpies
and free energies, as expected for reactions that are similar in nature due to the

cancellation of entropic terms.

4.4 Conclusions

The enhanced reactivity of cyclopropane over cyclobutane has long been a puzzle
for organic chemists. From a traditional LFER analysis, their similar strain en-
ergies should result in similar rates of ring-opening, yet this is not borne out in
reality. In this Chapter, a simple explanation has been proposed for the enhanced
reactivity of cyclopropane over cyclobutane in terms of delocalisation. In doing
s0, a quantitative model for ring-opening reactions has been formulated in general,
incorporating both strain-driven reactivity enhancement and differences in delo-
calisation. Inspired by Coulson and Moffitt’s work on the electronic structure of
cyclopropane,?’ and the LFERs of Bell, Evans, Polanyi and Marcus,*’*%>? a model
in which activation barriers depend on both strain release and delocalisation has
been developed — and these two factors work together to enhance reactivity. In
terms of Marcus theory, delocalisation induces earlier curve crossing, in effect
decreasing the intrinsic activation barrier associated with the cleavage of a more

delocalised bond (Figure 4.9).
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Figure 4.9: Pictorial representation of the effects of strain release and delocalisation on activation
energies within Marcus theory.

Using this model, a systematic study of the ring-opening reactivity of small carbo-
and heterocyclic rings has been undertaken, as well as the introduction of a sim-
ple ‘rule of thumb’ to predict relative activation barriers using tabulated strain
release energy values and the number of three-membered rings (n3) appended to
the breaking bond. The principles discussed in this Chapter may simplify discus-
sions about strain releasing reactions, and provide an intuitive tool for the design

of reactions and molecules.
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Conclusions

5.1 Thesis overview

Over the past decade or so, the development of reactions built upon the attrac-
tive idea of strain release has blossomed. These reactions are designed under the
premise that the rate of an elementary reaction step will increase if accompanied
by a release of strain energy. This hypothesis has been perpetuated through selec-
tion bias: a successful reaction in which strain energy has been released has led
to the conclusion that the strain release was the cause of the enhanced reactivity,
despite similar substrates with similar strain energies being unreactive under the
same conditions. This is most clearly seen by comparison of ring-opening reac-
tions of cyclobutane, cyclopropane and [1.1.1]propellane: each enjoys a similar
release of strain energy upon ring-opening, yet the relative rates for ring opening
can vary by over 20 orders of magnitude. In this Thesis, the role of strain release
in such reactions has been clarified by introducing the complementary concept of
electronic delocalisation, which accounts for differences in bonding across related

substrates (Figure 5.1).

Starting with the archetypal strain release molecule [1.1.1]propellane, investiga-
tion of its electronic structure revealed its interbridgehead bond to be delocalised
over the cage (Chapter 2 and Figure 5.2). The effect of this delocalisation is
two-fold: firstly, it is suggested to provide structural stabilisation that disfavours
decomposition; and secondly, this delocalisation is proposed to be the origin of

the unusually broad reactivity profile exhibited by [1.1.1]propellane. The impor-
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Figure 5.1: Two factors can be engineered to enhance reactivity and selectivity: the extent of
strain release, and the amount of bond delocalisation.

tance of this delocalisation-enabled reactivity was shown through investigation of
the mechanism of a photoredox / organocatalytic / H-atom transfer catalytic re-
action, where facile cleavage of the propellane interbridgehead bond introduces a
dependence of the observed enantioselectivity on the nature of the photocatalyst

(Chapter 3).

Following these studies, the modulation of reactivity resulting from the interplay
of strain release and delocalisation has been systematically investigated (Chap-
ter 4). A coherent model that can quantify the contribution of each effect on the
observed activation barrier for ring-opening reactions has been proposed, and a
structure-activity relationship which links the number of three membered rings
fused to the reactive bond to delocalisation has been identified. Using the frame-
work developed here, many previously developed strain release reactions can be
recast in terms of delocalisation-enabled reactivity, for example turboamide addi-
tion to [1.1.1]propellane and bioconjugation reactions of bicyclo[1.1.0]butane. Of
course, strain release also plays an important role in these reactions, but its impact

is often overstated. Bicyclo[2.2.0]butane ring-opening chemistry, for example, is
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Chapter 2: Delocalisation explains the Chapter 3: Delocalisation causes
stability and reactivity of [1.1.1]propellane dependence of ee on photocatalyst
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Figure 5.2: Summary of the contribution of Chapter to this Thesis.

far less developed than bicyclo[1.1.0]butane chemistry, despite a > 10 kcal mol~*
increase in strain release energy for the former. It could therefore be beneficial
to keep both the thermodynamics of strain release and the enhancement of delo-
calisation in mind when designing such reactions. Further study into synthetic
methods through which delocalisation can be maximised using functional group
manipulation could provide a complementary framework for reaction develop-

ment in the future.

5.2 Implication and future avenues

Throughout the development of the strain / delocalisation framework constructed
in the course of this Thesis, experimental applications of this model have been
sought — both to validate the general approach, and to attempt to assist the strain
release community with design of new synthetic methods to access complex mole-

cules for medicinal and materials applications.
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Reactions of higher-order propellanes

The strain / delocalisation relationship in propellanes was explored for the series
of [n.1.1]propellane (n = 0-5, Figure 5.3a). CASSCF-HF electron density dif-
ference plots indicate that density from the interbridgehead bond of each propel-
lane is only delocalised onto methylene bridges, and that [1.1.1] and [3.1.1]pro-
pellane show qualitatively similar delocalisation behaviour (over three and two
rings, respectively). According to our model, the reactivity of these two pro-
pellanes should therefore be similar. Reactions successfully deployed for bicy-
clo[1.1.1]pentanes synthesis with [1.1.1]propellane are currently been tested on
[3.1.1]propellane both experimentally and using computation by a Masters stu-
dent, Nils Frank. Preliminary results suggest that the photoredox-catalysed ATRA
reaction with alkyl and aryl iodides optimised for [1.1.1]propellane can be readily
applied to [3.1.1]propellane for the synthesis of bicyclo[3.1.1]heptanes (BCHs),
which could be applied as meta-substituted phenyl bioisosteres, (Figure 5.3b).
Perplexingly, organometallic addition reactions, such as the amination reaction
described by Baran for [1.1.1]propellane,''* are yet to afford isolable products.
This may be due to the instability of the bridgehead BCH anion formed during the

reaction.

New routes to bridge- and hetero-substituted propellanes

Our delocalisation model for [1.1.1]propellane, in particular the idea that the
Lewis structure is in resonance with six degenerate alkene / carbene pairs, has
also inspired a project in which propellanes might be synthesised directly from
exomethylene cyclobutyl carbenes (Scheme 5.1). The synthesis of a propellane by
this route was first reported in 1987 by Szeimes,3* who successfully fragmented

and reassembled a bridge-tethered propellane. This approach has the potential to
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a Electronic structure of higher-order propellanes
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Figure 5.3: a. Electron density difference plots for [n.1.1]propellanes (n = 0-5) at the
CASSCF(2,2) or HF level with a def2-TZVP basis set and an isovalue of 0.002 a.u. b. Pho-
toredox ATRA reaction of 2-iodopyridine with [1.1.1]propellane and [3.1.1]propellane (carried
out by Nils Frank).
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Major resonance forms of [1.1.1]propellane
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Scheme 5.1: Proposed synthesis of bridge- and hetero-substituted propellanes via a cyclobutyl
carbene

give access to bridge- and hetero-substituted propellanes. The closure of the cy-
clobutyl carbene to the propellane is anticipated to be symmetry-allowed and bar-
rierless, which may outcompete 1,2—H migration that would lead to a cyclobutene.
Studies to investigate the potential of this strategy are being carried out by a DPhil

student, Bethany Shire, in the Anderson group.

Propellane polymerisation

The polymerisation of [1.1.1]propellane, or lack thereof in dilute solution, is a
puzzle when compared with the spontaneous polymerisation of [2.1.1] and [2.2.1]-
propellane.32#>8¢ Jug and Poredda suggested that the [1.1.1]propellane dimer is
formed reversibly, where collision of two singlet monomers and subsequent in-
tersystem crossing results in a bound triplet ground state (Figure 5.4a).?° The

resistance of [1.1.1]propellane towards dimerisation is intriguing; the formation
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Figure 5.4: a. Proposed oligomerisation mechanism of [1.1.1]propellane. b. Through-bond and
through-space singlet coupling mechanisms.

of an assumed ordinary C(sp®)-C(sp?®) o-bond (=~ 85 kcal mol~!),** accompanied
by two lots of ~ 30 kcal mol~! strain release, may be finely balanced with the
cleavage of two weak C—C bonds (~ 60-80 kcal mol~! each).*!82 What is per-
haps surprising is Jug and Poredda’s finding that the triplet dimer is less stable than
the singlet at all distances, despite the BCP radical centres being separated by at
least 5 A. We suggest that strong singlet coupling of the terminal electrons via the
inter-propellane C—C bond may explain this phenomenon, either through-space
or through-bond (or a combination of the two mechanisms, Figure 5.4b). Further
exploration of this type of singlet coupling mechanism may further our under-
standing of propellane polymerisation, as well as elucidate further the importance
of orbital interactions through-bond. These results may also guide the design of a

stable singlet diradical through the judicious choice of propellane substituents.

Generalisation of the strain / delocalisation model

Having established the roles of strain release energy and electronic delocalisation
on ring-opening activation barriers of small rings, a more general application of

this model to describe reactivity could be envisaged. For example, nucleophilic
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or radical additions to 7 bonds (e.g., MacMillan’s addition of a-iminyl radical

cations to styrenes described in Chapter 3)>%

is commonly associated with the
lower bond dissociation energy (BDE) of alkene 7 bonds. However, the alkene 7
bond is inherently more delocalised than the corresponding o bond due to poorer
side-on overlap of its side-on p orbitals than the end-on overlap of its sp? orbitals
within the ‘sp? + p’ bonding model. Assuming the validity of the results presented
in Chapter 4, this delocalisation should enhance the reactivity of alkene 7 bonds
more than differences in BDEs would suggest. A computational investigation of
the inherent reactivity of alkenes, as well as other delocalised functional groups
such as alkynes and arenes, can then be used to test the strain / delocalisation
hypothesis. Based on this principle, reactivity could be modulated by optimis-

ing bond delocalisation — for example through substitution with ‘delocalisation-

enhancing’ groups that increase (hyper)conjugation.

5.3 Outlook

Strain release is a powerful concept which will undoubtedly continue to play a
defining role in the conception of new methods in organic synthesis. However,
through the introduction of delocalisation as an additional concept to describe re-
activity of small rings, it is our hope that a fuller description of the factors that
cause changes in reactivity will result in more efficient reactions that make best
use of the individual properties of each system. This Thesis has sought to de-
velop such a full description through the investigation of the electronic structure
and reactivity of [1.1.1]propellane, both computationally and experimentally. The
lessons learned from these studies ultimately informed the development of a quan-
titative model for the prediction of small-ring reactivity, culminating in several

ongoing experimental studies hoping to make use of these findings. The studies
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undertaken here might inspire both new theoretical approaches to the study of
strain release, and also act as a framework for experimental reaction design for

next-generation bioisosteres and materials.
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Al

Computational and experimental methods

A.1 Methods for Chapter 2

All calculations were carried out using the ORCA suite of programs (v. 4.1.1).!
Both optimizations and single-point energy calculations were carried out using
“Tight” convergence criteria, corresponding to tolerances of 1.0 x 10~® Ha for the
SCF energy change, and 1.0 x 10~% Ha for the optimisation step. To speed up
the calculations, the resolution-of-identity (RI) chain-of-spheres exchange (RI-
JCOSX) approximation was employed.>? MP2 calculations were employed with
the RI approximation as default for the calculation of correlation integrals. The
integration grid “Grid5” was employed for DFT energies, corresponding to a
Lebedev-434 angular grid, and a radial integral accuracy (IntAcc) of 5.01. Cal-
culations employing a RI approximation utilized the “GridX6” procedure, cor-
responding to IntAcc = 4.34 and a Lebedev-194 angular grid. For calculations
of triple-( basis set quality, calculation of correlation integrals used the def2-
TZVP/C auxiliary basis set. All calculations using a quadruple-( basis set em-
ployed the AutoAux? procedure developed by Neese and co-workers, which gen-
erates large auxiliary basis sets for the Coulomb, exchange and correlation integral
calculations. Treatment of 28 core electrons with the def2 effective core potential
(def2-ECP) was employed for iodine and tellurium.* All intermediate structures
were verified to be minima by the absence of imaginary frequencies upon cal-
culation of the Hessian. Grimme’s quasi-RRHO approach was used to calculate

free energies at 298.15 K. A 1 atm to 1 M standard state correction was applied
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by adding RT In(24.5) = 1.89 kcal mol™! to the calculated free energy of each
species.’ Persistent spurious imaginary frequencies for rotations below 35 cm™!
in magnitude were ignored, since they are indicative of noise due to the use of

numerical grids.

The Domain-based Local Pair Natural Orbital coupled cluster method with sin-
gles, doubles and perturbative triples (DLPNO-CCSD(T)) was used as a bench-
mark for the potential energy surface.® DLPNO-CCSD(T) calculations were run
using “NormalPNO” cut-offs,’ corresponding to Tcypairs = 10> Hartrees, Tcupnos
=3.33 x 1077 and Teymxn = 1073, where Teypairs 1S the correlation threshold for
inclusion of a given electron pair in the CCSD calculation, 7¢ypnos 18 the occu-
pation threshold for each PNO (pair natural orbital) formed from an expansion
of projected atomic orbitals (PAOs), and 7T¢ymkn determines the threshold for the
inclusion of each localized MO in the PNO expansion based on Mulliken popu-
lation. To ensure the validity of this method, energies were also calculated at the
CCSD(T)/(ma-)def2-SVP level of theory and compared to those obtained at the
DLPNO-CCSD(T)/(ma-)def2-SVP level, and relative energy differences did not

exceed 1 kcal mol~!.

Dispersion corrections to DFT energies were implemented using Grimme’s D3
empirical method with Becke-Johnson damping (D3BJ).%° For wB97X-D3, Chai’s

bespoke reparameterisation of Grimme’s D3 correction was used.!”

Data for Chapter 2 is available in the ‘Chapter2_data’ directory of ‘Sterling_the-
sis_data.zip’, including tables of raw and processed data (‘chapter2_data.xlsx’),
and coordinates of optimised structures (‘chapter2_coords.zip’). The Python script
and csv file to generate the More O’Ferrall Jencks plot is provided in the ‘MOJ_plot’

directory.
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A.2 Methods for Chapter 3

QM calculations were run using ORCA (v. 4.1.1).! Optimisation and frequency
calculations were carried out at the PBE0-D3BJ/def2-TZVP level of theory!! us-
ing the SMD!? implicit solvent model for DME (user-defined parameters from
Ref. [13]: Epsilon = 7.54, Refrac = 1.3772, Rsolv = 1.30, Soln = 1.3813, Soln25
= 1.3739, Sola = 0.00, Solb = 0.00, Solg = 0.0246, Solc = 0.00, Solh = 0.00).
Grimme’s D3 empirical dispersion correction with Becke-Johnson (BJ) damping
was applied,® along with the RIJCOSX approximation using the appropriate aux-
iliary basis sets,> and ‘tight’ optimization criteria (10~ Ha tolerance for SCF,
10~% Ha tolerance for optimisation step). The accuracy of this method was tested
through comparison with results obtained at the B2GP-PLYP-D3BJ/def2-TZVP
level of theory'* with the same solvent model / resolution of the identity / opti-
mization criteria, which we have previously shown to provide accurate geometries
and energetics for intermediates in reactions of [1.1.1]propellane 1.'3 Single point
energies were calculated at the DLPNO-CCSD(T)/def2-TZVPP level of theory,
using the same solvent model, and ‘tight’ PNO cut-offs (Tcupairs = 1072, TeurpNos
=107", Tewmkn = 107%). All calculations used Grid6 / GridX6, corresponding to
Lebedev-590 angular grid, and a radial integral accuracy (IntAcc) of 5.34. Sta-
tionary points for the model systems were characterised through calculation of
the Hessian. Spurious imaginary frequencies below 30 cm™! in magnitude were
ignored, as these correspond to numerical errors due to the integration grid, and

all frequencies below 100 cm™*

were subsequently damped through the use of
Grimme’s quasi-RRHO approximation.’ Free energy corrections were applied for

a 1 M standard state at 283.15 K, using the otherm Python package.'¢

Conformational sampling was carried out using GFN2-xTB (v. 6.1), using the

simulated annealing algorithm with the GBS A implicit solvent model for dichloro-

11
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methane.!” Conformers were generated for each compound in triplicate, where
each run consisted an initial 16.67 ps molecular dynamics (Af =4 fs) at 149.07 K,
followed by annealing from 298.15 K to 1000.00 K in three steps of 50 ps (150
ps total). Each conformer was then optimised at the GFN2-xTB level, and con-
formers above 20 kcal mol~! of the lowest energy were removed. The structures
from the three runs (= 450 per system) were combined, and conformers with
RMSD < 0.7 A on heavy atoms were removed using the RMSD filter built into
the Python package autodE.'® Single point energy calculations on the surviving
conformers were obtained at the PBE-D3BJ/def2-SV (P) level of theory using the
SMD solvent model for DME, and conformers within 3 kcal mol~! of the lowest
were optimised for 10 cycles at the SMD(DME)-PBEO-D3BJ/def2-SVP level of
theory. The lowest energy conformer from this process was then reoptimised with

‘tight’ optimization criteria at the same level of theory.

Distortion / interaction analysis (DIA, also referred to as activation / strain analy-
sis) was carried out on the model addition system,19 where the barrier to addition
(AE%) is divided into the distortion of the fragments required to adopt the transi-

tion state (TS) geometry (AEélE ) and the interaction of the two fragments in this

ist
distorted geometry (AEﬁlt). NPA charges and spin populations were calculated
using NBO v. 7.0. Non-covalent interaction (NCI) isosurfaces were calculated

using Multiwfn v. 3.6,%° and are shown at an isovalue of 0.6 a.u.

For the Stern-Volmer quenching studies, emission spectra were recorded at 20 °C
using an Edinburgh Instruments FS5 spectrofluorimeter, equipped with a xenon
arc lamp (400 nm excitation), an SC-20 thermostatic sample holder, and a Hama-
matsu R13456 PMT detector measuring at 425 — 800 nm. A quartz cuvette (10
mm path length) was charged with 2.5 mL of a 5 M solution of photocatalyst
Ir[(ppy).(dtbbpy)]PF¢ dissolved in a 1:1 mixture of anhydrous DME/Et,O and

was degassed by sparging with argon for 10 minutes. The appropriate volume
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of a 0.5 M solution (1:1 DME/Et,0) of each quencher was added sequentially
and the emission of the solution was measured. The quenching constant of the
enamine derived from 3-phenylpropanal and organocatalyst 3 was obtained from
the measurement of a 15:1 solution of this aldehyde and organocatalyst in which
the amine was assumed to be completely consumed. The quenching constant for
this enamine was then calculated by adjustment for concentration and background
aldehyde quenching, to obtain a value of 83.4 M~!. These measurements show
that the enamine is the most efficient quencher of Ir[(ppy).(dtbbpy)]PF¢ of the

components in the reaction.

Data for Chapter 3 is available in the ‘Chapter3_data’ directory of ‘Sterling_the-
sis_data.zip’, including tables of raw and processed experimental and computa-
tional data (‘chapter3_data.xlsx’), and coordinates of optimised structures (‘chap-

ter3_coords.zip’).

A.3 Methods for Chapter 4

All calculations were carried out using ORCA (v. 4.2.1).! Minima and TSs for
the reactive systems were initially identified using autodE (v. 1.0.0b3),'8 be-
fore refinement at the [DLPNO-CCSD(T)/def2-QZVPP (TightPNO)//B2PLYP-
D3BJ/def2-TZVP] level of theory (CH5 reactions) or [SMD(THF)/DLPNO-

CCSD(T)/ma-def2-QZVPP (TightPNO)//SMD(THF)/B2PLYP-D3BJ/def2-TZVP
(ma-def2-TZVP on N)] level of theory (NH; reactions).'"122122 Al calculations
used the resolution of the identity approximation (RIJCOSX),? with the appro-
priate auxiliary basis sets.’ ‘Tight’ optimization criteria (10~ Ha tolerance for
SCF, 10~ Ha tolerance for optimisation step) were employed along with Grid6 /
GridX6, corresponding to a Lebedev-590 angular grid, and a radial integral accu-

racy (IntAcc) of 5.34. Stationary points for the model systems were characterised
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through calculation of the Hessian. NBO occupation numbers were calculated us-
ing the NBO program (v. 7.0), and density-based descriptors were calculated with
Multiwfn (v. 3.6).%°

All data processing was carried out using the Scikit-learn package in Python 3.7,%

and MLR plots were generated with Matplotlib.>*

Data for Chapter 4 is available in the ‘Chapter4_data’ directory of ‘Sterling_the-
sis_data.zip’, including tables of raw and processed data (‘chapter4_data.xlsx’),
and coordinates of optimised structures (‘chapter4_coords.zip’). The Python script

and csv files to generate MLR plots are provided in the ‘MLR_plots’ directory.
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Non-covalent interaction analysis

Si-E-TS-21 Re-E-TS-21

SiE-TS-23 Re-Z-TS-23 Re-E-TS-23
Figure B.1: Non-covalent interactions (NClIs) present in each constrained TS analogue for TS-20,

TS-21, TS-22 and TS-23, calculated at the SMD(DME)-PBEO-D3BJ/def2-SVP level of theory.
Red indicates repulsion, green in dispersion and blue is attraction. Isovalue = 0.6 a.u.
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Luminescence quenching plots

1.61E+05
1.41E+05
1.21E+05
1.01E+05

8.10E+04

Emission

6.10E+04

4.10E+04

2.10E+04

1.00E+03

425 475 525 575 625 675 725 775
Wavelength/nm

Figure C.1: Luminescence quenching titration for 3-phenylpropanal with a 5 uM solution of
Ir[(ppy),(dtbbpy)]PF4. Quencher concentraions reported in mM.
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Figure C.2: Luminescence quenching titration for organocatalyst 3 with a 5 uM solution of
Ir[(ppy),(dtbbpy)]PFs. Quencher concentraions reported in mM.
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Figure C.3: Luminescence quenching titration for a 15:1 solution of 3-phenylpropanal and
organocatalyst 3 with a 5 uM solution of Ir[(ppy),(dtbbpy)]PF,. Quencher concentraions reported

in mM.
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Figure C.4: Luminescence quenching titration for HAT catalyst 4 with a 5 uM solution of
Ir[(ppy),(dtbbpy)]PF4. Quencher concentraions reported in mM.
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Figure C.5: Luminescence quenching titration for [1.1.1]propellane 1 with a 5 uM solution of
Ir[(ppy),(dtbbpy)]PFs. Quencher concentraions reported in mM.
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Hydrocarbon strain release dataset
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Figure D.1: List of reactions used to construct Figure 4.7, from Refs. [25, 26].
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Electronic structure theory

E.1 Determinants, configuration state functions and
configurations

Before discussing the electronic structure methods employed in this Thesis, we
will briefly define some important terms. Firstly, we will define spatial and spin
orbitals, and mention their importance in computational chemistry. We will then
distinguish between a Slater determinant, a configuration state function (CSF) and
a configuration. Finally, we will introduce the electronic Hamiltionian. The defi-
nitions and discussion here are based on those from Szabo and Ostlund’s Modern

Quantum Chemistry.*8

An orbital is a one-particle wavefunction that completely describes the properties
of that particle, which will be an electron for all further discussions here. For
example, a spin orbital, y;(x), comprises the product of a spatial part, 1;(r), and
a spin part, o(w). The spatial orbital contains information on the position of the
electron based on the position vector r, such that we can describe the probability
of finding the electron in the small volume element dr surrounding r with the
expression |1;(r)|?dr. The spin part of y;(x) denotes whether the electron spin
is up (a(w)) or down (5(w)). It is often convenient for the spin (and therefore

spatial) orbitals to form an orthonormal set, such that
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(xilx;) = i (E.1)
(Vil;) = 04 (E.2)
(oilog) = i (E.3)

A Slater determinant (often simply described as a determinant) is an antisym-

metrised wave-function of N electrons arranged in M orbitals

X1(X1) o xm(x)

VNI

XI(XN) XM(XN) (E4)

@) =

— \/% Z(—l)piﬁ)i{XI(Xl)XQ(X2> cooxm(XN)}

where y;(x1) denotes electron 1 occupying spin orbital . P, is an operator that
generates the ith permutation of electrons 1, 2, ..., N (corresponding to switching
rows of the determinant), and p; is the number of row interchanges required to
achieve a given electron permutation. For example, switching electrons 1 and 2
requires a single row switch, so p; = 1 and the function takes a negative sign. This
is the equivalent of saying that exchanging two electrons changes the sign of the
wavefunction, such that the electrons described by this wavefunction are fermions.
This determinant construction of the wavefunction ensures that the Pauli exclusion
principle is obeyed — no two electrons may have the same quantum numbers (e.g.,

electrons in the same spatial orbital may not have the same spin) simultaneously.

To be used in a calculation, for example with the Hartree Fock (HF) method, the

X1V
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wavefunction must be an eigenfunction of the electronic Hamiltionian H, which is

fulfilled when the wave-function is also an eigenfunction of the spin operator S2.

Not all determinants fulfil this requirement, however we can form configuration

state functions (CSFs) from linear combinations of determinants. For example,

neither of the restricted singly-excited determinants of Hs

[U3) = Johr(1)a(1)12(2)3(2))
W) = [1h2(1)e(1)21(2)5(2))

(E.5)

are eigenfunctions of S?, but taking linear combinations (and normalising the re-

sultant wave-functions) yields two CSFs which now have well-defined spin quan-

tum numbers, one of which is a singlet and the other a triplet

ROE

F0T) =

1 5 2
?ﬂ%) w2 o
T (102(2) + ¥ (2) x (a(1)AR) = B(Da(2)
Lz - ey

\/5 1 E.7)

1

2(%(1)%(2) — a2(1)¢1(2)) x ((1)5(2) + B(1)a(2))

S

The nomenclature for representing excitations follows the rule that the lower num-

ber is the spatial orbital being excited from, and the upper number is the orbital

being excited to (in this case an electron is promoted from orbital 1 to orbital 2).

Bars over numbers are used to represent the spin of the electron in that spatial

XV
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orbital, and o and /3 represent up and down spin electrons, respectively.

A configuration, often confusingly used interchangeably with determinant, is an
electronic state that may comprise several CSFs. For example, the excited triplet

H, configuration (c,)"(0,)! comprises the CSFs

Po) = 7(%( )1h2(2) — 1 (2)1ha(1)) ((1)ex(2)) (E.8)
PU?) = 7(%( J12(2) — ¥1(2)1h2(1))(B(1)5(2)) (E.9)
P07) = (¢1(1)¢2<2) — Pa(1)¥1(2))(a(1) B(2) + B(1)(2)) (E.10)

Sl

In this Thesis we have made every attempt to be consistent with the terminology

to avoid ambiguity.

Before moving on to electronic structure calculations, we will introduce the elec-
tronic Hamiltonian, /' — an operator whose action on a wavefunction returns the

energy of the state described by that wavefunction according to the equation

HU = BV (E.11)

This is the non-relativistic time-independent Schrédinger equation. The time-
dependent Schrodinger equation will not be discussed here. The electronic Hamil-

tonian is defined as

-

| —

)SLED ) SELRD 3) it E12)

T
i=1 i=1 A=1 iA i=1 7>i

where the first term defines the electron kinetic energy, the second term defines
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the electron-nuclear Coulomb attraction, and the third term defines the electron-
electron Coulomb repulsion. We have made the Born-Oppenheimer approxima-
tion, where the nuclei are assumed to move far more slowly than the electrons
and therefore the nuclear kinetic energy is assumed to be zero, and the repulsion

between nuclei is assumed to be a constant.

E.2 Hartree-Fock theory

Having introduced orbitals, determinants and the electronic Hamiltonian, we can
now introduce a method with which to calculate the approximate energy of a
many-electron system. Generally, exact calculations on many-electron wavefunc-
tions are intractable, but we can make an approximation where the electrons are
assumed to behave independently (the ‘independent-electron’ approximation, for
example the Hartree Product wavefunction). Interactions between these electrons
are then reintroduced, for example within Hartree-Fock (HF) theory where the
wavefunction is required to be antisymmetric with respect to the exchange of elec-

trons through the use of a Slater determinant.

The energy of each orbital within the HF wavefunction can be obtained with the

Fock operator

FWxi) = Ealxa) (E.13)
f(1) = h(1) + vur(l) (E.14)
B _1 - M é
h(1) = 5V 2o (E.15)
N A~ A~
virr(1) =Y (1) = Ky(1)) (E.16)
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where we have introduced the one-electron operator (1), which calculates the ki-
netic energy of the electron and its attraction to each nucleus, and the two electron
operators J,(1) and K,(1), where the index b denotes the interaction of electron
1 with each of the remaining N — 1 electrons. jb(l), the Coulomb operator, is

defined as

. 1
%ﬂ%=/¢MM@W—— E17)
T12

and represents the repulsion between electron 1 and the averaged position of elec-
tron 2. The second of the two-electron operators, the exchange operator K, (1), is

defined as

mmszmwlmm (E.18)

T'12

and has the effect of swapping (exchanging) electrons 1 and 2. This integral is
positive, so the negative sign that accompanies it in vy (1) lowers the total en-
ergy. While this effect has no simple classical explanation, we can interpret the
lowering of energy based on exchange as a correction to the independent electron
approximation: The Hartree Product allows electron 1 and electron 2 to be found
in the same volume element regardless of their spin, violating the Pauli exclusion
principle if their spins are the same. By antisymmetrising the wavefunction in
HF theory, electrons of the same spin are necessarily found further apart (‘Fermi
correlation’), so the Coulomb repulsion between these electrons decreases. This
decrease in repulsion is provided by the exchange operator. We note that even
with antisymmetrisation, it is still possible to find electrons 1 and 2 in the same
volume element simultaneously if their spins are opposed — giving HF theory the

moniker ‘uncorrelated’ (despite Fermi correlation being accounted for). Methods
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to correct for this lack of (Coulomb) correlation will be discussed in subsequent

sections.

E.3 Electron correlation

In this Thesis, we examine the electronic structure of [1.1.1]propellane from first
principles. Discussions about the importance of diradical character necessarily re-
quire an electronic structure method which is able to describe electron correlation,
in particular static correlation. Static correlation arises from the (near-)degeneracy
of occupied and unoccupied orbitals, the classic example being bond dissociation
of minimal basis Hs. In this case, we have two orbitals (¢/; and ;) corresponding
to the gerade (bonding) and ungerade (antibonding) combinations of the two H
Is orbitals, respectively. At short H-H distances, the bonding combination is far
lower in energy than the antibonding combination, but as the H-H bond stretches
to infinity ¢); and 1) become degenerate. While restricted (R)HF theory cor-
rectly describes H2 in the short H-H regime, at long H-H distances it incorrectly
assigns both electrons to one of the H atoms (to give hydride and a proton). How-
ever, unrestricted (U)HF theory permits the correct asymptotic behaviour where
one electron ends up on each atom, but cannot describe the whole PES for H,. To
fully describe the full spectrum of H-H bond distances, we need to consider not

only the ground state HF wavefunction

W) = |[12hy) = |11) (E.19)

but also the five excited determinants (four singles and one double) that corre-
spond to all possible combinations of placing the electrons into both the bonding

and antibonding orbitals
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[UF) = [¢haty) = |21) (E.20)
[U3) = [¢nia) = |12) (E.21)
W) = [gnihy) = [12) (E.22)
U3) = [ygtbr) = |21) (E.23)
[U32) = [ata) = |22) (E.24)

These six determinants then sum to form the full configuration interaction (FCI)

wavefunction

o) = [Wo) + 2]21) + 2|12) + 2[12) + A[21) + 22|22) (E.25)

The fourth and fifth terms are triplets, therefore they do not contribute to the
ground state (singlet) wavefunction. The sixth term is a doubly excited deter-
minant and is therefore a closed-shell singlet, so has a non-zero contribution to
the ground state. The second and third terms are not eigenfunctions of the S?
operator, so we need take their linear combinations with a positive and negative

sign to form spin-adapted CSFs

') = 2712(|21) + [12)) (E.26)

Pt =2712(|21) - [12)) (E.27)

In the same manner as before, the triplet CSF (E.27) does not contribute to the

ground state, so we are left with the FCI wavefunction
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[@o) = [Wo) + ¢7]"0T) + 71[22) (E.28)

The HF and doubly-excited determinants have gerade symmetry for Hy, but the
singly-excited CSF has ungerade symmetry — the latter term therefore also does
not contribute to the ground state wavefunction, leaving us with our final FCI

wavefunction for the ground state of Hs as

[@o) = [Wo) + ¢77122) (E29)
= [Wo) + 7| UF)

The magnitude of the coefficient of the doubly-excited determinant is crucial to
understand the importance of static correlation in the system, and therefore po-
tential success or failure of a single-determinant method (such as MP2 or DFT).
For a system well-described by a single determinant, for example H, at equilib-
rium, the coefficient will approach zero — in other words, the wavefunction is
described almost entirely by placing two electrons in the bonding combination of
H 1s orbitals. As the H-H bond is stretched, the doubly-excited coefficient will
approach 1 (in thisintermediate normalised form) — there is an equal contribution
of the bonding and antibonding combinations of H 1s orbitals, allowing the sys-
tem to smoothly dissociate from the bonded H; state into two H atoms, each with

a single electron.

The Hs problem allows us to introduce a second flavour of electron correlation:
dynamic correlation. The RHF solution (STO-3G) for H; at its equilibrium ge-
ometry necessarily places two electrons in 1/;, with a total energy (-1.11751 Ha)

arising from nuclear-nuclear repulsion, electron kinetic energy, electron-nuclear
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attraction and electron-electron Coulomb repulsion. However, the FCI energy is
-1.13685 Ha, almost 0.02 Ha lower than the RHF solution. The FCI wavefunction

for this basis set is

|@y) = 0.989| W) + 0.011[¥32) (E.30)

While the weight of the HF determinant is almost 1, there is a small contribution
from the doubly-excited determinant. This contribution, worth about 1% of the to-
tal energy, describes the correlated motion of the two electrons. In the mean-field
HF theory, the first electron feels only the repulsion of the average position of the
second, but in reality the position of the first electron will depend on the instan-
taneous position of the second. The result of this effect is that electron-electron
repulsion is overestimated by HF theory, and the electrons are overlocalised in the
regions between nuclei. Qualitatively, by mixing in the doubly-excited configu-
ration to the wavefunction, i.e., through population of the antibonding orbital, the

two electrons can avoid each other, lowering the overall energy of the system.

While the introduction of an excited determinant might seem a counter-intuitive
way of lowering the energy, it is the overall reduction of electron-electron repul-
sion that results in this effect. This can be seen by expressing the energy difference

between FCI and RHF (= £.,,,) in terms of one- and two-electron integrals

Ecorr =A - \/ AZ + K122

. (E.31)
A = hyy — hyy + §(J22 — Ji1)

The A term, which includes the difference in kinetic energy and electron-nuclear

attraction (hgs — hy1) and electron-electron Coulomb repulsion (Jos — J11) be-
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tween the ground state and doubly-excited determinants, will be > 0 - in line with
our classical expectation that mixing in an excited determinant would increase the
total energy. However, the doubly-excited determinant in the FCI wavefunction
introduces a K5 exchange contribution, allowing electron 1 to further interact
with (i.e., avoid) electron 2. In essence, Pauli repulsion is introduced by allow-
ing an electron in determinant 1 to interact with an electron of the same spin in

determinant 2 via the off-diagonal terms in the Hamiltonian matrix

(Wo | H|Wo)  (Wo| H|W2)
(W21 H|Wo) (W2 H|W22)

(E.32)
2hy +Jn K

K 2hag + Jao

The energy-lowering exchange term (/(;5) then slightly outweighs the energy-
raising A term, leading to the overall lowering of the total energy through the

inclusion of Coulomb correlation into the wavefunction.

E.4 Methods to approximate electron correlation

From our discussion of electron correlation based on the FCI wavefunction, it is
clear that an artificial distinction has been made between static and dynamic cor-
relation — for Hy, for example, a doubly-excited determinant is used to introduce
both flavours of correlation. The only difference that can be drawn is from the
contribution of this excited determinant: a small contribution (usually < 0.02)
indicates dynamic correlation, but a larger contribution (usually > 0.02) can in-

dicate static correlation. The way in which each type of correlation is treated
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computation-ally can vary.

Up to this point, the coefficients of all possible excitations in the FCI wavefunction
have been optimised variationally to obtain the lowest energy for a given basis set.
This approach quickly becomes intractable as the system size (number of electrons
and orbitals) increases. Several methods have been developed to approximate the
correlation energy, generally split into multi-configurational (multideterminental)

and single-configuration (single-determinant) methods.

Truncated configuration interaction methods

The most natural approach for limiting the number of configurations to be cal-
culated in the CI wavefunction is to limit the number of spin orbitals that may
differ between the excited determinant and the ground state HF determinant —
for example, by only including singly- and doubly-excited determinants (CISD,
configuration interaction with single and double excitations) to include dynamic
correlation. Starting from a single HF determinant, the CI coefficient for each
excited determinant is variationally optimised. Unfortunately, any truncated CI
approach suffers from a lack of size consistency, where the energy of a system
with two monomers at infinite separation is not equal to the energy of the two
monomers in isolation. This is most easily seen with the CID (configuration in-
teraction with double excitations) description of two non-interacting molecules
of H,, where double excitations cannot occur within both molecules simultane-
ously (as this would correspond to a quadruple excitation). A consequence of this
size-consistency problem is that truncated CI methods become progressively less
accurate with increasing system size — for an infinite system of non-interacting
molecules, the correlation energy tends to zero. Since these truncated CI methods
are based upon a single HF determinant, if this determinant does not qualitatively

describe the electronic structure, then the subsequent CI expansion will also be
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qualitatively wrong. These problems limit the applicability of truncated CI meth-

ods based on restrictions on the types of excitations.

Complete active space self-consistent field theory

An alternative approach to the truncation described in the previous section is to
limit the size of the orbital subspace, and use the FCI wavefunction only for a
small portion of the orbitals. Within the complete active space self-consistent field
(CASSCF) method, the orbital space is divided into three subspaces: an inactive
subspace (fully-occupied canonical HF orbitals), an active subspace (FCI treat-
ment to give natural orbitals, see below) and a virtual subspace (unoccupied or-
bitals). Both the orbitals and FCI coefficients are variationally optimised with this
method. CASSCEF is particular useful when dealing with (near-)degeneracy that is
confined to particular regions of the orbital space — for example to describe bond
cleavage, or transition metal complexes with multiple low-lying excited states.
However, selection of the active orbitals for the calculation can often seem quite
non-systematic. As a general rule, orbitals with a natural occupancy less than 0.02
but greater than 1.98 can be diagnostic of static correlation, and should be included
in the calculation; orbitals with occupancy of almost 2 or 0 can often be discarded
from the active space. Additional problems with the use of CASSCF can occur
due to poor convergence, sometimes requiring expensive brute-force approaches.
It is also worth noting that while the active space is treated at the FCI level, or-
bitals outside this subspace are treated at the RHF level and are therefore void
of Coulomb correlation. Truncated CI approaches (e.g., MRCI, multireference
configuration interaction), as well as perturbative or coupled cluster approaches
(discussed in the following sections for single-reference methods), can be used
on top of the CASSCF wavefunction to calculate the missing correlation for the

entire system.
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As mentioned above, natural orbitals are used for the active space in a CASSCF
calculation. Before we can define a natural orbital, we must first introduce the
one-electron reduced density matrix (1-RDM).?° For a given N-electron system,
the probability of finding electron 1 within the volume element dx; at position X,

independent of electrons 2 to NV, is given by the reduced density function

p(x1) = N/dx2 coedx NP (X, ., XN) P (X, -, X)) (E.33)

Since the position of electron 1 is continuous, we can ask a more general question

about the position of electron 1 by defining the 1-RDM

v(x1, %)) = N/dx2 c XN P (X1, X, -, XN )P (X, X, L, X)) (E.34)

where the diagonal elements of the matrix (i.e., X; = x;) are p(x1), p(Xx2), ..., p(Xn)
and the trace of the matrix is N. By integrating out electrons 2 to N, the remain-
ing part of the right hand side of the equation describes only electron 1 and its
position in space. Expanding the wavefunctions into products of spin orbitals al-
lows us to form a discrete representation of the position of electron 1 in terms of

the spin orbitals that it occupies (instead of its continuous position in space)

(e, %) = D) xa(xa) v (%)) (E.35)
ij
= [ a1 1) () ©.36)

In essence, we are asking how much of electron 1 is found in a given orbital. From
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this definition, for a single HF determinant the 1-RDM will take the form

Y1 (%1, %)) sz x1)x; (%)) (E.37)

with ones along the diagonal, since each electron occupies only a single orbital
in a single determinant. This is not generally true for all wavefunctions — for
example an excited configuration will partially populate . at the expense of x4,
resulting in off-diagonal terms in the 7;; matrix. However, we can diagonalise any
1-RDM to form a set of transformed orbitals (natural orbitals) which are defined
as the orbitals of maximum occupancy for a given system. The 1-RDM in the

basis of natural orbitals is defined as

v(x1, %)) Z i (x1)mF (x)) (E.38)

where )\; is the occupancy number and 7); is the ¢th natural orbital. Natural orbitals
have the useful property that they result in the most compact CI expansion for a

given system, and is therefore the most rapidly convergent.?

Perturbation theory

If the leading determinant in the FCI wavefunction dominates over the weights
of all other determinants in the expansion, we can use Rayleigh-Schrodinger per-
turbation theory. This approach, which brings in the dynamic correlation missing
from HF theory, was first applied to N-electron systems by Mgller and Plesset,*
resulting in the common abbreviation MPn, where n is the order of the pertur-

bation. A substantial advantage of MPn theory over truncated CI expansions is

that it is exactly size consistent, and can therefore be easily applied to chemical
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reactions.

The underlying principle behind MPn theory is that the HF solution for a given
system is al-most correct, such that only a small perturbation is required to achieve

the exact result

H|®;) = (Hy + AV)|®;) = &]|®;) (E.39)
@) = [97) + AT + W) - (E.40)
&=EY 4+ EY + XEP 4 ... (E.41)

where V is the perturbation, the superscript number indicates the order of per-
turbation, and A is an arbitrary ordering parameter to keep track of the order of
perturbation. The aim is then to express the higher-order determinants and ener-

gies in terms of the perturbation, V and the unperturbed determinant, \I/Z(O)>. To

calculate the correlation energy, E.,,.., we can take the perturbation as

V=>" % =) () (E.42)

1<j 7

Using this perturbation, we obtain the zeroth, first and second order energies

B =Y« (E.43)
1
EV = -3 > " (abl|ab) (E.44)
ab
1 [{ab||rs)|”
EY == E.4
0 2%;56@4—61)—67,—68 (E45)
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where ¢; is the HF orbital energy, a and b represent occupied orbitals, and r and s

represent virtual orbitals. Since

1
Epp = Z =3 %:(abﬂab) (E.46)

the first correction to the HF energy comes from the second order perturbation,

which includes double excitations.

In practise, MP2 (i.e., truncating the MPn expansion at the second term) is the
most commonly-employed perturbation method due to its relative inexpense com-
pared with higher-order methods yet generally excellent performance. In fact, the
MPn series does not necessarily improve upon the MP2 correlation energy for
higher orders of n, since the series can oscillate and even diverge.>' A signifi-
cant limitation of any MPn method is the dependence of the correlation energy
on the difference in orbital energies (i.e., the ¢, + €, — €, — €5 denominator) — in
cases of near-degeneracy, this term approaches zero causing the correlation energy
to diverge. In any case, near-degeneracy would be expected to cause significant
contributions from excited determinants in the FCI wavefunction, therefore the
assumptions underlying the derivation of MPn-based approaches are no longer

valid.

Coupled cluster theory

An attractive approach to estimating the correlation energy of a many-electron
system is to calculate the correlation energy between pairs of electrons inde-
pendently in the HF potential of the remaining electrons (Independent Electron
Pair Approximation, IEPA).3>3 This approach is reasonably accurate, and is size-

consistent, but is not variational. It also has the distinct disadvantage that the
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correlation energy is not invariant under a unitary transform of degenerate molec-
ular orbitals,* and interactions between excited pairs are neglected. To address
these shortcomings, in particular the neglect of interactions between excited pairs,
the Coupled Cluster (CC) approximation recovers the contribution from simulta-
neous double excitations through the inclusion of quadruple excitations into the

wavefunction. To do this, we introduce a cluster operator, 7, where

|@0) = exp(7)[Wo) (E47)
:(1+T+%7'Q+-")"I’o> (E.48)

and the operator 7, results in

Tilo) = ch|Wy) (E.50)

Tal o) = il Wrs) (E.51)
ash

Ts|To) = ) chit| Wit (E.52)

a<b<c
r<s<t

and so on — each operator results in the excitation indicated by the index. The
strength of the coupled cluster approach comes from the power series implicit

within the exponent, where for example
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TPWo) = D chichil Vi) (E.53)
a<b<c<d
r<s<t<u

From this equation we can see that coupled cluster up to second order connected
excitations (CCSD) will include quadruple excitations via the product of double
excitations.®> As a result, coupled cluster theory is size extensive,*® providing a
significant advantage over any truncated CI approximation. For small molecules
with up to tens of electrons, CCSDT (coupled cluster with connected single, dou-
ble and triple excitations) can be employed, however the scaling of O(n3N°®)
(where n is the number of electrons and N the number of basis functions) severely
limits the maximum system size possible to compute.®> Molecules with tens of
atoms can be approached with the CCSD method, which scales as O(n?N*),%
however at a significant loss of accuracy. A compromise arose with the incorpo-
ration of perturbative triple excitations into the CCSD method [CCSD(T)] which
scales as O(n>N*N;; + n>N*) (where Nj; is the number of CC iterations),*” now

commonly referred to as the “gold standard” for molecular calculations.

Significant effort has been put into finding ways to make coupled cluster meth-
ods less computationally expensive. Progress has been made by capitalising on
the idea that the correlation between electrons localised in different regions of a
molecule will be negligible, leading to the use of localised orbitals to estimate
which interactions between excited state configurations can be excluded from the
calculation. In this Thesis, we make use of the domain-based local pair natural
orbital (DLPNO) approximation, developed by Neese and co-workers.?! As men-
tioned above, natural orbitals (NOs) diagonalise the 1-RDM and provide the most
rapidly convergent CI expansion for a given system. Pair natural orbitals (PNOs)
then define a set of NOs for each electron pair in turn, resulting in a set of orbitals

which are non-orthogonal with other PNO sets.?! Using a parameter to truncate
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the number of PNOs used for each electron pair, Neese and co-workers developed
the local pair natural orbital (LPNO) approach, which was shown to be reason-
ably efficient and applicable to the CCSD method for systems not more than 100
atoms.> However, further savings were found to be possible by making use of lo-
cal virtual orbitals, rather than the canonical (HF) virtual orbitals employed in the
LPNO method. This DLPNO approximation makes use of projected atomic or-
bitals (PAOs) to define the local virtual orbital subspaces, where PAOs are found
by projecting the atomic orbitals onto the canonical orbital space.*® PNOs are then
generated from these PAOs by first doing a local MP2 calculation in which oft-
diagonal terms are neglected, then constructing and diagonalising a ‘pair density’
matrix in which the interaction of each excited pair is included. This yields the
PNOs and their occupation numbers, analogously to the process described for ob-
taining NOs from the 1-RDM. These PNOs are then used as the basis for the cou-
pled cluster equations, leading to almost linear scaling. Three cut-offs are defined
that limit the number of PAOs that contribute to each PNO (Toyu:v i v), the num-
ber of electron pairs to consider for the CCSD iterations based on the estimated
correlation energy from the local MP2 calculation (7o pairs), and the minimum
population of the PNOs to be considered for the CCSD iterations (7¢u:pno). Ju-
dicious choice of these cut-offs allows the desired accuracy for a given system

size to be tuned, depending on the types of interactions present in the system.*
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Linear regression worked example

F.1 Linear regression

The pK,s of five carboxylic acids, their Hammett o, constants, and their Swain-

Lupton F (field) and R (resonance) parameters are shown in Table F.1.4°

Table F.1: pKas of substituted carboxylic acids and physical organic parameters taken from Ref.
[40].

Substituent | pK, o, F R
CeHs 420 00 003 0.0
MeOCeH, | 447 -0.27 0.29 -0.56
CIC¢H, 399 023 042 -0.19
O,NC¢H; |344 0.78 0.63 0.13
MesNTCH, | 343 0.82 0.86 -0.04

Using (1.19), a linear equation can be set up between the dependent variable, p/(,,

and the independent variable, o,

pKo = Bo + Bio + €. (E.1)

Using this equation, the data from Table F.1 sets up five simultaneous equations

XXXiil



The Reactivity of Strained Carbocycles Chapter F

42 =By + e (F.2)
4.47 = By — 0.2781 + e (E.3)
3.99 = By + 0.238; + €5 (E4)
3.44 = By + 0.788; + €4 (E.5)
3.43 = By + 0.828; + €5 (E.6)

which, when rearranged and taken as the sum of squares using (1.21) gives the

residual

SS,es = 562 4 3.123081 — 39.063) + 1.406637 — 10.41323; + 77.1395. (F.7)

Minimisation of this equation with reference to 3, and ; in turn leads to values

of By = 4.21 and 3; = —0.964, or

pK, = 4.21 — 0.9640,. (F.8)

This result can be interpreted chemically: the negative value of (3; indicates that an
electron-donating group (e.g., MeOC4H,) will increase the p/&, relative to phenyl,
and an electron-withdrawing group (e.g., O,NC¢H,) will decrease the p/,. To
determine the quality of this linear model, R? can be calculated from SS,.; =
0.0005 and SS;,: = 0.85532 using (1.24) to obtain a value of 0.9994 — a very
strong correlation. The MAE and RMSE, calculated using (1.25) and (1.26), are
0.008 and 0.010, respectively.
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F.2 Multiple linear regression

The Swain-Lupton parameters F and R can be used as independent variables for

an MLR model

pK, = Bo+ BiF + R +¢6 (F.9)
which leads to
4.2 = By + 0.035; + € (F.10)
4.47 = Py + 0.298; — 0.5685 + € (F.11)
3.99 = [y +0.426; — 0.1985 + €3 (F.12)
3.44 = [y + 0.635; + 0.1385 + ¢4 (F.13)

Rearranging and summing the square errors gives

SSpes = 535 + 4.465 81 — 1.32802 — 39.0650 + 1.39795; — 0.3894/31 3
—16.430203; + 0.3682532 + 5.90263, + 77.1395.
(F.15)

which, when minimised and solved for [, 31 and [(3», results in the linear model

pK, =422 —-0.986F — 0.979R. (F.16)
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The values of 3y, 51 and 5 results in SS,.; = 0.0016, and S'S;; is unchanged,
leading to an R? value of 0.998, a MAE of 0.015, and an RMSE of 0.018. This
model is again chemically interpretable — an inductively withdrawing group will
lower the pK, to the same extent as a mesomerically-withdrawing group, which
makes sense since the 7 system of the carboxylate anion is not conjugated with

that of the arene.
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