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Abstract

This thesis describes the use of density functional theory (DFT) to better understand chemical
methods developed within the Unsworth and Lynam groups. Chapter 1 provides a summary of
the theory underpinning computational chemistry and reviews the use of DFT to study gold(l)-

catalysed reactions.

In Chapter 2, an established method for the rearrangement of spirocyclic indolenines into
quinolines under acidic conditions with heating is described. The rearrangement was further
explored using basic conditions, where it was found that mild conditions can be used. The
mechanism was studied using DFT to compare both conditions, where it was proposed that keto-

enol tautomerism under acidic conditions is rate-limiting.

In Chapter 3, the gold(l)-catalysed formation of 3-vinyl indole species was achieved using
ynones. DFT was used to study the mechanisms of indole vinylation and bisindole formation,
where it was found that ynones hinder the further addition of indole to the products. The
speciation of the gold(l) complexes was studied using DFT and NMR spectroscopy, where a
substituent dependence of the ynone was identified, and a gold(l)-pyrylium complex was

characterised.

In Chapter 4, DFT calculations that can be used to predict the viability of successive ring
expansion (SURE) reactions are described. DFT methodologies were benchmarked which
demonstrated that the B3LYP/6-31G* level of theory can be recommended as the optimum
method for modelling SURE reactions. This method was then used to aid in the development of

further SuRE reactions.

In Chapter 5, a method for the acylation of lactams is described, via the intramolecular acyl
migration of a nearby thioester moiety. DFT calculations aided in the development of the
reaction, where it was predicted that the acyl-migrated intermediate would need to be trapped.
The approach was validated with the use of ynones to trap the intermediate, and a successful

SuURE reaction using this method, is described within.
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Chapter 1. Introduction

1.1 Computational Theory
1.1.1 Introduction

Density functional theory (DFT) is a computational method which was used extensively during
the research described in this thesis as a method to calculate the energies and properties of
molecules based on their electronic structure. The calculated relative energies of different
molecules (assuming the same number and identity of atoms are present) can then be used to
study chemical processes, and provide information regarding the thermodynamics of a reaction
(e.g. the change in Gibbs free energy), or the transition state energies, which can then be
compared to experimental data when available (e.g. transition state energies can be compared
with experimental kinetic data). Other properties, such as NMR chemical shifts, may also be

calculated, however these methods were not used in this thesis.

To explain certain aspects and considerations of DFT (e.g. functionals and basis sets) which have
been used within this thesis, a brief overview of the necessary quantum mechanics is needed,
starting with the Schrédinger equation and its application to the hydrogen atom, leading to more
complex atomic and molecular systems. This is then followed by a discussion of Hartree—Fock

theory and its application to DFT.

The original publications for the theories and developments within are cited as necessary, and

other resources which were insightful are cited here.’™®

1.1.2 The Schrédinger Equation
The proposed structure of atoms has undergone several iterations and refinements. In 1911,
experiments were performed by Rutherford in which a beam of a-particles were directed at a
gold foil.” A small proportion of a-particles were deflected by the foil, rather than passing
through, which suggested the presence of a dense, highly charged core, which later became
referred to as the nucleus. It was proposed that the area surrounding the nucleus was
surrounded by electrons, and it was suggested that this might take the form of a circular orbit
(Figure 1), however, classical mechanics would suggest that due to the attraction of the electron

to the nucleus, its orbit would decay.



Figure 1. Representation of the Rutherford model of an atom.

Work by Bohr further refined the Rutherford model of the atom. It was assumed that the
electrons exist in stable orbits around the nucleus which do not decay, and that the electron
could be excited into an orbit further away from the nucleus by photons with the correct, specific
energy. Bohr calculated that the angular momentum (L) of the allowed stable orbits were
integers of the reduced Planck’s constant (h, Equation 1), and using this, Bohr was able to derive
the Rydberg constant (R) and accurately predict the observed emission spectrum of the

hydrogen atom (Equation 2, where n; and n; are both integers).8°

hv

Figure 2. Representation of the Bohr model of the atom.

L =nh Equation 1
AE =R (iz — %) Equation 2
ny n;

In 1925, de Broglie hypothesised that matter could be treated as both a particle and a wave, and
that the momentum (p) of the particle could be related to its wavelength (Equation 3, where h
is the Planck constant and A is the wavelength of the particle).!! Experiments performed by
Davisson, Germer and Thomson,'?>"1* demonstrated that electrons were able to be diffracted by

a crystal of nickel metal, which confirmed that electrons can be treated as waves. The quantised



energy of the electron orbits from the Bohr model, and the wave-particle nature of the electrons

led to the further development of quantum theory.

Equation 3

=
Il
> =

The wave form of electrons in a theoretically circular orbit around a nucleus must be treated as
a standing wave, since these types of waves terminate at the boundary of the available space
they occupy. Therefore, an electron can be considered to have a discrete set of wavelengths

(e.g. n\, where n is an integer) that can exist in a circular orbit of length, r (Equation 4).°

nl = 2nr Equation 4

The angular wavenumber (k, the number of complete waves per unit 2it) can then be related to
the wavelength of the electron (Equation 5), and substitution of Equation 5 into Equation 3 then

relates the angular wavenumber with the momentum of the particle (Equation 6).

21 .
k=— Equation 5
A
p = hk Equation 6

Schrédinger used a modified wave equation to develop an equation for describing the energy of
an atom.” Here, some definitions are required. In one-dimensional space, the general function
of a wavefunction s, can be expressed as in Equation 7. It can therefore be seen that the second
derivative of this wavefunction returns the original function, multiplied by a constant (Equation
8). Here, the second derivative is considered the operator, which acts upon the given

eigenfunction ({»), with the constant (—-k?) being referred to as the eigenvalue.

Y = eikx Equation 7
2
d lp — —kzl/) Equation 8
dx?



The kinetic energy of a particle (T) can be expressed in terms of its momentum (Equation 9),
which can therefore be related to the angular wavenumber via substitution of the de Broglie

relationship shown in Equation 6 (Equation 10).

T = -mv? = zp_m Equation 9
2
T = (hk) Equation 10
2m

Further substitution of Equation 8 and Equation 10, results in Equation 11. Here, the left side of
equation is the operator, and acts upon a wavefunction to return the kinetic energy (7) as the
eigenvalue. Equation 11 can be further expanded to describe the energy of a hydrogenic system
(e.g. a system containing one nucleus and one electron), with the inclusion of a potential energy
term, V (Equation 12, Zis the nuclear charge and g, is the permittivity of a vacuum), to describe
the electronic attraction between the nucleus and the electron. Combining both the kinetic
energy (T) and potential energy (V) terms (Equation 13) now gives a representation of the total
energy and is often written in the form shown in Equation 14, where A is referred to as the

Hamiltonian operator.

2 g2
_h_d ¥ =Ty Equation 11
2m dx?
2
V=-— z Equation 12
4megr
2 g2 2
_h_ﬂ — Z Y =Ey Equation 13
2m dx?  Amegr

ﬁl/) =Ey Equation 14

The Schroédinger equation (Equation 13) provides a suitable description for so called hydrogenic
systems (e.g. in which there is only one nucleus and one electron considered, as in H, He* and
Li?*), with analytical solutions available. However, for more complex atomic and molecular
systems, the Schrédinger can no longer be solved exactly, but approximations are used to

provide reasonable estimates, which will be discussed further in Section 1.1.3.



Until now, the wavefunction (Js) has only been considered in one-dimension, however it is
possible to expand this into three-dimensions by using the Laplacian operator, V2 (Equation 15).
Whilst it is possible to express this in terms of Cartesian coordinates, for atomic systems it is
more relevant to express the Laplacian as spherical coordinates (Equation 16), in which r is the
radius of sphere, and A? is a shorthand for representing two spherical angles, 8 and ¢ (Equation

17). The coordinate system is represented in Figure 3.

hZ ZZ
—_—V2 — =F Equation 15
< 2m 4n50r>¢ v
1r1d d .
V2 = _[_( 2_) + /12] Equation 16
r2lar\" ar
1 d d 1 1
A2 = _( i 9_) R — Equation 17
sin0dg \°" " dg) " sinz 6 de?
z
g
DA
('\ >y
0 . :
X

Figure 3. Representation of polar spherical coordinates.

It is important to note that it is possible to derive information on the probability of locating a
particle in a particular position within the wavefunction, by taking the square of the
wavefunction.® It therefore follows that the integral of the square of the wavefunction, in all
space (dV), must equal 1 (Equation 18), and therefore a normalisation constant (commonly
denoted as N) can be calculated and applied to the wavefunction to ensure this condition is met.
Whilst the normalisation condition will not always be referred to, it should be considered that

all wavefunctions mentioned here within are normalised.



+o00
f Y Ydv =1 Equation 18

1.1.3 The many-body Schrédinger Equation and the Hartree method
Atoms and molecules containing more than one electron and/or nucleus are referred to as
many-body systems. Figure 4 shows a representation of a molecule containing two nuclei
(denoted as A and B), and two electrons (denoted as i and j). Now, rather than only the kinetic
energy contribution from the single electron in the hydrogenic system (Equation 15), the kinetic
energy of both nuclei (Ty) and all the electrons (Te) must be considered. Furthermore, the
potential energy must now include each electrons attraction to all nuclei (Vie), and the repulsion
between the electrons (Ve.) and between the nuclei (V). The Hamiltonian of these many body
systems can therefore be generalised as shown in Equation 19, with a simplified representation

shown in Equation 20.

Figure 4. Diagrammatic representation of the diatomic molecule with two electrons (e.g. H>).

~ h? 1 h? ZyZpe?
H=—-—— _V‘/21 — E Viz + E E ZATBE
2 my 2m, L Tap
A i A

A>B Equation 19

Z,e? e?

22t L

a7 4 T >y Y
H=-Ty—T,+Vyy — Ve + Voo Equation 20

The Born—Oppenheimer approximation simplifies the many-body Schrédinger equation.’” Due

to the large difference in mass of the electrons and nuclei, it can be assumed that given the same



momentum, the electrons will move much faster than the nuclei. This allows the Hamiltonian to
be separated into nuclear and electronic contributions, with the electronic Hamiltonian given in

Equation 21.

. h? 5 Z,e?
Hepee = — Z Vi — zz ZZ Equation 21
2m, - — & Tia - 1ij

i>j

Whilst the Hamiltonian has been simplified greatly, the electron-electron repulsion term (Vee)
remains problematic, since the coordinates of each electron must be solved simultaneously. As
the system under consideration becomes larger, this quickly becomes too complex to compute,

and even for systems containing only two electrons, there is no analytical solution.

Hartree developed a method to approximate the electronic wavefunction of a many-body
system.?® 2! Consider the wavefunction of a system which consists of two electrons (), Hartree
showed that the wavefunction can be treated as a product of the wavefunction for each
individual electron, ¢; and ¢; (Equation 22), which is referred to as the independent electron

approximation.

I‘UU = ¢i¢j Equation 22

The energy of the wavefunction of each individual electron can now be represented by Equation
23. The potential energy term (V;, Equation 24) contains both the nuclear-electron attraction
(Vne, shown in Equation 25), and also includes the electron-electron repulsion (Ve,, shown in
Equation 26) by considering the other electrons as a mean-field (e.g. the average potential acting

upon electron ji).

2
<— Ziln V2 — Vi) ¢; = E;¢; Equation 23
e

Z T
vV, = z Ae zfzjl(p]( )| dr; Equation 24
TLA |rl

Zje?
Ve = Z Equation 25
Tia




szjl‘p] (7”])| ) Equation 26
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Whilst the electron-electron repulsion term (Vee) in Equation 24, makes solving the one-electron
wavefunction possible, there are some associated problems. Firstly, to calculate the potential
energy of the one-electron wavefunction, the other one-electron wavefunctions (e.g. ¢;) are
required. To solve this cyclic problem, Hartree developed a method known as the self-consistent
field (SCF) theory, in which the one-electron wavefunctions for each electron are initially
guessed. The guessed wavefunctions are then used to solve the Schrédinger equation, and in
turn, generate an improved set of wavefunctions. This process iterates until the energy no longer
changes within the convergence criteria. At this point, it is said that the wavefunction is self-

consistent and converged.

An additional problem with the Hartree method arises due to neglecting the spin of the

electrons,?>%

which therefore doesn’t accurately represent that electrons with the same spin
would repel each other more than electrons with the opposite spin. This is referred to as the

‘exchange interaction’.

1.1.4 Electron spin and Hartree—Fock Theory
The spin of an electron is an intrinsic property which results in it having angular momentum. The
spin of an electron is quantised, and the spin magnetic quantum number (m;) can only take the
values +% or -%. The spin of an electron can also be referred to as “spin up” or “spin down”, or

given the symbols a and B.

The Pauli exclusion principle states that no two electrons of an atom can have the same four
quantum numbers to describe it,?* that is, the principal (n), the angular (/), the magnetic (m)) and
spin magnetic (ms) quantum numbers must be different. The consequence of this is any spatial

orbital (e.g. a 1s orbital), can only be occupied by two electrons with opposite spin.

Consider the helium atom, which in its ground state contains two electrons in the 1s orbital, the
electron configuration for the two electrons can be written as in Equation 27 or Equation 28 —
we don’t know which electron is which due to the Heisenberg uncertainty principle and

therefore both options must be considered.?



a(1)p(2) Equation 27
pF(a(2) Equation 28

Another aspect of the Pauli exclusion principles states that for electrons (a fermion), the total
wavefunction must be antisymmetric; if any particles are exchanged, the wavefunction changes
sign. Consider Equation 27 and Equation 28, assuming that the spatial wavefunction of both

electrons in the 1s orbital are the same, these equations could be equated, and the

antisymmetric condition isn’t satisfied. This can be overcome using Equation 29 (where 7 the

normalisation constant), now when the electrons are exchanged, the sign of the wavefunction

changes.

1

2 [a(D)BR2) —a()B(1)] Equation 29

The two electron wavefunction for the helium atom can therefore be represented as given in
Equation 30, where each electron has both a spatial wavefunction ({) and a spin function (a or
B). This notation can also be represented in a matrix (Equation 31), in which a key property of

matrices forces the sign of the wavefunction to be swapped when the rows are exchanged.?®

1 .
Yye(1,2) = Y (Y(2) ﬁ [a(D)B2) —a(2)B(1)] Equation 30

v, (1,2) = L[PDe@) v

- Equation 31

VZIp(2)a(2) ¥(2)B(2)

The Hartree method was modified by Fock in 1930 to take into consideration electron spin,?
with Hartree later further refining the method.?”” The wavefunction is now represented as a
general matrix, known as the Slater determinant (Equation 32, where N is the number of
electrons), in which one-electron orbitals are a product of a spatial orbital component (x) and a

spin function (x).



&) x(X) - xn (%)
Y= \/L_ )(1(‘552) )(2(_552) XN(;C)Z) Equation 32
N! : : :
1@y Gy - xv(Gy)

Now, rather than the Hamiltonian acting upon the wavefunction (in the form of the Slater
determinant, Equation 32) to calculate the energy, the Fock operator (F) is used (Equation 33),
which is composed of the electron kinetic energy and the nuclear-electron attraction potential

(combined in the term h), and a Hartree—Fock potential term (V4r, Equation 34).
Elpi = Ej; Equation 33
F=h+Vye Equation 34

The Hartree—Fock potential is itself the sum of the coulombic (J) and exchange (K) terms
(Equation 35). The coulombic term, J (Equation 36), is responsible for calculating the electron-
electron repulsion as in the Hartree method, however the exchange term, K (Equation 37),
accounts for the antisymmetric requirement of the wavefunction, when electrons x; and ¥; are
exchanged. This has the effect of ensuring that electrons which have the same spin repel each
other more than those with the opposite spin. The Hartree—Fock equations are then solved using

the same SCF method as previously described for the Hartree method.

N/,
Vyr = 2(2]; - I'('}) Equation 35

L |)(, (x,)| i o
i#j |rl

i) (e ) (i ) i (x

Z le( l)X]( j)Xl( ])X]( ) dridrj Equation 37
= |ri — 7]

An additional key principle when solving these equations, is the variational principle. When

solving the Schrodinger equation, if the true wavefunction (Pexact) is known, then the lowest

calculated energy is referred to as the ground-state energy (Eo). It can be shown that the average

10



energy of a trial wavefunction ({ia), referred to as the expectation energy ((E), Equation 35) is

always higher than or equal to that of the true ground-state energy (Equation 36).

f lp;rialHtriallptrial d3T'

Equation 38
fl/)triall/)triald3r

(E) =

E, < (E) Equation 39

Therefore, whilst Hartree—Fock theory was the first method which was able to provide a solution
for the many-body Schrédinger equation, there were still problems associated with the method.
Namely, since the electrons are treated in the mean-field approximation as an averaged
potential, spontaneous electron interactions are not accounted for. Due to the approximations
to the wavefunction, and the variational principle described above, the calculated Hartree—Fock
energy (Ewe) is always higher than the true energy of the system (Eexqct). This difference is known
as the correlation energy (E., Equation 40) and computational methods such as Mgller—Plesset

theory (not used or presented in this thesis) and DFT theory have been developed to reduce this.

E. = Eexact — Enr Equation 40

1.1.5 Density Functional Theory
The central idea behind density functional theory, is that the energy of a system can be obtained
purely by using the electron density. In 1927, Thomas proposed the theory that the electronic
state of a uniform electron gas can be a valid solution of the Schrodinger equation based on
electron density.?® An equation for the kinetic energy functional was proposed by both Thomas
and Fermi, which later became known as the Thomas—Fermi method,?® however this model was

very limited in its application.

In 1964, the Hohenberg—Kohn theorems were published to expand and account for deficiencies
of the Thomas—Fermi method.?® Two theories were proved that were essential for the
development of DFT. First, it was shown that the external potential (vex[r]) of a system is a
unique functional (a function of a function) of the electron density (p[r]), and hence the
Hamiltonian of the system can be related to the electron density itself. Therefore, the energy of
a system can be expressed as a sum of the electron kinetic energy term (T) and both electron-

electron (Vee) and nuclear-electron (Vie) potential energy terms (Equation 41).

11



Eolp] = Tlp] + Veelp] + Vnelp] Equation 41

The external potential of an isolated N-electron system is fixed by the positions and charges of
the nuclei, and therefore the energy can be represented as in Equation 42, where F™is an
unknown functional which combines the electron kinetic (T) and electron-electron interaction

(Vee) terms.
Eolp]l = FAX[p] + fp[r]v[r]dr Equation 42

The second of the Hohenberg—Kohn theorems demonstrates that the variational principle is able
to be used in conjunction with the electron density, as with the Hartree—Fock method, and it
follows that for any trial electron density, the calculated energy will be higher than or equal to

the real energy.

Further work by Kohn and Sham sought to provide insight into the nature of the unknown
functional (F"€).3! They assumed that the system contains non-interacting electrons in an
averaged potential of all the other electrons, and that the electron density of this system is the
same as if the electrons did interact. The electrons were then treated in a similar method to
Hartree—Fock theory, with the wavefunction represented as single electron spin orbitals (1) and
electrons (r), with a Slater determinant (Equation 43) used to ensure the antisymmetric principle

for the electron spin is maintained.

Vi) () - ()
qJ=L 1/2162) leGz) le.(FZ) Equation 43

vVN! : : . :
Vi) Y (Fy) o Ya(y)
The authors then further assumed that F™® can be separated (Equation 44), where Ty is the sum
of the kinetic energy from all the single electron kinetic energies, Jis the coulombic electron-
electron repulsion term (these two terms were initially combined into F¥), and Exc is a self-

defined term, which contains any remaining undefined energies (referred to as the exchange

and correlation energy).

FHK[p] = Tg[p] + J[p] + Exclp] Equation 44
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The kinetic energy, Ts, can be represented as Equation 45, however this itself is a result of the
approximation of non-interacting electrons and the single electron spin orbitals. Therefore, it
can be shown that the difference between the true kinetic energy (T, Equation 41) and T;, can

be represented as T. (Equation 46).

N
Ts[p] = —%Z(l/)ilvzhpi) Equation 45

T.[p] = Tlp] — Tslpl Equation 46

Furthermore, the coulombic electron-electron interaction term, J, is similar to that in Hartree—
Fock theory (Equation 47), which utilises the mean-field approximation. Therefore, the electron-
electron potential energy can again be shown to differ from the true value (E.., Equation 41),

which is represented as E,. (Equation 48).

Jlp]l = %ff%dridrj Equation 47
ij
Encilp] = Eeelp] — J[p] Equation 48

The exchange and correlation energy functional (Exc) can therefore be shown to be the sum of
the deviations from the true value for both the kinetic energy, and electron-electron repulsion
(Equation 49). This functional remains unknown and the different functionals used within DFT

calculations are used to provide approximations for Exc.

Exclpl = T:[p] + Encilp] Equation 49

1.1.6 Approximate Exchange-Correlation Functionals
The accuracy of DFT calculations depends on how successfully the exchange-correlation
functional function is approximated. There are three main methods that are used to model this

energy, with varied success.

The first is known as the Local Density Approximation (LDA). LDA functionals model the electron

density using the assumption that the electron density exists as a uniform electron gas (as in the

13



Thomas—Fermi theory), and the LDA form of the exchange-correlation energy can be written as

in Equation 50.

Exeilp] = IP[T]EXC(p[T])dr Equation 50

The term, exc, refers to the exchange-correlation energy per particle in a uniform electron
density, and can be further broken down into exchange (€x) and correlation (ec) components
(Equation 51), and approximations have been made for these terms. The LDA approach can also
be modified to take spin into consideration, using the Local Spin Density Approximation (LSDA,
Equation 52). Due to the LDA model assuming that the electron density is uniform throughout a
system, these functionals mostly perform well only when considering systems such as metal

bonding.

exc(plr]D) = ex(plr]) + ec(plrD Equation 51
E)]?f‘DA[Pa'.Dﬁ] = fp[r]exc(pa[r],pﬂ[r])dr Equation 52

For molecular systems, the electron density will change throughout the system, therefore it is
more appropriate to consider how the electron density changes (Vp), which is referred to as the
General Gradient Approximation (GGA). The exchange-correlation energy functional for the GGA
approach takes the form Equation 53, with the gradient approximation typically applied to LDA

3233 which has

functionals. The BP86 functional used throughout this thesis is a GGA functional,
shown to be successful at generating accurate geometries, particularly for transition metal

complexes.

ESEApar pp] = f plrlexc(palr], pplr], Vpq, Vg )dr Equation 53

Hybrid functionals are a further class of functionals which incorporates a certain proportion of
the Hartree—Fock exchange (Ef) into the exchange-correlation energy. For example, the PBEO

,43¢ which has been used throughout this thesis, can be represented as shown

hybrid functiona
in Equation 54, in which the exchange energy from the PBE GGA functional (Ef5E) and Hartree—
Fock exchange energies (EFF) are used in a 3:1 ratio, in conjunction with the PBE correlation

energy (EFBE). Other hybrid functionals used within this thesis are the B3LYP functional,>”-* the

14



Minnesota M06 and M06-2X functionals,** and the wB97XD funcntional.*> The authors of the
Minnesota functionals refer to these as meta-hybrid GGA functionals, however they do contain

Hartree—Fock exchange.

3 1 ,
E)}(’CEEO — ZE}I{?BE + ZE)I?F + EgBE Equation 54

1.1.7 Molecular Orbitals and Basis Sets
Throughout the previous discussion regarding Hartree—Fock theory and DFT, the concept of
orbitals has been used. However, in molecules the molecular orbitals can span multiple atoms,

and both bonding and anti-bonding orbitals must be considered.

The molecular orbitals are therefore approximated using the Linear Combination of Atomic
Orbitals (LCAQ) approach. This is represented in Equation 55, where in this example, the total
wavefunction is considered as the constructive or destructive overlap of the atomic orbitals from

differing nuclei, with the coefficient, ¢, determining the contribution of each atomic orbital.

'(/J = CAII)A + CBl/)B Equation 55

Consider the overlap of two 1s orbitals, with atoms A and B, having an internuclear distance of
R. If the orbitals are in the same phase (Figure 5a, left), constructive overlap occurs (Figure 5a,
right). Likewise, if the orbitals phase is different (Figure 5b, left), destructive overlap occurs

(Figure 5b, right).
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Figure 5. Representation of two 1s orbitals combining a) constructively and b) destructively.

As previously mentioned in Section 1.1.2, the probability of finding an electron is given by the
square of the wavefunction. If we therefore consider the same orbital arrangements as in Figure
5, the electron probability can be shown as in Figure 6. These figures demonstrate bonding (o)
and anti-bonding (o*) orbitals respectively, where either electron density or a node can be seen

between the two nuclei.

(WA + VB (WA - V)

Figure 6. Representation of squared wavefunctions for bonding (left) and anti-bonding (right) orbitals.
In the examples shown in Figure 6, the molecular orbitals only consist of one orbital per atom.
In real systems, it can be considered that the molecular orbitals consist of the sum of many

atomic orbital wavefunctions (i, Equation 56). These atomic orbitals are referred to as a basis

set.
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Y= Z Cl/Jf Equation 56

Slater proposed that the atomic orbitals take the form shown in Equation 57,* where N is the
normalisation constant, n is the principal quantum number, r is the distance from the nucleus
and T is the effective nuclear charge (which controls how quickly the electron density decays
from the nucleus). The final term, Y, is the spherical harmonic for the angular contribution and

determines the shape of the orbital. These orbitals are referred to as Slater-type orbitals (STOs).
l/)lfm = Nr*1e=¢7Y,,.(0, 9) Equation 57

A more computationally efficient method for generating the orbitals, is the use of Gaussian-type
orbitals (GTOs).* The form of the GTO is similar to that of the STO (Equation 58), however, now

the radial distribution depends on r? rather than r.
Ill)]gTo — Nrn—le—(rzylm(g’ ®) Equation 58

Whilst GTOs are more computationally efficient, STO’s perform better in their modelling of the
orbital shape. Consider Figure 7, which shows a representation of the STO (in black) and GTO (in
red) for the 1s orbital of the hydrogen atom. The shape of the STO and the GTO differ largely at

the nucleus.
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Figure 7. A representation of the 1s STO and GTO orbitals. The image was produced using an Excel
program provided by Magalhdes.*

To overcome the deficiencies of the GTOs, the idea of a contracted basis set was formed
(Equation 59). For example, in Figure 8, the red line shows the result of the addition of 3 different
GTOs (the orange, blue and green lines), which is termed as STO-3G. Each GTO has varied orbital
coefficients (c) and exponents (the e¥? term), that were mathematically fit to provide the best
approximation of the STO. Whilst the STO-3G basis set still doesn’t model the shape of the
orbital at the nucleus correctly, it is better than a single GTO (Figure 7), and it more accurately

follows the shape of the STO as the orbital moves further from the nucleus.

WSTO-3G — Cli,l)lGTO + CzlngTO + CglngTO Equation 59
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Figure 8. A representation of the 1s, using 3 GTO’s (STO-3G). The image was produced using an Excel
program provided by Magalhdes.*

The STO-3G basis set is now rarely used, with larger, more complicated basis sets now readily
available. Basis sets are typically referred to by the C-type, which describes the number of sets
of contracted orbitals that are used. The more functions that are available, the larger the basis

set is said to be, with more variational freedom in the basis set variables.

The 6-31G*,%70 and 6-31+G*,*>2 Pople basis sets have been used within this thesis. These are
both split-valence double-T basis sets, with the core orbitals described by 6 functions, and the
valence orbitals each described by a contracted set which contains 3 functions, and an
additional, uncontracted function. The 6-311+G* basis set has also been used,**>>® which is a
triple-C basis set similar to those previously described, however the valence electrons contain an

“uxn

additional uncontracted function. In the Pople basis sets, a single refers to an additional
polarisation function on the heavy atoms (e.g. not hydrogen), which gives the atom an additional
orbital not considered occupied at the ground-state (e.g. a d-orbital for carbon atoms) which
allows the electron density to be modelled in an unsymmetrical fashion round the nucleus. The

single “+” denotes an additional diffuse function on the heavy atoms. These are larger orbitals
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which allows for electron density to be located further away from the nucleus, which can be

important when modelling anions.

The Ahlrichs def-SV(P),>*°® and def2-TZVPP,>*8 basis sets have also been used in the following
studies in this thesis. These are both split-valence basis sets of double- and triple-T quality
respectively. Here, the (P) of the def-SV(P) basis set denotes that heavy atoms contain
polarisation functions (similar to the “*” of the Pople basis sets). The def2-TZVPP is a large basis
set which contains 2 sets of polarisation functions, which gives hydrogen atoms both p- and d-
orbitals, and heavy atoms, such as carbon, d- and f- orbitals, which results in a high degree of

freedom within the basis set.

Finally, an electrostatic core potential (ECP) has been used to describe the core electrons of the
gold atom used in Chapter 3.°® ECP’s are commonly used to describe the core electrons of large
atoms such as transition metals by treating these electrons as a pseudopotential which then acts
upon the valence electrons. This takes into consideration nuclear shielding and relativistic

effects, whilst reducing the overall cost of modelling the transition metal element.

1.1.8 DFT Calculation Procedure
DFT calculations are formulated similarly to Hartree—Fock calculations. The one electron Kohn—
Sham (KS) operator (f°) operates on the single-electron orbitals (Js) contained within the Slater
determinant (Equation 43, repeated here as Equation 60) to return the energies (g) of the

orbitals (Equation 61).

Vi) () - Y ()
qJ=L 1/’1@2) 1/2262) le.(FZ) Equation 60

VN[ : . :
IAGH IR GH IR GY)
fiKSl/Ji = Y Equation 61

The KS operator is separated into kinetic energy, electron-nuclear attraction potential, electron-
electron repulsion potential, and the exchange-correlation potential (Vxc) operator terms
(Equation 62). Here, the exchange-correlation operator (Equation 63) is the first derivative of

the exchange-correlation energy (Exc), which is defined by the choice of functional.
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2 _ Z_A + Zfr—zdf’z + Ve (7)) |Y; = ey; Equation 62
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0Exc[p(r)]

Equation 63
5p(r)

Vxc (F) =

The single-electron molecular orbitals () in the Slater determinant are described using the
LCAO approach as discussed in Section 1.1.7 and can therefore be represented as in Equation
64, in which a number (L) of basis set functions (¢), with the respective coefficient (c), describes

the molecular orbital.

L
Y = Z Ciuti Equation 64
u=1

Equation 64 can be substituted into Equation 61, in place of the single electron wavefunction
(Equation 65). The equation can then be multiplied by another wavefunction (¢;) and integrated
over all space (Equation 66) to set up a matrix equation (Equation 67), where F* is the Kohn—
Sham matrix and S is the overlap matrix. Additionally, now the coefficients (C) and the energies

(€) are also represented in matrices.

L L
~KS - - - H
fi () z CiuPi(¥) = € Z Ciu®i (1) Equation 65
u=1 u=1
L L
- ~KS - - - - - - H
Z Ciy f ;@A fi @) di(P)dr = ¢ Z Ciu f ¢; (@) ¢;(P)d7 Equation 66
[121 “:1
F¥Sc = Sce Equation 67

The electron-electron coulombic repulsion term, J (Equation 47, repeated here in Equation 68),
requires the electron density. The electron density can now be represented as an expanded set
of all basis functions and their respective coefficients (Equation 69). The coefficients, ¢, can be
represented together in density matrix, P, and the coulombic repulsion term, J, can now be given

in terms of substituent basis functions (Equation 70).
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Jlp] = %ff%p[rj]dndrj Equation 68
ij
N L L
p(r) = Z Z Z cuii(r)cyjp;(r) Equation 69
i u v
L L . . . .
Jlpl = ZZ P, .U d)#(rl)(pV(rlT)'ju(rZ)(pv(rZ) dr,dr, Equation 70
A o

To calculate the potential energy J, L* integrals (where L is the nhumber of basis set functions,
Equation 64) are required to be calculated. However, the resolution of identity approximation
(RI-J), can be used, which states that the electron density can be approximately equal (5(7)) to
a separate set of basis functions (Equation 71). The coulombic potential can therefore be
represented as Equation 72, with the calculation now requiring the solutions to LK integrals, a
large reduction in the number of integrals computed, without a significant decrease in the
accuracy of the calculation. This approximation, as implemented in TURBOMOLE, was used

throughout Chapter 3.%°

K
p(P) ~ p(7) = Z CreWye Equation 71
K
K = = -
Jlpl = Z f bu )Py ()0 () d#yd7, Equation 72
T12
K
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The overall procedure can be summarised in a simplified scheme (Figure 9).

Input the molecular geometry
and
choose the basis set

y

Comque and store the Guess the inital density matrix
overlap integrals (S) and (P

one-electron integrals

A

Construct and solve KS
equations, storing the
calculated energies

\

Construct a new density

n-1
Replace P matrix from the KS

with P" molecular orbitals
no
y
Choose new geometry . .
according to optimisation Is the new density matrix
algorithm (P™) similar to the old
density matrix (P™1)?

yes
no Is this calculation a
geometry optimisation?
yes N
Does the current geometry Report data for
satisfy the optimisation criteria? un-optimised coordinates

yes
)

Output data for the
optimised geometry

Figure 9. Representation of the DFT calculation procedure. Modified from a diagram produced by
Cramer.?



1.1.9 Frequency Calculations and Thermodynamic Corrections
The procedure for the DFT calculations described in Section 1.1.8 results in the electronic energy
of the molecule, however this doesn’t take into consideration important enthalpic and entropic
effects. To calculate these, frequency calculations are required, which also generates a
vibrational spectrum. The vibrational spectrum is also useful and has primarily been used within
this thesis to ensure that the calculated geometry of a molecule is a true minimum, or a
transition state, by ensuring that there are either 0 or 1 imaginary (negative) frequencies

respectively, the reasons for this are discussed shortly.

The frequency calculations use the assumption that molecules can be treated with the classical
harmonic oscillator model (Figure 10), which assumes that the bond between two atoms acts as
a spring, with a force constant, k. The potential energy of the bond therefore increases when
the internuclear distance, R, is both extended or compressed from the equilibrium geometry,

Re. The vibrational energy levels are then evenly distributed throughout this curve.

Figure 10. Representation of the harmonic oscillator model.

The energy of a vibrational level is given by Equation 73, where v is the vibrational quantum
number, and v (Equation 74) is related to the reduced mass of the atoms (y) and the force
constant (k). To satisfy the Heisenberg uncertainty principle,?® the molecule must always be in

vibration (otherwise both the location and velocity of the atoms is known), and the lowest
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energy vibration is given when v =0. The difference in energy between this state, and the energy

at R is known as the zero-point energy (ZPE).

E, = (v + %) hv Equation 73
V= i E Equation 74
2w |u

Both the Gaussian and TURBOMOLE software packages calculate the vibrational spectra by
forming a square matrix of size 3N (where N is the number of atoms in the molecule) referred
to as the Hessian matrix. The Hessian matrix is an analogue of the second derivative for functions
in multiple dimensions (e.g the potential energy surface (PES) of a molecule) and it describes the
curvature of the function. The elements of the Hessian matrix contain the second derivative of
the energy, with respect to each Cartesian coordinate, which is then transformed to mass-
weighted coordinates.®®® The diagonal of the mass-weighted Hessian matrix defines the
mutually orthogonal directions on the PES (the eigenvectors), and also gives the eigenvalues (A)
which describes the curvature in the direction of the eigenvector. If all the eigenvalues are
positive, the geometry is said to be a true minimum, and is a requirement for intermediates on
the PES. At a transition state, one eigenvalue is negative, which corresponds to the energy
increasing in the direction of its corresponding eigenvector. The eigenvalues (A) are then used
to give the vibrational frequency (v, in cm™) as shown in Equation 75 (where c is the speed of
light and is used to convert frequency units to wavenumbers), using the harmonic oscillator

model.®!

=

Equation 75

Vv =
' 2mc

With the vibrational frequencies (vi) calculated, it is now possible to calculate the ZPE (Eo,

Equation 76) and the thermodynamic quantities using statistical thermodynamics. It is assumed

that the molecules of the system are non-interacting and therefore are treated as an ideal gas.

Then, the partition function, g:: (Equation 77), is given as the sum of the translational (g:),

rotational (g,), vibrational (g,) and electronic (ge) partition functions.®®

25



1
E, = z Evi Equation 76
i

Qeot = 9t + 4@ + q» + q¢ Equation 77

The translational partition function (q) is given in Equation 78, where m is the mass of the
molecule, kg is the Boltzmann constant, T is the temperature, P is the pressure and h is Plancks’s
constant. The rotational partition function (g:) for a nonlinear, polyatomic molecule is shown in
Equation 79, where o; is the symmetry number for rotation and 6, is the rotational temperature

(defined in Equation 80, where / is the moment of inertia).

3
_ (2mmkpT\2 kgT Equation 78
U= \""p2 P
3
qr = ﬁ L Equation 79
Or gr,x gr, y Qr,z
2
0. = h— Equation 80
" 8m2lkg

To calculate the vibrational partition function (q.), the contribution to the energy from each
vibrational mode, K, must be considered (Equation 81). Here, 6, is the vibrational temperature
of each mode and is calculated as shown in Equation 82 for each vibrational mode, K. It should
be noted that the contributions from imaginary frequencies (e.g. in transition states) are
neglected in these calculations. To calculate the electronic partition function (ge), Gaussian
assumes that all electronically excited states are thermally inaccessible, and therefore the

partition function is given as Equation 83, where wy is the degeneracy of the ground state.

e 2r .
qy, = 1_[ N Equation 81
v _ev,K

O,k =— Equation 82
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qe = Wy Equation 83

The Gaussian software then uses Equation 84 and Equation 85 as the general forms for the
entropy (S) and internal energy (E) respectively for each type of motion,®® where R is the ideal
gas constant, Vis the volume, N is the number of molecules and gxrefers to the relevant partition
function. The total entropic and internal energies can then be used to calculate the

thermodynamic corrections.

dln
Sy =R(n(qy) +T (#) Equation 84
14
E, = NkgT? <—6 ln(qx)> Equation 85
oT v

The Gaussian software package reports the thermodynamic corrections as follows, with the
corresponding formulae (Equation 86—Equation 90). The energies reported in Chapters 2, 4 and
5 are all Gibbs energies, calculated by the addition of the Thermal correction to Gibbs Free
Energy (Equation 89), to the calculated electronic energy, with the thermodynamic corrections
calculated at T = 298.15 K. The contributions to the entropy Scr (Equation 90), are calculated

from the derivatisation of the partition function for each mode of motion, with Equation 84.

1
Zero-point correction = Ey = Z EVz Equation 86
i

EtOt:Et+ET'+EU+EE

Thermal correction to Energy = Equation 87
Thermal correction to Enthalpy = Heorr = Etor + kT Equation 88
Thermal correction to Gibbs Free Energy = Georr = Heorr = TScorr Equation 89
Scorr =S¢ +Sr 5, + Se Equation 90

The TURBOMOLE software calculates the energies using a similar methodology,* with different
nomenclature. Here, the chemical potential (Chem. pot., Equation 91) is calculated using

partition functions. The Gibbs energy is then calculated with the addition of the chemical
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potential to the electronic energy. The energies reported in Chapter 3 are all Gibbs energies,

calculated at T=298.15 K.

Chem.pot.= ZPE — RT.In (q:9,9,9.) Equation 91

1.1.10 Solvent Corrections
Until now, the calculations presented assumed that the molecules are in the gas phase,
however, in systems such as charged species, it is often more appropriate to consider the energy

of the system with a solvent correction applied.

There are two main methods to model the solvent interaction. The first method is known as
explicit solvation, which directly includes solvent molecules in the calculations.®? These methods
cannot usually be used to model bulk solution in quantum mechanical methods, since the
number of electrons (and therefore, the number of basis set functions) is too large. Instead,
explicit solvation is commonly used with less-computationally expensive models, such as
molecular mechanics (MM). For DFT calculations, implicit solvation is usually included, which

treats the solvent as a continuous medium.®3

Where used, the solvent models in this thesis were applied using the polarisable continuum
model (PCM),®* in Chapters 2,4 and 5 for the Gaussian calculations, or the conductor-like
screening model (COSMO) used within TURBOMOLE,®>%® for Chapter 3. Both methods build a
cavity surrounding the molecules being studied (Figure 11). Spheres corresponding to the van
der Waals radii (defined by the software) of the atoms are constructed around the molecules,
defining the solvent excluded surface. Additional spheres, the radii of which is determined by
the solvent (referred to as a solvent probe), are then built around the solvent excluded surface,

the centre points of these defines the solvent accessible surface.
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van der Waals
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Figure 11. Visual representation of the cavity built during the PCM and COSMO solvent models.

Outside the cavity, the solvent is considered as its dielectric constant, with the solvent correction
calculated depending on the molecular interaction with the solvent accessible surface, which is

where the COSMO and PCM models differ in their approach.

1.1.11 Dispersion Corrections

London dispersion interactions are a type of stabilising van der Waals force, which occurs over

7 with the energy calculated as in Equation 92 (for non-identical atoms or

long distances,
molecules), where [ is the first ionisation energy, a is the polarizability, and r is the internuclear

distance.

3 L, oy

2L, +1, 16

Equation 92

Due to the dependence on r® for the energy of the interaction, these long-range interactions
are often considered weak. However, since London interactions are additive, the overall
contribution to the energy of large molecules can be considered significant,% and examples have
been found where increasing steric bulk have increased the stability of a molecule, both

computationally and experimentally.%7°

Since DFT theory calculates the energy of a system based on the local electron density, or its
gradient, DFT calculations fail to adequately account for the long-range London interactions.
Establishing methods to account for this energy has therefore been the subject of study for the

improvement of DFT accuracy.
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Two methods for accounting for London dispersion have been used within this thesis. The first
method, used the Minnesota functionals, M06 and M06-2X.*! These functionals were specifically
highly parametrised to account for non-covalent interactions, by using a training set of data,
with which various coefficients could then be optimised to produce the best fit to the available
data. The M06 and MO06-2X functionals do perform well in benchmarking, with the M06
functional described as a general functional, whereas the M06-2X is more specific to organic

molecules.

The second method used in this thesis, is the inclusion of Grimme’s D3 correction,”* with Becke—
Johnson damping (D3(BJ)).”>”> In 2010, Grimme and co-workers published the D3 dispersion
method (also referred to as DFT-D3), which takes the general form shown in Equation 93, where
C* denotes the average nth order dispersion correction, for each atom pair, Ras is the
internuclear distance, s is a functional dependant scaling factor, and faamp is @ damping function.
The damping function is used to define the cut-off for the dispersion corrections to ensure that
close-range interactions aren’t overestimated. Overall, the D3 method has advantages over
using the Minnesota functionals, since the energy is calculated using formulae derived from the

electron density, rather than from fitting to test data.

AB
DFT-D _ :
Edisp ) § E Sn o Rn fdamp (Rap) Equation 93

A#B n=6,8,10,..

Becke and Johnson published an alternative method for calculating the dispersion, with a
different approach to better model the effects of spatially close atoms (Equation 94). The Becke—
Johnson (BJ) damping model was then included in a revised DFT-D3 method (Equation 95), and
referred to as D3(BJ), where a; and a; are parameters established experimentally. Overall, the
D3(BJ) method was shown to more accurately model the short-range behaviour for dispersion,”

and is now often considered a standard addition in DFT calculations.

CAB
E;; Equation 94
disp =75 Z R}s + const.
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gp3en _ 1 z Cg” n ¢’ Equation 95
: __* S s quation
e 2L Ry + PRI Ry + [F RGP
f(RXB) _ aleB +a, Equation 96
CAB
RO — 8 Equation 97
AB CAB
6
1.1.12 Summary

This section has summarised the background theory of computational chemistry, with a focus
on DFT calculations, which are used throughout the work described in this thesis, since they
provide a good balance between accuracy,’”®”® whilst also scaling favourably, such that
calculations for systems containing more than 100 atoms are possible within a reasonable time
frame (Table 1).3 In performing DFT calculations the choice of functional and basis set is an
important consideration, which can have an impact on the calculated energies. This is
particularly important when changing from LDA to GGA and hybrid functionals, where the

method of calculating the exchange-correlation energy is significantly different.

Table 1. Scaling factors of common computational methods, where N is the size of the system. Note that
whilst DFT scales to N3, the overall calculation time might be longer than the equivalent HF calculation.

Method Scaling Factor
Hartree—Fock (HF) N*
DFT N3
MP2 N°
CCSD N®
CCSD(T) NE

Other considerations must be made to consider how accurately the DFT model compares to the
reaction conditions. Solvent corrections can have a significant effect, particularly when
modelling charged species, although intramolecular reactions don’t necessarily need the solvent

effects to be considered.
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It is advised when first performing DFT calculations, to benchmark the computational method
used. This can be done by comparison with reported literature which uses similar compounds,
or by comparing the results of DFT calculations using different methods, with relevant
experimental data. Calculated transition state energies at different methods could be compared

with kinetic data, or by comparing the regio- or stereochemical outcomes.

With these considerations in mind, DFT can be a powerful tool to explore different aspects of

chemistry and provide insight to experimental data.

32



1.2 DFT studies of Au(l) catalysed reactions: anion effects and reaction
selectivity
1.2.1 Introduction

Whilst DFT calculations have been used throughout the work described in this thesis, one of the
most significant applications is within Chapter 3, in which the gold(l) coordination chemistry of
alkynes substituted with electron-withdrawing groups was studied in detail. It was therefore
considered appropriate to review the application of DFT with gold(l) catalysis, to highlight
factors that were important to consider, such as solvation effects and a suitable choice of basis
set and functional. The work presented in this section is the subject of a published review

article.®°

Interest in gold catalysis has increased exponentially over the last 20 years.8! Primarily, the
catalytic applications of gold(l) are based on its ability to act as a m-acid. Au(l) complexes are
able to coordinate to and activate unsaturated C—C bonds, particularly alkynes,®*8 although
similar reactivity has also been observed with alkenes®*® and allenes.2®®” The typical mechanism
proposed for gold(l)-catalysed reactions involves the coordination of the gold(l) complex to the
unsaturated C—-C bond, forming an n?(rmt) complex, which activates the m-system to undergo
attack by a nucleophile (1.1 - 1.2). Protiodemetallation then occurs (1.2 - 1.3), regenerating

the Au(l) catalyst and allowing further reactions to take place (Figure 12).8-

®
[LAU] x@ [LAu] LAUX] H
_:_ R - u R
) NuH Nu
X
NuH
1.1 1.2 1.3

Figure 12. Typical scheme for alkyne activation by gold(l) cations.

The nature of the gold catalyst used, and its coordination environment, can have a significant
effect on reaction outcomes. This may be by simply increasing the reaction yield, but in many
cases, it can also alter the reaction selectivity and change the ratio of products that are formed.
The ligand used can also influence the reaction outcomes, with phosphine or N-heterocyclic
carbene (NHC) ligands being the most common, and the counterion used is also often altered

during reaction optimisation.®%%?

Computational chemistry utilising density-functional theory (DFT) is frequently used in studies

of catalytic reactions.”*> DFT offers a good balance of calculation time versus accuracy and is,
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therefore, often the method of choice to explore the mechanism of transition metal catalysed

reactions.

Papers benchmarking the success of DFT calculations to study gold(l) complexes have been
published, which provide recommendations on the level of theory best employed for studying
reactions using gold(l) catalysis.®*1% The double-hybrid B2PLYP functional performed well
across multiple studies, with BP86,°”°° PBEO,*® wB97X*® and M06°%°7 functionals also shown to
be successful at modelling the energies and geometries of gold(l) complexes. Ahlrichs’ def2 basis
sets generally performed well, with a triple-{ type basis set with polarisation recommended.®
Electrostatic core potentials (ECPs) such as LANL2DZ or SDD are commonly used on the gold

atom to account for relativistic effects.

In this section, recent examples of the use of DFT to explore reaction processes are provided,
focused on the effects of including the anions used in the reaction, and studying how DFT can
be used to explore the selectivity of gold(l)-catalysed reactions. A wide range of literature was
available, and it was not possible to review them all, however other papers which were

instructive are highlighted.***"1%®

Throughout this section, numbers are used to indicate compounds (e.g. 1.1), whereas DFT
calculated states are denoted by letters (e.g. 1.A), with transition states labelled specifically as

‘TS’ (e.g. 1.TScp, which refers to the transition state connecting state 1.C and 1.D).

1.2.2 Using DFT to explain the effects of the anion on the reaction
mechanism

In reactions utilising gold(l) catalysts, typically a ligated gold(l) chloride (LAuCl) precatalyst is
used, which is then activated by a metal salt containing a weakly coordinating anion. This results

in salt metathesis, enabling the formation of an active Lewis acidic cationic gold(l) species (LAu*)

109-

in solution which is catalytically active.’%®1!! Other activation methods, such as protonolysis of

112-114

an alkylgold and hydroxide species, or via sonication and centrifugation,'> have been used

to avoid any competing “silver effects” 15116

Many studies utilising DFT methods have successfully captured the experimental reaction
outcomes by focussing solely on the cationic gold-based component of the catalyst system

without consideration of the counteranion.!'?* However, recent papers have detailed
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instances where optimising the counterion has been important for the course of the

reaction '91,92,125—127

In 2009, Zuccaccia et al. studied ion pairing in cationic olefin-gold(l) complexes.”® Two 4-Me-
styryl gold(l) complexes were synthesised with either a triphenylphosphine (1.4PPhs) or NHC
ligand (1.ANHC, NHC = 1,3-bis(di-iso-propylphenyl)-imidazol-2-ylidene) (Figure 13). Both
complexes had a tetrafluoroborate anion which enabled the use of °F,'H-HOESY NMR
experiments to study the preferred orientation of the anion with respect to the gold complex
under low temperature conditions.
— miS
BF,

iPr

® © iPr
PhyP—Au—]|| BF, N @
[ >—Au—|
N .

iPr
iPr
1.4PPh;

1.4NHC

Figure 13. 4-Me-styrlyl gold(l) complexes studied by Zuccaccia et al.*?®
These NMR studies showed that the choice of ligand influenced the ion-pairing (Figure 14), with
strong contacts observed between the olefinic protons and the tetrafluoroborate anion in
complex 1.4PPhs. In contrast, for complex 1.4NHC, contacts were observed primarily with the

imidazole protons furthest away from the styrene.
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Figure 14. Low temperature *°F,*H-HOESY spectra of 1.44PPhs (left) and 1.4NHC (right). Key ion-pairing
contacts have been highlighted with assignments made by Zuccaccia et al. Reprinted with permission
from American Chemical Society, Copyright 2009.1%8

The observed NMR data were further supported by DFT calculations. Geometry optimisations
(at the BLYP/ZORA/TZ2P level of theory) of varying configurations were performed, and these
confirmed that the lowest energy arrangement of the complexes agreed with the NMR

experiments (Figure 15).
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Figure 15. Lowest energy arrangements of 1.4PPhs (left) and 1.4NHC (right) as calculated by DFT by
Zuccaccia et al., calculated at the BLYP/ZORA/TZ2P level of theory. Structures reproduced using
coordinates located in the original paper’s ESI.1?8

This effect was rationalised by analysing the charge distribution and the Coulomb potential of
both the styrene cationic complexes (Figure 16). The olefinic protons of the coordinated styrene
and, in the case of complex 1.4NHC, the imidazolium protons at the back of the complex were
shown to have the greatest positive charge within the complex (denoted as a blue colour on the

isodensity surface), and therefore are the most attractive points for counterion coordination.

0.24
0.18

0.12

Figure 16. Side (left) and back (right) views of the DFT calculated structures of 1.4PPhs (top) and 1.4NHC
(bottom), without counterion. Coulomb potential is mapped on an electronic isodensity surface (p =
0.007 e/A3. Coulomb potential in au). Reprinted with permission from American Chemical Society,
Copyright 2009.%28
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Further studies examined the effects of changing both the ligand and the unsaturated
hydrocarbon coordinated to the gold(l) cation, which highlighted that the anion coordination
depends greatly on the ligands in the cationic unit, with coordination most likely observed

around the most acidic protons, rather than the gold centre.'*713!

This body of work has demonstrated that the location of the anion with respect to the
catalytically active cation can be predicted and is often near the most positively charged sites
within the complex, providing a starting point for other researchers to consider when including

the counterion in their DFT calculations.

In 2021, an extensive report by Sorbelli et al. on the gold(l)-catalysed Meyer—Schuster
rearrangement of 1-phenyl-2-propyn-1-ol 1.5 was published, particularly focused upon the
effects of both the solvent and the counteranion on the turnover frequency (TOF) of the
reaction.'® Experimentally, clear trends were found in the turnover frequency (TOF) of the
reaction, with the efficiency of the reaction decreasing with increasing polarity of the solvent,
and the specific counterion used (TfO™ > TsO™ > BF;” > TFA"). Selected optimisation results are

shown in Table 2.
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Table 2. NHCAuX catalysed Meyer—Schuster rearrangement of 1-phenyl-2-propyn-1-ol 1.5 to
cinnamaldehyde 1.6 at 50 °C.

OH

NHCAUX (0.5 mol%) H
Ph)\ Solvent, 50 °C phMo
1.5 1.6
Entry Solvent Catalytic System!®! Conv.  TOF/h?
[b] /%
1 p-Cymene NHCAuOTf 91 394
2 p-Cymene NHCAuCI/ 11 44
AgOTs!¥
3 p-Cymene NHCAuCI/ 0.4 2
AgTFAL!
4 p-Cymene NHCAuCI/ 7 28
AgBF,
5 p-Cymene NHCAuCI/ 30 115
AgOTfl
6 y-Valerolactone NHCAuOTf 23 105

[a] NHCAuOTf (0.0025mmol), 1.5 (0.5 mmol), solvent (200 pL). [b] Determined by the average
value of three measurements after 30 minutes by 'H NMR. [c] TOF = (mo0lproduct/MOlcataiyst)/t
calculated after 30 minutes. [d] 1.1 eq of silver salt used. NHC = 1,3-bis(di-iso-propylphenyl)-

imidazol-2-ylidene

The authors used DFT studies to rationalise these data. Formation of n?(r)-alkyne complex 1.B
from the uncoordinated species (1.5 and 1.7) was considered. Intermediates involved during de-
coordination of the counterion demonstrated that the anion interacts with both the gold atom

and the hydrogen of the terminal alkyne (Figure 17).
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Figure 17. Proposed intermediate structures calculated for the formation of n?(m)-alkyne complex 1.B
from the uncoordinated species 1.5 and 1.7.

Whereas both the tosylate and triflate anions (X~ = TsO~ and TfO~, Figure 17) were predicted to
be able to form complex 1.B, a low-lying transition state (+4.2 kcal mol™* from 1.5 and 1.7 at the
BP86/Z0RA//B2PLYP/CPCM level of theory) was found when trifluoroacetate was calculated as
the anion (X = TFA, Figure 17), in which the alkyne was deprotonated, resulting in o-bonded gold
alkynyl complex 1.8 (Figure 18). It was postulated that this was the reason behind the poorest

efficiency observed in the experiments using AgTFA as the co-catalyst.

HO \N 0
Ph; = Au_ﬁ‘N] F3CJ\OH

1.8 1.9

Figure 18. 0-Bonded gold alkynyl complex 1.8 with the formation of acid 1.9, calculated by DFT when
trifluoroacetate was the counterion.

The proposed mechanism for the Meyer—Schuster rearrangement, and the intermediates
studied, are shown in Figure 19. To explain the difference in reactivity when using the other
anions (namely OTf", OTs™ and BFs7), the energies of the proposed transition states and
intermediates involved in the catalytic cycle were calculated (BP86/ZORA/D3//B2PLYP/CPCM),
with the anion proposed to coordinate to the alcohol of the starting material via hydrogen
bonding. The authors found that the first transition state (1.TScp), corresponding to attack of the

alcohol into the gold-coordinated alkyne, was the highest energy, and the relative energies for
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the three counterions were consistent with the experimental data, in which the triflate was
fastest (+32.6 kcal mol™ relative to C), followed by the tosylate (+34.3 kcal mol?) and then the
tetrafluoroborate (+36.9 kcal mol?). The authors proposed that the main factors in the energy
of transition state (1.TScp) were the hydrogen bonding ability of the anion, and how well the

anion coordinates to the gold atom.

)
X !
| -
—= = A /
o A' ® 1.TScp HV 1.TSpe Ph)\H\H
[ @ u —_— @
R\N/A\N/R R\N/A\N/R R\N/ \N/R
1. 1.D 1.E

Figure 19. Intermediates studied in the Meyer—Schuster rearrangement of 1.5. X = OTs, OTf or BF4. A
simplified NHC was used in the calculations (R = Me).

Finally, the effect of solvent polarity was considered. In low polarity media it is understood that
an ion pair is formed due to the solvent’s inability to strongly coordinate the cation and anion.
In more polar solvents, solvation of the cation and anion is efficient, separating the ions.?33134
This effect was studied by explicitly modelling a molecule of y-valerolactone to coordinate to
the alcohol. Whilst a structure for the equivalent oxetene intermediate (1.D, Figure 19) couldn’t
be found, the transition state for a one-step process was calculated (1.F, Figure 20) which
showed a higher energy than the triflate-assisted process (+33.4 vs +31.6 kcal mol™ in the gas
phase at the BP86/ZORA/D3//B2PLYP level of theory), which is consistent with the experimental

observations.
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Figure 20. DFT-calculated transition state structure for the Meyer—Schuster rearrangement, in which y-
valerolactone is modelled coordinating to the hydroxyl group. Structures reproduced using coordinates
located in the original paper’s ESI.

Overall, the study demonstrates how DFT enables the rationalisation of the reaction rates with
different anions, in both the formation of the active catalytic species, and then also in the key
intramolecular cyclisation step of the catalytic cycle. Insight from computational chemistry was
also able to rationalise the solvent effects, in that higher polarity solvents restrict the ability for

the anion to participate, with higher energy transition states observed.

In 2021, Ma et al. described the impact of different ring-sized NHC ligands on the gold(l)-
catalysed cyclisation of propargylic amide 1.10 to give methylene-3-oxazoline 1.11 (Figure
21a).13% As part of this work, DFT was used to study the mechanism of the reaction, to address
the role of the counterion in the reaction. It was proposed that the reaction occurs via

nucleophilic attack of the amide carbonyl, aided by the lone pair of the adjacent nitrogen (Figure

21b)_136—138

42



a)
) !
NHCAUCI/AgNTf, N

N N
H
MeO MeO
1.10 1.1
b) H
TN [Au]
O/\]-,"[Au] /
_H+ N
o N
H
MeO MeO
1.12 113
+H*
H
/ H
(0]
NS
N
MeO
1.1

Figure 21. a) Reaction studied by Ma et al.,** the cyclisation of propargylic amide 1.10, resulting in
methylene-3-oxazoline 1.11, first reported by Hashmi et al. and then used as a standard reaction when
comparing different NHC ligands. $3>738 b) Mechanism proposed by Hashmi et al. for the formation of

1.11. 136-138

The authors first considered different coordination binding modes, both with and without the
anion. The n?(mt) alkyne gold(l) complex with hydrogen bonding of the triflimide anion (1.H,
Figure 22a) was found to be the lowest energy bound complex at +9.6 kcal mol™* energy higher
than the separate species, at the SMD(CHCl;)-PBEO-D3BJ/def2-TZVP,6-311+G(d,p)//PBEO-D3BJ/
SDD,6-31G(d) level of theory. Other coordination modes were studied, including O-coordinated
gold species, both with (1.1, Figure 22b) and without deprotonation of the amide nitrogen (1.J

and 1.K, Figure 22b), however these complexes were much higher in energy.
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IPrAUNTf, + PMP

1.1
+11.5

1.J0l
+43.5

Figure 22. DFT-calculated structures at the SMD(CHCl3)-PBEO-D3BJ/def2-TZVP,6-311+G(d,p)//PBEO-
D3BJ/ SDD,6-31G(d) level of theory. Energies are Gibbs energies in kcal mol™. [Au] = IPrAu*. a) Preferred
configuration of gold(l)-coordination to 1.10. b) Other calculated configurations of higher energy. [a]
States resulting from loss of HNTf, from 1.1.

Considering again the gold(l) alkyne complex with hydrogen bonding anion (1.H), transition

states for the possible cyclisations were found (Figure 23). 5-exo-dig cyclisation (1.L) was

calculated to be energetically preferred over 6-endo-dig cyclisation (1.M) by 4.6 kcal mol™ (+16.1

vs +20.7 kcal mol?), which was consistent with the experimentally observed outcome.

NTF,

1.L
+16.1

PMP

[Au]

NTf,

1.M
+20.7

Figure 23. DFT-calculated energies for the transition states of 5-exo-dig (1.L) and 6-endo-dig (1.M)
cyclisations of 1.H. Energies are Gibbs energies at the SMD(CHClz)-PBEO-D3BJ/def2-TZVP,6-
311+G(d,p)//PBE0-D3BJ/ SDD,6-31G(d) level of theory in kcal mol™? with G as the reference point. [Au] =
IPrAu*. PMP = p-methoxyphenyl.

When gold(l)-coordination was considered without the anion, the energy of the intermediate

was greatly increased at +16.7 kcal mol™ (1.N, Figure 24). Transition states for the cyclisation of

1.N, however, were higher in energy than the equivalent triflimide-coordinated transition

states, at +25.5 and +27.2 kcal mol? for the 5-exo- (1.0) and 6-endo-dig (1.P) cyclisations
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respectively, strongly suggesting that the triflimide anion does indeed play an active role in the

reaction.
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Figure 24. DFT-calculated structures at the SMD(CHCl3)-PBEO-D3BJ/def2-TZVP,6-311+G(d,p)//PBEO-
D3BJ/ SDD,6-31G(d) level of theory. Energies are Gibbs energies in kcal mol™. [Au] = IPrAu*. a) lon-
separated-coordination of Au(l) to 1.10. b) Transition states energies of 5-exo-dig (1.0) and 6-endo-dig
(1.P) cyclisations of 1.N.

Whilst the cyclised oxazoline intermediate (1.Q, Figure 25a) is calculated to be lower in energy
than 1.H, the calculated energies when neutral triflimide has dissociated (1.R) are significantly
higher at +19 kcal mol?, prompting further DFT studies on the possible proton-migration

processes.

[Au]

0 7 H
PMP/Q,\C? o y[AU]

[

— + HNTf,

@'?' PMP/<\N

NTf,

1.Q 1.R

-0.5 +19.0

Figure 25. DFT-calculated structures at the SMD(CHCI3)-PBEO-D3BJ/def2-TZVP,6-311+G(d,p)//PBEO-
D3BJ/ SDD,6-31G(d) level of theory. Energies are Gibbs energies in kcal mol™. [Au] = IPrAu*. Energies of
the intermediate gold(l)-oxazoline species, before and after the removal of triflimide.

Following reports that water clusters can aid in proton transfer,391% the possibility of a water-

assisted mechanism was considered for the protiodemetallation, however, the calculations
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predicted this to be higher in energy. Generation of the protonated product 1.T and vinyl-gold
species 1.5 by participation of the basic nitrogen in the oxazole ring in the product was therefore
also considered (Figure 26). Transition state 1.TSqs (+10.4 kcal mol™?) was found at a much lower
energy than the triflimide-promoted pathway. The transition state of protiodemetallation was
in energy.

then calculated as 1.TSs1.11 (+13.7 kcal mol?) resulting in two units of the product 1.11. Overall,

this process was calculated to be lower in energy than the equivalent triflimide anion-assisted

process, with the rate-limiting step predicted to be the initial cyclisation (1.L) at 16.1 kcal mol*
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Figure 26. DFT-calculated pathway for oxazoline-assisted proton-migration of 1.Q. Energies are Gibbs
theory in kcal mol™. [Au] = IPrAu®.

energies at the SMD(CHCI3)-PBEO-D3BJ/def2-TZVP,6-311+G(d,p)//PBEO-D3BJ/ SDD,6-31G(d) level of

The DFT data enabled a catalytic cycle to be proposed (Figure 27). First, an initiation cycle, in
which cyclisation occurs via a 5-exo-dig cyclisation (1.L) promoted by the initial coordination of
the gold(l) NHC complex to propargylic amide 1.10, with hydrogen bonding of the triflimide
anion to the amide nitrogen (1.H). A triflimide-assisted proton-migration then occurs resulting

in the product (1.11). After initiation, an iterative cycle is predicted to take place, where the
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oxazole product (1.11) deprotonates intermediate 1.Q: this was calculated to be a lower energy

pathway than deprotonation by "NTf..
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Figure 27. Catalytic cycle proposed by Ma et al. for propargylic amide cyclisation. The anion plays a role
in the reaction process throughout.

The authors demonstrated that coordination of the anion can be important when discussing
reaction mechanisms, potentially changing the viability of a predicted mechanism. In this
reaction the product itself is predicted to take part in the catalysis. Product participation in this
manner could have a pronounced effect on the observed kinetics, and without considering the

anion effects, the rationale for this could be missed.

The handful of papers discussed here only shows a small subset of the studies within the field of
gold(l) chemistry where anion effects have been studied by computational chemistry. These
recent examples highlighted the importance of considering the anion when beginning to study
a process theoretically. Ligand, substrate, anion, and solvent all should be considered, with the

studies herein demonstrating that ion pairing is more notable in less polar solvents, with
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coordination then present often in areas of greater positive charge density, and through

hydrogen bonding of substrates.

1.2.3 Using DFT to explore the regioselectivity and coordination in gold(l)
catalysis

DFT has been used extensively to provide evidence and understanding to observed experimental
results, with a view that by understanding reaction mechanism, then improvements or further
development can then take place. This has been useful in gold chemistry, in the study of reaction
regioselectivity, due to either carbon atom of the gold-coordinated unsaturated C—C bond being

potential options for nucleophilic attack.

Amongst the simplest gold-catalysed reactions of alkenes and alkynes, are their hydration and
hydroamination reactions, which typically progress via Markovnikov addition. However,
methodologies are being published which accomplish the less-common anti-Markovnikov

addition.

Timmerman et al. reported a gold(l)-catalysed hydroamination reaction of
alkylidenecyclopropanes 1.13 (ACP) derivatives which resulted in the anti-Markovnikov addition
of imidazolidone 1.14 (Figure 28), with the diastereoselectivity of the reaction arising from the
gold(l) catalyst coordinating preferentially to the least hindered face of the ACP derivative.'*!
Further work by Couce-Rios et al. used DFT to explore the origins of the observed

regioselectivity.*?

I\N/Ie
R? 0 [(L1)AU(NCCHg)ISbFs g2 O=X
N )]\ (5 mol%) N
— HN” “NMe — (
R3 \/ dioxane, 80 °C, 18 hr R3
R' R
1.13 1.14 1.15
13 examples
PCy, 63-93%, 7:1 to > 25:1

Figure 28. Gold(l)-catalysed hydroamination of ACP derivatives 1.13 with 1-methyl-imidazolidin-2-one
1.14 as reported by Timmerman et al.1*!
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First, DFT was used to calculate the energies of the intermediates and transition states for the
proposed mechanism, using the n?(it) gold(l)-coordinated benzyl-substituted ACP derivative
(1.U) as the reference compound. Energies (calculated at the M06/6-31G(d,p)&SDD(f) level of
theory) of +21.7 and +21.0 kcal mol?, were calculated for the transition states of Markovnikov

(1.TSuw) and anti-Markovnikov (1.TSyyv) addition respectively (Figure 29).

_ o 1
NMe HN NMe ¥
H\N@ H QMG
¢ 1.14 -
P\\ + “I:// @ O
Bn [AIU] -~ :_ _— Alu

1.TSyw 1.U 1.TSyv
+21.7 +21.0

| |

o NMe
NMe @\AO
7 .
Bn [Au] Bn)>< ul
1.W 1.V
+13.5 +20.2

Figure 29. DFT-calculated transition state energies for Markovnikov and anti-Markovnikov addition into
gold(l)-coordinated ACP 1.U. Energies are Gibbs energies in kcal mol™ at 298 K, calculated at the M06/6-
31G(d,p)&SDD(f) level of theory with SMD solvent correction in 1,4-dioxane.

When considering the relative energy difference between pathways, it is important to note that
due to the logarithmic relationship between the calculated energy and both the equilibrium and
rate constants, a small difference in energy can contribute to a significant difference in the
predicted outcome.'® In this instance, whilst the calculated energies of the transition states are
similar, and a mixture of products might be predicted, the formation of 1.15 was seen
predominantly via lower energy transition state 1.TSyy, highlighting the need to consider both

the experiments and calculations together.

The energies for the possible protiodemetallation pathways were also calculated, which
suggested that the initial nucleophilic addition was the rate-determining step. The height of the
energy barriers is consistent with the elevated temperature required for these reactions to

occur.
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Next, alkenes bearing various substituents were considered to compare the geometries of the
n%(m)-alkene gold(l) complex and the transition state energies for Markovnikov and anti-
Markovnikov addition (Table 3). These data were then compared to the experimental results
where available. It should be noted that all the calculations use CyJohnPhos (L1) as the ligand,
however the experimental results of ethylene, styrene and isobutene were only available for
TrixiePhos (L2).1** Most of the experimental results match the predicted outcomes.'*%'% Alkenes
1.164a, 1.16e, 1.16g and 1.16h proceeded with Markovnikov addition, and alkene 1.16f is the
previously discussed benzyl-substituted ACP derivative, which occurred with anti-Markovnikov
addition. Styrene (1.16e) was the only example which the experimental outcome doesn’t match

the predicted outcome.
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Table 3. Transition state energies for Markovnikov (AGwm*) and anti-Markovnikov (AGam®) addition of 1.14
catalysed by (L1)Au*, and geometrical parameters for the initial n?(mt)-alkene gold(l) complexes. All data
were computed at the M06/6-31G(d,p)&SDD(f) level of theory.

Conditions 1:

[(L1)Au(NCCH3)]SbFg
R! (5 mol%)

N//<NH .\ \— dioxane, 80 °C N
I\/ R? Conditions 2: R R
1.14 1.16 (L2)AuClI (5 mol%)
AgSbF (5 mol%) 117 1.18
dioxane, 100 °C
1
PBu,
Substrate AGv*/ AGan' / AAGH/ di—d, B/ A 1.17:1.18
kcal mol? kcal mol! kcal mol? Ratio
H H
H> <H +15.4 - -0.002 100:0
1.16a
FsC H
E.C ’ +23.2 +8.1 +15.1 0.007 -
3
1.16b
H H
. C> <H +19.0 +10.6 +8.4 -0.002 -
3
1.16¢
Me H
. C> <H +23.5 +16.1 +7.4 -0.105 -
3
1.16d
Ph H
H> <H +21.4 +19.4 +2.0 -0.154 100:0
1.16e
Bn
H
— +21.7 +21.0 +0.7 -0.119 0:100"!
1.16f M
Me H
Me> <H +20.4 +27.4 -7.0 -0.257 100:0d
1.16g
H
< >—<_ +20.0 +27.3 -7.3 -0.256 100:01
1.16h 1

[a] d1 = Au—Cterminal distance; d; = Au—Cinternal distance. [b] Conditions 1 were used. [c] Conditions

2 were used. [d] Conditions 1 were used at 100 °C
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A trend was observed in which the energy difference between the Markovnikov and anti-
Markovnikov addition could be related to the degree that the gold(l) catalyst has slipped across
the alkene (Figure 30). Additional work by the group showed that strain from the disfavoured
addition was significantly higher than the favoured addition, which further highlighted the

importance of the initial geometry of the gold-coordinated alkene.

0.05 -
R?=0.91
| 2
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-0.25 1 —<
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Markovnikov
-0.30 T T T T T T T T T T T 1
-10 -5 0 5 10 15 20

AAG* (kcal mol™)

Figure 30. Plot of the difference in transition state energy between Markovnikov and anti-Markovnikov
addition (AAG*) against the difference in distance of the gold centre from the terminal (d1) and internal
(d2) carbons. Values refer to the entries in Table 3. Adapted with permission from American Chemical
Society, Copyright 2019.14?

A similar substituent-directed effect was studied in the gold(l)-catalysed cyclisation of B-yne
furans, reported by Dong et al, as a method to make cyclohexafuran and cycloheptafuran
derivatives.'® The cycloheptafuran skeleton is found in natural products,*1 but their

synthesis is challenging using conventional methods.

With B-yne furans (e.g. 1.19), nucleophilic attack can take place into the n?(r)-alkyne gold(l)-
coordinated complex (Figure 31), either through a 6-exo cyclisation (1.19 = 1.22) resulting in
cyclohexafuran species 1.23, or alternatively, attack can occur on the other carbon via a 7-endo

cyclisation (1.19 - 1.20), giving cycloheptafuran derivatives 1.21.
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Figure 31. Proposed 6-exo and 7-endo cyclisations of B-yne furan derivative 1.19.

Typically, cyclohexafuran analogues are formed when reacting B-yne furans with transition
metal catalysts (Figure 32a).14152 However, it was proposed by Dong et al. that tuning the
electronic properties of the alkyne may allow for better control of the regioselectivity. Using
internal alkyne 1.26, it was possible to optimise for the formation of the desired cycloheptafuran

product 1.27 using gold(l) catalysis (Figure 32b).

a)
o)
P (L3AU(NCCMe)SbFg (1 mol%) |
— DCM, 18 °C, 5 min o
= O
o)
1.24 1.25, quant.
b) B o
s u e 6 (5 mol%
TsN /=0 (L3Au(NCCMe)SbFg (5 mol%)
\_Q DME, RT, 3 hr N
Ts
0,
1.26 PBU, 1.27, 90%

Figure 32. Synthesis of cyclohexafuran 1.20 as reported by Menon et al. in their total synthesis of
furansesquiterpenes.’>? b) Optimised conditions for the 7-endo-dig cyclisation of B-yne furan 1.21.

To explore the mechanism using DFT (at the B3LYP/SDD-6-31G(d) level of theory), transition

states for the 7-endo (1.TSxy) and 6-exo (1.TSxz) pathways were calculated (Figure 33), from
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n%(m)-alkyne gold(l) complex 1.X, for different substituents. This was successful at matching the

experimental outcomes, with the terminal alkyne favouring the 6-exo transition state by 2.3 kcal

mol?, and the methyl- and phenyl-substituted pathways favouring the 7-endo transition state
by 3.1 and 4.8 kcal mol™? respectively.
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c2 R c1
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—0.264
-0.094 Me  0.024
-0.168 Ph

0.091
0.014 CO,Me —0.122

Figure 33. DFT-calculated energies for 6-exo and 7-endo cyclisation of B-yne furans. Energies are Gibbs
energies at 298 K in kcal mol™? at the B3LYP/SDD-6-31G(d) level of theory. Calculated NPA charges for
the alkyne carbons of 1.X are given. L = PMes.

To determine the reasons between the difference in reaction outcome, natural population

analysis (NPA) was used to compare the charges of the alkyne carbon atoms. This demonstrated

that the different alkyne substituents affected the charge density of the alkyne, with nucleophilic

attack then occurring onto the most ‘positively’ charged carbon of the alkyne. This then
highlighted further ways the scope of the reaction could be expanded (Figure 34).

Firstly, introduction of a ketone on the tether to make an internal ynone moiety 1.28 still
resulted in formation of the cycloheptafuran product 1.29, which was proposed to be due to the

synergistic effects of the substituents. Secondly, the calculations highlighted that substituting
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the alkyne with an ester functionality (1.30) would promote formation of the 6-exo products,
which was observed experimentally (1.31). Finally, by extending the tether (1.32), 7-exo
cyclisation could be achieved with terminal alkynes (1.33). This highlights well the power of DFT

to inform new directions for synthesis.

0 Ph
——Ph /
/=0 (L3Au(NCCMe)SbFg (5 mol%) \
— DME, RT, 2 hr O
1.28 1.29, 93%
COzMe
/%COzMe |
TsN /=0 (L3Au(NCCMe)SbFg (5 mol%) | O
\_Q DME, RT, 4 hr TsN /
1.30 1.31, 92%

/_/ °
TsN o  (L3AU(NCCMe)SbFy (5 mol%) \ |
\_C ~  TsN
= DME, RT, 20 hr

1.32 1.33, 47%

PBuy

Figure 34. Additional reactions to explore the substrate scope following the DFT analysis.
In 2018, Aikonen and co-workers studied the gold-catalysed 1,3-O-transpoisition of ynones
(Figure 35).1>3 Initial kinetic studies highlighted that there was an order in 1.34 of 1.5 and a small

order of 0.15 for 1.35, thus two ynone molecules are required in the rate-determining step.

o]

IPrAuNTf, Ph
DCE, RT

A

A
Ph

1.34 1.35

Figure 35. Gold-catalysed transposition reaction of ynone 1.34.

An intermolecular mechanism was therefore proposed, with the energies calculated using DFT
(at the TPSS-D3/def2-TZVP//TPSS-D3/def2-SVP level of theory, Figure 36), in which O-attack of

the carbonyl of one ynone, into the n?(m)-coordinated alkyne of another ynone occurs with a
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calculated energy of +13.5 kcal mol™ (1.TSaeac), followed by a low energy transition state of +7.3
kcal mol? for intramolecular cyclisation (1.TSacap) to form cyclic acetal complex 1.AD. This
process then happens in reverse, with the overall reaction yielding an unchanged ynone, and

one in which the position of the carbonyl has changed.
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level of theory in kcal mol® with COSMO solvent correction in CH2Cl..



It was noted that the carbonyl of the uncoordinated ynone acts as a nucleophile, so studies were
performed to see if using an electron-rich aldehyde can increase the rate of reaction. A range of
substituted aldehydes (Figure 37) were tested experimentally, and it was shown that the
aldehyde did have a marked effect on the reaction rate, with benzaldehydes bearing electron-
donating functionalities in conjugation with the aldehyde showing the greatest increase in

reaction rate.

0. H O<__H
1.36,R=H

OMe OxH
N 1.37, R = p-OMe
| 1.38, R = m-OMe

X 1.39,R=p-NMe, MeO
R OMe 1.41
1.40

Figure 37. Aldehydes used in the further studies.

The DFT-calculated energies of the highest transition state barriers (1.TSasac and 1.TSaear) were
compared to the n?(rt)-coordinated alkyne 1.AB and the cyclic acetal complex 1.AD, for the
different additives (Table 4). This showed a difference in the transition state energies that
correlated with the experimental rate differences, with aldehyde 1.40 showing the largest

energy decrease for transition state 1.TSagsac.
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Table 4. DFT-calculated energies for the key transition states and intermediates of the gold-catalysed
transposition reaction of ynones with different additives. Energies are Gibbs energies at the TPSS-
D3/def2-TzVP//TPSS-D3/def2-SVP level of theory with COSMO solvent correction in CH2Cla.

R R
o] Q)\Rz R2J§(I)@ 0
Af)é,’//\Ph Ar/‘\\\HkPh
[AU] 1.TSagac 1.TSaear  [Au]
R

AN 4 W

1.AB 1.AD

+0.0 R' R2

o O.X.O

L@, )
Ar ® S Ar)\VH\Ph
[Au] Ph [Au]
Entry Additive AG AG AG
(1.TSasac-1.AB) (1.AD-1.AB) (1.TSaear—1.AD)
/ kcal mol™? / kcal mol™* / kcal mol™?

1 1.34 +13.5 +1.5 +8.9
2 1.35 +14.4 +2.1 +8.5
3 1.36 +14.9 -4.7 +18.7
4 1.37 +12.8 -2.3 +13.4
5 1.38 +14.1 -4.4 +17.1
6 1.39 +11.3 -1.3 +9.0
7 1.40 +10.5 -2.4 +11.3
8 141 +15.3 -9.9 +22.0

Furthermore, the energy of the transition state for loss of aldehyde (1.TSaeaf), was calculated to
be higher when pivaldehyde 1.41 was used (+22 kcal mol?) suggesting a greater kinetic stability
for the cyclic acetal intermediate. When the transposition reaction was done with 1.41 at 15 °C,
characterisation of the cyclic acetal intermediate was possible by recording *H and 2D NMR

spectra at 15 °C and 0 °C respectively.
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Additionally, using this improved methodology allowed for a challenging transposition reaction
with terminal alkyne 1.42 (Figure 38). A marked improvement in the NMR vyield of 1.43 was

observed, from 11% to 69%, with fewer side products.

IPrAuNTf, (15 mol%)
1.40 (15 mol%)
d2-DCM, RT

1.42 1.43
69% NMR vyield after 20 hr
IPrAuNTf, (15 mol%)
d2-DCM, RT

1.43 + side products
11% NMR yield after 19 hr

Figure 38. Transposition reaction using challenging substrate 1.42.

154

Recent work published by Kreuzahler and Haberhauer,*** explored the mechanism of the gold(l)-

155 156

catalysed 1,2-haloalkynylation reactions of haloalkynes,*>> alkynes!® and alkenes'>”**® (Figure

39) using DFT and *3C-labelling, to compare previously proposed mechanisms.
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Figure 39. Gold(l)-catalysed 1,2-haloalkynylation reactions of haloalkynes, alkynes and alkenes.

13C-labelling experiments (Figure 40) determined that in the 1,2-haloalkynylation of internal
alkyne 1.55, the 3C-labelled atom was heavily biased to be closest to the aryl group in both
alkyne products 1.56 (with chlorophenylacetylene 1.54) and 1.58 (with bromophenylacetylene
1.57). Further work which studied the dimerisation reactions of 1.54 and 1.57 showed a much
less biased distribution of *C-labelled atoms, and the 1,2-haloalkykylation reaction with alkene
1.61 showed a single product (1.62). It was proposed that the selectivity was determined during

the initial step and the observed distribution was related to the relative transition state energies.
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Figure 40. 3C-labelling experiments of 1,2-haloalkynylation reactions. The red circled atoms denote 3C-labelled atoms. [Au]* = [(JohnPhos)AuNCMe]*.
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Initially, the energies of the transition states from both sites of possible nucleophilic attack of an
alkyne into the n(r)-alkyne gold(l) complex were calculated (Figure 41). A range of alkynes were
considered, and in each case, route B was significantly lower in energy than route A (7.0-7.4 kcal
mol?), corresponding to preferential attack adjacent to the aryl group of the gold(l)-coordinated
alkyne (1.TSaua). Due to the large difference in energies between the two transition states, only
a single product isomer of 1.56, 1.58, 1.59 and 1.60 would be expected, if the initial nucleophilic
step was key as initially proposed, therefore, the reactivity of carbocation 1.Al and 1.AJ was

considered. Only carbocation 1.Al, from the lowest energy pathway will be discussed.
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Figure 41. DFT-calculated energies for the initial nucleophilic attack in gold(l)-coordinated alkyne.
Energies are Gibbs energies in kcal mol™ at the B3LYP-D3BJ//6-311++G(d,p),def2TZVP//B3LYP-D3BJ/6-

31G(d),def2-TZVP level of theory with SMD solvent correction in DCE. [Au] = (JohnPhos)Au*.

Considering vinyl cation 1.Al (Figure 42), a transition state for the formation of bicyclic indene
complex 1.AN was found, however this pathway was predicted to be 8.3 kcal mol? in energy
higher than the formation of chloronium complex 1.AK. This complex can then form enyne 1.AL’

via direct phenyl migration TSakav, or alternatively, via unusual cyclopropenylmethyl cation
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1.AM (discussed further in the paper), which facilitates an alkyl-migration via transition state
1.TSawac to also yield enyne 1.AL, with the 3C-labelled carbon in a different position. These two
pathways are predicted to differ only by an energy of 1.0 kcal mol™ and therefore both pathways
could be expected to be followed. It should be highlighted here that no direct experimental

outcome can be compared as 1-phenyl-1-propyne was used as a model substrate.
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Figure 42. DFT-calculated energies of possible reaction routes from 1.Al. Energies are Gibbs energies in kcal mol™? at the B3LYP-D3BJ//6-311++G(d,p),def2TZVP//B3LYP-
D3BJ/6-31G(d),def2-TZVP level of theory with SMD solvent correction in DCE. [Au] = (JohnPhos)Au*
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A similar series of calculations were performed for the addition of isobutene into
chlorophenylacetylene 1.54. Again, both possible transition states were considered for the initial
nucleophilic attack in to the n?(r)-alkyne gold(l)-coordinated complex (Figure 43), with addition
into the alkyne directly next to the aryl group predicted to be favoured by 6.3 kcal mol™? via

transition state 1.TSaoar. The authors considered the reactivity of carbocation 1.AP and 1.AQ,

however, only carbocation 1.AP, from the lowest energy pathway will be discussed here.
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1.AQ route A R route B
+3.2 1.AO 1.AP
0 -0.8
Ph ;
Au +
Al Ph—==8-Cl Ph o cCl
|
[AU]@ [AU]

Figure 43. DFT-calculated energies for the initial nucleophilic attack in gold(l)-coordinated alkyne with
isobutene. Energies are Gibbs energies in kcal mol™ at the B3LYP-D3BJ//6-
311++G(d,p),def2TZVvP//B3LYP-D3BJ/6-31G(d),def2-TZVP level of theory with SMD solvent correction in
DCE. [Au] = (JohnPhos)Au*.

The fate of carbocation 1.AP was considered (Figure 44). A transition state for a cyclisation was
found (1.TSapeu) but this was calculated to be 18.1 kcal mol™ higher in energy than the transition
state for chlorine migration (1.TSapar). The resulting chloronium cation (1.AR) can then further
migrate to gold(l)-vinylidene complex 1.AS via low-lying transition state 1.TSaras (—0.3 kcal mol
1) from carbocation 1.AR. From vinylidene complex 1.AS, either an aryl (1.TSaras) or alkyl
(1.TSaras) migration can take place, but the transition state energy for aryl migration is lower by
7.1 kcal mol, so it was proposed that this was the only accessible pathway. This results in alkyne

product 1.AS’ which matches the experimentally observed position of the 3*C-labelled atom.
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Figure 44. DFT-calculated energies of possible reaction routes from 1.AP. Energies are Gibbs energies in kcal mol™* at the B3LYP-D3BJ//6-311++G(d,p),def2TZVP//B3LYP-
D3BJ/6-31G(d),def2-TZVP level of theory with SMD solvent correction in DCE. [Au] = (JohnPhos)Au*.
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With key transition states that control the position of 1*C-labelled atom of the haloalkynylation
reaction postulated, substituent effects were then considered (Figure 45). The transition states
1.TSakard and 1.TSamard were found to only have a 0.6 kcal mol? difference in energy when the
p-methoxy-substituted alkyne (d in Figure 45) was investigated. This alkyne was selected as an
analogue of 1.55 to directly compare the experimental outcome (Figure 40) more accurately.
The gold(l)-catalysed dimerisation of chlorophenylacetylene 1.54 was considered, and a 1.9 kcal
mol?! energy difference between routes B2 and B1, in favour of route B1, was found, which
matches the experimentally observed outcome for the 3*C-labelled position, with a slight excess
(57%) of B-aryl labelled product 1.59 formed. When the dimerisation of bromophenylacetylene
1.57 was considered, route B1 was again predicted to be lower in energy by 2.4 kcal mol™. Whilst
it might be expected that experimentally the ratio of B-aryl labelled product 1.60 should
increase, instead a 60% yield of a-aryl labelled product 1.60' was achieved, further highlighting
that care must be taken when working with calculated relative energy differences which are

small, with experimental benchmarking required.
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Figure 45. DFT-calculated energies of possible reaction routes from 1.AK, with different reactants.
Energies are Gibbs energies in kcal mol™ at the B3LYP-D3BJ//6-311++G(d,p),def2TZVP//B3LYP-D3BJ/6-
31G(d),def2-TZVP level of theory with SMD solvent correction in DCE. [Au] = (JohnPhos)Au*.

A more significant selectivity effect was observed when comparing the effect of different ligands
on the haloalkynylation reaction (Figure 46). Using trimethylphosphine instead of JohnPhos as
the gold ligand in the calculations showed a significant change in the predicted selectivity. For
the reaction of chlorophenylacetylene 1.54 and 1-methoxy-4-(prop-1-yn-1-yl)benzene (d and g),
the transition state energy for route B1 using trimethylphosphine (1.TSakamg) Was increased to
be above that of route B2 (1.TSakarg) by 1.4 kcal mol?, Experimentally (Figure 47), an increased
yield of the a-aryl labelled product 1.56' was observed, more closely matching the DFT-predicted

outcome.
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Figure 46. DFT-calculated energies of possible reaction routes from 1.AK, with different ligands. Energies
are Gibbs energies in kcal mol! at the B3LYP-D3BJ//6-311++G(d,p),def2TZVP//B3LYP-D3BJ/6-

31G(d),def2-TZVP level of theory with SMD solvent correction in DCE. [Au] = (JohnPhos)Au*.
Furthermore, a similar effect was observed with the dimerisation of chlorophenylacetylene 1.54.
Instead of an energy difference of 1.9 kcal mol™ in favour of route B1 (1.TSakamc) with JohnPhos,
the selectivity was reversed and route B2 (1.TSakacf) was favoured by an energy difference of
1.6 kcal molt. Experimentally (Figure 47), rather than a 57:43 ratio of products, a 7:93 ratio was

observed, with a higher amount of 3C-labelling being next to the alkene (1.59’), matching the

DFT-predicted outcome.
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Figure 47. Reactions comparing the *3C-labelling of 1,2-haloalkynylation reactions using (JohnPhos)Au*
and (MesP)Au*. Ar = C¢Hs-4-OMe.

1.2.4 Summary
Computational chemistry can be an extremely useful tool to better understand reactions when
used correctly, with the examples detailed herein demonstrating some such uses in gold(l)
catalysis. However, as well as considering the level of theory used, care must also be taken that
what is being modelled is an accurate description of the experimental conditions. This includes
factors such as using a reasonable conformation of the molecules, factoring solvation into the

calculations and whether to include the anion in the reaction.

The question of whether to include the anion from the gold(l) precatalyst in the calculation
appears to be best answered on a case-by-case basis. In non-polar solvents, ion separation is
not as pronounced, so a consideration of anion effects is particularly important — typically
locating this in areas where a positive charge is localised or in positions that hydrogen-bonding
can occur. If the reaction modelled directly involves groups where hydrogen-bonding is possible,
alcohols or amines for example, then the anion could potentially have a pronounced effect on
the observed energies calculated. In these cases, then it is proposed that the anion should be
modelled explicitly, especially if the DFT model does not agree with experiment. In the case of
close-contact ion-pairs, then additional evidence may need to be gathered to determine the

topology of the ensemble.
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Using DFT to explore the selectivity of gold(l)-catalysed reactions is a natural fit due to the often-
unsymmetrical nature of the unsaturated C-C bonds which gold chemistry is famed for
activating. The regioselectivity can often be accurately predicted by DFT, which can then lead to
the development of new substrates or different ligands to see if the selectivity can be improved
or altered. Therefore, care must be taken to ensure that over-analysis of small-energy

differences does not contradict the experimental outcomes.

Benchmarking the DFT results with comparison to the experiment is key to ensure that the
model used is an accurate description. Utilising methods such as NMR spectroscopy and in situ
IR to monitor reactions in progress could provide the evidence which helps verify the model
used. Additionally, exploring the kinetic profile of the reaction and comparing with the

calculated transition-state energies is also important.
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1.3 Project Aims and Thesis Structure
The overall aim of the work presented in this thesis, was to use DFT calculations to better
understand chemistry developed within the Unsworth group and Lynam groups, and to then use

the insight gained from the calculations to improve the work or inspire new methods.

In Chapter 2, work exploring an acid- and base-mediated quinoline rearrangement from
spirocyclic indolenines is presented. The rearrangement was already established when acidic
conditions were used (see Section 2.1 for further details), however the reaction under basic
conditions presented an opportunity for further study. Additionally, the temperatures required
to afford the rearrangement varied greatly depending on the conditions used, and DFT was used

to study this in greater detail.

In Chapter 3, an intermolecular gold(l)-catalysed coupling reaction between an indole and
alkyne was developed. This represents further progression from the silver(l)- or gold(l)-catalysed
intramolecular spirocyclisation reactions which were developed within the Taylor and Unsworth
groups and presented an opportunity to overcome the challenges of 3-vinyl indole formation
(see Section 3.1 for further details). During this work, the intermolecular reaction was found to
be less efficient than the intramolecular analogue, and this was studied further using DFT and
NMR techniques, providing insight into the speciation and coordination chemistry of gold(l)

catalysts.

Chapters 4 and 5 focus primarily on the Successive Ring Expansion (SURE) chemistry developed
previously within the Unsworth group (see Section 4.1.5 for further details). Chapter 4 provides
a thorough benchmarking of DFT methods, with comparison to data from ring expansion
reactions performed by members of the Unsworth group, to establish an accurate method to

aid in the development of further SuRE reactions.

Chapter 5 focuses on work to further the scope of the SuRE reactions, using an acyl-transfer
reaction to acylate the nitrogen atom of a lactam, rather than a direct N-acylation which is used
currently (see Section 5.1.1 for further details). DFT calculations were used to determine a
method to achieve the acyl-transfer reaction, with experiments then performed to validate the

approach.
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Chapter 2. Synthetic and Mechanistic Studies into the
Rearrangement of Spirocyclic Indolenines into Quinolines

2.1 Introduction
2.1.1 Quinolines

The quinoline moiety is a bicyclic, heteroaromatic framework consisting of two 6-membered
rings, one of which contains a basic nitrogen atom. They have shown to have a diverse range of
biological activities, demonstrating antimalarial,’>® anti-bacterial,**® anti-fungal,'®! anti-viral,®?
and anti-cancer®®® properties to name a few.'®*1¢> Selected examples (2.1-2.5) are shown in

Figure 48, with the quinoline moiety highlighted in blue.

J\/\/ K o
HN N~ CF,4 OW

N N O-N OEt
= =
Cl N FsC N™ "CF3
Chloroquine 2.1 2.2
(antimalarial) (anti-bacterial, effective against

Mycobaterium tuberculosis)

AN H Cl
N
—
N HN Y
N o
N
90R ’
N
23 24
(anti-fungal) (anti-viral)

° |
N

(2
HON/

TAS-103 2.5
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N
H

Figure 48. Select examples of quinoline-containing molecules (2.1-2.5) which display biological activity,
with the quinoline moiety highlighted.

Many named reactions have been reported for the synthesis of quinolines.'®® Commonly simple
anilines are used, such as in the Skraup,®’ Doebner-von Miller,®® and Conrad-Limpach
reactions.!®® However, other syntheses are available which use specifically substituted anilines,

or closely related compounds, such as the Friedlander,’%"! and Pftizinger reactions.”?
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2.1.2 Rearrangement of spirocyclic indolenines to quinolines
In 2016, Liddon et al. reported the synthetic utility of indolyl-tethered ynones 2.6 in divergent
catalysis, with a range of structurally diverse compounds available from a common starting
material (Figure 49),*2 including carbazoles (2.9), spirocyclic indolenines (2.8) and tricyclic-fused

quinolines (2.8).

@]
AGOTH (1 Mol AICl3.6H,0
N 90Tr (1 mol*) _(5mol%) (=0
r DCM (0.1 M) R i-PrOH (0.1 M)
N RT, 2 h 100 °C, uW N/
H 30 mins
2.6 2.7 2.8
13 examples 13 examples
DCM (0.1 M)| [PPhsAu(NTf,)], Tol (84-100%) (67-92%)
RT, 16 h (5 mol%)
OH
O O R = alkyl or Ar
N R
H
2.9
9 examples
(50-97%)

Figure 49. Divergent synthesis of spirocyclic indolenines 2.7, quinolines 2.8 and carbazoles 2.9 from
indolyl-tethered ynones 2.9, as reported by Liddon et al.}”3

The formation of quinoline compounds (2.8) from spirocyclic indolenine species (2.7) constitutes
an unusual one-atom ring expansion. It was proposed that AICl;.6H,0 acts as a Lewis acid
catalyst, and upon coordination to the imine and carbonyl of 2.7, tautomerisation occurs (2.7 >
2.10). The resultant enol species 2.10 then cyclises to form 2.11, which contains a cyclopropyl
ring. The fragmentation and ring expansion of 2.11, followed by aromatisation, results in the

quinoline product 2.8 (Figure 50).

75



AICl3.6H,0
'PrOH

Figure 50. Mechanism for the quinoline rearrangement proposed by Liddon et al. to form quinoline 2.8
from 2.7.173 X = Cl or PrO.

A series of control experiments were used to provide evidence for the proposed mechanism.
Cyclopentanol-containing spirocyclic indolenine 2.13 was heated with AICl3.6H,0 (the standard
quinoline rearrangement conditions), however, no quinoline product 2.14 was isolated (Figure
51a). Instead carbazole 2.15 was formed from an acid-catalysed 1,2-migration of the alkenyl
group. Furthermore, the addition of LHMDS to spirocyclic indolenine 2.7a to promote enolate
formation, resulted in the desired quinoline 2.8a (Figure 51b). These experiments reinforced the

idea that enol or enolate formation is a key part of the rearrangement.
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Figure 51. Control experiments performed by Liddon et al. a) The reaction of cyclopentanol spirocyclic
indolenine 2.13 with AlCl3.6H20. b) The reaction of spirocyclic indolenine 2.7a with LHMDS.

Fedoseev et al. expanded on the reported work by Liddon et al., publishing metal-free variants
of the spirocyclisation and quinoline rearrangement reactions of the indolyl-tethered indoles
(2.6).Y% The authors were able to achieve a temperature-switchable synthesis of spirocycle 2.7
or quinoline 2.8 using Brgnsted acids (Figure 52). A range of acids and temperatures were
screened using indolyl-tethered ynone 2.6a as a model substrate. The optimal conditions are
shown in Figure 52, with spirocyclic indolenine 2.7a formed at room temperature, and quinoline

2.8a formed when high temperatures were used.

o) 0
TFA/CHClI, TFA/CHCI, Ph
(1:1, 0.1 M) (1:1, 0.1 M)
QAL N [ o
Ph RT, 15 min A\ b 100 °C, uW
7 N 30 min =
N H N
2.7a 2.6a 2.8a
99% 99%

Figure 52. Temperature-switchable TFA mediated synthesis of 2.7a and 2.8a from indolyl-tethered
ynone 2.6a, as reported by Fedoseev et al.*’*

2.1.3 Project aims
Whilst a mechanism was proposed for the AlCl;.6H,0-mediated quinoline rearrangement, there

is no indication as to why a high temperature is required to afford the transformation, when the
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LHMDS control reaction occurs readily at room temperature. Indeed, the TFA-mediated reaction

reported by Fedoseev et al. forms spirocyclic indolenines 2.7 selectively at room temperature.'’*

Therefore, the aims of this project were to use DFT calculations to explore the reasons why the
quinoline rearrangement reaction occurs readily at room temperature with LHMDS, yet under
acidic conditions, heating is needed. Furthermore, the scope of the LHMDS-mediated
rearrangement was relatively unexplored. Therefore, the scope of the quinoline rearrangement
under basic conditions was tested, to provide a milder and complementary approach to

synthesise the quinoline products.

Throughout this section, numbers are used to indicate compounds (e.g. 2.1), whereas DFT
calculated states are denoted by letters (e.g. 2.A), with transition states labelled specifically as

‘TS’ (e.g. 2.TSw, Which refers to the transition state connecting state 2.C and 2.D).
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2.2 Synthetic and Mechanistic Studies into the Rearrangement of
Spirocyclic Indolenines into Quinolines
2.2.1 Starting Material Synthesis

Throughout the project, a number of spirocyclic indolenines were required to be synthesised to
be used as substrates for the quinoline rearrangement. This section discusses the synthesis of
these molecules, and is broken up into Weinreb amide synthesis, indolyl-tethered ynone

synthesis and spirocyclic indolenine synthesis.
Weinreb amide synthesis

Following the general procedure used within the Unsworth group,'’”® Weinreb amides 2.16a—c
were made in high yields via an amide coupling reaction using commercially available indole-3-

acetic acid derivatives (2.17a—c, Figure 53).

@] @]
CDI (1.35 eq) _OMe
R2 OH ' MeNH(OMe).HCI (1.1 eq) R2 NC
\ R1 \ R1
N DCM (0.4 M), RT, 2.5 h N
H H
217a-c 2.16a—c
@) O @]
N-OMe N-OMe N-OMe
/ \ Br /
A\ N\ N\
2.16a 2.16b 2.16¢
81% 87% 92%

Figure 53. Synthesis of Weinreb amides 2.16a—c using CDI amide coupling with indole-3-acetic acid
derivates 2.17 using the method reported by Liddon et al.}”3

The synthesis of a-benzyl substituted amide 2.16d was more challenging. Indole-3-acetic acid
(2.17a) was treated with an excess of LDA to form a trianionic enolate species, which was
reacted with benzyl chloride to introduce the benzyl group. After 16 hours, the reaction was
worked-up, and the crude mixture was subjected to amide coupling using T3P and N,O-
dimethylhydroxylamine hydrochloride, to afford the desired Weinreb amide (2.16d). A low yield
of 21% was achieved over the two steps, which was similar to the 31% vyield previously

reported.'’
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1. LDA (4 eq), BnClI (2.2 eq)
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OH R
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N DIPEA (3 eq), MeNH(OMe).HCI (1.1 eq) N

H RT, DCM (0.3 M), 1 h H

2.17a 2.16d
21%

(over 2 steps)

Figure 54. Synthesis of benzyl-substituted Weinreb amide 2.16d, as reported by James et al.?’”>

Indolyl-tethered ynone synthesis

Next, the Weinreb amides (2.16a—-d) were converted into indolyl-tethered ynones (2.6a—f),

following a literature procedure (Figure 54).17° Here, n-Buli was used to deprotonate terminal

acetylenes (2.18a-c) to form an excess of a lithiated acetylide species in situ, which was then

transferred to a cooled solution of the previously synthesised Weinreb amides (2.16a—d). The

resulting indolyl-tethered ynones (2.6a—f) were isolated in moderate to good yields.
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Figure 55. Synthesis of indolyl-tethered ynones 2.6a—f using acetylenes 2.18a-c, as reported by James et
0/.175

Spirocyclic indolenine synthesis
Sprirocylisation of the indolyl-tethered ynones (2.6a—f) was then performed using silver triflate
as a catalyst to activate the alkyne to nucleophilic attack from the indole moiety (Figure 56).1°

After purification, high yields of spirocyclic indolenines (2.7a-h) were isolated.
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Figure 56. Synthesis of spirocycles 2.7a~h, as reported by James et al.}”> 2 Reaction time of 1 hour."
Reaction time of 3.5 hours. ¢Reaction time of 2 hours. 9Reaction time of 1.5 hours. ¢ The indolyl-
tethered ynones required for 2.7g and 2.7h were made by Dr Aimee Clarke and Dr Hon Eong Ho

respectively.

Tetrasubstituted-alkene spirocycles were also synthesised, using a one-pot spirocyclisation and
palladium cross-coupling procedure, reported by Ho et al.’® Spirocyclic indolenines 2.7i and 2.7j

were able to be successfully synthesised in modest to good yields respectively.
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Figure 57. Palladium-catalysed synthesis of spirocycles 2.7i and 2.7j, as reported by Ho et a/.}

2.2.2 Temperature Screening
The conditions reported for the quinoline rearrangement as reported by Liddon et al. (using
AlCl;.6H,0) and Fedoseev et al. (using TFA), both utilised microwave heating at high
temperatures of 100 °C.17*17% Before starting the DFT studies it was decided to explore if the
reactions needed such harsh conditions, due to the implications this would have on the viability

of the DFT-calculated energies for the predicted transition states.

Phenyl-substituted spirocyclic indolenine 2.7a was chosen as the model compound since high
yields have been achieved using both acidic conditions to be studied. The acidic rearrangement
reactions were performed under the standard reaction conditions, using conventional heating.
The reactions were left for 24 hours before an aliquot was taken from the mixture, and a crude

'H NMR spectrum was recorded to assess if the reaction was complete.

The reactions using AlCl;.6H,0 (Entries 1-4, Table 5) demonstrated that whilst heating is
required, 100% conversion can still be achieved at 80 °C. Partial conversion of 38% was seen at
50 °C, however upon lowering the reaction temperature to 40 °C, no conversion was seen, with

only unreacted 2.7a observed in the crude 'H NMR spectra.

The reactions utilising TFA were similar in that the reactions tolerated lower temperatures than
the optimal conditions reported by Fedoseev et al. at 100 °C (Entries 5-8, Table 5).17* Full
conversion was seen as low as 40 °C, albeit with unidentified side products becoming more

prominent. Additionally, at room temperature 54% conversion was still achieved. It is possible
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that the much larger amount of acid present in the TFA conditions (than the AICl;.6H,0

reactions) facilitated the increase in conversion.

Table 5. Temperature scope of the rearrangement of spirocyclic indolenine 2.7a into quinoline 2.8a in
acidic conditions.

Ph
various conditioni N 0
N
2.8a
Entry Conditions Conversion!?

1 40 0%
2 50 AlCl3.6H,0 (5 mol%) 38%
3 80 2 i-PrOH (0.1 M) 100%
4 100 100%
5 RT 54%
6 40 1:1 TFA/CHCl3 100%!
7 50 2 (0.1 M, 60 eq of TFA) 100%
8 60 100%

el Calculated by the ratio of 2.7a to 2.8a in the crude 'H NMR spectra. ! All starting material was

consumed, however unidentified products were also formed.

Whilst LHMDS was used to afford the quinoline rearrangement in the initial screening reported
by Liddon et al.,*”® the scope of the reaction hadn’t been explored. Therefore, the temperature
required for the rearrangement of 2.7a into quinoline 2.8a using LHMDS was also evaluated. A
solution of 2.7a in THF was cooled to -78 °C for the addition of LHMDS. After 5 minutes the
reaction was then transferred to an ice bath of the required temperature. After the chosen
reaction time, a work-up was performed and a crude *H NMR spectra was recorded to determine

the reaction conversion.

The results showed that the LHMDS-mediated quinoline rearrangement can be performed at
much lower temperatures than under the acidic conditions (Table 6), with 58% conversion still

seen at —46 °C in 3 hours. This demonstrated that the quinoline rearrangement of spirocyclic
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indolenines can be performed under milder and complementary conditions, to potentially

support a different range of functional groups to that of the acidic conditions.

Table 6. Temperature scope of the rearrangement of spirocyclic indolenine 2.7a into quinoline 2.8ain
basic conditions.

Ph
LHMDS (1 e
( Q)= N 0
Ph THF (0.1 M), Ar P
N
2.8a

Entry Temp/°C Time/h Conversion!?

1 RT 0.5 100%
2 0 0.5 100%
3 -20 1.5 100%
4 -46 3.0 58%

s Calculated by the ratio of 2.7a to 2.8a in the crude *H NMR spectra.

2.2.3 Substrate Scope
The scope of the LHMDS-mediated quinoline rearrangement was tested using the previously
synthesised spirocyclic indolenine species 2.7a=j, to compare its utility against the reported
acidic-mediated reactions (Figure 58).17>'74 In a minor change from the conditions previously

used, a slight excess of LHMDS was used.

Generally, the LHMDS-mediated quinoline rearrangement was tolerant to a range of
substitution patterns on the indolenine, with both substitution in the C-2 position, and electron-
withdrawing groups tolerated. The quinoline rearrangement was successful with both alkyl and
aromatic functionalities present on the cyclopentenone alkene. The TBS-protected alcohol
present in quinoline 2.8k also withstood the reaction, highlighting the synthetic utility of this
additional approach, as TFA has been reported for the selective deprotection of primary TBS-

protected alcohols.}”7178
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Figure 58. Successful synthesis of quinolines 2.8a—k using LHMDS.  Reaction time of 30 minutes. °
Reaction time of 1 hour. ¢ Reaction time of 1.5 hours. ¢ Quinoline 2.8h was made by Dr Aimee Clarke. ©
The spirocyclic indolenine required for 2.8k was synthesised during a previous study.

Tolyl-substituted quinoline 2.8j was formed as diastereoisomers in a 70:30 ratio. Comparison of
the J values for 2.8j with data reported previously for 2,3-disubstituted indanone species,*”
suggested that the major product is the trans-isomer, due to a small 3/ coupling constant of 1.5
Hz; whilst the minor isomer has a larger 3/ coupling constant of 7.0 Hz. When structurally related
spirocyclic indolenine 2.7i was used in the LHMDS-mediated reaction (Figure 59), the desired

quinoline product 2.8i was formed as a single diastereoisomer, which was assigned as the trans
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configuration due to its small 3/ coupling of 3.5 Hz.1”® Additionally, a low yield of oxidised
quinoline 2.19 was also formed. It was proposed that the additional conjugation present in the

product (2.19) made 2.8i more susceptible to oxidation under the reaction conditions.

Ph
LHMDS (1.2 eq) o
X +
THF (0.1 M) _
—-78°C > RT, 2.5 h, Ar N
2.8i 2.19
60% 20%

Figure 59. Formation of quinoline 2.8i and oxidised quinoline 2.19 from the LHMDS-mediated reaction
of 2.7i.

The only substrate tested that failed to deliver the quinoline upon reaction with LHMDS was
spirocyclic indolenine 2.7b. Some spirocyclic indolenines are well documented to trimerise in
solution, and this was the case for this system (2.20, Figure 60a). It was demonstrated by Jackson
et al. that the addition of an acid such as TFA can break the trimer compound in situ.'® However,
upon addition of LHMDS to a solution of 2.7b, an intractable mixture was formed, with no
formation of the desired quinoline 2.8b detected (Figure 60b). Therefore it is proposed that
spirocyclic indolenines which display an equilibrium with a trimer species require the use of

acidic conditions, with successful syntheses of this type previously reported.'’>74
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N/ THF (0.1 M)

—-78°C > RT, 2 h, Ar N
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Figure 60. a) Trimer species 2.20 formed from n-butyl substituted spirocyclic indolenine 2.7b. b)
Unsuccessful quinoline formation from spirocyclic indolenine 2.7b.

Overall, the scope of the LHMDS-mediated rearrangement is complementary to that of the acid-
mediated rearrangement. Broadly, similar functionalities are tolerated, although the reactions
using LHMDS are successful at lower temperatures, which should provide scope for compounds

which are heat or acid sensitive.

2.2.4 DFT Calculations
The rearrangement of spirocyclic indolenines to quinolines was modelled using DFT methods.
The procedure was as follows. Geometries were optimised at the BP86/SV(P) level of theory.
Frequency calculations demonstrated that states were either minima on the potential energy
surface (no imaginary frequencies) or transition states (one imaginary frequency). The frequency
calculations were also used to provide the thermodynamic corrections. The electronic energies
of the structures were then re-evaluated at the D3(BJ)-PBEO/def2-TZVPP level. Solvent effects
were modelled using a PCM model in THF or chloroform for the basic and acidic conditions

respectively.

The overall free energy change for the rearrangement were considered, using spirocyclic

indolenine 2.7a as the model compound (Figure 63). The reaction was calculated to be exergonic

88



by -89 kJ mol?, likely due to rearomatisation with the formation of the quinoline core. The

mechanism of the rearrangement was then considered under both the base- and acid-mediated

pathways.
Q Ph
\\! Ph : \ O
) AGpgg = -89 kJ mol” _
N N
2.7a 2.8a

Figure 61. DFT-calculated energy for the formation of quinoline 2.7a from spirocyclic indolenine 2.8a.
Energies are Gibbs free energies calculated at the D3(BJ)-PBEQ/def2-TZVPP//BP86/SV(P) level of theory
with PCM solvent correction in THF.

Base-mediated pathway

The pathway of the LHMDS-mediated reaction was considered first. It was proposed that a
lithium enolate species would form by deprotonation of the most acidic protons, a to the
carbonyl. To determine if the lithium ions are important to the reaction mechanism, a control
reaction was performed in which 2 equivalents of TMEDA were added to chelate to and
sequester the lithium ions. No change in the conversion of 2.7a was seen by H NMR
spectroscopy, and therefore the lithium ion was believed not to be playing a significant role in

the reaction and therefore omitted during the subsequent DFT calculations.

0 Ph
TMEDA (2 eq)
| LHMDS (1 eq)

W\ AN O
) Ph THF (0.1 M), P
N ~78 °C to RT, 30 min, Ar N
2.7a 2.8a

100% Conversion?

Figure 62. TMEDA control reaction of the rearrangement of spirocyclic indolenine 2.7a using LHMDS. @
Calculated by the ratio of 2.7a to 2.8a in the crude *H NMR spectra.

The pathway for ring-opening was then modelled assuming that deprotonation of 2.7a had
occurred to form enolate 2.A, which was then used as the reference point for the calculations
(Figure 63). A low-lying transition state (2.TSas) was found at +19 kJ mol™ to result in tetracyclic
amide anion 2.B. Fragmentation of the cyclopropyl group then occurs via 2.TSgc at +16 kJ mol?
to result in enolate 2.C. From 2.C, a series of 1,5-hydride migration steps would result in anions

2.D, 2.E, 2.F and 2.G. Migration through 2.TScp was calculated to be most accessible at +33 kJ
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mol? (as opposed to 2.TScs at +77 kJ mol?) which corresponds to hydride migration in the
“anticlockwise” direction as drawn. After a second migration from 2.D through 2.TSpe (+16 kJ
mol?), enolate 2.E was identified as the resting state of the reaction, at =119 kJ mol™.

Protonation of 2.E during an acid work-up would result in the desired quinoline product 2.8a.
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Figure 63. DFT-calculated pathway for the base-promoted rearrangement of 2.7a to 2.8a. Energies are Gibbs free energies at 298.15 K in kJ mol™ at the D3(BJ)-

PBEO/def2-TZVPP//BP86/SV(P) level with PCM solvent correction in THF.
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The effect of using different DFT methods were determined for the base-mediated pathway.
First, the effects of the wB97XD and M06-2X functionals were tested by performing a single-
point calculation on the BP86/SV(P) geometries. Additionally, the energies taken from only the
BP86/SV(P) calculations were compared. Finally, when using the Pople basis sets, it is preferable
to include diffuse functions when modelling anions, therefore the energies were evaluated at

the D3(BJ)-PBEQ/6-311+G*//BP86/6-31+G* level of theory.

The collated energies at the different levels of theory used are shown in Table 7. The energies
at the D3(BJ)-PBEQO/def2-TZVPP//BP86/SV(P) level of theory, and those calculated from the
D3(BJ)-PBE0Q/6-311+G*//BP86/6-31+G* level of theory, are very similar, which therefore
demonstrates that using the Ahlrichs def2-TZVPP basis set is suitable for modelling the anions
without requiring diffuse functions. When different functionals were used, the energies of the
intermediate species were largely unaffected. The BP86 functional was found to lower the
transition state energies, whereas both the wB97XD and MO06-2X functionals increased the
energies. Overall, the shape of the potential energy surface remains the same as when the PBEO

functional was used, with no significant change in the conclusion.
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Table 7. DFT-calculated energies of the basic pathway PES (referring to Figure 63), at various levels of theory. Energies are Gibbs energies at 298.15 K in kJ-mol™ at

various levels of theory, with PCM solvent correction in THF.

Level of theory 2.A 2TSage 2.B 2.TSec 2.C 2TScp 2.TScc 2.D 2.TSpe 2.E 2.TSe¢ 2.F 2.TSw¢ 2.G
wB97XD/def2-TZVPP//BP86/SV(P) 0 +34 429 +39 -35 +56 +103 +14 +33 -108 +48 -95 +40 -61
MO06-2X/def2-TZVPP//BP86/SV(P) 0 +32 +24 +35 -38 +49 +96  +12 +29 -112 +42 -95 +36 -62

D3(BJ)-PBEO/def2-TZVPP//BP86/SV(P) 0 +19 +11 +16 -46  +33 +77 +8 +16 -119 +25 -89 +23 -66
BP86/SV(P) 0 +13 +2 +5 -60 +25 +65 +11 +10 -138 +12 -96 +11 -76
D3(BJ)-PBEO/6-311+G*//BP86/6-31+G* 0 +20 +13 +18 -44 +39 +83 +1 +20 -117 +31 -88 +24 -66
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As an aside, the reaction of a-benzyl substituted spirocyclic indolenine 2.7f, resulted in the
formation of quinoline compound 2.21, rather than the expected product 2.8f (Figure 64a). It
was proposed that 2.21 was formed from the migration of the benzyl group in an ‘anticlockwise’
fashion after ring expansion, analogous to the hydride migration through 2.TScp as calculated in
the DFT calculations (Figure 63). It should be noted that Liddon et al. reported the isolation of
quinoline 2.8l as a single diastereoisomer from indolyl-ynone 2.71 (Figure 64b).*”® It is proposed

that the higher temperature used in the acidic reactions is required for continued migration.

a) 0
Ph | LHMDS (1.2 eq)
“Spp THF (0.1 M)
/ ~78°C - RT, 1 h, Ar
N
2.7f
b) Ph MeO
o) 1. AgOTf (1 mol%), RT, 3 h
2. AICl3 6H,0 (5 mol%),
§ \\ 100 °C, pW, 30 min . “,
O i-PrOH (0.1 M)
0
H
2.71 OMe
2.8l
79%

Figure 64. a) Reaction of spirocyclic indolenine 2.7f with LHMDS. b) Reaction of indolyl-tethered ynone
2.7l using the one-pot quinoline rearrangement procedure as reported by Liddon et al.,'”® resulting in
quinoline 2.8l.

Acid-mediated pathway

The acid-mediated pathway was also considered. However before starting the DFT calculations
for the acid-mediated pathway, the catalytically active species had to be determined. It was
proposed that in the quinoline rearrangement reactions using AlCl;.6H-0, ligand exchange could
occur between the chloride anions and the iso-propanol solvent, which would form aluminium

iso-propoxide (Al(O'Pr)3) and HCl.

Control reactions were performed in which either a catalytic amount of aluminium iso-
propoxide was used as a Lewis acid (Figure 65a), or 15 mol% of HCl was used (Figure 65b). Only

7% conversion of spirocyclic indolenine 2.7a was achieved when aluminium iso-propoxide was
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used, whereas full conversion of 2.7a was achieved using catalytic HCI. Therefore, it was
proposed that the conditions reported by Liddon et al. were Brgnsted acid catalysed, and hence

only this pathway was considered in the DFT calculations.

a) o}
Ph
| AI(O'Pr); (5 mol%)
‘/ Ph  PrOH (0.1 M), N
N 100 °C, W, 2 h =
2.7a 2.8a

7% Conversion

Ph
conc. HCI (15 mol%) 0
i-PrOH (0.1 M), i _
100 °C, uW, 2 h N
2.8a

100% Conversion

Figure 65. Control reactions of 2.7a with a) aluminium iso-propoxide and b) conc. HCI.

It was considered that the indolenine nitrogen would be the most basic site and protonated first,
therefore cation 2.H was considered as the starting point and reference state for the acid-
mediated quinoline rearrangement (Figure 66). Protonation on the carbonyl oxygen was also
considered (2.H’) however this had an energy of +37 kJ mol? corroborating the idea that

protonation on the nitrogen is preferred.

A transition state to form the cyclopropyl ring from 2.H was not located, however when the enol
tautomer 2.1 (+40 kJ mol?) was considered (Figure 66), a low-lying transition state for ring-
closing (2.TSu) was found at +46 kJ mol?, to form cation 2.J at +38 kJ mol™. Fragmentation of
cation 2.J through 2.TSy (+60 kJ mol?) can then occur to give intermediate 2.K (+26 kJ mol?). By
analogy with the base-mediated pathway, a series of 1,5-hydride shifts can occur to give
intermediates 2.L, 2.M, 2.N and 2.0. All the resulting cations are at a lower energy than H, with
a small bias towards cation 2.M (-64 kJ mol™). Tautomerisation and deprotonation can then

occur, to yield the observed product 2.8a.
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Figure 66. DFT-calculated pathway for the acid-promoted rearrangement of 2.7a to 2.8a. Energies are Gibbs free energies at 298.15 K in kJ mol™* at the D3(BJ)-
PBEO/def2-TZVPP//BP86/SV(P) level with PCM solvent correction in chloroform.
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Due to the strongly acidic conditions employed in the reactions using TFA, double protonation
of 2.7a could be envisioned to give state 2.P (Figure 67), however, attempts to find a transition
state were unsuccessful, a relaxed scan of the cyclopropanation C—C bond forming step
(equivalent to 2.TS;) was performed, and the electronic energy greatly increased (+284
kJ mol?) until a sudden rearrangement of the carbon framework occurred during the geometry
optimisation. Likewise, attempts starting from the neutral species 2.7a were also unsuccessful,
with a relaxed scan of the cyclopropanation C—C bond forming step (equivalent to 2.TS;;) showing
a greatly increased electronic energy (+240 kJ mol™? at the BP86/SV(P) level of theory), with no
energy maximum observed. These data demonstrates that a reactive intermediate must be

formed initially.

Figure 67. Dication 2.P formed from the double-protonation of 2.7a.

Under acidic conditions, a possible side reaction that might be seen with spirocyclic indolenine
species is a rearrangement via a 1,2-migration pathway to form carbazole species, which are not
observed during the quinoline rearrangement reactions.’! A transition state (2.TSkr) was found
for the C-3 to C-2 alkenyl migration from enol 2.1. Transition state 2.TSkr had a DFT-calculated
energy of +82 kJ mol™? which is much higher than the initial ring-closing step of the quinoline
rearrangement (2.TSy, +46 kJ mol?), which is in line with the lack of carbazole products formed

in the synthetic reactions.
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N H Ph
H
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Figure 68. DFT-calculated energies for the 1,2-migration of enol 2.l. Energies are Gibbs free energies at
298.15 K in kJ mol at the D3(BJ)-PBEO/def2-TZVPP//BP86/SV(P) level with PCM solvent correction in
chloroform.
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Pathway comparisons

The energetic spans of both the base- and acid-mediated pathways are +79 k) mol? (between
2.C and 2.TScp) and +91 kJ mol? (between 2.N and 2.TSun) respectively. An energetic span of
+79 kl moltis consistent with conversion at the low temperatures (58% at -46 °C) observed with
the LHMDS-mediated reactions (Table 6). However, the quinoline rearrangements performed
under acidic conditions would be predicted to be occur readily at room temperatures, which is
only seen when a large excess of acid is used in the TFA-mediated reactions (Table 5). However,
the nature of the keto-enol tautomerisation (between 2.H and 2.l) wasn’t modelled as it was
presumed to be complex and likely bimolecular. Therefore, it is suggested that in the acid cases,
keto-enol tautomerisation is rate-limiting, and the reason that much harsher conditions are

required when performing the quinoline rearrangement under acidic conditions.

2.2.5 Concluding Remarks
DFT calculations were used to explore the basic and acidic mediated pathways for the
rearrangement spirocyclic indolenines 2.7 to quinolines 2.8, to determine the reasons for the
large difference in temperature required. Both pathways were calculated to have energetic
spans that would enable the reaction to occur at room temperature. It is therefore proposed
that the unmodelled keto-enol tautomerisation under acidic conditions is the primary factor in

the reactions requiring harsher conditions.

In addition, a substrate scope has been performed with the LHMDS-mediated rearrangement,
which was previously used as a control reaction in previous work. The reaction demonstrates
tolerance for functional groups and substitution patterns and would likely be useful as a
complementary procedure where the spirocyclic indolenine might not tolerate acidic conditions

or harsh heating.

The work described within this section is the subject of a publication.!®
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Chapter 3. Selectivity, Speciation, and Substrate Control in the
Gold-Catalysed Coupling of Indoles and Alkynes

3.1 Introduction
3.1.1 3-vinylindoles

The indole moiety is a bicyclic, heteroaromatic structure which can be considered to consist of
both a benzene and pyrrole ring. Indoles are therefore electron-rich, with their chemistry
dominated by C-3 substitution reactions (the C-3 position is labelled in 3.1, Figure 69).%83 3-vinyl
substituted indoles have displayed a range of biological activities,'® % such as acting as
anticancer agents,'®1%7 or as enzyme inhibitors.!8818% Selected examples (3.1-3.5) are shown in

Figure 69, with the 3-vinylindole moiety highlighted in blue.

OMe
OMe
OMe
A\
N
H
3.2
(Anticancer agent)
o - N
N/
— O —
MeO
A\ A\
N N
H H
3.3 3.4
(Inhibitor for DenV protease) (Methuosis promoter)

Fuligocandin B 3.5
(Anticancer agent)

Figure 69. Select examples of 3-vinylindole-containing molecules (3.1-3.5) which display biological
activity, with the 3-vinylindole moiety highlighted.
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3.1.2 Gold-catalysed synthesis of 3-vinylindoles
The gold-catalysed synthesis of 3-vinylindoles from indoles and alkynes is challenging. In 2007,
Echavarren and co-workers reported the synthesis of bisindolemethane products 3.8 from the
gold(l) catalysed reaction between indoles 3.6 and terminal acetylenes 3.7 (Figure 70a).1*° The
authors proposed that the formation of the bisindolemethane products 3.8 are formed via 3-
vinylindole intermediates 3.11 (Figure 70b), which are made from the gold(l)-catalysed attack of
indoles 3.6 into the n%(rt)-coordinated alkyne (3.9 > 3.10), followed by protiodemetallation and
proton transfer (3.10 - 3.11). The addition of a second equivalent of indole 3.8 was then
suggested to be catalysed by either the gold(l) catalyst, or Brgnsted acid (from protons released
during the catalysis). Analogous bisaryl products have also been isolated using other
heteroaromatic compounds including pyrroles and furans.’®%%!, The formation of bisindole

species was an important consideration throughout the work undertaken in this chapter.
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Figure 70. a) Gold(l) catalysed synthesis of bisindolemethanes 3.8 from indoles 3.6 and acetylenes 3.7,
as reported by Echavarren and co-workers.**® b) Proposed mechanism for the formation of
bisindolemethanes 3.8, vig 3-vinylindole 3.11, as reported by Echavarren and co-workers. 1%°

Multiple research groups have attempted to develop methods to successfully isolate the 3-
vinylindole intermediate. In 2017, SchieRl et al. studied the hydroarylation of alkynes using
electron-rich heteroaromatics.'®> The authors reported an unusual effect, in which using a large
excess of pyrrole 3.12 (5 equivalents) not only resulted in an increased conversion of

phenylacetylene 3.13, but also a higher amount of the monosubstituted product 3.14 (Figure
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71a). However, this effect did not extend to indole 3.16, with higher amounts of

bisindolemethane 3.18 still observed in the *H NMR spectra (Figure 71b).

a) IPrAUNTf, Ph
(2 mol%)
@ + =—Ph | \ + NS =
N CDCN,RT, 10h S\ \ /
H H NH HN
3.12 3.13 3.14 3.15
3.14:3.15

1eqof3.12=1:1.62
5eq of 3.12 = 2.8:1P

b) Ph
IPrAUNTY, Ph
(2 mol%) Q
- CD4CN, RT, 10
N N HN NH

3.16 3.13 3.17 3.18
5
(5 eq) 3.17:3.18 = 1:11.8°

oy

Figure 71. Ratios of mono- and bis-addition products as determined by *H NMR spectroscopy for a)
pyrrole 3.12 and b) indole 3.16 as reported by SchieRl et al.}*?> # 51% conversion of 3.13." 100%
conversion of 3.13.€70% conversion of 3.13.

In 2020, McLean et al. reported the gold(l) catalysed synthesis of mono-substituted 3-vinylindole
species 3.20 using an excess of phenylacetylene 3.13 (Figure 72a).2% This method was limited to
indoles substituted in either the C-2 or C-4 positions (3.19) and unsubstituted indole 3.16 still

yielded the di-substituted product 3.18 (Figure 72b).
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Figure 72. Gold(l) catalysed hydroarylation of a) C-2 or C-4 substituted indoles 3.19 and b) indole 3.16 as
reported by McLean et al.'*3

The authors were able to overcome this limitation using C-2 Bpin-substituted indole 3.21 with
subsequent protiodeborylation (Figure 73), however the direct formation of 3-vinylindoles (e.g.

3.17) from unsubstituted indoles remained a challenge.

1. (PPh3)AuNTF, (10 mol%) Ph
\ MeCN, 50 °C, 24 h
Bpi —
N, o Ph 2. 50, b
H DCM, RT, 4 h N
3.21 3.13 3.17
(3 eq) 58%2

(over 2 steps)

Figure 73. Formation of 3-vinylindole 3.17 from C-2 Bpin-substituted indole 3.21 and phenylacetylene
3.13 in 2 steps using gold(l) catalysis with subsequent deborylation, as reported by McLean et a/.1%3 2
Reported as unstable to silica during column chromatography.

3.1.3 Mechanism of bisaryl formation
The mechanism for the formation of the bisaryl compounds (such as the bisindolemethanes) has
been explored both computationally and experimentally. Mehrabi et al. used DFT to investigate
the gold(l) catalysed formation of bispyrrole 3.15 with acetic acid as the solvent (Figure 74),%*! a

method which has also been used for the synthesis of bisindolemethane 3.18.
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(6 eq) 81%

Figure 74. Gold(l) catalysed formation of bispyrrole 3.15, as reported by Luo et al.**

Using propyne as a model acetylene, Mehrabi et al. reported the DFT-calculated energies for the
gold(l) catalysed formation of 2-vinylpyrrole 3.22, however more insightful were their studies
into the generation of bispyrrole (3.23, Figure 75). First, the pathway was calculated for the gold-
catalysed addition, starting from n?(r)-coordinated alkene 3.A. The transition state for pyrrole
3.12 addition (3.TSas) was calculated at an energy of +29.1 kcal mol? (at the D3-M06/def2-
TZVP// M06/LANL2DZ-6-31G(d) level of theory), to give complex 3.B at a high energy of +26.7
kcal mol™. Transition states for later deprotonation (3.TSsc) and protiodemetallation (3.TSca)
steps, mediated by acetic acid, were found to be inaccessible at energies of +45.5 and +51.6 kcal

mol? respectively.
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Figure 75. DFT-calculated energies for the gold(l) catalysed addition of pyrrole 3.12 to 2-vinylpyrrole

3.22. Energies are Gibbs energies in kcal mol™? at the D3-M06/def2-TZVP// M06/LANL2DZ-6-31G(d) level
of theory with CPCM solvent correction in AcOH. Reported by Mehrabi et al.

194
The energies were then calculated for the addition of pyrrole 3.12 to 2-vinylpyrrole 3.22,

promoted by Brgnsted acid formed from the interaction of the gold(l) catalyst with the acetic
acid solvent (Figure 76). The energetic span was calculated at +24.6 kcal mol™ with 3.TSg as the

highest energy state, which corresponded to pyrrole 3.12 addition to carbocation 3.F. The data
therefore suggests that the acid-promoted pathway is more likely to be in operation.

Whilst the computational study performed by Mehrabi et al. specifically focussed on the effects

reaction.'®®

of acetic acid,'** the formation of the bisaryl products has been efficient when no apparent acid
was added (Figure 71),190192193 |ikely due to trace amounts of acid formed in situ. during the

106



3.A
0.0

|
PMe3

Figure 76. DFT-calculated energies for the acid catalysed addition of pyrrole 3.12 to 2-vinylpyrrole 3.22.
Energies are Gibbs energies in kcal mol™ at the D3-M06/def2-TZVP// M06/LANL2DZ-6-31G(d) level of
theory with CPCM solvent correction in AcOH. Reported by Mehrabi et al.%*

A similar conclusion was found experimentally by SchieRl et al.®* Control experiments
performed by the treatment of isolated 2-vinylpyrrole 3.14 both with a gold(l) catalyst (Figure
77a) and bistriflimidic acid (Figure 77b) demonstrated that only the Brgnsted acid-catalysed

reaction formed the bispyrolle product (3.15).

a) IPrAuNTf,
(5 mol%)
@ ¥ W CD.CN.RT, 10 h
N N Ph =¥ \_NH HN-—7
3.12 3.14
(5eq) 0%
HNTf2
CD4CN, RT, 5 min
Ph 3 \_NH HN—/
312 3.14 3.15
(5eq) 87%

Figure 77. Control experiments performed by Scheifil et al. for the addition of pyrrole 3.12 to 2-
vinylpyrrole 3.14 using a) gold(l) catalysis and b) acid catalysis.'*?
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These studies have demonstrated that whilst the formation of the vinylaryl species (e.g. 3.17) is

likely gold(l) catalysed, Brgnsted acid is required to promote the second addition.

3.1.4 Intramolecular indole-ynone coupling
The Taylor and Unsworth groups previously reported the divergent reactions of indolyl-tethered
ynones 2.6, using silver(l) and gold(l) catalysis to afford spirocyclic indolenines 2.7 and
carbazoles 2.9 respectively (Figure 78).1731% These divergent reactions allow for the rapid
synthesis of a series of structurally diverse scaffolds from a single precursor, which could aid in
exploring different chemical space for drug discovery.'®”:1% |nterest in spirocyclic compounds

(e.g. 2.7) in particular has increased, due to the three-dimensional nature exhibited by the

compounds.?®®
OH 0 0
[PPh3Au(NTf,)], Tol AQOT)f
O (5 mol%) \ (1Mo |
-«< w\
O DCM (0.1 M) N 5 DCM (0.1 M) COR
N R RT, 16 h N RT, 2h 4
H H N
2.9 2.6 2.7
9 examples R = alkyl or Ar 13 examples
(50-97%) (84-100%)

Figure 78. Divergent synthesis of spirocyclic indolenines 2.7 and carbazoles 2.9 from indolyl-tethered
ynones 2.6, as reported by Liddon et a/.73

Further studies to expand the scope of the cyclisation reactions were conducted using indolyl-
tethered propargyl alcohols 3.24 (Figure 79).2% In contrast to the indolyl-tethered ynone (2.6)
examples, the use of silver triflate (AgOTf) was found to afford carbazole products 3.25, instead
of spirocyclic indolenines 3.26. It was suggested that this method proceed via an intermediate
spirocycle, but trace Brgnsted acid then promoted 1,2-alkenyl migration of the spirocyclic

intermediates to form carbazoles.®>
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OH HO
AgOTf
\ (10 mor%) O |
W\
A\ r THF (0.1 M) O \ R
N RT, 24 h N R /4
H H N
3.24 3.25 3.26
R =H, alkyl or Ar 10 examples not observed

(28-100%)

Figure 79. Synthesis of carbazoles 3.25 from indolyl-tethered propargyl alcohols 3.24 using silver(l)
catalysis, as reported by James et al.?%°

A mechanistic study was performed using DFT calculations to investigate the reasons for the
divergent cyclisation reactions of the indolyl-tethered ynones (2.6, Figure 80).2%! It was found
that spirocyclisation through C-3 attack would be the kinetically favoured pathway for both
silver and gold catalysis (via 3.TSy), with C-2 attack (via 3.TSy) calculated to be higher in energy.
It was therefore proposed that carbazole 2.9 formation is the thermodynamic product, and that
spirocyclisation is reversible. The protiodemetallation rate of the metal catalyst in vinyl complex
3.K, was proposed to be a major factor in the selectivity difference, with protonation of the
gold—carbon bond occurring slower than the equivalent silver—carbon bond. No transition state

was found for the 1,2-alkenyl migration of 3.K (which would give carbazole 2.9).
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\ N
Ph
N
H 3l
+3 P
3H 3.y
+3
° @
o—[M]
/
N
Ph

R
LG

[M] = Au(PPh)
— [M] = Ag(PPh3)

Figure 80. DFT-calculated pathway for the silver(l) and gold(l) catalysed cyclisations of indolyl-tethered ynones 2.9, as reported by Lidden et al.?°! Energies are Gibbs
energies at 298.15 K in k) mol* at the D3-PBEQ/def2-TZVPP//BP86/SV(P) level of theory with COSMO solvent correction in CH2Cl>.
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The energies of the transition states for the C—C bond forming steps were calculated to be very
low, with n*(0) coordinated complex 3.H as the reference state for these calculated energies
(for both silver and gold catalysis). C-3 attack, via 3.TSy, was calculated at +20 kJ mol™? for silver
catalysis, and =8 kJ mol™* with gold catalysis. Transition states were also found for C-2 attack, via
3.TS,,, calculated to be slightly higher in energy at +41 kJ mol™* and -2 kJ mol™ for silver and gold
catalysis respectively. Due to the ease at which the intramolecular C—C bond formation occurs;
it was envisioned that an intermolecular coupling between indole 3.16 and ynone 3.27 could be
developed following a similar mechanistic pathway (Figure 81), to afford the challenging 3-
vinylindole scaffold (3.28, highlighted in blue). The work in this chapter describes the realisation

of this strategy.

o)
N
\_Ph
o Catalyst
@ . (Ag or Au?) N\
N =Z N
H Ph H
3.16 3.27 3.28

Figure 81. Proposed formation of 3-vinylindole 3.28 using a transition metal catalysed indole-ynone
coupling reaction.

3.1.5 Project aims
The previously discussed intramolecular cyclisation reactions of indolyl-tethered ynones 2.6
(Figure 78) demonstrated that the electron-withdrawing group on the alkyne aided its
spirocyclisation under mild conditions, corroborated by DFT calculations (Figure 80).173201
Furthermore, a comparison of the silver triflate-catalysed reactions of the indolyl-tethered
ynones (2.6) and propargyl alcohols (3.24) suggests that the ynones (2.6) are less prone to

undergo 1,2-migration, and so are more resistant to the effects of trace Brgnsted acid (Figure

82).173'200
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O
AgOTf
\\ (1 mol%)
N r DCM (0.1 M)
N RT, 2h
H
2.6 2.7
R = alkyl or Ar 13 examples
(84—100%)
b) OH
AgOTf
\\ (10 mol%) O
N\ g THF (0.1 M) O
N RT, 24 h N R
H H
3.24 3.25 3.26
R =H, alkyl or Ar 10 examples not observed

(28-100%)

Figure 82. Comparison of the silver triflate catalysed cyclisation of a) indolyl-tethered ynones 2.6 and b)
indolyl-tethered propargyl alcohols 3.24.173200

It was therefore proposed that the use of an ynone partner (e.g. 3.27) in the transition metal
catalysed coupling reaction of indole 3.16 could hinder bisindole (3.29) formation and enable
the selective formation of vinyl indoles 3.28. The work presented in this chapter is focused on
the development of the intermolecular coupling reaction (Figure 83), with further exploration

of the reaction outcome using computational chemistry.

@)
\——
N\ _ph
o Catalyst
@ * /J\ a OrAu?_) b or
gz
N Z N
H  Ph H
3.16 3.27 3.28

Figure 83. Proposed formation of 3-vinylindole 3.28 using a transition metal catalysed indole-ynone
coupling reaction.

Throughout this section, numbers are used to indicate compounds (e.g. 3.1), whereas DFT
calculated states are denoted by letters (e.g. 3.A), with transition states labelled specifically as

‘TS’ (e.g. 3.TSw, Which refers to the transition state connecting state 3.C and 3.D).
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3.2 Coupling Reaction Development
3.2.1 Starting material synthesis

Throughout the project, a number of substituted alkynes and N-alkylated indoles were required
to be synthesised for use as potential substrates. This section discusses the synthesis of these

molecules and is organised firstly by alkyne synthesis and then N-alkylated indole synthesis.
Alkyne synthesis

The formation of ketone-substituted alkynes 3.33 and 3.34 was performed using the method
reported by Schubert et al. (Figure 84).2°2 Here, n-Buli was used to deprotonate the terminal
acetylene (3.30 and 3.31), before freshly distilled N-methoxy, N-methylacetamide 3.32 was
added. The resultant ynones 3.33 and 3.34 were isolated in high yields.

1. n-BulLi (2 5 M in hexane, 1.1 eq)

0 °C, 15 min
2.
_OMe 0]
)k (1.15 eq)
3.32 -78°C—>RT, 3h _—
(= -
— THF (0.1 M), Ar
R
3.30, R = OMe 3.33, R = OMe, 62%
3.31, R = NMe, 3.34, R = NMe,, 83%

Figure 84. Synthesis of ynones 3.33 and 3.34, using the method reported by Schubert et g/.?®?

The authors also reported the synthesis of 4-Br-substituted ynone 3.37 (Figure 85) using a
Friedel-Crafts acylation between TMS-protected alkyne 3.35 and acetyl chloride 3.36, to avoid
problems arising from lithium-halogen exchange of the acetylene.’® The authors reported

procedure was followed to yield the desired product 3.37 in an 86% yield, the same as reported

by Schubert et al.

(@]

)J\Cl (1 eq)
3.36 9

— AICI5 (3 eq)
Br—( )—=—TMS > - Z
DCM (0.1 M)
(1.1 eq) 0°C—>RT, 1h, Ar 3.37

Figure 85. Friedel-Crafts acylation for the synthesis of 4-Br ynone 3.37, as reported by Schubert et a/.2?
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Lithium acetylide formation and nucleophilic substitution was also used for the synthesis of the
amide-substituted alkynes (3.39-3.41, Figure 86a),%® and ester-substituted alkynes (3.43 and
3.44, Figure 86b), 2°* which used dimethylcarbamoyl chloride 3.38 and methyl chloroformate

3.42 respectively as the electrophiles.

a) 1. n-BuLi (2.5 M in hexane, 1.25 eq)
o -78 °C, 15 min
2. )J\ o
of rlu/ (1eq) P
3.38 -78°C > RT, 1h = N
R@ — - Z I
— THF (1.5 M), Ar
(1.1eq) R
313, R=H 3.39, R=H, 90%
3.30, R =OMe 3.40, R = OMe, 99%
3.31, R =NMe, 3.41, R = NMey, 87%
b) 1. n-BuLi (2.5 M in hexane, 1.25 eq)
o -78 °C, 15 min
2. )J\ o
Cl O/ (1eq) P
3.42 -78°C - RT, 1h P (0]
()= -
— THF (1.5 M), Ar
(1.1 eq) R
3113, R=H 343, R=H,73%
3.31, R = NMe, 3.44, R = NMey, 53%

Figure 86. a) Synthesis of amide substituted alkynes 3.39-3.41, using the method reported by Dong and
co-workers.?% b) Synthesis of ester substituted alkynes 3.43 and 3.44, using the method reported by
Vilotijevic and co-workers.?%*

Finally, bisaryl internal alkyne 3.47 was synthesised in a high overall yield over two steps. The
selective para-iodination of N,N-dimethylaniline 3.45 was achieved using a gold(l) catalyst and
N-iodosuccinimide (NIS), following a method reported by Frontier and co-workers.?’> The
product (3.46) was then coupled to phenylacetylene 3.13, using Sonogashira cross-coupling

conditions previously reported by Tasseroul et al.2%®
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Ph——= 3.13 (1.2 eq)

NIS (1.1 eq) oh
NMe2 [(PPhy)AUNTE ], Tol  NM€2  PdCI(PPhs), (1 mol%) yZ
(1 mol%) Cul (2 mol%)
DCM (0.1 M) NEt; (0.2 M)
RT, 19 h RT, 21h, Ar  MexN
3.45 | 3.6 3.47

96% 98%

Figure 87. The two step synthesis of alkyne 3.47, using methods reported in the literature.?95206

N-alkylated indole synthesis

The N-alkylation of C-3 substituted indoles was achieved following literature procedures,?07-2%°
using sodium hydride and an alkyl halide (Figure 88). The formation of N-Me alkylated indole
products 3.49 and 3.51 were successful, with good yields achieved. However, N-benzyl-
substituted indole 3.52 was isolated in an unexpectedly low yield. The purification of 3.52 was
problematic, with an unidentified impurity also formed, which co-eluted under all column
conditions tried. A small amount of product was able to be cleanly isolated through
recrystallisation for further use. It is likely that the yield of 3.52 could be improved, possibly by

distilling the benzyl bromide prior to use, or changing the solvent from DMF to THF.

115



1. NaH (60% w/w in mineral oil, 1.7 eq)
0 °C —» RT, 30 min

2. Mel (1.1 eq)
N\ 0°C—>RT 17h N\
N THF (1 M), Ar N
H \
3.48 3.49
69%
1. NaH (60% w/w in mineral oil, 1.7 eq)
0°C—>RT, 1h
Ph 2. Mel (1.1 eq) Ph
\ 0°C—>RT, 1h ©j\g
N THF (0.3 M), Ar N
H \
3.50° 3.51
78%
1. NaH (60% w/w in mineral oil, 2 eq)
0 °C — RT, 30 min
2.BnBr (2 eq)
N\, 0°C—>RT 20h _ N\
N DMF (0.5 M), Ar N
H Bn
3.48 3.52
18%

Figure 88. Synthesis of N-alkylated indoles (3.49, 3.51 and 3.52) using methods reported in literature.??’-
2093 Indole 3.50 was made by Dr James Donald in prior work.?°

3.2.2 Reaction Optimisation
Indole 3.16 and phenyl-substituted ynone 3.27 were used as test substrates in an attempt
prepare vinylindoles through a metal-catalysed coupling reaction (Table 8). After the desired
reaction time, the solvent was removed and a crude *H NMR spectra was recorded. It was
considered that the appearance of singlet resonances in the 6—=7 ppm region of the H spectra
corresponding to the alkene proton in 3.28 could be used to determine if the reaction was

successful.?11212

Silver triflate (AgOTf), copper triflate (Cu(OTf),), tin(ll) chloride (SnCl,.2H,0) and gold triflimide
([Au(NTf,)(PPh3)],.Tol) were chosen as potential Lewis acids due to their success in catalysing
the analogous intramolecular cyclisation reactions (Figure 78).17>17> The silver, copper and tin
salts (Entries 1-6, Table 8) were unsuccessful at catalysing any reaction, even at elevated
temperatures, with only unreacted indole 3.16 and ynone 3.27 present in the 'H NMR spectra

of the crude reaction mixtures. However, new products were observed when using gold
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triflimide, with 90% conversion to the product 3.28 observed at room temperature after 24
hours (Entry 7, Table 8). Compound 3.28 was identified by *H and *C NMR spectroscopy as well

as mass spectrometry.

The effects of using different solvents were tested (Entries 8-11, Table 8), and both toluene and
dichloromethane performed similarly, therefore toluene was chosen as the solvent of choice for
further optimisation due to a higher range of temperatures tolerated if required. When the
temperature was increased (Entries 12—14, Table 8), the overall conversion of 3.16 didn’t change
significantly, with 82-91% conversions still achieved, however, the time taken to achieve this
was reduced, with no further reaction seen after two hours at 40 °C. Finally, in order to achieve
full consumption of indole 3.16, the number of equivalents of ynone 3.27 was increased (Entries
15-16, Table 8), which resulted in full conversion when a slight excess of ynone 3.27 was used

(Entry 16, Table 8).
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Table 8. Optimisation of the metal-catalysed intermolecular reaction of indole 3.16 with ynone 3.27.

0]

N—
N\ Ph
0
@ . )\ Lewis Acid A\
N A , Solvent (0.1 M) N
3.16 3.27 3.28
Temp Time 3.27 Conversion!®
Entry Catalyst Solvent
/°C /h Equiv. (E/2) | %
1 AgOTf [b) Toluene RT 24 1 0
2 AgOTf [ Toluene 40 24 1 0
3 Cu(OTf), ® Toluene RT 24 1 0
4 Cu(OTf), ® Toluene 40 24 1 0
5 SnCl,.2H,0 ! Toluene RT 24 1 0
6 SnCl,.2H,0 ! Toluene 40 24 1 0
7 [Au(NTf,)(PPh3)],.Tol ¥ Toluene RT 24 1 90 (73:27)
8 [Au(NTf,)(PPh3)],.Tol I Toluene RT 4 1 55 (72:28)
9 [Au(NTf,)(PPhs)],.Tol I DCM RT 4 1 57 (73:27)
10  [Au(NTf,)(PPh3)],.Tol ! MeCN RT 4 1 45 (72:28)
11 [Au(NTf,)(PPhs)],.Tol I EtOH RT 4 1 17 (73:27)
12 [Au(NTf,)(PPh3)],.Tol ' Toluene 40 4 1 82 (73:27)
13 [Au(NTf,)(PPh3)]2.Tol @ Toluene 40 24 1 88 (72:28)
14 [Au(NTf,)(PPh3)]2.Tol @ Toluene 40 2 1 91 (73:27)
15 [Au(NTf,)(PPh3)]2.Tol @ Toluene 40 2 1.2 94 (72:28)
16  [Au(NTf;)(PPhs)]..Tol ¢  Toluene 40 2 1.5 100 (71:29)
17 [Au(NTf,)(PPh3)]2.Tol @ Toluene 40 2 2 100 (71:29)

[s] Conversion determined by ratio of remaining indole 3.16 to both isomers of 3.28 by *H NMR

spectroscopy. P! 10 mol%. ! 5 mol%.

Using the optimised conditions (Entry 16, Table 8), a 69% isolated yield of 3.28 was achieved, as

a mixture of E- and Z-stereoisomers (Figure 89). The major isomer was assigned as the E-isomer

(for further discussion on the assignment of stereochemistry see Section 3.2.3, Figure 94), and

previous studies on a related compound demonstrated that alkene isomerisation occurred in

solution to give the thermodynamic product distribution, likely aided by conjugation of the
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electron-rich indole through to the carbonyl.?'* Notably, no bisindole 3.29 products were

observed in the crude *H NMR spectra, or isolated during chromatography.

e} [(PPh3)AuNTf,], Tol

@ (5 mol%)
+ >
N )\ Toluene (0.1 M)

H Ph 40 °C, 2 h

3.16 3.27
(1.5eq)

O\/

N\ _Ph

A\

N
H

3.28
69%
(E:Z = 74:26)

Figure 89. Successful formation of vinyl indole 3.28, from the gold(l)-catalysed coupling of indole 3.16

and ynone 3.27.

A plausible mechanism was proposed in which the gold(l) catalyst coordinates to the alkyne of

ynone 3.27, to give either n?(m)-coordinate alkyne 3.53 or slipped gold(l)-vinyl cation 3.53’

(Figure 90). Nucleophilic attack from the C-3 position of indole then occurs, likely on the face

opposite the bulky gold catalyst, to give intermediate 3.55 (3.54 - 3.55). Protiodemetallation

and isomerisation then occurs (3.55 - 3.28) to yield the desired product 3.28.
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3.54 3.55
O ®
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N
\_Ph
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N
H
3.28

Figure 90. Proposed mechanism for the gold(l)-catalysed coupling of indole 3.16 and ynone 3.27.

3.2.3 C-3 Vinylation substrate scope
With the conditions optimised for the coupling of indole 3.16 and phenyl-substituted ynone
3.27, the scope of the reaction was tested. The identity of the indole partner (3.56) was changed
first (Figure 91).

Overall, the indole-ynone coupling reaction tolerated a variety of substituents located in
different positions on the indole moiety, however the reaction time did have to be varied, with
TLC analysis used to determine the consumption of the indole partner. Substituents in the C-2
and C-4 position of indole had a significant effect on the E/Z stereochemistry ratio of the
products (e.g. 3.63—-3.66), likely due to steric clashes of the substituent with the aromatic group

of the ynone.

Electron-withdrawing groups, such as halogens (e.g. 3.58 and 3.59) or nitro groups (e.g. 3.62
and 3.64) slowed the reaction progress, which was proposed to be due to the reduced
nucleophilicity of the indole. Starting material was remaining after 24 hours at 40 °C with the

nitro-containing indoles (e.g. 3.62 and 3.64), the reactions were repeated heated to 100 °C, and
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higher yields of the products 3.62 and 3.64 were achieved, albeit only a minor increase from

39% to 46% for 3.64.

Strongly electron-donating groups (e.g. 3.60 and 3.61) on the indole hindered the coupling
reaction. Low yields were achieved despite full consumption of the indole starting material by
TLC analysis. Attempts were made to find any side-products, however no other compounds were
able to be isolated during purification. The formation of product 3.61 was attempted at room
temperature; however, similar yields of 31% and 30% for 3.60 and 3.61 respectively were

achieved.
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\\/
\_Ph
0 [(PPh3)AuNTf,], Tol
R : X A R2 + « (5 mol%) . R : X N\ R2
Z N X Toluene (0.1 M) A ~N
R3 Ph 40 °C R3
3.56 3.27 3.28, 3.57-3.67
(1.5 eq)
o) o) o) o)
N\ _ph N\ _Pph N\ _Ph N\ _ph
Br F
A\ A\ A\ A\
N N N N
H H H H
3.28 3.57 3.58 3.59
69%2 58%2 67%P 79%?P
(E:Z = 74:26) (E:Z = 70:30) (E:Z=73:27) (E:Z = 72:28)
o) 0 0 o)
\_Ph N\_Ph N\ _Ph N—ph
MeO
A\ A\ A\ A\
N N N
N MeO N O,N N N
3.60 3.61 3.62 3.63
31%P 30%° 47%° (at 40 °C) 71%*2
(E:Z = 76:24) (E:Z = 74:26) 69% (at 100 °C) (E:Z=100:0)
(E:Z = 68:32)
o) o) 0 o)
NO, N\ Ph \_ph N\ _ph N\_ph
A\ A\ N pp, A\
N N N N
H H H Me
3.64 3.65 3.66 3.67
39% (at 40 °C) 73%° 81%° 78%f
46%9 (at 100 °C) (E:Z=77:23) (E:Z = 92:8) (E:Z = 70:30)
(E:Z2=97:3)

Figure 91. Indole variation scope of the gold(l)-catalysed coupling with phenyl-substituted ynone 3.27. 2
2 hour reaction time. ® 18 hour reaction time. ¢ 21 hour reaction time at room temperature. ¢ 24 hour
reaction time. © 19 hour reaction time. f 3 hour reaction time.

Next, the identity of the alkyne coupling partner was altered (Figure 92). Variation of the ynone

ketone substituent (e.g. phenyl ketone instead of methyl ketone, 3.69) and both electron-
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withdrawing (3.71) and donating (3.72 and 3.73) groups on the aromatic group were tolerated
in the coupling reaction. Other carbonyl functional groups were also able to be used, with
alkynes bearing ester (3.74 and 3.75) and amide (3.76 and 3.77) functional groups also
successful. An aromatic substituent on the alkyne was necessary, with the coupling reaction

unsuccessful when oct-3-yn-2-one was used (3.70).
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N\—X
\_R
0 [(PPh3)AuNTf,], Tol
N X__ Toluene (0.1 M) N
H R 40 °C H
3.16 3.68 3.69-3.77
(1.5€eq)
0 0
Ph
N\ _ph N\ By
A\ N
N N
H
3.69 3.70
53%2 0%
(E:Z = 53:47)
o 0 0
oy L o8
N N
N
N H H
3.71 3.72 3.73
64 %32 88%? 86%?
(E:Z = 64:36) (E:Z = 64:34) (E:Z = 56:44)
(0] 0 0] 0
OMe OMe NMeZ NMez
\_pn \ O NMe, \_ph S O OMe
N N N N
H H H H
3.74 3.75 3.76 3.77
85%3 61%? 56%" 100%3
(E:Z = 78:22) (E:Z = 58:42) (E:Z =26:74) (E:Z = 45:55)

Figure 92. Alkyne variation scope of the gold(l)-catalysed coupling with indole 3.16. 2 2 hour reaction
time. ® 24 hour reaction time.

A 2D-NOESY experiment was used to assign the E- and Z-stereoisomers observed in the
formation of the vinyl indoles. Godoi et al. previously reported a method to assign the

stereochemistry of 3.74,2'% in which the key interaction between the C-4 proton on indole, and
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the vinyl proton was assigned to the E-isomer (Figure 93). This interaction was therefore used

to assign the stereochemistry of 3.73 (Figure 94) and 3.77 (Figure 95).

In each case the resonance of the E-isomer vinyl proton was further downfield than the
equivalent proton in the Z-isomer, which was used to assign the stereochemistry of all the C-3

vinyl indole substrates by analogy.

o. [/
0
PO

(E)-3.74

Figure 93. Structure of (E)-3.74, with the key stereochemical assighnment highlighted, as reported by
Godoi et al.?3
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NOESY of 4-(4-(dimethylamino)phenyl)-4-(1H-indol-3-yl)but-3-en-2-one (3.73)

He Laa]-+-
HP ___________l@?;_
Hd N
" b
06

r T T T T T T T T T T T T T T
80 79 78 77 76 75 74 73 72 71 70 69 68 67 66
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Figure 94. NOESY spectrum of 3.73 recorded at 500 MHz in CDCls, with the key assignment highlighted.

Parameters-D1=25s,D8=0.5s.
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NOESY of 3-(1H-indol-3-yl)-3-(4-methoxyphenyl)-N,N-dimethylacrylamide (3.77)
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Figure 95. NOESY spectrum of 3.77 recorded at 500 MHz in CDCls, with the key assignments highlighted.
Parameters-D1=2s,D8=0.5s.

3.2.4 C-2 Vinylation
It was proposed that the gold(l)-catalysed indole/ynone coupling reaction using indoles already
substituted in the C-3 position (e.g. skatole 3.48) would result in C-2 vinylated products (e.g.

3.78, Figure 96), in which a 1,2-migration of the vinyl group can occur to restore aromaticity.
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. 0
N = N Ph
H  Ph H
3.48 3.27

3.78

Figure 96. Proposed formation of C-2 vinylated product 3.78 from the gold(l)-catalysed coupling of
skatole 3.48 and ynone 3.27.

The coupling reaction was tested under the standard conditions, using skatole 3.48 as the
heteroaromatic substrate (Figure 97). After 24 hours, a significant amount of skatole 3.48
remained according to the TLC analysis. However, a new product was formed which was isolated
and identified as substituted 9H-pyrrolo[1,2-alindole compound 3.79, first reported by Tian and

co-workers in 2019.2%4

o [(PPh3)AUNT#,], Tol O
\ (5 mol%) \ / <
+
N % Toluene (0.1 M) N Ph
H Ph  40°C,24h H
3.48 3.27 3.78

(1.5 eq) 0%

L)
N N
H |/
3.79 Ph
33%

Figure 97. The formation of 9H-pyrrolo[1,2-alindole compound 3.79 observed during the gold(l)-
catalysed coupling of skatole 3.48 and ynone 3.27.

Tian and co-workers targeted these 9H-pyrrolo[1,2-a]indole compounds 3.82 using Brgnsted
acid catalysis with C-3 substituted indoles 3.80 and ynones 3.81 (Figure 98a).2'* The authors
proposed a mechanism (Figure 98b) in which acid-catalysed nucleophilic attack of skatole 3.48
into the alkyne of ynone 3.81 occurs (3.83 - 3.84), followed by 1,2-migration of the vinyl
substituent (3.84 - 3.85). Then, a second equivalent of skatole 3.48 is added via a Michael
addition, followed by a second 1,2-migration of the indoline fragment (3.85 - 3.86). 5-exo-dig
cyclisation of the indoline nitrogen into the carbonyl can then take place (3.86 - 3.87), which
after dehydration (3.87 > 3.88) yields the final compound (3.88).
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Figure 98. a) Formation of 9H-pyrrolo[1,2-alindole compounds 3.82 using Brgnsted acid catalysis, as
reported by Tian et a/.?** b) Mechanism proposed by the authors for the formation of 3.88.

Based on Tian’s mechanism, it was proposed that substitution on the indole nitrogen might
inhibit the addition of a second equivalent of skatole 3.48 and prevent over-reaction. The
indole/ynone coupling reaction was attempted first using 1,3-dimethyl indole 3.49 under the
standard conditions, with TLC analysis used to monitor the reaction progress. The coupling
reaction took considerably longer than the equivalent reactions using indole 3.16, requiring 27
hours for full consumption of the 1,3-dimethyl indole 3.49 starting material (Figure 99).
However, the C-2 vinyl indole product 3.78 was isolated in a good yield, with the Z-stereocisomer

identified as the major isomer (for further details see later, Figure 101).
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Figure 99. Successful formation of vinyl indole 3.89, from the gold(l)-catalysed coupling of 1,3-dimethyl
indole 3.49 and ynone 3.27.

The scope of the reaction was then investigated for the N- and C-3 disubstituted indoles 3.90,
using phenyl-substituted alkynes 3.91 (Figure 100). A bulkier substituent in the C-3 position was
tolerated (e.g. 3-Ph 3.92), however the isolated yield was reduced. A reaction using N-benzyl-
substituted indole was also successful (3.93), with the benzyl group being a commonly used
protecting group. Finally, the use of amide- and ester-substituted alkynes were also tolerated

for the synthesis of 3.94 and 3.95 respectively.
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Figure 100. C-3 substituted indole 3.90 and alkyne 3.91 variation scope of the gold(l)-catalysed coupling
reaction. 2 27 hour reaction time. ® 24 hour reaction time. ¢ 48 hour reaction time.

To assign the E- and Z-stereochemistry, X-ray diffraction (XRD) was used with a crystal grown of
3.92 which unambiguously showed the Z-stereoisomer (Figure 101). A *H NMR spectrum of the
bulk grown crystals was recorded, which showed resonances consistent with the major isomer,
it was therefore assumed that the XRD data did not result from crystallisation of the minor

isomer.
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3.92 (CCDC 2116351)

Figure 101. XRD data of 3.92, solved by Dr Adrian Whitwood (see CCDC 2116351). Hydrogens atoms
removed for clarity. ORTEPS at 50% probability level.
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3.3 Vinyl Indole Mechanistic Studies
3.3.1 Indole/Ynone coupling summary

As described in Section 3.2, the synthesis of C-2 and C-3 substituted vinyl indoles was successful
when using gold(l) catalysis and internal alkynes substituted with electron-withdrawing groups,
namely ketones, esters and amides. The formation of the bisindole compounds (e.g. 3.29) was

suppressed hence one of the main aims of this project had been achieved.

However, the coupling reactions are synthetically more challenging when compared to the
intramolecular spirocyclic indolenine and carbazole forming reactions (Section 3.1.4, Figure 78).
Longer reaction times with higher heating are required, despite the DFT calculations already
discussed in Section 3.1.4 showing almost barrierless carbon-carbon bond formation in the
indolyl-tethered ynone (2.6) examples (Figure 80). Furthermore, the intermolecular coupling

reaction time is required to be much longer for the C-3 substituted indoles for full completion.
It was decided to use DFT methods to address the following questions:

1. Why are the intermolecular coupling reactions more difficult than the tethered

intramolecular counterparts?

2. Why are the coupling reactions using C-3 substituted indoles much slower than indoles

that are unsubstituted in the C-3 position?

3. Why specifically does the use of electron-deficient alkynes stop the addition of a second

indole equivalent?

3.3.2 Gold(l) coordination
Before the mechanism of the gold(l) catalysed indole/ynone coupling reaction was explored, the
preferred coordination mode of the gold(l) cation was determined. DFT calculations were
performed at the D3(BJ)-PBEOQ/def2-TZVPP//BP86/SV(P) level of theory (the same method as
described for the tethered intramolecular reactions, Figure 80)*! with COSMO solvent
correction in toluene. An ECP was used to describe the core electrons of the gold atom which

also accounted for relativistic effects.>>>8

The energies of three potential sites of coordination (the indole, and the ketone or the alkyne

of ynone 3.27) were compared using both indole 3.16 and skatole 3.48 (Figure 102). The
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calculations demonstrated that there was a strong thermodynamic preference for gold(l)
coordination to the indole substrate for indole (3.N3¢) and skatole (3.Nss). Coordination of the
gold(l) cation to the ketone (3.0,7) and alkyne (3.P2;) were disfavoured by 12 and 18 kJ mol*
respectively, when compared to gold(l) coordinated indole 3.N16, and 8 and 14 kJ mol™? relative

to gold(l) coordinated skatole 3.Nas.

)
@® O
0 Ol,Au(PPh3) (PhaP) Au\
P
Ph Z = Ph ~
327 Ph 3'027 3.P27
+ R @ o + R R
/Au(PPhg) — S
@> \ \
N N N
H H H
3.N, R=H 3.16,R=H 3.16,R=H
3.N4, R = Me 3.48, R = Me 3.48 R = Me

3.Njg+3.27,=0kJmol’  3.16 + 3.057 = +12 kJ mol”" 3.16 + 3.P,7, = +18 kJ mol™
3.Ng; +3.27, =0k mol”"  3.48 + 3.0,7, = +8 kI mol”"  3.48 + 3.P,;, = +14 kJ mol”’

Figure 102. DFT-calculated energies of gold(l) coordination to the indole 3.16 and skatole 3.48, against
the ketone and alkyne of ynone 3.27. Energies are Gibbs energies at 298.15 K at the D3(BJ)-PBEO/def2-
TZVPP//BP86/SV(P) level of theory with COSMO solvent correction in toluene.

The DFT data described in Figure 102 neglects the triflimide anion, which as described in Chapter
1, can play a role in more accurately describing the energies of a system. Therefore, the gold(l)
coordination calculations were repeated to compare the energies of the binding modes with

inclusion of the triflimide anion.

The work of Bandini and co-workers (see Section 1.2.2 for further details) demonstrated that
the preferred anion coordination site is typically located on more acidic protons on the complex,
and away from the triphenylphosphine ligand.'?#3! Therefore it was considered that in the
indole/ynone systems, that the triflimide might prefer to locate either with hydrogen bonding
to the indole N-H, to the more acidic protons a to the carbonyl of the ynone, or near the alkyne

(when gold(l) is coordinated).

The relative change in free energy upon coordination of the gold catalyst to indole 3.16 and
ynone 3.27 was recalculated with the triflimide anion included in the structures (Figure 103).

Solvent corrections were applied in both CH,Cl, (top value) and toluene (bottom value).
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Numbers in the top left corner of each box will be referred to as the “state” number, and all

states are considered to be in equilibrium.

State 1, in which the gold(l) cation was coordinated to indole 3.16, with the triflimide anion
hydrogen bonded to the indole N-H (3.Q), was calculated as the lowest energy and taken as the
reference point. When states including gold(l)-coordinated ynone complexes with the triflimide
anion coordinated to the ynone were considered (3.T, 3.U and 3.V, states 4, 5 and 7), the
energies were highly endergonic (+37 and +39 kJ moltin CH,Cl,), independent of the specific
coordination mode. Higher energies were calculated for states in which the gold(l) cation and
triflimide anion were separated (states 2, 3 and 6) — particularly so when the solvent correction

was applied with toluene, likely caused by the polarity differences between CH,Cl, and toluene.

These data support the findings from Figure 102 that indole coordination to the gold is more
thermodynamically favourable than coordination to ynone 3.27, in either the n*(0) or n*(x)

binding modes.
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Figure 103. DFT-calculated energies comparing species with varied [Au(PPhs)]* and triflimide anion
coordination. All energies are Gibbs energies at 298.15 K at the D3(BJ)-PBEO/def2-TZVPP//BP86/SV(P)
level of theory with COSMO solvent correction in CH2Cl2 (top value) and toluene (bottom value).
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Experimental evidence to support the DFT calculations was obtained by recording 3!P{*H} NMR
spectra with a 1:1 ratio of (PPh3)AuNTf; and either indole 3.16, skatole 3.48 or ynone 3.27, to
observe the gold(l) cation interactions (Figure 104). Gold(l) coordination was observed when
indole 3.16 was the substrate, with a broad resonance observed at &p = 32 ppm (Figure 104,
Spectrum c), whereas no appreciable coordination was observed with ynone 3.27 (Figure 104,
Spectrum a), with a resonance consistent with uncoordinated (PPhs)Au* present (Figure 104,
Spectrum d). A very minor chemical shift difference was observed when skatole 3.48 was added

(Figure 104, Spectrum b). The resonance present at 8p 45.5 ppm was identified as (PPhs),Au”,

which was compared with an authentic sample.

O
+ (PPh3)AuNTf
/J\ (PPhg) 2
3.27

a)

. AR VNS I A VR . e AL~ N A rrrde N A AN A A A
o P AV A L N A A A e YA A S TN e AN N~ SONVUNZAY WY

d) [(PPh3)AuUNTf,], Tol

50 49 48 47 46 45 44 43 42 41 40 39 38 37 36 35 34 33 32 31 30 29 28 27 26 25
1 (ppm)

Figure 104. 3P{*H} NMR spectra recorded at 162 MHz in CD»Cl>. A 1:1 gold:substrate ratio was used.

Further amounts of substrate was added to each of the three samples, and in each case the
appearance of the 3'P{'H} NMR spectra changed, therefore demonstrating that gold(l)
coordination is concentration dependent. With increasing amounts of indole 3.16 (Figure 105),
the resonance shifted further downfield, and became broadened. With skatole 3.48, the
resonance also shifted further downfield (Figure 106) and became clearer that there was indeed
an interaction with the gold(l) cation. Finally, with ynone 3.27, the resonance observed with
[PPhsAuNTf,],.Tol alone was still present in the 3P{*H} NMR spectra, however, a series of

resonances appeared at 8p 40-44 ppm which suggested that unselective coordination and/or
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reactions were occurring (Figure 107). The gold(l) coordination of the ynone species was

explored further and is discussed in section 3.4.

The DFT and 3!P{*H} NMR data showed that at like-for-like ratios, there is uncoordinated gold(l)
catalyst with ynone 3.27, however with indole 3.16, there is no uncoordinated gold(l) catalyst
remaining. Therefore, it is proposed that indole 3.16 coordinates to the gold(l) catalyst relatively
more strongly. It was proposed that the electron rich indole moiety was a better ligand than the
ynone due to the electron-withdrawing group in conjugation to the alkyne, which is significant
as typically n%(rt) coordination of a gold(l) cation to an alkyne functionality is considered the first

step in gold(l)-catalysed reactions of alkynes.8%°
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Figure 105. 3'P{*H} NMR spectra recorded at 162 MHz in CD2Cl,, titrated with indole 3.16 in various
ratios of gold:substrate.
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Skatole (3.48) Titration 3!P{*H} NMR Spectra
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Figure 106. 3'P{*H} NMR spectra recorded at 162 MHz in CD2Cl,, titrated with skatole 3.48 in various
ratios of gold:substrate.

138



Ynone (3.27) Titration 3'P{*H} NMR Spectra
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Figure 107. 3'P{*H} NMR spectra recorded at 162 MHz in CDCls, titrated with ynone 3.27 in various
ratios of gold:substrate.

3.3.3 Indole vinylation mechanism
DFT calculations were used to explore the possible reaction pathways of the gold(l) catalysed
coupling reaction between indole 3.16 or skatole 3.48, and ynone 3.27. Initially, the
thermodynamic preference for C-3 and C-2 selectivity with both the indole species was explored

(Figure 108).

The calculated energies for the C-2 and C-3 vinyl indole products of indole 3.16 (3.96 and 3.28)
were effectively the same at -110 and -111 kJ mol? respectively, demonstrating no
thermodynamic preference for substitution at a specific site. When skatole 3.48 was considered,
the C-3 vinyl indolenine product 3.97 (-6 kJ mol?) was considerably higher in energy than the C-

2 vinylated product 3.89 (-117 kJ mol?) likely due to a loss of aromaticity in the C-3 indolenine
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products (3.97). Only the C-2 substituted products (3.89) were isolated which is consistent with

the DFT-predicted outcome.
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Figure 108. DFT-calculated changes in energy for the C-3 and C-2 products arising from the addition of
indole 3.16 and skatole 3.48 into ynone 3.27. Energies are Gibbs energies at 298.15 K at the D3(BJ)-
PBEO/def2-TZVPP//BP86/SV(P) with COSMO solvent correction in toluene.

With the thermodynamic preference established, the energies of the transition states and
intermediates for the C-2 and C-3 addition pathways were explored, for both indole 3.16 and
skatole 3.48 with the () gold(l) coordinated alkyne complex 3.P,7 (Figure 109). The reference
state for the energies was set as the gold(l) coordinated indole complex (3.Nis or 3.Nas

respectively) with uncoordinated ynone (Figure 102).

For indole 3.16 (Figure 109), the calculated energy for the direct C-3 addition vinylation pathway
(3.TSpw-u) was lower than that for direct C-2 addition (3.TSpaa-n), With energies calculated at +59
and +67 kJ mol? respectively. A structure for iminium complex 3.Wy, was unable to be
optimised, likely due to a low barrier for hydrogen abstraction by the carbonyl, leading to
complex 3.Xu, at a lower energy of =78 kJ mol. Whilst there is no thermodynamic preference
for either C-2 or C-3 addition (Figure 108), there is however a kinetic preference for C-3 addition.

This is unsurprising as the C-3 position of indoles is expected to be the most nucleophilic
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position, which is also consistent with the observed outcomes of the gold(l) catalysed coupling

reactions using indole 3.16.

When skatole 3.48 was considered, the calculated transition state energy for direct C-2
substitution (+60 kJ mol?, 3.TSpaa-me) Was lower than the transition state for C-3 addition (+81 kJ
mol?, 3.TSew-me). As before, a structure for the intermediate (3.AAwme) resulting from C-2 addition
(3.TSpaa-me) Was unable to be found, due to hydrogen migration occurring during the geometry
optimisation, which resulted in complex 3.Zwe, at an energy of =74 kJ mol™. The pathway for the
disfavoured C-3 addition was explored and transition states were found for both the 1,2-vinyl
migration (3.TSwy-me) and 1,2-methyl migration (3.TSwae-me) Of indolenine complex 3.We. Vinyl
migration to give C-2 vinyl complex 3.Zue was found to be significantly lower in energy, with a
transition state energy calculated at +54 kJ mol™? in comparison to methyl migration at +102 kJ
mol™. Therefore, whilst direct C-2 addition is favoured, both the C-2 and C-3 addition pathways
would result in the C-2 vinyl indole products, which were observed experimentally using N-

methyl skatole analogue 3.49.
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Figure 109. DFT-calculated pathways for the addition of indole 3.16 or skatole 3.48 to gold(l) coordinated alkyne complex 3.P27. Energies are Gibbs energies in kJ mol™
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As discussed in Section 3.3.2, other gold(l) coordination modes are thermodynamically preferred
to n%(r)-alkyne binding (3.P27). A transition state (3.TSoac) for nucleophilic attack of indole 3.16
into n*(0) gold(l) ketone coordinated complex 3.02; was located (Figure 110a) which was
considerably higher in energy than the pathways found starting from the n?%(t) gold(l)-
coordinated alkyne complexes. A transition state starting from gold(l)-coordinated indole
complex 3.Ns6, for the umpolung nucleophilic attack from ynone 3.27, was not able to be found
(3.TSnap, Figure 110b), various constrained structures were optimised and only imaginary
frequencies corresponding to rotations of the indole and ynone structures were found. These
DFT-calculations suggest that pathways starting from n?%(r)-alkyne coordinated ynone 3.Py;
(Figure 109), are most likely to be in operation.
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Figure 110. a) DFT-calculated pathway for the addition of indole 3.16 to n*(O) gold(l) ketone
coordinated ynone complex 3.027. Energies are Gibbs energies in kJ mol™ at 298.15 K at the D3(BJ)-
PBEO/def2-TZVPP//BP86/SV(P) level of theory with COSMO solvent correction in toluene. b) Attempted
transition state 3.TSwnap, for the addition of ynone 3.27 to indole-coordinated gold(l) complex 3.Nie.

The DFT calculations suggested that gold(l) coordination to the indole moiety is more
thermodynamically favoured than coordination to the ynone (by 14 kJ mol?) and it is proposed

that indole coordination (e.g. 3.N1s) may cause the difference in reaction rates when comparing
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the intramolecular cyclisations of tethered indoyl ynones 2.6. and the intermolecular coupling

reaction of indole 3.16.

In the intermolecular reactions (Figure 111a), coordination of the gold(l) catalyst to the indole
moiety (3.Nis) will inhibit access to the product forming pathways, which requires n?(n)
coordination of the gold(l) catalyst to the alkyne (3.P27). In the intramolecular reactions (Figure
111b), it is likely that coordination of the metal catalyst to the indole moiety (3.98) is
thermodynamically preferred, however, due to the ynone being tethered to the indole, it might

215,216 after

be easier for the metal catalyst to coordinate to the alkyne (3.1) via n-slippage events,
which cyclisation can occur readily through low energy transition states due to the preorganised

nature of the indolyl-tethered ynones 2.6.
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Figure 111. Comparison of the a) intermolecular and b) intramolecular indole addition to ynones.

The energy barriers for the coupling of indole 3.16 and skatole 3.48 with ynone 3.27, were
calculated to be similar, at energies of +59 and +60 kJ mol™ respectively (Figure 109). However,
experimentally the reactions of skatole 3.48 (as seen with the formation of pyrollo compound
3.79, Figure 97) and N-methyl skatole 3.49, requires significantly longer reaction times than
indole 3.16. It is tentatively proposed that the kinetics of gold(l) coordination to the indole
moiety might factor into the coupling rate difference. The broadness of the 3!P{*H} NMR
resonance with indole 3.16 (Figure 105), compared to the that of skatole 3.48 (Figure 106)
suggests that gold(l)-coordination with indole 3.16 has a different rate of exchange at room

temperature.
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3.3.4 bis-Indole formation
As discussed in Section 3.1.2, bisindolemethanes 3.18 are a common product in the gold(l)
catalysed addition of alkynes to indoles (Figure 70).1°%1%* Experimental and computational
studies have shown that the second addition to the vinyl indole intermediate is likely catalysed
by trace amounts of acid present in solution.?¥21941% |n this work, the inhibition of a second
equivalent of indole 3.16 has been achieved by using alkynes with electron-withdrawing groups,

the nature of this observation was explored further using DFT methods.

Firstly, the thermodynamic viability of indole addition to both ynone-derived vinyl indole 3.28
and acetylene-derived vinyl indole 3.17 was assessed (Figure 112). The calculations showed that
there is no significant energetic gain to form bisindole 3.29 from 3.28, with a calculated Gibbs
energy of only -3 kl mol™. In contrast, the formation of bisindolemethane 3.18 from 3.17 was

calculated to be more exergonic, with an energy difference of -25 kJ mol .

(@)
\_Ph
N N = — -1
H H AG = -3 kd mol
3.28 3.16

Ph Ph/ Y4 NH

P O e O
N N AG=-25kJ mol’ N
H H

H
6

3.17 3.1 3.18

Figure 112. DFT-calculated energy for the formation of bisindole compounds 3.29 and 3.18. Energies are
Gibbs energies at 298.15 K at the D3(BJ)-PBEQO/def2-TZVPP//BP86/SV(P) level of theory with COSMO
solvent correction in toluene.

The kinetic barriers to bisindole formation were also calculated. Two possible tautomers of the
protonated enone functionality of 3.28 were considered (Figure 113a), with protonation at
either the ketone (3.AE), or at the carbon in the a position to the ketone (3.AF). The calculated
energies showed a significant preference for protonation at the carbonyl (3.AE) which was
favoured by 20 kJ mol?, and hence chosen as the energy reference state. A transition state for

the nucleophilic attack of indole 3.16 into 3.AE was found (3.TSaeac), Which was calculated to be
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high in energy at +114 kJ mol?, to give bisindole intermediate 3.AG, at an energy of
+101 kJ molt. When addition was considered from the disfavoured carbocation (3.AF), the
calculated transition state (3.TSaran) Was lower in energy, at +87 kJ mol?, which would result in

intermediate 3.AH, at an energy of +68 kJ mol™.

Protonation of vinyl indole 3.17 was only considered on the terminal alkene carbon, to result in
carbocation 3.Al (Figure 113b). A transition state for nucleophilic attack by indole was found

(3.TSam) at an energy of +67 kJ mol™.

The exact process for the indole addition into ynone-derived vinyl indole 3.28 will depend on
the rate of proton transfer between cations 3.AE and 3.AF, however, due to the energy
difference between the tautomers, it could be considered that there might be a low
concentration of 3.AF in solution if proton migration is fast. When the transition state energies
of addition into 3.AE, 3.AF and 3.Al are compared, it is clear that 3.TSaeac and 3.TSaran are higher
energy processes and hence the pathway though 3.TSaa has the lowest energetic span.
Furthermore, with no significant thermodynamic driving force for the formation of 3.29, the
formation of bisindole 3.29 is overall significantly disfavoured than compared to the formation

of bisindolemethane 3.18.
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Figure 113. DFT-calculated pathways for the acid-catalysed addition of indole 3.16 to a) ynone derived
vinyl indole 3.28 and b) acetylene derived vinyl indole 3.17. Energies are Gibbs energies at 298.15 K at
the D3(BJ)-PBEO/def2-TZVPP//BP86/SV(P) level of theory with COSMO solvent correction in toluene.
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3.4 Ynone Gold(l) Speciation
3.4.1 Ketone versus alkyne gold(l) coordination

When the relative energies of gold(l) coordination with indole 3.16 and ynone 3.27 were
compared (Figure 102), it was found that indole 3.16 was a better ligand than ynone 3.27, and
that n*(0) ketone coordination (3.0,7) was preferred to n?(r) alkyne coordination (3.Py). It was

decided to further explore the factors that influence the speciation of the gold(l) catalyst.

It was considered that there are two main factors that might influence the gold(l) coordination,
the nature of the carbonyl compound (e.g. ketone, ester or amide) and/or the electronic effects
of the aryl substituent. It was proposed that the amide-substituted alkynes (e.g. 3.39 and 3.41)
might favour coordination to the carbonyl, due to the increased electron density from
conjugation of the amide nitrogen. Likewise, it was thought that the inclusion of a strongly
electron-donating group on the aryl substituent (e.g. 3.34) might increase the electron density

of the alkyne through conjugation.

DFT calculations were used to compare the energies of the n*(O) and n?(n) alkyne gold(l)
coordinated complexes (3.0 and 3.P respectively), for a range of substituted alkynes (Table 9).
Comparing the DFT-calculated relative energies of the phenyl-substituted alkynes (3.27, 3.39
and 3.43) showed that using an amide functionality (e.g. 3.39) does indeed increase the
preference for n*(O) gold(l) coordination (3.0), and that the inverse effect is seen when the
ester-substituted alkyne (3.43) is used, with the alkyne (3.P) now the thermodynamically

preferred coordination site.

When the strongly electron-donating dimethylamino group (X = NMe;) was substituted in
conjugation to the alkyne (3.34, 3.41 and 3.44), the relative energy difference of the complexes
demonstrated an increased preference for alkyne coordination, with the largest influence seen

with the amide- (3.41) and ester- (3.44) substituted alkynes.
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Table 9. Isodesmic reaction used to compare n'(0) and n?(nt) coordinated isomers of substituted alkynes.
Energies are Gibbs energies at 298.15 K at the D3(BJ)-PBEO/def2-TZVPP//BP86/SV(P) level of theory with
COSMO solvation in CH2Cl>.

R /O@—Au—PPh3 R__O
C)
I AGogs |||[—Au—pPh,
X X
3.0 3.P
Alkyne R X AGyes / k) mol?

3.27 Me H +6
3.34 Me NMe; -1
3.39 NMe; H +17
341 NMe, NMe, +1
3.43 OMe H -7
3.44 OMe NMe; -23

31p{*H} NMR spectra were recorded with a 2:1 substrate:gold ratio, to explore the gold(l)
coordination using the ketone (3.27 and 3.34), amide (3.39 and 3.41) and ester (3.43 and 3.44)
compounds. The NMR spectra of the amide- and ester-substituted alkynes were most instructive
in exploring the gold(l) speciation and will be discussed here (Figure 114), whereas the ketone
compounds will be discussed further in section 3.4.2. The 3!P{*H} NMR spectra of the substrates
with gold triflimide were compared with the DFT data (Table 9) and to the spectra of samples
prepared with either DMF or alkyne 3.47 and the gold(l) catalyst, which were proposed as

control compounds for the n'(0) and n?(nt) binding modes respectively (3.0pmr and 3.Pa47).

The 3'P{*H} NMR spectra of the amide-containing alkynes (3.39 and 3.41, Spectra a and b) were
considered first. A resonance upfield of the uncoordinated gold(l) catalyst was seen in both
spectra at 6p = 29—30 ppm, which by comparison with the resonances seen in the control NMR
spectra of DMF (Spectrum f), can be assigned as the nm*(O) coordination mode (3.0). An
additional singlet resonance was present at &p = 35.7 ppm for the 4-NMe,-substituted amide
(3.41, Spectrum b). This is consistent with a resonance in the control sample prepared with

alkyne 3.47 (Spectrum g) and suggests that these resonances are from the m?(rm) alkyne
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coordinated complex (3.P). These data were consistent with the DFT calculations (Table 9),
which predicted that phenyl-substituted amide 3.39 would only demonstrate m*(O)
coordination (3.0), yet with 4-NMe; substituted amide 3.41, both n*(O) and n*(rt) coordination
(3.0 and 3.P) might be observed.

For the ester-substituted alkynes (3.43 and 3.44), no coordination of the phenyl-substituted
ester was observed in the 3P{*H} NMR spectra (3.43, Spectrum c), with a resonance consistent
with the uncoordinated catalyst visible (Spectrum e). However, the NMR spectra of 4-NMe;
substituted ester (3.44) showed a singlet at & = 35.8 ppm, which was consistent with n?(r)
alkyne coordination (3.P) as discussed previously. This matched the DFT calculations where it

was predicted that alkyne coordination would be the preferred coordination mode.

a) 3.39 + (PPh3)AUNTY, J

b) 3.41 + (PPh;)AuNTf, |

o] | AL -y VP NS SO RO R
c) 3.43 + (PPh3)AuNTf, |
I
d) 3.44 + (PPh3)AuNTT, A
- I AN 1S N A S A [V o
e) [(PPh3)AuNTf,],.Tol L

f) DMF + (PPh3)AuNTf, Jk

q) 3.47 + (PPh3)AuNTH,
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Figure 114. 31P{*H} NMR spectra recorded at 242 MHz in CD2Cl, with a 2:1 substrate:gold ratio.
Proposed n(0O) and n?(n) gold(l) coordination modes of DMF and alkyne 3.47 respectively.

An additional resonance was present in the 3!P{*H} NMR spectra for the experiments using the

4-NMe;-substituted alkynes (3.41 and 3.44, Spectra b and d) at 6, = 39—41 ppm. Further work
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(see Section 3.4.3.) enabled these species to be proposed as gold(l) pyrylium complexes 3.99
and 3.100, formed from the dimerisation of the 4-NMe; ester 3.44 and amide 3.41 respectively

(Figure 115). However, no further evidence was obtained to unambiguously identify the

compounds.
o Ar 0] Ar
© ©
Ar = OMe Ar = NMe,
AuPPh, AuPPh,
3.99 3.100

Figure 115. Potential pyrylium-type complexes 3.99 and 3.100 formed by dimerisation of 4-NMe
substituted ester and amide compounds 3.44 and 3.41 respectively. Ar = CsHa-4-NMe:.

3.4.2 Ynone coordination
The 3P{*H} NMR spectra recorded of ynone 3.27 with gold triflimide highlighted that the gold(l)
cation has a low affinity for the ynone. A high proportion of uncoordinated gold(l) catalyst was
present even when a large excess of ynone 3.27 was used (Figure 107). It was considered that
substituents in the 4-position of the aryl group would change the electronic properties and could

influence the gold(l) affinity.

An isodesmic reaction was proposed, in which the binding affinity of n(n) coordination (3.P) for
different ynone compounds could be compared relative to phenyl-substituted ynone 3.27
(Figure 116). A Hammett plot was produced, which demonstrated a linear relationship between
the DFT-calculated energy change upon gold(l) coordination and the Hammett parameter (o,).
The positive slope indicated that substituents which have an electron-donating effect, increased

the gold(l) affinity for the alkyne.
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Figure 116. a) Isodesmic reaction used to calculate affinity of alkynes for gold. Energies are Gibbs
energies at 298.15 K at the D3(BJ)-PBEQ/def2-TZVPP//BP86/SV(P) level with COSMO solvation in CH2Cl..
b) Linear free energy relationship between the calculated change in free energy against Hammett
parameter op. Dashed line shows fit to a least mean squares linear regression (R? = 0.92).

To provide experimental evidence for the difference in ynone coordination, 3!P{*H} NMR spectra
were recorded of the various ynones (3.27, 3.33, 3.34 and 3.37) and gold triflimide in a 10:1
substrate:gold ratio (Figure 117). The 3?P{*H} NMR spectra of 4-Br ynone 3.37 (Spectrum a), gave
almost no indication of gold(l) coordination, with the most intense resonance present consistent
with the gold(l) catalyst (Spectrum e). The DFT calculations predicted that 4-OMe and 4-NMe;
ynones (3.33 and 3.34) had a higher gold(l) affinity than ynone 3.27. The 3!P{*H} NMR spectra
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provided evidence of this, with the spectra of either ynone (Spectra c and d) showing no

resonances consistent with the uncoordinated catalyst.

A minor resonance was observed in all spectra at 6p = 37 ppm, which by analogy with the spectra
of the amide- and ester-substituted alkynes previously discussed (Figure 114), was assigned as
the n?(n) alkyne coordinated complex (3.P). In the spectra of phenyl and 4-OMe substituted
ynones (3.27 and 3.33, Spectra b and c) a series of resonances at &p = 41-43 ppm were observed,

suggesting the unselective formation of a series of unidentified complexes.

The 3'P{*H} NMR spectra of 4-NMe; ynone 3.34 (Spectrum d) showed a resonance at §p = 41.9
ppm, which suggests the selective formation of a single complex. A mass spectrum was recorded
of the NMR sample with 3.34, and a peak in the positive mode spectrum was observed at an m/z
of 833.2579, which is consistent for a formulation of [(PPh3)Au(3.34),]" demonstrating that two
molecules of 3.34 were incorporated with the gold(l) cation, the precise identity of which was

studied further (Section 3.4.3).

a) 3.37 + (PPh3)AuNTY,

b) 3.27 + (PPh,)AuNTH,

e) [(PPh3)AuNTf,],.Tol

50 49 48 47 46 45 44 43 42 41 40 39 38 37 36 35 34 33 32 31 30 29 28 27 26 25
1 (ppm)

Figure 117. 3'P{*H} NMR spectra recorded at 162 MHz in CD2Cl, with various ynones (3.27, 3.33, 3.34
and 3.37) in a 10:1 ratio of substrate:gold.
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3.4.3 Ynone dimerisation
To identify the gold(l) complex formed from the dimerisation of 4-NMe; ynone 3.34, described
in Section 3.4.2, attempts were made to isolate the complex via crystallisation; however, this
was unsuccessful. Different solvents and counteranions were used, however all attempts
resulted in the decomposition of the complex, and the formation of either gold nanoparticles or

a gold mirror on the surface of the glassware.

Instead, the complex was prepared in a stoichiometric fashion on a scale suitable for *3C and 2D
NMR analysis, by dissolving ynone 3.34 and gold triflimide (in a 2:1 ratio) in CD,Cl; in a sample
vial and transferring the solution directly into an NMR tube. The *C{*H} NMR spectra showed
no alkyne resonances which confirmed that both equivalents of ynone 3.34 had been
structurally modified (Figure 118). Also notable was the presence of only one resonance
consistent with a ketone functionality at 6c = 202.3 ppm. Finally, two different resonances were
observed for the dimethylamino groups (6c = 40.1 and 40.2 ppm) which showed that the two

ynones equivalents were unsymmetrically modified.
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Figure 118. 3C{*H} NMR spectra recorded at 100 MHz in CD2Cl,, of the dimer complex formed from
ynone 3.34 and gold triflimide. Note that toluene is present due to its inclusion in the crystal structure of
gold triflimide.
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On the basis of these data, it was proposed that the dimer species was a gold(l) pyrylium
complex 3.102 (Figure 119a). A plausible mechanism was suggested (Figure 119b) in which
nucleophilic attack from the alkyne of ynone 3.34 into the n?(it) gold(l) ynone complex 3.Ps4
(3.103 - 3.104) results in carbocation intermediate 3.104. The carbonyl of intermediate 3.104
cyclises via a 6-membered transition state (3.104 - 3.102) to give the suspected pyrylium
complex (3.102). The proposed structure of pyrylium complex 3.102 was consistent with the
1BC{*H} NMR data discussed (Figure 118), with no alkyne carbons remaining, and one ketone

remaining unaltered.

a) 0.5 [(PhsP)AU(NTf,)],.Tol o
. 3 2)12-
o + CH,Cl, l\o@ NTY,
2 )\ RT Ar =
N A AuPPh,
3.34 3.102
by O
O Ar O Ar
[V (©O)
v A 2 Y
A//<@ Ar N Ar N
;
Au(PPhj3) Au(PPhgz) Au(PPhgz)
3.103 3.104 3.102

Figure 119. a) Formation of pyrylium complex 3.102. b) Plausible mechanism for the formation of 3.102.
Triflimide anion omitted for clarity. Ar = CsHa-4-NMe:.

To confirm the structural proposal for 3.102, the *C{*H} NMR data was fully assigned using
HMBC and HSQC spectra. Key structural assignments are shown in Figure 120. The chemical
shifts of the resonances at 6. = 165.6, 172.1 and 175.7 ppm (d, 3Jop = 5.5 Hz) matched the
literature data of known organic pyrylium salts for the C-2, C-4 and C-6 positions.?*”?1® The
resonance at &. = 161.4 ppm (d, 2Jep = 111.0 Hz) exhibits a large carbon-phosphorus coupling
constant, which is indicative of the presence of a gold—carbon bond. The data are also consistent
with the corresponding metal-bound carbon atom of [(PPhs)Au(CsH>-2,4,6-Mes)] (5. 169.8, 2pc
=111.2 Hz), as reported by Croix et al.?*°
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Figure 120. 3C{*H} NMR spectra recorded at 100 MHz in CD2Cl> of pyrylium complex 3.101. Selected
assignments are highlighted.

An alternative mechanism for the gold(l)-catalysed dimerisation of ynones has been previously
reported by Burés and co-workers, as an intermediate in the gold(l)-catalysed transposition of
ynones (Figure 121a, for further details see Section 1.2.3).1°¥22° Using the data from both kinetic
and computational studies, the authors proposed that the mechanism proceeded via a cyclic
acetal intermediate 3.107 (Figure 121b), which was formed from the nucleophilic attack of a
carbonyl of one ynone, into the alkyne of a n?(mt) alkyne-coordinated ynone (3.105), followed by
intramolecular cyclisation (3.106 = 3.107). It was therefore decided to use DFT calculations to

explore the factors that control acetal formation (e.g. 3.107) or pyrylium formation (e.g. 3.102).
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Figure 121. a) Gold(l)-catalysed ynone transposition, reported by Gevorgyan et al.??° b) A likely
mechanism for the gold(l)-catalysed transposition of ynones, identified by Burés et al.*>3 [Au] = IPrAu*

The energies of four potential pathways were calculated (Figure 122), with both O-attack and C-
attack considered into carbons 1 and 2 (as labelled) of n?(rt) gold(l) ynone complex 3.P34. State
3.AK, the combined energies of 3.34 and 3.Pss, was chosen as the reference state for the
calculated energies. A pathway was found for the formation of pyrylium complex 3.102,
following the mechanism proposed in Figure 119b. C-attack into the C-1 position of n?(rt) gold(l)
ynone complex 3.Ps4 through transition state 3.TSak-102 Was calculated at an energy of +71 kJ
mol™. The resultant intermediate 3.104 wasn’t able to be found. Geometry optimisation of 3.104
resulted in the formation of complex 3.102, likely due to the presence of a low-lying transition
state for cyclisation. The formation of pyrylium complex 3.102 was found to be highly exergonic

at an energy of =201 kJ mol™.

Alternatively, a transition state for O-attack into the C-1 position of n%(rt) gold(l) ynone complex
3.P3; was found (3.TSakal) at an energy of +69 kJ mol?, to give cation 3.AL at +27 k) mol™. The
energies of 3.TSak-102 and 3.TSakaL are effectively the same in energy, and it could therefore be

expected that both pathways are in operation. However, if it is considered that all states are in

157



equilibrium, pyrylium formation (3.102) is likely irreversible due the thermodynamic stability of
the complex.
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Figure 122. DFT-calculated pathway for the dimerisation of ynone 3.34. Energies are Gibbs energies at

298.15 K in kJ mol™* at the D3(BJ)-PBEQ/def2-TZVPP//BP86/SV(P) level of theory with COSMO solvent
correction in CHCl.

Transition states were also found for C-attack (3.TSakam) and O-attack (3.TSakan) into the C-2

position of n?(r)-gold(l) ynone complex 3.Ps4, calculated at +111 and +93 kJ mol™ respectively.
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These transition states are much higher energy than addition into the C-1 position (3.TSak-102 and
3.TSakaL) and are therefore considered to be inaccessible. It is likely that the energies of C-2
attack are higher due to the reduced electrophilicity of the C-2 position (as compared to C-1).
n%(m)-gold(l) coordination to unsymmetrical alkynes results in “slippage” of the gold(l) cation,
which causes an uneven electron distribution across the alkyne.#?1%> Slippage occurs to give the
carbocation which is the most stable. In the instance of ynone 3.34, the formation of a
carbocation in the C-1 position of n?(mt) gold(l) ynone complex 3.Ps4” would satisfy the electronic
preference of the ketone and be stabilised by the aryl group (Figure 123), and hence be more

activated towards nucleophilic attack.

0
o © (PhsP)Au
(PhsP)Au /J\ |
1 -
NMe
Me2N 3.P, 3.Ps 2

Figure 123. Resonance structures of n?(rt) gold(l) ynone complex 3.Pza.

When the 3P{*H} NMR spectra were recorded of the different ynones (Figure 117), unselective
complex formation was observed in the spectra of phenyl- and 4-OMe substituted ynones 3.27
and 3.33 (Spectra b and c). The dimerisation DFT calculations were therefore repeated using
these two ynones (3.27 and 3.33) to establish the cause of this (Table 10). In both cases, the
transition state of O-attack (3.TSakaL) was lower in energy than C-attack (3.TSakao). Therefore, it
is more likely that the corresponding intermediate 3.AL would be formed preferentially. It is
proposed that a multitude of different unidentified reactions from 3.AL could take place, to

account for the many species observed in the 3!P{*H} spectra.

Finally, the formation of a pyrylium complex from 4-NMe; ynone 3.34 was considered, using
different gold(l) catalysts (Table 10). The identity of the gold(l) ligand, either PMes, IPr or

JohnPhos, wasn’t calculated to have a significant effect on pyrylium formation.
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Table 10. DFT-calculated pathway for the dimerisation of different ynones and gold(l) cations. Energies

are Gibbs energies at 298.15 K in k) mol-1 at the D3(BJ)-PBEO/def2-TZVPP//BP86/SV(P) level of theory
with COSMO solvent correction in CH2Cla.
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3.4.4 Pyrylium complex reactivity
With the formation of pyrylium complex 3.102 established using NMR and DFT methods,
attempts were made to study the reactivity of the complex. Benzopyrylium complexes 3.111
(Figure 124) are proposed as intermediates in the gold(l) chemistry of o-alkynyl benzaldehyde
species (3.109),%2! formed via the intramolecular cyclisation of the carbonyl into n%(r) alkyne
coordinated complex (3.110), and was therefore used as the basis to explore the chemistry of

pyrylium 3.102.

H H
©)
— — _
NV N R
\
R ®ZS\R AuL

[LAU]
3.109 3.110 3.111

Figure 124. Formation of benzopyrylium complex 3.111, from o-alkynyl benzaldehydes 3.109.

Hammond and co-workers reported the gold(l) catalysed annulation of vinyl ethers with o-
alkynyl benzaldehydes (3.109)?%2 When ynone 3.34 was treated under the same conditions with
vinyl enol ether 3.112, no reaction was seen after 1 hour at room temperature (Figure 125). The
reaction was heated to 50 °C overnight, however, again no reaction was observed, with the
crude *H NMR spectrum only showing resonances corresponding to the unreacted ynone 3.34.
The mechanism for the formation of 3.113 and 3.114 (two potential products), based on the

proposal of Hammond and co-workers, are shown (Figure 125b and c).

Both mechanisms (Figure 125b and c) start with a Diels—Alder reaction between pyrylium
complex 3.102 with ethyl vinyl ether 3.112 (3.115 - rac-3.116 and 3.120 - rac-3.121). Pyrylium
complex 3.102 contains two highly electron-rich aryl groups, which increases the electron
density of the usually electron-deficient pyrylium core. It is this effect that likely reduces the

ability of complex 3.102 to react with electron-rich dienophiles.
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Figure 125. a) Attempted reaction with ethyl vinyl ether 3.112, as reported by Hammond and co-
workers.??? b) Proposed mechanism for the formation of 3.113. c) Proposed formation for the formation
of 3.114. Ar = CeHs-4-NMeo.

It was considered that a less electron-rich dienophile might be able to react with pyrylium
complex 3.102. A procedure was published by Asao et al. for the reaction of o-alkynyl
benzaldehyde 3.109 with terminal and internal alkynes, using catalytic gold(lll) chloride.?? The

authors conditions were replicated with ynone 3.34 and phenylacetylene 3.13 (Figure 126).
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Again, the crude H NMR spectra showed only unreacted starting material. The ESI mass
spectrum recorded of the sample did show a minor peak for a mass consistent with the desired

product, however, the spectrum was dominated by the unreacted ynone 3.34.

0 [(PPh3)AUNTf,],.Tol

(2.5 mol%)
= =——Ph 3.13 (2.4 eq)
Ar
3.34 DCE (0.3 M)
80 °C, 24 h)

3.124 3.125

Figure 126. Attempted reaction of ynone 3.34 (via pyrylium complex 3.102) with phenyl acetylene 3.13,
as reported by Asao et al.??3 Ar = CsHs-4-NMea.

Michelet and co-workers developed a method for the reduction of the benzopyrylium
complexes (3.109) intermediates using Hantzsch ester hydride (HEH).?** The conditions were

used to reduce pyrylium complex 3.102 to either 3.126 or 3.127 (Figure 127).

The crude ESI mass spectrum did show a minor peak consistent with the mass of the desired
products (3.126 or 3.127), however, a mass for trans-alkene 3.128 was also observed, from the
direct reduction of ynone 3.34. During purification, no desired product (3.126 or 3.127) was able
to be isolated, however a 32% yield of 3.128 was found as a mixture with coeluted oxidised HEH

3.129. The yield of 32% was calculated from the ratio of 3.128:3.129 in the *H NMR spectra.

0 [(PPh3)AUNTf,],.Tol o Ar
(2.5 mol%) —
= HEH (0.6 eq) Q
AT 3.34 PhMe (02 M) AT
e .
RT 241 3.126 3.127
o
M Et0,0_~_COsEt
3.128
32%
(as a 1:1 mixture 3.129
with 3.129)

Figure 127. Attempted reduction of pyrylium complex 3.102 with HEH, as reported by Michelet and co-
workers.?2* Ar = C¢Ha-4-NMeo.

The HEH reduction reaction highlighted that the desired products might form from the initial
amounts of pyrylium complex 3.102 available at the start of the reaction. However, after

protiodemetallation, the gold(l) catalyst coordinates to another molecule of ynone 3.34, and the
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n%(nt) gold complex 3.P34 can react preferentially with available nucleophiles. It was therefore

decided to stop exploring the potential reactivity of pyrylium complex 3.102.

3.5 Concluding Remarks
An intermolecular gold(l)-catalysed coupling reaction between indoles and carbonyl substituted
alkynes has been described, to give vinylindole species. Whereas trace Brgnsted acid will
typically promote bis-addition of another equivalent of indole, the carbonyl group of the alkyne
coupling partner (e.g. ynone 3.27) restricts further addition. DFT calculations demonstrated that
there is both a thermodynamic and kinetic penalty to the second addition when using the
carbonyl substituted alkynes (in comparison to simple acetylenes), due to the intermediate

carbocations being destabilised.

The preference for gold(l) coordination between the indole substrates (3.16 and 3.48) and ynone
3.27 was explored using both DFT calculations and 3P{*H} NMR spectroscopy. The electron-rich
indole moiety was found to be a better ligand for gold(l). This was proposed as the major reason
that the intermolecular reactions are more challenging than the intramolecular counterparts

(Figure 78), due to the need for the n?(mt) alkyne complex for catalysis.

Further exploration of the gold(l) coordination to different carbonyl-substituted alkynes
revealed that the electronic properties of both the aryl and carbonyl groups has a significant
effect on gold(l) coordination. The 3P{*H} NMR spectrum recorded using 4-NMe;-substituted
ynone 3.34 revealed the formation of a new complex. This was identified as a novel gold(l)-
pyrylium salt (3.102), from the dimerisation of 4-NMe; ynone 3.34. DFT calculations were used
to study the formation of 3.102, which was likely formed by nucleophilic attack of the electron-

rich alkyne of 3.34 into the n?(rt) alkyne gold(l) complex 3.Pa.

The reactivity of complex 3.102 was explored, however it found that only trace product
formation was observed (using ESI mass spectrometry of the crude reaction mixtures) under the
conditions used. It was proposed that the electron-rich nature of the aryl substituents of 3.102

lowers the reactivity of the complex.

The work described within this section is the subject of a publication.?®
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Chapter 4. Successive Ring Expansion (SURE)
4.1 Introduction
4.1.1 Medium-sized rings and macrocycles
Medium-sized rings and macrocycles are cyclic molecules which are defined as containing 8-11
atoms, or greater than 12 atoms respectively. There has been great interest in medium-ring

containing and macrocyclic molecules due to their many applications, for example in medicinal

226-233 234-236

chemistry, chemical synthesis, or as chiral shift reagents.?%’ Selected examples (4.1-

4.8) are shown in Figure 128, with the medium-sized ring/macrocyclic core highlighted.
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Figure 128. Select examples of medium-ring containing and macrocyclic molecules, with the macrocyclic
core highlighted in blue.

4.1.2 Synthesis of medium-sized rings and macrocycles
Due to the wide utility of medium-sized rings and macrocycles, efficient methods for their

synthesis are desirable. However, there are significant synthetic challenges associated with their
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synthesis. End-to-end cyclisations, for example via a simple Sn2 process or nucleophilic addition
into carbonyl compounds, are generally very efficient when making 5- and 6-membered rings
(Figure 129a). However, reactions using longer linear molecules tend to suffer problems with
competing intermolecular dimerisation (4.11 - 4.13) and higher order polymerisation
reactions, rather than the desired intramolecular cyclisation reaction (4.11 - 4.12, Figure

129b).238,239

4.1 4.12

4.13

Figure 129. a) General representation of the end-to-end cyclisation to form 6-membered ring 4.10. b)
Undesired dimerisation during the cyclisation of 11-membered linear starting material 4.11.

The challenges associated with the synthesis of medium-sized rings and macrocycles via end-to-
end cyclisation can be attributed to different effects. Ring strain can be described as the
combination of angle strain (deviation from the optimal geometry) or transannular strain
(caused by clashing interactions of atoms within close proximity).24%24! Medium-sized rings are
considerably more strained than smaller, normal sized rings as the molecules are distorted from
the ideal geometry to minimise the transannular interactions present. The higher strain energy
present increases the transition state energy of cyclisation and therefore oligomerisation can
become more favourable. Ring strain is largely relieved when the ring size is 12 or larger,%2%
however end-to-end macrocyclisation is also challenging as the probability of intramolecular
collisions are reduced due to the long chain length, and cyclisation of long chains is usually

associated with a relatively large decrease in entropy, compared with analogous shorter chain

cyclisation reactions.?®
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Methods have been reported which can improve the yields of large-ring forming reactions.?*?
These typically involve using very dilute conditions, with concentrations in the millimolar range
often reported.?**%%¢ This approach can lead to improvements in the yields of cyclisation
reactions, but the high dilution conditions can be a significant barrier to scaling up the reactions
due to the large volumes of solvent required. This might also be a safety concern, and there are
economic costs and impact to the environment also to consider with the use of large quantities
of solvent. Other methods that have been successful in the cyclisation of linear substrates have
been using resin-supported molecules (so called ‘pseudo’ high dilution),?**?*° and using
substrates which are templated or conformationally biased to favour the cyclisation

reaction.?>%?>2

4.1.3 Ring Expansion Reactions
A method that can overcome some of the synthetic challenges summarised above relies on
increasing the size of rings that are already present, a method often referred to as ring
expansion. These reactions can be used for the synthesis of both medium-sized rings and
macrocycles. One such method is based on the fragmentation of bicyclic molecules, and such
reactions are commonly driven by the loss of a good leaving group (Grob- or Eschenmoser-type

fragmentations).

For example, Reese et al. described the ring expansion of fused bicyclic ketone 4.14 (Figure
130).%3 After epoxidation of the alkene, further treatment of epoxide 4.15 with mesitylene-2-
sulfonohydrazide under acidic conditions resulted in an in situ Eschenmoser fragmentation
reaction, 2> |iberating nitrogen gas and breaking the internal C—C bond, resulting in the
formation of 10-membered cycloalkynone 4.18 in a 69% yield. This method was suitable for the
synthesis of a 9-membered derivative, however the smaller 8-membered cycloalkynone was

unable to be made using this method.
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Figure 130. Eschenmoser fragmentation reported by Reese et al. resulting in 10-membered cyclic alkyne
4.18.2%3

Another common method for ring expansion with a broad range of different examples, is known

as sidechain insertion, with two-electron and radical variations both well established.

For example, an efficient radical method was reported by Dowd et al. for the expansion of cyclic
B-ketoesters 4.19 (Figure 131).2°® Their chemistry uses tributyltin hydride to abstract a halogen
on an alkyl chain, situated for a 5-exo-trig cyclisation into a ketone (4.22). Bicyclic radical 4.23
can fragment, followed by ring expanded radical 4.24 abstracting a hydrogen from either
starting material 4.19 or tributyltin hydride, resulting in desired product 4.20 and further

propagation.
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Figure 131. Sidechain ring expansion using a radical addition pathway as reported by Dowd et al.?*®

In previous work by Beckwith et al., it was shown that when a radical was generated on related
cyclodecanone substrate 4.25, a ring contraction was observed (Figure 132).2” Therefore, the
evidence indicates that Dowd’s ring expansion reaction was driven by the thermodynamic
stability of the tertiary radical next to an ester group (in 4.24), in comparison to the primary

radical in 4.22.

Bu3SnH AIBN
benzene reflux

4.25 4

i Ty

6 4.27 4.28
1:1:2 ratio by GC

Figure 132. Ring contraction of cyclodecanone 4.25 reported by Beckwith et al.?>’

Another method to grow a cyclic molecule by sidechain insertion, is to use pericyclic reactions.
Sigmatropic rearrangements are most frequently reported,?*® however strategies utilising Diels—

Alder reactions have been used as well.?>*7262

An example of a [2,3]-sigmatropic ring expansion utilised a sulphur ylide in an iterative 3-atom
ring expansion process reported by Schmid et al.?5® Alkylation of cyclic thioether 4.29 with allyl
bromide resulted in sulphonium bromide 4.30 which can be readily deprotonated to form the
reactive ylide intermediate (4.31, Figure 133). Cyclisation of 4.31 via a [2,3]-sigmatropic

rearrangement results in ring expanded products 4.33 and 4.34. The allyl group alpha to the
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sulphur atom is regenerated, which allowed for an iterative process that was repeated to

successfully synthesise 17-membered macrocycles 4.38 and 4.38 in a 31% combined yield.

= a) Br\/\ — —
CaCoO
s 3 ®s __DIKOH _ g s—@\_
TFE, RT, 10 h Br@ — H,0/pentane, RT —
4.29 4.30 4.31

- —
a),b) % 5 '7
4.35 4.33 4.34 4.32
67% 45% 1%
(over 2 steps) (over 2 steps)

a),b)

4.36
70%
(over 2 steps) (over 2 steps)

Figure 133. Iterative ring expansion via [2,3]-sigmatropic rearrangements of cyclic thioether reported by
Schmid et al.2%3

Hesse and co-workers developed a series of methods for sidechain insertion ring expansion,

based on intramolecular transamidation reactions (Figure 134),264-268

R © R! )
Rz&o Rz&o
4.39 4.40

Figure 134. Representation of the transamidation equilibrium exploited by Hesse et al.

By alkylating lactams with aliphatic chains with a terminal primary amine, ring expansion was
seen upon treatment with base. If the sidechain contained secondary amines in a suitable
position (5-, 6- or 7- membered transition states are tolerated),2®® it was possible to increase the

ring-size further in one step.
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This ring expansion method was referred to as a “zip” reaction in reference to how the linear
chain closes. This series of reactions allowed for the synthesis of 21-membered lactam 4.45 in a
high yield starting from 13-membered lactam 4.41 (Figure 135). The group even reported the
synthesis of a 53-membered lactam from lactam 4.41 with a longer sidechain, although the

reported characterisation data for the structure was limited.®

CN
a) / ; Hy/Pt b) KAPA NH
1,3-diaminopropane //
®
N N
o Na 3 NH

)
\/\/NHZ o)
4.41 4.42 4.43
82% yield unreported
a)

b) 5/\/15\]'4
N e} HN
HN—~

4.44 4.45
78% /,} 90%

Figure 135. Transamidation "zip" reactions for ring expansion as reported by Hesse et al.?%*

An area where this method was particularly useful was in the formation of a macrocycle starting
from a normal sized ring. A previous attempt within the Hesse group at expanding 7-membered
lactam 4.46 into 11-membered product 4.47 with a single expansion proved unsuccessful (Figure
136a).2%8 It was proposed that the additional transannular strain within an 11-membered ring
hindered the equilibrium of the transamidation, which then strongly favoured the ring opened
isomer. However, by using a spermidine sidechain, it was possible to do a double ring expansion,
increasing 6-membered barbiturate derivate 4.48 into 14-membered product 4.50, via 10-

membered intermediate 4.49 (Figure 136b).?°
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Figure 136. a) Unsuccessful 3-atom ring expansion of 7-membered lactam 4.46 reported by Hesse et
al.?%® b) Successful “zip” reaction of barbiturate derivate 4.48, to yield 14-membered product 4.50,
reported by Hesse et al.?”°

Following a similar approach, Corey et al. developed a transesterification approach to ring
expansion.?’! Lactones of varied ring sizes were synthesised with a (hydroxy)propyl side chain
(4.51-4.53), which were then exposed to acidic or basic conditions. This proved to be insightful
as a strong ring-size dependence was found, a theme which has been discussed throughout this
section. It was shown that with a catalytic amount of p-toluenesulfonic acid, transesterification
and ring expansion was only seen with an 8-membered ring or larger (4.52 and 4.53) which was

proposed to be due to the release of ring strain upon ring expansion.
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Figure 137. Ring size dependence in transesterification ring expansion reactions of lactones, as reported
by Corey et al.?"*

4.1.4 Use of DFT calculations to study Ring Expansion reactions
A common theme seen throughout ring expansion literature is the dependence on ring-size for
the success of the reactions. To overcome the ring strain in the medium-sized ring products,
another method to stabilise the product formed upon ring expansion is typically used, such as
those discussed by the groups of Reese (Figure 130)%3 and Dowd (Figure 131).2°¢ Additionally,
work into sidechain insertion using transamidation and transesterification reaction reported by
Hesse (Figure 136),2°4270 and Corey (Figure 137)?"* demonstrated that these reactions are likely
in an equilibrium. Using DFT to calculate the relative energies of the species involved in ring

expansion can therefore provide useful insight into the outcomes of these reactions.

Yudin and co-workers explored this during their synthesis of medium sized cyclic peptides (of
the type 4.58).27? It was proposed that the insertion of a B-amino acid sidechain would allow for
the ring expansion of normal sized lactams 4.57 via the breakdown of fused bicyclic intermediate

4.59 (commonly referred to as a cyclol).
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Figure 138. Ring expansion of lactams 4.57 using B-amino acids as proposed by Yudin et al.?7?

This method was successful, and a series of 4-atom ring expansions were able to be performed

using an N-Boc protected B-amino acid strategy (4.60 - 4.61, Figure 139). However, upon

attempting the reaction for the 3-atom ring expansion of 6-membered lactam 4.62, rather than

the 9-membered ring product, oxidised cyclol 4.63 was isolated instead.

(0] O
NMN,BOC
R
4.60

(0] (0] FIQ
d J N,
N Boc
4.62

1) TFA/IDCM (1:1)

RT, 1h R
2) DIPEA, 0 N 0
MeCN, 50 °C, 12 h V\f
NH
4.61
72%

1) TFA/DCM (1:1)

o)
RT, 1h R\N
2) DIPEA, HO
N O

MeCN, RT, 30 min

4.63
87%

Figure 139. Attempted ring expansion reactions using N-Boc protected a- and B-amino acids, as
reported by Yudin et al.?’2 R = p-NO2-Bn.

Considering that the ring-opened imide, cyclol and ring expanded isomers were in equilibrium,

a DFT method was developed to explore the relative Gibbs energies of these isomers. A

conformational analysis was performed on each of the isomers using the MMFF forcefield.

Single-point calculations were then done on all conformers at the M06-2X/6-31G* level of

theory, and all structures within 7 kcal mol™? of the lowest energy conformers were then fully
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optimised at the M06-2X/6-31+G** level, with subsequent frequency calculations confirming
that the structures were minima on the potential energy surface. These DFT calculations were

performed for ring expansions using both the a- and B-amino acids.

The DFT calculated relative energies showed good correlation with the experimental results
(Table 11), with ring expansion predicted to be successful for ring expansion to 10-membered
product 4.65gg, and cyclol intermediate 4.64gc favoured with the a-amino acid, rather than 9-
membered product 4.64ge. Solvent corrections using an SMD model with acetonitrile were

considered however these made no significant difference to the predicted reaction outcome.

Table 11. DFT-calculated relative energies for the ring expansion of lactams using amino acids. Energies
are Gibbs energies calculated at the M06-2X/6-31+G** |level of theory. Where used, solvent corrections
were applied using an SMD model in acetonitrile. R = p-NO2-Bn.

R
o o HO N& R o
4.65 n=2 n NH
RO RC RE
Compound
Correction? kcal mol? kcal mol? kcal mol?
N 0.0 -3.4 -1.1
4.64
Y 0.0 -4.1 -2.4
N 0.0 +9.7 -2.8
4.65
Y 0.0 +6.0 -6.2

In 2017, the group of Krasavin reported a method for fragmentation ring expansions which were
referred to as hydrolytic imidazoline ring expansion (HIRE) reactions.?’® It was proposed that N-
alkylation of a fused cyclic imidazoline (4.66), followed by the addition of a hydroxide (by the
treatment of 4.67 under basic conditions) would result in a cyclol species (4.69), which would

then fragment and result in a ring expanded product (4.70).
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Figure 140. Hydrolytic imidazoline ring expansion (HIRE) concept reported by Krasavin et al.?”3

The group were able to validate this approach, with the sequential optimisation of both the N-
alkylation and ring expansion reactions. It was then possible to employ these steps in a one pot
protocol to allow for a 73% yield of ring expanded product 4.72 (Figure 141). This approach was
general with a further 16 examples shown, and a following study expanding the scope to sulphur

containing heterocycles.?’*

N
\/B ) (MeO 2802

N MeCN, RT, 12h
N
78 2) aq. K,COg4
O\ _ RT, 6 h
NO,
4.71 4.72

73%

Figure 141. An example of a HIRE reaction as reported by Krasavin et al.?’3

A limitation of this method was that the ring-size could only be increased by 3-atoms. In 2019,
the authors published a sidechain insertion method which could produce products with the
same substitution pattern.?”> It was proposed that a base-promoted intramolecular cyclisation
could take place when starting from an N-alkylated lactam (e.g. 4.73), to yield the ring expanded
products. This concept was verified in the synthesis of ring expanded lactam 4.74 (an analogue

of 4.72) in a 68% yield, following an N-Boc deprotection of 4.73 (Figure 142).
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Figure 142. Sidechain insertion development of HIRE reactions reported by Krasavin et al.

The development of these sidechain insertion HIRE reactions allowed for the synthesis of
structurally similar homologues with larger ring-sizes (4.79 and 4.80), as 4- and 5-atom ring
expansions were possible by increasing the length of the linear sidechain in the starting materials

(4.77 and 4.78). However, it was not possible to expand the ring by 6-atoms, likely due to the
formation of a strained 8-membered ring intermediate.

H
o NHBoc O- _N
~ 1) 4M HCl in dioxane T ONH
N RT, 18 h o)
2\
78NN 2) NaOH (3 eq.) |
O\ __ MeOH/H,0 (1:1) X
NO, RT NO,
473, n=1 4.74,n=1,68% (3 hr)
477, n=2 4.79, n = 2, 54% (24 hr)
478 n=3

4.80, n = 3, 49% (36 hr)

Figure 143. HIRE ring expansions resulting in larger ring sizes as reported by Krasavin et al.?’°> The times
in brackets refer to the required time of base treatment.

Whilst the reactions were successful it was noted that an increased reaction time was required
for the larger ring sizes. It was proposed that cyclisation of the sidechain becomes entropically

less favoured as its length increased. DFT studies were used to explore this (at the B3LYP/6-31G*
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level of theory) using a similar method to Yudin and co-workers as previously discussed.?’? It was
found that the relative energy of the cyclol intermediate (RC) increased with the length of the
sidechain, which likely increases the transition state energy for the cyclisation (Table 12).
However, the energy of the ring expanded product decreased, likely due to a greater decrease

in the ring-strain upon expansion.

Table 12. DFT-calculated energies for the isomers in the HIRE reaction. Energies are Gibbs energies at
the B3LYP/6-31G* level of theory with solvent correction in water.

n
H
0 NH, HN& O _N
4.74,n=1 N/\é/)n HOSL ~ “NH
479, n=2 /N = /N D © Z N
480, n=3 \ \ |
(0] _ (0] _ AN
NO, NO, NO,
RO RC RE
AGrel RO/ AGreI RC/ AGreI RE /
Compound
kcal mol* kcal mol™ kcal mol*
4.74 0.0 +20.4 -3.6
4.79 0.0 +21.0 -5.0
4.80 0.0 +24.0 -6.7

4.1.5 Successive Ring Expansions (SuRE)
Successive ring expansion (SURE) reactions have been developed within the Unsworth group as
an alternative way to increase the ring size of cyclic B-keto esters (reported in 2015) or lactams

(reported in 2017) via the insertion of a linear sidechain.?’627°

The synthetic process is summarised in Figure 144. First, the a-carbon of the B-keto ester (e.g.
4.81) or the nitrogen of the lactam (e.g. 4.85 and 4.89) is acylated by an acyl chloride formed in
situ. Next, the protecting group of the nucleophile tethered onto the newly inserted chain is
removed. Typically, oxygen nucleophiles are benzyl-protected and therefore cleaved via
hydrogenation, whereas amines are protected using a 9-fluorenylmethyloxycarbonyl (Fmoc)
group, which is removed under basic conditions. Cyclisation and ring expansion then occurs

under basic conditions. Crucially, the key functionality of the starting material is regenerated
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following ring expansion, and another ring expansion can therefore be performed using the

same method, which allows for an iterative process to produce functionalised macrocycles.

(0]
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0 Cl)vN ™ 5 o o |
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COEt 4.84 N~ O DCM
— CO.Et g o
MgCl,, pyrdine, n CO.Et
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4.81 4.82 4.83
82%
(over 2 steps)
0]

0
9 c|)vo|3n o o 1. H,, Pd/C, EtOAc

NH 4.88 NJ\AOBn 2. NEts, CHCl; o/l
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DMAP, 45 °C 4.86 H
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Figure 144. Examples of successful SURE reactions reported by Unsworth et al.276278:279

The proposed mechanism for the ring expansion is similar to methods reported by Yudin and

272,275

Krasavin, in which an intramolecular cyclisation of the nucleophile (secondary amine or
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hydroxy group) into the cyclic carbonyl takes place to form bicyclic intermediate (4.94). This
intermediate can then fragment, to give ring expanded product 4.95 (Figure 145). The proposed

mechanism for the SURE ring expansion reactions using B-ketoesters is conceptually the same.

0]

©
Com ; S x :
NJ\AS('H " @\l/ +H X/l
N (@]
'e) H
4.94

4.93 4.95

X=0o0orNR

Figure 145. Proposed mechanism for the SuRE reactions of lactams.

During work into lactone formation using a- or B-hydroxyacids, a clear ring-size dependence on
the success of the ring expansion reaction was found (Figure 146).2”° When a-hydroxyacids (as
in 4.96 and 4.98) were used as the linear fragment, the ring size of the starting lactam was
required to be 8 or larger for the reaction to be successful. In contrast, SURE reactions using B-
hydroxyacids (as in 4.100 and 4.102) were possible using a smaller 6-membered starting
material. In the unsuccessful reactions (ring expansions of 4.96 and 4.100) shown in Figure 146,
the deprotected linear starting materials (4.97ro and 4.101go) were recovered. This suggested
that the problems discussed with ring strain within medium-sized rings contributed to whether

the ring expansion would be successful.
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Figure 146. Ring-size dependence on the scope of SURE reactions using a- and B-hydroxyacids.

A further two examples were reported with a-hydroxyacids 4.104 and 4.108 which after benzyl
deprotection, the isolated products existed as a mixture of ring opened, ring expanded and
bicyclic cyclol intermediates in CDCls solution (Figure 147). It was therefore proposed that these
intermediates are in equilibrium during the SuRE reactions, with the observed synthetic

outcomes thermodynamically controlled.
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Figure 147. SuRE reactions resulting in equilibrium mixtures. Ratios were determined by *H NMR
spectroscopy.

4.1.6 SuRE DFT Calculations
The experimental evidence suggested that the outcome of SuRE reactions is under
thermodynamic control. Therefore, based on the previously discussed work by Yudin and co-
workers on structurally similar substrates,?”? it was proposed that by using computational
chemistry to calculate the relative Gibbs energy difference between the three isomers (4.112—

4.114) in solution (Figure 148), the viability of a SURE reaction could be predicted.

by — s — @

4.112 4113 4.114

Figure 148. The three isomers considered in the DFT calculations.

Molecular mechanics was used to perform a conformational analysis using the MMFF forcefield.
The electronic energy of each conformation was then calculated at the B3LYP/6-31G* level of
theory. Finally, the conformation with the lowest DFT-calculated electronic energy was then
submitted for a full geometry optimisation, followed by a frequency calculation to obtain the

thermal energy corrections. This process was repeated for each structure to be compared.
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The relative energies were calculated for the lactone-forming SuRE reactions discussed
previously (Figure 146 and Figure 147), to compare whether the DFT calculations could indeed

correctly predict the outcome of the reaction.

The data in Table 13 shows the results of the study, which demonstrated that the DFT
calculations successfully predicted the outcome of the reactions if the calculated energy
difference between the isomers is significant (e.g. compounds 4.96, 4.98, 4.100). Where the
relative energy difference is smaller, the prediction was less reliable. For example, compound
4.104 might be predicted to form only the ring-opened isomer, however instead a 3:2 mixture
of ring-opened and ring closed isomers were observed. Additionally, for compound 4.108, an
equilibrium mixture of ring-opened and ring expanded isomers might be expected, however the
ring-opened isomer was the major isomer observed, with only a small proportion of the ring

expanded isomer seen.

Table 13. DFT-calculated relative difference in Gibbs energy at 298.15 K at the B3LYP/6-31G* level of
theory in a vacuum.

4.96,m=1,n=1 OH

0 O @)
4104, m=2,n=1 NJ\HOH O o )
4108, m=3,n=1 n oS m( N )n = (l\n
498 m=4,n-=1 ( o
m m N
H

41000 m=1,n=2 (@]
4102 m=2.n=2
m=2sn RO RC RE

AG RO/ AG RC/ AG,o RE / Experimental

Compound m n
kcal mol? kcal mol? kcal mol* RO:RC:RE Ratio
4,96 1 1 0.0 +13.4 +10.3 1:0:0
4.104 2 1 0.0 +2.9 +5.2 3:2:0
4.108 3 1 0.0 +4.0 +0.7 69:13:1
4,98 4 1 0.0 +2.6 -6.3 0:0:1
4.100 1 2 0.0 +11.7 +4.1 1:0:0
4.102 2 2 0.0 +5.7 -2.4 0:0:1

A more comprehensive study was then started, which focused on the validation of the DFT
methodology used with respect to the SURE reactions that had previously been published, whilst

also increasing the reaction scope. However, during this work it was noted that whilst the
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published method (B3LYP/6-31G*) was successful, there were some potentially significant

considerations that had been omitted.

Firstly, the effect of changing the functional and basis set wasn’t considered. B3LYP is a
commonly used functional, however, it has a reputation for being a ‘default’ option and doesn’t
always benchmark favourably.?8%28 Larger basis sets (than 6-31G*) are available with which
more accurate energies could theoretically be obtained,?®* however this comes at a cost of
increased computational expense without necessarily improving the model of the reactions.
Additionally, it was noted that these calculations are performed in the gas phase so the effect
of solvation stabilisation with the three calculated isomers could be considered. Finally, the
effects of dispersion (long-range interactions, see Section 1.1.11) would normally be considered
to represent the system more accurately. Therefore, it was decided to perform a more thorough

methodology screen to ensure the most representative model was used.

The work presented in this chapter will focus on the author’s contributions to validate or
improve the DFT method used, building upon the work previously done by Dr Aggie Lawer in the
Unsworth group. A discussion of how this computational method has been used to rationalise
the experimental data from other members of the Unsworth group, which has furthered the

scope of SURE reactions, will be provided.
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4.2 Evaluating the viability of Successive Ring Expansions
4.2.1 Scope of the study

As discussed previously, the only SURE system which had been modelled using the B3LYP/6-31G*
method, were the a- and B-hydroxyacid ring expansions starting from lactams (Table 13, page
184), in which a clear dependency on the ring-size of the starting lactam was observed. To screen
this method more thoroughly, additional calculations to model the thermodynamics of SURE
reactions were performed. The reactions to be considered were the ring expansions using
lactams with a-amino acid linear fragments (4.115-4.117), and the cyclic B-ketoesters variant
using both B-amino acid and B-hydroxyacid starting materials (4.118-4.120) to evaluate their

dependence on the starting ring-size (Figure 149).

oy OH/
J&N U Q
N { L
m
4.115 4.116 4.117
HO O
o) O X
CO,Et (
EtO,C m
m 2 (@) Et02C o)
4.118 4.119 4.120
X =0 or NMe

Figure 149. SURE reactions to be studied by DFT calculations.

Additionally, the scope of the lactams used experimentally in the SURE reactions was improved,
to result in more functionalised ring expanded products. Therefore, further DFT calculations
were done with these new examples to determine if it is possible to predict the outcome in
specific examples. The computational data of the ring-size screen, and the new lactam
substrates, would then be compared using different levels of theory to determine the best

computational model to use.
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4.2.2 Lactam and a-amino acid expansion ring-size dependence
The scope of SURE ring expansions using a-amino acids was previously limited to one example
in which a 13-membered lactam was acylated and successfully ring expanded using Fmoc-

protected sarcosine.?’®

o lfmoc
N
1 Cl ~
O ' 4.123 e
pyridine, DMAP
NH DCM, 50 °C, 18 h 0 N\)J\NH
2. DBU, DCM, RT, 18 h
4.121 4.122
94%

Figure 150. Previous example of an a-amino acid SURE reaction as reported by Stephens et al.?’®

Based on the previous studies, it was suspected that there might be a ring size below which the
ring expansions were no longer successful (referred to as the ‘switch-on point’), so DFT
calculations were used to examine the relative energy difference between the ring-opened

imide, cyclol and ring expanded isomers of various starting lactam sizes (Figure 151, n = 1-4).

o 4 OH/
J\/N U Q
N \8 L
n
4.115 4.116 4.117

Figure 151. Structures used for evaluating the lactam ring-size dependence with sarcosine. m = 1-4.

As previously described (see Section 4.1.6), a conformational analysis was performed followed
by single-point calculations at the B3LYP/6-31G* level of theory in the gas phase. The geometry
of the lowest energy conformation was then optimised using DFT with a frequency calculation
to both demonstrate that the structure was a true minimum, and to generate the
thermodynamic corrections. The relative energy difference for the different starting ring-sizes

were then compared (Table 14).

187



Table 14. DFT-calculated relative difference for the a-amino acid lactam ring expansions series. All
energies are Gibbs energy at 298.15 K at the B3LYP/6-31G* level of theory in a vacuum. Calculated by Dr

Lawer.
0 O OH /
H
4.124,n =1 N )K/N
4125, n=2 Xg L
4.126,n=3 -
4127, n=4
RO RC RE
Compound AG RO/ AGe RC/ AG e RE /
kcal mol* kcal mol* kcal mol™*
4,124 0.0 +16.5 +1.9
4,125 0.0 +3.9 +2.1
4.126 0.0 +6.4 +0.7
4.127 0.0 +6.8 -7.3

As before with the a-hydroxyacid series, the data showed a significant calculated energy
difference when an 8-membered lactam was used as the starting material (Table 14, 4.127), with
the ring expanded product favoured. The ring opened isomer was calculated to be lower in
energy for the smaller rings (4.124-4.126), albeit it might be expected to see both ring opened
and ring expanded isomers in an equilibrium mixture when starting with 7-membered lactam
(4.126), similar to the result of the analogous a-hydroxyacid example (Table 13, compound

4.108).

Synthetic experiments were then attempted for the above calculated ring sizes (Figure 152), and
only the 8-membered lactam starting material showed success in the ring expansion reaction,
with a yield achieved of 82%. The smaller ring sizes were all unsuccessful, as predicted by the
calculations, with no products isolated following the ring expansion. Notably, when starting from

the 7-membered lactam, an equilibrium mixture of products was not observed.
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Figure 152. Synthetic experiments exploring the ring-size requirements of SURE reactions using a-amino
acids, as performed by various co-workers.

As before (see Section 4.1.6), the DFT results match the outcome of the experimental results,
with the only successful reaction being the ring expansion of 8-membered lactam 4.89 to
4.127:. It was decided that this series of molecules were ideal for benchmarking the DFT
methodology due to the similarity of the substrates (e.g. a homologous series in which the ring

size is increased).

Dr Lawer used the Spartan software package in the previous SuRE calculations.?®® However, the
Gaussian software package was used for the benchmarking studies (and for all future work in
this area) due its availability on the University of York’s high performance computing clusters.?®
Therefore, initially, a comparison was made between the B3LYP/6-31G* energies as calculated
between Spartan and Gaussian. The geometries from the Spartan geometry optimisations were
used as the starting point for a geometry optimisation and frequency calculation in Gaussian at
the B3LYP/6-31G* level of theory in a vacuum. The geometries of the resulting optimised

structures were then compared to the starting input to ensure that there was no significant

change in the conformation.

The relative energies between the two software packages were comparable (Table 15), with the

only significant difference seen in the calculation of the 6-membered lactam series (4.125). The
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start and end geometries of 4.125 were compared, however there was no significant difference
in the geometry. The 6-membered lactam structures (4.125) were still used in the comparisons,

however minimal consideration to this data set was made when conclusions were drawn.

Table 15. DFT-calculated relative difference for the a-amino acid lactam ring expansions (4.124-4.127)
using either Spartan or Gaussian. All energies are Gibbs energy at 298.15 K at the B3LYP/6-31G* level of
theory in a vacuum. Spartan calculations performed by Dr Lawer.

o 9 4 OH/

4124 n=1 NKN
4125 n=2 Tg L
4126, n=3 N
4127, n=4
RO RC RE
Compound Software Used AG RO/ AG RC/ AG. RE /
kcal mol? kcal mol? kcal mol?
Spartan 0.0 +16.5 +1.9
4.124
Gaussian 0.0 +15.8 +2.2
Spartan 0.0 +3.9 +2.1
4.125
Gaussian 0.0 +1.3 -0.3
Spartan 0.0 +6.4 +0.7
4.126
Gaussian 0.0 +6.1 0.3
Spartan 0.0 +6.8 -7.3
4.127
Gaussian 0.0 +6.2 -8.2

Further method screening was undertaken using Gaussian as these data indicated that the
results were directly comparable with Dr Lawer’s data from Spartan. First, the effects of using
different functionals for the calculations were considered. GGA functional BP86, 3% the hybrid
functionals B3LYP,3"-%° and PBEO,3**3¢ and the meta-hybrid Minnesota functional M06-2X,%*! were

compared using the same 6-31G* basis set, with no solvent correction applied.

The data showed that the BP86 and PBEO calculations, whilst similar to the B3LYP results, did
predict the energy of the ring expanded isomer to be relatively more stable in all cases (Table
16). This was particularly significant when the 7-membered lactam 4.126 was considered, where

the BP86 and PBEO functionals predicted that the ring expansion would be favourable.
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The most significant difference in the relative energies was found when the M06-2X functional
was employed. A much greater stabilisation for the ring-closed and ring expanded isomers was
seen across all ring-sizes, predicting both that an equilibrium might be seen with 5-membered
lactam 4.124, and that ring expansion was favoured with 7-membered lactam 4.126, neither of
which was observed experimentally. It was noted that the M06-2X functional is parametrised to
include medium-range interactions (akin to a separate dispersion correction), and it was

proposed that this was the reason for the large difference.

Table 16. DFT-calculated relative difference for the a-amino acid lactam ring expansions (4.124-4.127)
with differing functionals. All energies are Gibbs energy at 298.15 K using the 6-31G* basis setin a
vacuum.

0
4.124,n = 1 NJK/N\ N

— (O =
4125 n=2 = —
4.126. s " N{ ( l\o

4.127,n=4 " o "N
RO RC RE
Compound Functional AG, RO/ AG RC/ AG RE /
kcal mol* kcal mol™ kcal mol™*
B3LYPR 0.0 +16.5 +1.9
BP86 0.0 +14.9 +1.6
4,124
PBEO 0.0 +14.1 +1.2
MO06-2X 0.0 +9.8 0.3
B3LYPR 0.0 +3.9 +2.1
BP86 0.0 +0.5 -1.1
4,125
PBEO 0.0 -0.6 -1.6
MO06-2X 0.0 -5.6 -3.7
B3LYPE! 0.0 +6.4 +0.7
BP86 0.0 +5.5 -0.4
4,126
PBEO 0.0 +4.4 -1.3
MO06-2X 0.0 -0.5 -2.8
B3LYP[! 0.0 +6.8 -7.3
BP86 0.0 +5.5 -8.3
4,127
PBEO 0.0 +4.5 -8.8
MO06-2X 0.0 -0.8 -9.9

8] Energies were taken from the Spartan calculations performed by Dr Lawer.
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The effects of applying a solvent correction on the relative energies were next considered.
B3LYP/6-31G* and MO06-2X/6-31G* calculations were performed with an added solvent
correction using a PCM model with DCM as the solvent to match the experimental conditions,
these were directly compared with the equivalent calculation in the gas phase. A calculation at

the BP86/SV(P) level of theory was also performed. The data are collated in Table 7.

Overall, the addition of a solvent correction did not significantly alter the predicted outcome of
the ring expansion experiment when used with the B3LYP/6-31G* level of theory, although a
slight reduction in the relative energy difference of the ring-closed and ring expanded isomers
was observed. A larger preference for the ring expanded isomer was observed at both the

BP86/SV(P) level of theory, and the M06-2X functional again.
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Table 17. DFT-calculated relative difference for the a-amino acid lactam ring expansions (4.124-4.127).
All energies are Gibbs energy at 298.15 K using the 6-31G*. Where used, solvent corrections were
applied using a PCM model with DCM as the solvent.

o 9 4 OH/

4124 n=1 NJVN C{/ Q
4125, n=2 Wg L
4126,n=3 -
4127, n=4
RO RC RE
Compound Functional Basis Solvent AGeiRO/ AGRC/ AGRE/
Set Correction? kcal mol? kcal mol? kcal mol?
B3LYPR! 6-31G* N 0.0 +16.5 +1.9
B3LYP 6-31G* Y 0.0 +14.9 +0.2
4.124 MO06-2X 6-31G* N 0.0 +9.8 0.3
MO06-2X 6-31G* Y 0.0 +8.7 -1.6
BP86 SV(P) Y 0.0 +11.5 -2.1
B3LYPR! 6-31G* N 0.0 +3.9 +2.1
B3LYP 6-31G* Y 0.0 +2.2 -1.1
4.125 MO06-2X 6-31G* N 0.0 -5.6 -3.7
MO06-2X 6-31G* Y 0.0 -4.5 -4.1
BP86 SV(P) Y 0.0 -1.2 -3.0
B3LYPR!  6-31G* N 0.0 +6.4 +0.7
B3LYP 6-31G* Y 0.0 +6.2 -0.3
4.126 MO06-2X 6-31G* N 0.0 -0.5 -2.8
MO06-2X 6-31G* Y 0.0 -0.5 -3.4
BP86 SV(P) Y 0.0 +2.7 -1.8
B3LYPR!  6-31G* N 0.0 +6.8 -7.3
B3LYP 6-31G* Y 0.0 +6.2 -9.9
4.127 MO06-2X 6-31G* N 0.0 -0.8 -9.9
MO06-2X 6-31G* Y 0.0 -0.9 -11.4
BP86 SV(P) Y 0.0 +2.5 -11.1

8] Energies were taken from the Spartan calculations performed by Dr Lawer.

The final consideration applied was the use of dispersion corrections. As discussed previously
(see Section 1.1.11), DFT functionals typically neglect the effects of London dispersion.?° This

can be remedied by the inclusion of dispersion corrections, and Grimme’s D3 variant with
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Becke—Johnson damping (referred to as D3(BJ)) was used here.”> Additionally, the Minnesota
functionals (e.g. M06 and M06-2X) are parametrised to take medium-range interactions into

consideration.*

It had been noted during this study that the M06-2X functional was markedly worse in predicting
the reaction outcome of the SuRE reaction (Table 16), so a range of methods for considering the
effects of dispersion were applied. The D3(BJ) correction was added to the B3LYP functional, as
well as taking the BP86/SV(P) geometries and performing a single-point calculation at the
D3(BJ)-PBEO/def2-TZVPP level of theory. Additionally, the M06 functional was applied to

compare the results with M06-2X.

The inclusion of dispersion corrections had the largest effect on the predicted outcome of the
reaction (Table 18), whether this was included as an empirical correction, or with the Minnesota
functionals. All ring sizes show a significant decrease in the relative energy difference of both
the ring-closed and ring expanded isomers, which in the case of the 5- and 7-membered lactams
(4.124 and 4.126), were now predicted to be successful, in disagreement with the experimental
outcomes. This effect was also seen with 8-membered lactam 4.127, however in this instance
the predicted reaction outcome doesn’t change, as the ring expanded product was already

predicted to be significantly lower in energy.
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Table 18. DFT-calculated relative difference for the a-amino acid lactam ring expansions (4.124-4.127). All energies are Gibbs energy at 298.15 K using the 6-31G*.
Where used, solvent corrections were applied using a PCM with DCM as the solvent. Dispersion corrections were applied using the D3(BJ) method.

o ©O OH/

H
4.124,n =1 NJVN
4125 n=2 Tg L
4126,n=3 -
4127, n=4

RO RC RE
Compound Functional Basis Set Solvent Empirical

Correction?

Dispersion

Correction?

AGie RO / kcal mol™?

AGe RC / kcal mol?

AG;e RE / kcal mol?

B3LYPP! 6-31G* N N 0.0 +16.5 +1.9

B3LYP 6-31G* N Y 0.0 +13.7 -0.2

4.124 MO6 6-31G* Y N 0.0 +10.8 -2.1
MO6-2X 6-31G* Y N 0.0 +8.7 -1.6

PBEQ®! def2-TZVPP Y Y 0.0 +9.2 -3.3

B3LYPL! 6-31G* N N 0.0 +3.9 +2.1

B3LYP 6-31G* N Y 0.0 -1.5 -3.5

4.125 MO6 6-31G* Y N 0.0 -3.0 -3.8
MO6-2X 6-31G* Y N 0.0 -4.5 -4.1

PBEO®  def2-TZVPP Y Y 0.0 -3.0 -5.3
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o o OH/ Q 7
4124, n=1 NJ\/N

— Gy =
4125, n=2 = N{ D ( L
o) n ©

4.126,n=3 :
4127, n=4 H
RO RC RE
Compound Functional Basis Set Solvent Empirical

Correction? Dispersion AG, RO/ kcal mol?  AG, RC/ kcal mol?  AGie RE / kcal mol™

Correction?

B3LYPP! 6-31G* N N 0.0 +6.4 +0.7

B3LYP 6-31G* N Y 0.0 +3.8 -3.5

4.126 MO06 6-31G* Y N 0.0 +1.1 -3.8
MO06-2X 6-31G* Y N 0.0 -0.5 -3.4

PBEQ™! def2-TZVPP Y Y 0.0 +0.7 -5.0

B3LYPP! 6-31G* N N 0.0 +6.8 -7.3

B3LYP 6-31G* N Y 0.0 +3.6 -9.8

4.127 MO06 6-31G* Y N 0.0 +0.6 -12.2
MO06-2X 6-31G* Y N 0.0 -0.9 -11.4

PBEQ'™ def2-TZVPP Y Y 0.0 +0.6 -13.4

el Energies were taken from the Spartan calculations performed by Dr Lawer. ! Geometry taken from BP86/SV(P) calculation.
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To explain the difference in relative energies when the dispersion correction was applied, the
geometry of the three isomers were considered. Due to the ring-opened isomer being stabilised
less, it was proposed that the linear sidechain in the ring-opened isomer contains fewer long-
range interactions due to the distance from the lactam. However, in the ring-closed and ring
expanded isomers, this side chain is now incorporated into the ring, hence the atoms are closer,

and an increased amount of stabilising long-range interactions are calculated.

It is suspected that in the real system, intermolecular interactions of the sidechain with the
solvent stabilise the ring-opened isomers in reactions where the ring expansion is unsuccessful.
These interactions are not modelled in the DFT calculations performed here due to the
computational cost of explicit solvation (see Section 1.1.10 for discussion of solvation models in
DFT methods). Therefore, it is proposed that the additional dispersion interactions in the ring
expanded isomers, and the neglected solvent/solute interactions in the ring-opened isomers,
provides a bias which leads to the calculations predicting a greater thermodynamic driving force

to ring expansion.

4.2.3 Further Scope
Following the conclusion of the above study, the performance of the B3LYP/6-31G* and MO06-
2X/6-31G* methods on a wider range of substrates was tested. Solvent corrections were applied
in the M06-2X calculations, so that the effects of both solvation and dispersion on the relative

energies are considered.

Whilst the previous DFT studies on the SuRE reactions discussed focused on the ring size
dependency of lactam starting materials, it is also possible to use cyclic B-ketoesters as starting
materials in SURE.?’®?’” Figure 153 shows the experimental results for the ring expansions
utilising B-ketoesters to form medium-sized and macrocyclic lactams (4.129g¢—4.131g¢) and
lactones (4.132ge and 4.133ge). Whilst the lactams had been previously reported,?’® the lactones

were new for this study.
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Figure 153. Cyclic B-ketoester SURE reactions that were studied using DFT. Yields for lactams 4.129ge—
4.131ge were taken from previous studies?’® The other reactions were performed by various co-workers.

Overall, both methods correctly predicted the outcome of the SuRE reactions, with ring

expansion favoured greatly in each case (Table 19). As previously, the M06-2X functional

lowered the relative energy of both the ring closed and ring expanded isomers. However, whilst

the relative energy of the ring expanded isomer decreased between 0.5-2.5 kcal mol?, a much

larger effect for the ring closed isomer was seen, with the difference in relative energy increasing

as the size of the ring increased.
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Table 19. DFT calculated relative energies for the SURE reaction of cyclic B-ketoesters (Figure 153).
Energies are Gibbs energies at 298.15 K at the given level of theory. Solvent corrections were applied for
the M06-2X/6-31G* calculations using a PCM model in dichloromethane for 4.129-4.131 and
chloroform for 4.132 and 4.133. B3LYP calculations performed by Dr Lawer.

RO RC RE
Compound Method / / /
kcal mol™ kcal mol™ kcal mol*

B3LYP/6-31G* 0.0 +2.6 -10.0

4.129
MO06-2X/6-31G* 0.0 -2.3 -12.5
B3LYP/6-31G* 0.0 +1.6 -8.1

4.130
MO06-2X/6-31G* 0.0 -6.8 -10.5
B3LYP/6-31G* 0.0 +8.8 -36.6

4.131
MO06-2X/6-31G* 0.0 -3.3 -38.0
B3LYP/6-31G* 0.0 +2.5 -9.3

4.132
MO06-2X/6-31G* 0.0 -3.6 -11.7
B3LYP/6-31G* 0.0 -0.5 -10.8

4.133
MO06-2X/6-31G* 0.0 -6.6 -10.3

Furthermore, rather than focusing on just the ring size of the lactam, the effect of different
modifications on the carbon chain was also considered. The SURE reactions which were studied

by DFT are shown in Figure 154.
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Figure 154. New SuRE reactions that were studied by DFT. Yields as reported by various co-workers.?%’
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In most cases (9 out of 13), both computational methods predicted the same outcome of the
reactions (Table 20). Notably, these were situations in which the B3LYP calculation already
predicted a significant driving force for ring expansion. Examples where the M06-2X calculations
were less successful in predicting the outcome included compound 4.136, where ring expansion
was strongly predicted to occur, but a mixture of isomers were observed experimentally. Also,
for compound 4.146, where no ring expansion was observed experimentally, an equilibrium

mixture might be expected.

There were some results with which the B3LYP method was less successful in predicting the
outcome. Compound 4.135 predicted that a mixture might be seen but only the ring expanded
isomer was isolated. Compound 4.136 again proved difficult to model, a convincing energy
difference of -2.9 kcal mol? in favour of ring expansion was seen however a mixture was
observed. Finally ring expansion was observed with compound 4.145 however the B3LYP

method predicted that the ring opened isomer would be favoured.
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Table 20. DFT calculated relative energies for the SURE reaction in Figure 154. Energies are Gibbs

energies at 298.15 K at the given level of theory. Solvent corrections were applied for the M06-2X/6-

31G* calculations using a PCM model in dichloromethane or chloroform as appropriate. B3LYP
calculations performed by Dr Lawer.

Compound Method RO/ RC/ RE/ Yield RE
kcal mol? kcal mol? kcal mol? (%)
B3LYP/6-31G* 0.0 +9.7 0.0
4.135 41
MO06-2X/6-31G* 0.0 +0.2 -6.9
B3LYP/6-31G* 0.0 +6.3 -2.9
4.136 672
MO06-2X/6-31G* 0.0 -0.5 -5.0
B3LYP/6-31G* 0.0 +12.4 -5.5
4.138 70
MO06-2X/6-31G* 0.0 +2.1 -11.7
B3LYP/6-31G* 0.0 +9.2 -10.4
4.139 75
MO06-2X/6-31G* 0.0 +2.6 -11.2
B3LYP/6-31G* 0.0 +11.7 -6.7
4.141 99
MO06-2X/6-31G* 0.0 +1.1 -12.0
B3LYP/6-31G* 0.0 +9.4 -10.9
4.143 73
MO06-2X/6-31G* 0.0 +0.6 -14.5
B3LYP/6-31G* 0.0 +15.9 +2.5
4.145 40
MO06-2X/6-31G* 0.0 +7.2 -2.8
B3LYP/6-31G* 0.0 +13.9 +3.3
4.146 0
MO06-2X/6-31G* 0.0 +6.3 -0.5
B3LYP/6-31G* 0.0 +18.3 -5.9
4.148 77
MO06-2X/6-31G* 0.0 +9.7 -9.4
B3LYP/6-31G* 0.0 +13.8 -3.9
4.149 71
MO06-2X/6-31G* 0.0 +6.8 -6.0
B3LYP/6-31G* 0.0 +7.3 -3.9
4.151 30
MO06-2X/6-31G* 0.0 -3.5 -9.2
B3LYP/6-31G* 0.0 +16.1 -3.5
4.153 84
MO06-2X/6-31G* 0.0 +4.7 -9.8
B3LYP/6-31G* 0.0 +9.7 -4.8
4.154 45
MO06-2X/6-31G* 0.0 +2.6 -6.6

[a] Isolated as a mixture (4:3 4.136g:4.136g0).
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4.2.4 Thiolactone SuRE Viability
Whilst SURE reactions using amino acids and hydroxyacids in the formation of lactam and
lactones respectively have been thoroughly studied,?’®727° the formation of thiolactones using
thiol-terminated sidechains remained unexplored. This was considered to be an interesting

synthetic opportunity, given that some normal-sized thiolactones are biologically active (4.155—

4.157, Figure 155).288-2%0

HO S

4.155 4.156 4.157
thiolactomycin (GCPII Inhibitor) (ACE Inhibitor)
(antibiotic)

Figure 155. Biologically active normal sized thiolactones.

It had been proposed previously that the formation of stable, conjugated amide and esters
functionalities offset the increase in ring strain observed upon ring expansion in the more
establish N- and O-SuRE reactions. However, thioesters are generally considered to be less
thermodynamically stable than amides and esters,**% and therefore SURE reactions using

thiols were expected to be a more challenging prospect.

To aid in the development of this chemistry, it was proposed that DFT calculations would be
useful to address whether thiolactone formation was thermodynamically viable. The work
presented in this section highlights the computational chemistry used during the development
of thiolactone-forming SuRE reactions, and how this aided another Unsworth group member, Dr

Kleopas Palate, during the development of a synthetic procedure (Figure 156).

1) Deprotection o)

@ 0 2) Ring Expansion
NJ\AS/PG > S/l
N~ "0
H
4.158 4.159

Figure 156. Proposed thiolactone SuRE reactions.
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As discussed previously, SURE reactions to increase the ring-size by 4 atoms for the formation of
lactams and lactones are typically easier than the 3 atom counterparts.?’82792% Therefore the

equivalent thiolactone variant of these were studied first.

During the conformational search it was noted that whilst nitrogen and alkoxy oxygen atoms
have been parametrised within the MMFF forcefield specifically for their inclusion in amide and
ester functionalities respectively, parameters for the sulphur atom within thioesters are not
included.?® Therefore, the functional group was treated as a thioether and a generic carbonyl.
To account for this, the geometry of each conformation was optimised to ensure the most
accurate comparison of the relative energies. Otherwise, the rest of the methodology used was
the same as has been discussed and verified previously (see Sections 4.2.2 and 4.2.3),%** with all

DFT calculations using the B3LYP/6-31G* level of theory in a vacuum.

The DFT calculations suggested that formation of the thiolactones using SURE was indeed less
thermodynamically favoured than the equivalent lactam and lactone formation (Table 21).
Successful ring expansion was only predicted when starting from medium sized lactams (4.162go

and 4.163go), with 8-membered rings considered to be the ‘switch on’ point.

Table 21. DFT-calculated relative energy difference for the 4-atom thiolactone ring expansions (4.160—
4.163). All energies are Gibbs energy at 298.15 K at the B3LYP/6-31G* level of theory in a vacuum.

6 O HO Q
4160, n =1 )k/\ S S
N SH -
4.161,n=2 = (N =
4.162,n=3 N0
4.163.n=4 n o) H
RO RC RE
Compound AG RO/ AG RC/ AGe RE /
kcal mol™* kcal mol™* kcal mol™*
4.160 0.0 +15.4 +7.5
4.161 0.0 +17.1 +3.8
4,162 0.0 +20.0 -3.0
4.163 0.0 +17.5 -7.1

Encouraged that SURE reactions using thiols might be possible, Dr Palate optimised the reaction,
starting from commercially available 13-membered lactam 4.121. Whilst the relative energies

of the isomers formed in this ring expansion were not calculated, lactam 4.121 was past the
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‘switch on’ point (e.g. the DFT calculations in Table 21 suggests that lactams containing more
than 8 atoms will ring expand) and hence likely to be thermodynamically viable. It was found

that an Fm-protecting group strategy was the most successful and a 54% yield of the 17-

membered macrocyclic thiolactone was isolated (Figure 157).

1.
O 4.164
pyridine, DMAP s/\)kNH

NH DCM, 50 °C, 18 h

2. DBU, DCM, RT, 18 h O’O

4121 4.165
54%

Figure 157. Thiolactone SuRE reaction of 13-membered lactam 4.121, optimised by Dr Palate.
A ring-size substrate scope was then performed and the DFT data (Table 21) were consistent
with the experimental outcomes. The thiolactone SuRE reactions were unsuccessful when
starting with 6- or 7-membered lactams, 4.160 and 4.161. However, expanded products were

isolated for starting ring sizes between 8 and 13, in 15-54% yields (Figure 158, 4.162 and 4.163).
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Figure 158. Ring-size screen of thiolactone forming SURE reactions performed by Dr Palate.

Whilst the DFT calculations predicted that thiolactone SuRE reactions may be
thermodynamically viable, it is important to note that they neglect the reaction kinetics for the
sequential steps in the SURE process, or indeed any competing side reactions. Therefore, they
cannot reliably be used as an indicator of the reaction yield, just its viability. For instance, whilst
the formation of 4.162ge was calculated to be thermodynamically viable (by 3.0 kcal mol?), only
a 15% yield was achieved. A thioether side product (4.173) was isolated as the major product in
a 43% vyield, likely formed via a competing Eice and conjugate addition pathway (Figure 159).
Similar products (4.174 and 4.175) were also observed by mass spectrometry and NMR

spectroscopy for the unsuccessful ring expansions of 4.160ro and 4.161go.
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4.173 4.174,n =1
43% 4175, n=2

Figure 159. Side-products isolated or observed in thiolactone forming SuRE reactions performed by Dr
Palate.
The development of a 3-atom ring expansion protocol was then considered, with the DFT
calculations demonstrating again that for ring expansion to be successful, a large starting lactam
was likely needed, to result in the formation of a macrocyclic product (Table 22).

Table 22. DFT-calculated relative energy difference for the 3-atom thiolactone ring expansions (4.176
and 4.177). All energies are Gibbs energy at 298.15 K at the B3LYP/6-31G* level of theory in a vacuum.

0]

O o0 OH
0]
4.176,n = 1 NJ\/SH S s
4177, n=6 N\g NH
n (0]
n n
RO RC RE
kcal mol™? kcal mol™ kcal mol™
4.176 0.0 +7.9 +4.3
4.177 0.0 +6.9 -11.1

Acetylation of 13-membered lactam 4.121 using a variety of protected thioglycolic acids was
challenging, and only by using the Fm-protecting group was imide 4.178 able to be isolated in
good vyield. However, despite the DFT calculations suggesting that ring expansion might be
possible, no 16-membered ring expanded product (4.177re) was isolated after multiple
attempts, with an intractable mixture formed (Figure 160a). It was proposed that under basic
conditions degradation of the imide occurred, potentially via an intramolecular cyclisation
(Figure 160b).262%® Due to the observed problems during the attempted ring expansions,

development of a synthetic route was discontinued.

207



o L o o o
Ny C S>Fm NJ\/S\ o SQKNH

Fm

4.178 X pBU
pyridine, DMAP DCM
DCM, 50 °C, 18 h RT, 18 h

4.121 4.178 4177ge
66% 0%
b) fm
S
Chad; O'>§
r/-\- N (@)
-SFm > continued
> degradation
4.179 4.180

Figure 160. a) Attempted thiolactone SuRE reaction using Fm-protected imide 4.178 performed by Dr
Palate. b) Proposed degradation pathway.

4.2.5 Dihydroxylation Ring Expansions
Further work by Dr Palate was in the development of a new variant of SURE reactions. A
procedure was developed in which the conjugate addition of an amine (4.182) into an acryloyl
imide (4.181) allowed for formation of the ring expanded product (4.183, Figure 161). This
method allows for the use of a common imide to result in a range of products by using different
amines. These reactions were termed ‘Conjugate Addition/Ring Expansion’ reactions, or

CARE.*

F
HzN/\©\ K©/
O O (@) N (@]
F \/Y
N)v 4.182 NH
MeOH, RT, 4 h
4.181 4183
84%

Figure 161. Conjugate addition/ring expansion (CARE) reaction reported by Palate et al.?*®
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A natural expansion to this methodology was its use in the formation of lactones. Multiple
methods at achieving this was attempted, the most successful of which was Sharpless
dihydroxylation. Using this approach, 11-membered ring expanded lactone (4.184B-ge) was
isolated in 46% yield (Figure 162).

0] ~

o 0 . 0O
AD-mix-f : - H
NJ\/ MsNH, m O/\“/N
'BUOH:H,0 (1:1) 4‘\/\)
0°C >RT, 19h ©
4.181 4.184p-pe 4.1840ge

46%, 33% ee 0%

Figure 162. Dihydroxylation of acryloyl imide 4.181 resulting in 4-atom ring expansion product 4.184B-ge
as performed by Balazs Pogranyi.

Whilst the 4-atom ring expansion took place during the dihydroxylation/ring expansion of 7-
membered lactam 4.181, another possible pathway was the analogous 3-atom ring expansion
(i.e. via the other OH group) to form the equivalent 10-membered lactone product (4.184a-ge).
However, on the basis of the previously discussed experimental data with the a- and B-
hydroxyacid ring expansions (Figure 146 and Figure 147), it was postulated that 4-atom ring

expansion might be more thermodynamically favoured, and hence the only product observed.

DFT calculations were performed using the established method (conformational analysis
followed by geometry optimisations at the B3LYP/6-31G* on the lowest energy
conformation).?®* The aim of these calculations were to determine both if there is a significant
difference in the relative energy difference between the 3- and 4-atom ring expansion products,
and how increasing the starting ring-size might effect this equilibrium. The 3-atom expansion
intermediate and products are labelled as “a-” and likewise the 4-atom isomers are labelled as
“B-". Both possible diastereoisomers of the ring closed isomers (a-RC and B-RC) were

considered, with only the lowest energy isomer shown.

The DFT-calculated energies demonstrated that in all cases the 4-atom ring expansion is
significantly thermodynamically preferred, even in the case of the macrocyclic imide starting
material (4.187). Compounds with 16- and 17-membered rings might be expected to have

240

similar ring strain,**” so the DFT calculations provided encouraging evidence that the reactions

might continue to be selective, even at very large ring sizes.
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Table 23. DFT-calculated relative energy difference for the 3- and 4-atom dihydroxylation CARE ring
in a vacuum

expansions (4.185-4.187). All energies are Gibbs energy at 298.15 K at the B3LYP/6-31G* level of theory

HO o
“1OH
OH
HO 0
N , 4 ‘\‘
), © . ‘
/" 6-RC RO
III O O \\
NJ\./\OH
O a-RE ), OH
n \
N " SoH —
H 5 4.185,n =1 B-RE O
4186, n=2 n N OH
o 4187, n = N
(@]
(@]
Compound AGrel RO / AGreI G.-RC/ AGreI ﬁ-RC/ AGreI a'RE / AGrel B'RE /
kcal mol? kcal mol* kcal mol™ kcal mol™ kcal mol™*
4,185 0.0 -0.5 5.7 -3.4 -9.4
4.186 0.0 -0.8 6.8 -10.0 -16.6
4,187 0.0 -0.3 6.3 -17.9 -21.0

Synthesis of 12-membered lactone (4.186g-re) from the 8-memebred starting acryloyl imide

lactams (Figure 146)

(4.188) was successful with no evidence of the 11-membered product (4.1864+re) detected
despite SURE ring expansion reactions using a-hydroxyacids being successful with 8-membered

(Figure 163), which again was calculated by DFT to be the thermodynamic product. This is
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Figure 163. Dihydroxylation of acryloyl imide 4.188 resulting in 4-atom ring expansion product 4.186p-re
as performed by Balazs Pogranyi.

4.2.6 Concluding Remarks
An evaluation of different DFT methods was undertaken in relation to their success at predicting
the outcome of successive ring expansion reactions. By comparing the experimental outcomes

to the relative energies of the ring opened and ring expanded isomers, conclusions can be made.

The inclusion of dispersion corrections to the calculations, whether that be an empirical
correction or the use of a Minnesota functional, can have a large effect on the ability to
successfully predict the outcome of the SURE reaction. It is therefore suggested, on the basis of
the empirical fit to experimental data, that the B3LYP/6-31G* method is the most suitable to
predict whether ring expansion can occur. It is also proposed that calculations where the
difference in energy between the ring opened and ring expanded isomers is less than

3 kcal mol?, are less reliable in predicting the outcome.

With substrates where the ring expanded isomer is much lower in energy than the other
isomers, the M06-2X/6-31G* method is equally successful (compared to the B3LYP/6-31G*
method), and has indeed been used to good effect with studies such as those performed in the

ring expansion reactions reported by Yudin.?’?

An instructive final remark is to highlight the fact that this method is now used routinely in the
Unsworth group to assess the viability of new ring expansion reactions before committing to any
synthetic effort, e.g. as was the case for the discussed thiolactone SuRE reactions. The
combination of relatively short computation times and good predictive ability of the method
make it a very useful tool to help synthetic focused group members make decisions on which

reaction classes to prioritise, and to design better reactions.
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294,300 \yith a further

The work described within this section is the subject of two publications,
manuscript draft currently in progress (dihydroxylation CARE). All synthetic and computational

experiments performed by various co-authors were highlighted where necessary.
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Chapter 5. Acyl Transfer SURE
5.1 Introduction and Previous Work

In all the SURE methodologies discussed in Chapter 4, N-acylation of the lactam is achieved via
the use of acid chlorides, which are formed in situ by heating a carboxylic acid at reflux with
oxalyl chloride. Whilst this has been successful, and good yields can be achieved, acid-sensitive
molecules are unsuitable for these reactions. Attempts within the Unsworth group have been
made at using carboxylic acid coupling reagents, but these have all been unsuccessful, with these
alternative, less electrophilic acylating agents being too unreactive to react with the lactam

nitrogen 3!

An alternative approach was therefore conceived, whereby the acylating agent could be added
indirectly via a tethered side chain group (i.e. the ‘YH” moiety in representative substrate 5.1).
The hope was that this could make N-acylation easier and negate the requirement to use acid
chlorides. Thus, it was proposed that through acylation of lactams with alcohol or thiol
sidechains (Y = O or S) using standard coupling procedures (5.1 - 5.3), the acyl group could
migrate to the neighbouring amide (5.4), potentially though an increase in temperature or by
using basic conditions. Once the imide (5.5) is formed ring expansion could then occur in the

same way it does in regular SURE reactions (Figure 164, see Section 4.1.5 for further details).
O

2 XH
NH
cou pI|ng reagant v deprotect Y.
v

Y=0QorS
X=NRorO

_ HOD _ _ _
T e ?mxj e <O@.

I+
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NH <«<——

HY HY

5.7 5.6 5.5

Figure 164. Proposed acyl migration SuRE reactions.

More ambitiously, it was postulated that if successful, this strategy may be used for the selective

functionalisation of peptides (e.g. 5.8, Figure 165a), and enable the selective insertion of a linear
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fragment (e.g. another amino acid) into a peptide backbone by using the thiol group of cysteine
moieties to direct peptide N-acylation (5.9 - 5.10). This route bears some similarity to native

chemical ligation (NCL) reactions, which are well known for the synthesis of proteins (Figure
165b).302'303

0]
)‘K/\ ,PG
X
JJ\ 5.2 j\ H ©
LL‘L N/ﬁf “37_ coupling reagant :L%_ NWN Nf’v{
X =NR or O H o sH
5.8 O&L\/\X,PG
5.9
deprotect
JL = i
OHS o%\/\x
5.11 5.10
® o  wHs_
R .

O
5.12

transthioesterification

0] @]
peptide 1 S peptide 2
NH,

5.14

j S — N acyl transfer

SH
O
eptide 2
peptide 1 H
O

Figure 165. a) Proposed scheme for the insertion of a linear fragment into peptide chains. b) Native
chemical ligation reactions used in protein synthesis.
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Previous work by Dr Lawer attempted to establish a protocol for the acyl transfer SURE reaction

(e.g. Figure 164), however these attempts were unsuccessful (Figure 166).3°* Most of the work

was performed using ester derivatives (e.g. 5.16); however, thioesters (e.g. 5.19) were tried as

well. Increasing the temperature, both with and without additional acidic or basic additives,

were all attempted, however, either the products arising from hydrolysis (5.18 or 5.21) were

isolated, or the starting material remained unreacted.

0]
(0] @] 0]
B NH
NH | NaH N)K/\N oc OH
+> “y
70, A0 N-goc THF, RT, 2h ., OH | i
\[(\/ oc 5.18
0] detected by TLC
5.16 5.17 and "H NMR
0%
0]
0O O O
NH
.B
NH | DBU N)vlil o ., SH
—_—— ‘r
.. S8 N -, SH
" “Boc MeCN, reflux " 5.21
T 0%
0] detected
5.19 5.20 by TLC
0%
0] 0] 0]
NH | Et;N, DMAP NMT/BOC
—_— % =
. _S8 N o -+, SH
s “Boc DCM, 50 °C "o
l(\/ overnight
5.19 5.20
0%

(starting material recovered)

Figure 166. Selected examples of attempted acyl transfer reactions, performed by Dr Lawer.3%

The aim of this work was to determine if DFT calculations could provide insight into the acyl

transfer reactions, and if so, to develop a procedure to afford the desired, migration products.
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5.2 DFT Calculations

Whilst the previous attempts at the acyl transfer SuRE reactions were unsuccessful (Figure 166),
there remained an interest in these reactions, and therefore it was proposed that comparing
the relative energies of the ester or thioester starting materials (denoted by XAc), with the
resulting imides (denoted by NAc, Figure 167) using DFT, might provide insight into the viability

of the acyl transfer reactions.

0O 0O O

NH N)k/

XT(\ XH
(0]
5-22XAc 5'22NA(:
X=0o0rS

Figure 167. Isomers with which the energies were to be compared using DFT.

The DFT method for calculating the energies previously established (see Section 4.2) was used
as this had shown to be successful in modelling other SURE reactions. Both ester and thioester
starting materials were considered in addition to the ring size of the lactam, which previous work
by Hutton and co-workers had shown could be a factor in the success of acyl transfer

reactions.3%°

The DFT-calculated energies demonstrated that in all cases studied, the desired imide product
(NAc) was significantly less thermodynamically favourable than the starting material XAc (Table
24). The relative energy difference was lower for the thioester compounds (5.24 and 5.26),
which was likely due to the reduced stability of the thioester compared to an ester, as discussed

previously in the SURE reaction of thiols (Section 4.2.4),291-293,300
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Table 24. DFT-calculated energies for X - N acyl migration. Energies are Gibbs energies at 298.15 K at
the B3LYP/6-31G* level of theory in a vacuum.

O O O
T (o
peniaxis T

XAc NAc
Compound AGe XAc / AGe NAC/
kcal mol? kcal mol*
5.23 0.0 +14.7
5.24 0.0 +3.6
5.25 0.0 +18.6
5.26 0.0 +6.6

Undeterred, articles found during literature searches suggested that acyl migrations can be
promoted under acidic or basic conditions.3%3% |t was therefore proposed that by exploiting
the pK, difference between the amide and alcohols or thiols, a thermodynamic driving force
might be provided for the migration to occur. The pK; values depend on the solvent used, with
values reported in water and DMSO, for amides (=15 and =25 respectively),3*3% alcohols (= 17
and =29)311312 gnd thiols (= 11 and =17)3'%313, DFT calculations were performed to compare the
relative energies when the isomers were treated as anions and explore this computationally.
The B3LYP/6-31+G* level of theory was used, with the inclusion of diffuse basis functions

considered preferable for the DFT treatment of anions,>%314-316

The DFT calculations showed that under basic conditions it might be possible to afford the
migration of the acyl group in the thioester starting materials (5.28 and 5.30, Table 25). The
lactam ring size did have a significant effect, with the relative energy difference decreasing upon
increasing ring-size. This is suggested to be due to increased steric clashes within the already

strained medium-sized ring upon acyl migration.
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Table 25. DFT-calculated energies for X - N-acyl migration under basic conditions. Energies are Gibbs
energies at 298.15 K at the B3LYP/6-31+G* level of theory in a vacuum.

(0] (0] (@]
527,n=1,X= n< e ”( )k/
5-28, n= 1, X = N = 3 N @
529 n=4 X-= X X
530,n=4,X= 7(\
(0]
N~ X
Compound AGre N~/ AGra X/
kcal mol™ kcal mol™*

5.27 0.0 +11.0

5.28 0.0 -12.7

5.29 0.0 +27.3

5.30 0.0 -2.5

Whilst the DFT calculations on this anionic system gave an indication that migration of the acyl

group could be possible with the thioester derivates, there was concern that when neutralised

the reverse reaction could occur. Therefore, a strategy was proposed in which the thiolate anion

(5.33), formed after the acyl transfer of 5.32, would be trapped in situ (e.g. by a different acyl

chloride 5.34), preventing the reverse reaction (Figure 168). With this notion in mind, the

synthetic experiments were then started.

b =

5.31

5.32 O

acyl
transfer

s

5.

33
trapping agent

(e.g. an acyl chloride)

@)
CI)K/Rz

5.34

0O O
N)K/FU

5.35

S\H/\Rz
)

Figure 168. Proposed strategy for S - N acyl transfer for imide formation.
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5.3 Starting Material Synthesis
Throughout the project, a number of starting materials and reagents were required to be
synthesised. This section discusses the synthesis of these molecules, and is structured with the
lactam synthesis first, followed by the Michael acceptor synthesis, protected carboxylic acid

synthesis and thiol coupling.
Lactam Synthesis

A strategy for the synthesis of 6-membered lactam thiol 5.21 was proposed, using methods
reported in the literature. Angle and co-workers reported a 4-step synthesis of alcohol 5.18 from
L-lysine methyl ester dihydrochloride (5.36, Figure 169),3'” a cheap and readily available starting

material.

The Boc-protection of L-lysine methyl ester dihydrochloride 5.36 proceeded in high yield. A
ruthenium tetroxide (generated in situ) oxidation of 5.37 allowed for formation of amide 5.38.
Lactam 5.39 was afforded by treatment of amide 5.38, which underwent Boc-deprotection
followed by intramolecular cyclisation when refluxed in TFA. Finally, ester 5.39 was reduced
under unusually mild conditions, with sodium borohydride able to yield the desired product

(5.18).

o) o)
Boc,0 (2.5 eq)
HzN:QJ\O/ 2HCI NaHCO; (eq) BocHN:QJ\O/
S ~_NH; MeOH (0.2 M), RT, 24 h “_~_NHBoc
5.36 5.37
90%
RuCl3 (10 mol%) EtOAc (0.3 M)
NalO,4 (10% wiw in H,0, 5.7 eq)| RT, 18 h
o) o) o)
NH NaBH, (1.9 eq) NH TFA (0.1 M) BocHN:QJ\o/
., OH  EtOH (0.1 M) ., 0. 100°C, 18 h < NHBoc
e 4 ~ ’
0°C > RT, 24 h I W
o) o)
5.18 5.39 5.38
73% 100% 54%

Figure 169. Synthesis of alcohol 5.18 from L-lysine methyl ester dihydrochloride 5.36, using the methods
reported by Angle et al.3V’
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A Mitsunobu reaction between alcohol 5.18 and thioacetic acid 5.40, afforded thioacetate 5.41

in an 89% vyield (Figure 170).31®

0]
12e
)J\SH (1.2 eq)
5.40
Q DIAD (1.2 eq) Q
.., OH THF (0.15 M), RT, 18 h S
5.18 5.41 0]
89%

Figure 170. Mitsunobu reaction of alcohol 5.18, adapted from a patent.3®

The first attempt at hydrolysis of thioacetate 5.41 was broadly successful with no starting
material remaining (Figure 171). However, a disulphide side product (5.42) was isolated in
addition to the desired product, likely promoted by oxygen.?® The formation of the disulphide
was suppressed by thoroughly degassing the solutions using nitrogen gas, allowing a higher yield

of thiol 5.21 to be achieved.

0
0 o)
NH
ag.NaOH (1 M, 1 e
NH q ( a (" NH . vy Sag
", S MeOH (0.2 M), RT, 1 h «, ~SH HN
541 O 5.21 5.42
52% 17% O
0
0 0
NH
NH aq. NaOH (1 M, 1 eql NH N ',,//S\S/u,,
., S MeOH (0.2 M), RT, 1 h ~,, ~SH
1, ) ) [y
j( degassed, Ar AN
541 O 5.21 5.42
86% 0% o

Figure 171. Hydrolysis of thioacetate 5.41.

A 5-membered thioacetate analogue (5.46) was also synthesised using a similar method (Figure
172). Esterification of 5.43 was achieved via the formation of an acyl chloride using thionyl
chloride.?® The product (5.44) wasn’t isolated, and instead was reduced using sodium
borohydride to achieve alcohol 5.45 in a 48% yield over 2 steps.3?! Finally, a Mitsunobu reaction

was again used to afford the desired thioacetate (5.46) in a 70% yield.3®
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0 0
E[fNH SOCl, (1.2 eq) E[fNH NaBH, (239) [\

EtOH (2.3 M) B EtOH (1 2 M) B
O//\OH 0°C > RT, 20 h O//\OEt 0°C—>RT,20h —OH

5.43 5.44 5.45
48%
(over 2 steps)

0]

1.2
)J\SH( eq)THF(O.15M)

5.40 RT, 18 h
DIAD (1.2 eq)

PPhs (1.2 eq)

o)

A,

—

P

o)

we'

Figure 172. Synthesis of 5-membered thioacetate 5.46. Using methods reported in the
literature, 318320321

A final lactam that was synthesised was an ethyl-substituted analogue (5.48) of thiol 5.21, to act
as a steric mimic for substrate screening (for discussion, see Section 5.4.2). This was achieved
following a literature procedure (Figure 173).3%2 Grignard addition using ethylmagnesium
bromide, followed by an in situ reduction using sodium cyanoborohydride yielded the desired

product in a 47% vyield.

o 1. EtMgBr (3 eq) o
@ THF (0.25 M), 0 °C — RT, 19 h ik/,\t/
2. NaBH3CN (1.1 eq)
O AcOH (5eq),RT, 1h
5.47 5.48
47%

Figure 173. Synthesis of ethyl-substituted lactam 5.48 as reported by Chen et al.3%

Michael Acceptors

To trap the thiolate after acyl migration, Michael acceptors were considered in addition to acyl

323 3 series of

chlorides. Taking inspiration from biochemical cysteine trapping methods,
substrates were explored (for discussion, see Section 5.4.2). Two compounds that were used

needed to be synthesised.
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First, an exocyclic maleimide derivate (5.50) was made following a literature procedure (Figure
174).3%* A Wittig reaction using N-ethyl maleimide 5.49 and benzaldehyde 1.36 afforded the
desired product in a 68% yield. Only one stereoisomer was detected in the crude H NMR
spectrum, which was consistent with 5.50 having E-stereochemistry, as determined and

reported by Parmar et al.3®

o)
H (1.4eq)
0 1.36 0
PPh; (1.2 eq) Ph™ X
| NEt NEt
EtOH (0.13 M), RT, 18 h
o) o)
5.49 5.50

68%

Figure 174. Synthesis of exocyclic maleimide 5.50, as reported by Yan et al.3%

Terminal ynone 5.52 was synthesised according to literature procedures in 2 steps.3263%7
Grignard addition of ethynylmagnesium bromide 5.51 into benzaldehyde 1.36 afforded
propargyl alcohol 1.5 in an 81% vyield, which was then able to be oxidised using activated

manganese oxide, to give the product ynone 5.52 in a 43% vyield.

O =—MgBr (0.5 M in THF, 2.4 eq) OH
5.51
THF ° %
(0.5M),-78 °C > RT, Ar, 2.5h
1.36 1.5
81%

MnO, | DCM (0.3 M)
(7eq) | RT, 20h

7

5.52
43%

Figure 175. Synthesis of terminal ynone 5.52, as reported in literature.323%7

Protected Carboxylic Acid Synthesis

Three protected carboxylic acids were used to make different thioester analogues (for more

details, see Section 5.4.4). Whilst commonly used protected hydroxyacids and Fmoc-protected
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amino acids were available within the Unsworth group inventory. One protected acid had to be

made.

N-Boc N-methyl B-alanine 5.54 was made following a reported procedure,®?® in which
commercially available N-Boc B-alanine 5.53 was methylated using an excess of sodium hydride

and methyl iodide (Figure 176). An acid/base extraction was able to yield the desired product in

a 92% yield.
o) Mel (10 eq) o)
NaH (10 eq)
B B
HO)J\/\N ¢ - HO)J\/\N ¢
N THF (0.1 M), 0 °C — RT |

5.53 Ar, 30 min 5.54

92%

Figure 176. Methylation of N-Boc B-alanine 5.53, as reported in the literature.3%®

Thiol Coupling

A series of thioesters were made using 6-membered thiol 5.21. Initially, HATU was used to
couple N-benzyl N-Fmoc B-alanine (5.55), following a procedure developed by Dr Lawer during
the previous work.3® The procedure was successful (Figure 177), however, after column
chromatography the desired product (5.56) was =75% pure (by H NMR analysis), with
contamination from tetramethylurea, a by-product formed from the HATU coupling reagent.
After taking into account the impurity, the conversion to the coupled product 5.56 was

calculated at 57%.

o)
_Fmoc
HoJ\ﬁN (1.5 eq)
555 Bn
0 o)
HATU (1.5 eq)
NH DIPEA (1.5 eq) - NH Bn
., SH  DMF (0.5 M), RT, 4 h, Ar "’//Sm/\/N\Fmoc
5.21 556 (

57% conversion
(=75% pure with

tetramethylurea
contaminant?)

Figure 177. HATU coupling procedure of thiol 5.21 with N-benzyl N-Fmoc B-alanine 5.55. ? Determined
by *H NMR spectroscopy.
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To avoid the problems with tetramethylurea coelution, the coupling reaction between 5.21 and
5.55 using T3P was considered, as the phosphate side products can be removed though an
aqueous work-up. A similar yield of 54% was achieved, however this time there were no

impurities present (Figure 178).

@)

_Fmoc
HOJ\/\N (1.5 eq)
5.55 Bn
0
T3P (50% w/w in EtOAc, 1.5 eq)
NH DIPEA (2 eq) NH Bn
~,, ~SH  DCM (0.07 M), RT, 21 h, Ar "”/Sm/\/N\Fmoc
5.21 5.56 o)

54%

Figure 178. T3P coupling procedure of thiol 5.21 with N-benzyl N-Fmoc B-alanine 5.56.

This same procedure was then used for the synthesis of two further thioester derivates (5.57
and 5.59, Figure 179), using N-Boc N-methyl B-alanine 5.54 and Bn-protected B-hydroxyacid
5.58. Again, these procedures were successful, however the yields of the product weren’t as
high as expected. Optimisation could likely improve these yields however it was considered that

unless the desired acyl migration was successful, it was not a priority at that time.

o]
.Boc
HOJ\AN (1.5 eq)
554 Me
O ) O
T3P (50% w/w in EtOAc, 1.5 eq)
NH DIPEA (2 eq) _ NH Ve
~,, ~SH ~ DCM (0.07 M), RT, 20 h, Ar ""/Sj(\/N\Boc
5.21 5.57 o
52%
O
_Bn
Ho)vo (1.5 eq)
5.58
0] ) O
T3P (50% w/w in EtOAc, 1.5 eq)
NH DIPEA (2 eq) N NH
., ~SH ~ DCM (0.07 M), RT, 21 h, Ar ',,//Sj(\/o\Bn
5.21 5.59 o)
49%

Figure 179. T3P coupling procedure of thiol 5.21 with N-Boc N-methyl B-alanine 5.54 and Bn-protected
B-hydroxyacid 5.58.
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5.4 Acyl-Transfer Studies
5.4.1 Studies using acid chloride trapping

Based on the DFT studies (see Section 5.2), it was first considered that the thiolate anion (e.g.
5.62) formed after migration (5.61 = 5.62) could be trapped using an acid chloride (e.g. 5.63,
Figure 180). After deprotection this could undergo a SuRE reaction (5.64 - 5.65). The primary
factor in pursuing this route was that, if successful, the acid chloride used (e.g. 5.63) could
ultimately be a linear fragment with which further ring expansion could be achieved. After a final
migration, using acetyl chloride (3.36) to trap the intermediate could potentially allow for a ring

expansion (5.65 - 5.66). The acetate-protected thiol could then easily be hydrolysed if desired.

') [ o |
NH FI{ base N@ F.{
S N. S N.
o ee e
O o}
5.60 5.61
acyl
o transfer
(0] (0] _PG (0] O
)J\/\ PG C|)J\/\O )J\/\ PG
N - 5.63 N N~

|
o. i s© R
PG Trapping step

()
O
1z
(3
o
N

deprotect 0)

R
and SuRE |
1. repeatC|)J\ O N
R with 3.36 o

' 2. deprotect

o Nv\’&o 3. SURE - \7//3 0
NH =
HN\H)/

5.65 5.66

Figure 180. Proposed process for iterative acyl migration and SuRE ring expansion reactions.
Initial studies were performed using simple acetate thioester 5.41, and propionyl chloride 5.67,
in an attempt to form imide 5.68 (Figure 181). Triethylamine was chosen as a mild, organic base
(pKan = 11 in H,0),3% which based on the general pK, value of thiols (pKa= 11 in H,0)3!3 is capable
of deprotonating a significant proportion of any thiol that might be formed in the migration
reaction, to form the thiolate, which can be subsequently trapped by reacting with the propionyl

chloride.
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(0]
Cl
5.67 (1.5€eq) o o
NH NEt; (2 eq) NJ\
THF (0.1 M), RT

"”/Sm/ 21 h, Ar 5;;/8\[(\
: o)

5.41 0

Figure 181. Proposed acyl transfer reaction of thioester 5.41, trapping with propionyl chloride 5.67.

After 21 hours, TLC analysis showed a variety of new products forming in the reaction, however
a vast majority of the starting material (x75% by *H NMR analysis of the crude reaction mixture)
also remained. An ESI mass spectrum was recorded of the crude reaction mixture, and whilst an
ion consistent with the desired molecular weight was found (e.g. 5.69, Figure 182) another mass
peak was also observed at 322.1075, the m/z of which is consistent with an addition of a further
propionyl chloride during the reaction, with an example structure shown in Figure 182 (e.g.
5.70). Many products were formed with a similar polarity that were unable to be separated by

chromatography, so the exact species were unable to be characterised.

Na. Na<
a |O® o a |O® o
(@)
N)g @){
., _S v, S
[ \[(\ 1~
(0] (0]
5.69 5.70
Exact Mass: 266.0821 Exact Mass: 322.1083
Observed Mass: 266.0816 Observed Mass: 322.1075

Figure 182. Cations observed in the crude mass spectrum in the attempted acyl transfer reaction of 5.41
using triethylamine. Structures given are examples only, and no characterisation was done.

It was proposed that triethylamine caused enolate-related species to be formed (e.g. 5.71 =
5.72), which were then able to react with propionyl chloride (e.g. 5.72 = 5.73). The many
products observed via TLC analysis suggests that this process is unselective. An example

mechanism is shown in Figure 183.
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Figure 183. Mechanism highlighting a proposed enolisation and substitution pathway.

To try and suppress the undesired pathways, the reaction was repeated using pyridine, as a
weaker base than triethylamine (Figure 184). TLC analysis of the reaction mixture showed only
one visible product, and after 22 hours no starting material remained. A mass spectrum of the
crude reaction mixture also showed no evidence of the mass peaks for multiple propionyl
chloride addition. A product was isolated in a 58% vyield (albeit impure with an unknown and
inseparable impurity), however the NMR data were instead consistent with direct addition of

the propionyl chloride to the amide (5.74).

0
Cl

o 567 (198 o o o o

NH pyridine (1 eq) - N)K NJ\/

- THF (0.1 M), RT ., S -

1, 7y Ty
22 h, A
5.41 \é( ' 5.68 \é(\ 5.74 \é(
58%

Figure 184. Reaction of thioacetate 5.41 with propionyl chloride 5.67 and pyridine.

HMBC and *C{*H} NMR data were the most important for assighment of where the propionyl
group was added (Figure 185). A resonance was observed in the 3C{*H] NMR spectrum at &¢ =
194.8 ppm, which is consistent with the thioester carbonyl. In the HMBC spectra there is a clear
crosspeak between the resonance at 6c = 194.8 ppm and a singlet resonance at &4 = 2.33 ppm,
which was assigned as the acetate methyl group (H?). Additionally, one of the diastereotopic CH,
protons at &4 = 3.25 ppm (H®) also has a crosspeak with the same thioester carbonyl resonance.
Finally, the triplet resonance at 64 = 1.12 ppm, which is consistent with the methyl group of the

propionyl group (H¢), has a crosspeak with one of the imide carbonyls, at 6c = 177.6 ppm.
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Figure 185. HMBC data with selected assignments used to determine the structure of 5.74. NMR data
recorded on 400 MHz spectrometer, in CDCls.

The reaction was repeated using 5-membered lactam analogue 5.46 (Figure 186), and again,
instead of the desired migrated product (5.75), a product from direct imide formation was
instead isolated (5.76), in a low 35% yield (starting material was remaining). Assignment of this

compound was done using the same key HMBC resonances as previously discussed.

0]

O
CI)J\/ (1.5 eq)
" 8| O
pyrldlne (1eq)

-

W

=S  THF (0.1 M),RT

546 L 22hAr 5.75 )\/ 2512 }\

) 0] 0]

Figure 186. Reaction of thioacetate 5.46 with propionyl chloride 5.67 and pyridine.
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5.4.2 Studies using Michael acceptors for trapping
In the attempted acyl-transfer reactions using acyl chlorides as the trapping agent previously
discussed (see Section 5.4.1), acylation occurred directly on to the amide nitrogen (Figure 184
and Figure 186), even under the mild conditions used. Taking inspiration from the way in which
cysteine amino acid residues are targeted over lysine amino acids in biochemical systems,3%
Michael acceptors were considered as trapping agents. It was proposed that the amide nitrogen
might be unreactive with these softer electrophiles, and that therefore they would react only

with the thiolate anion.

Due to the time taken to synthesise thioester compound 5.41, an alternative approach was
devised to screen the Michael acceptors. A binary approach was considered (Figure 187), in
which a simpler lactam (5.48), and isobutyl mercaptan (5.77) could be used to test the reaction.
If only the thiol reacted, then this could be a potential substrate to trial. This approach is

exemplified in Figure 187 with N-ethyl maleimide (5.49) as the Michael acceptor.

0]

j\:% 5.48 5.77 NSt
base base \hs

Py (
5.48 5.77
base base \hs

5.49 5.79

Figure 187. Representation of the Michael acceptor study.

N-ethyl maleimide 5.49 is a widely used substrate within biochemistry for selectively reacting

323,330

with cysteine residues, and was therefore considered first in this study. A reaction of thiols

with maleimides under basic conditions was found in the literature and used as the basis of the

conditions used.33!
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The reaction of isobutyl mercaptan 5.77 and maleimide 5.49 with triethylamine was successful,
with clean conversion observed within 30 minutes (Figure 188). A yield wasn’t recorded,
however in the crude *H NMR spectra only the desired product (5.79) was observed, with no

unreacted maleimide 5.49 present.

0
| NEt (1eq)
0
5.49
NEts (2 eq) Y-t
SH 3 q 0
CHCl5 (0.1 M) \hs
5.77 RT, 30 min 5.79

(not isolated)

Figure 188. Trial reaction between isobutyl mercaptan 5.77 and N-ethyl maleimide 5.49.

Upon attempting the reaction under the same conditions using ethyl-substituted lactam 5.48,
no product was observed (Figure 189). Whilst this was the desired outcome, it was noted that
only the unreacted lactam was present in the crude *H NMR spectrum, and the reaction itself
went a red colour. It has been reported in the literature that it is possible to polymerise

maleimides under basic conditions,*?*7334

with articles also reporting a red solution during the
process.®3233> This suggested that N-ethyl maleimide 5.49 was polymerising under these
conditions which could therefore be problematic. Different bases were tested (DBU, DIPEA and

K2COs) however the same results were observed.

0
| NEt (1eq)
0 o 0 ON-NE
5.49 0
NH  NEt; (2 eq) N
CHCI; (0.1 M)
5.48 RT, 1h 5.78

Figure 189. Unsuccessful reaction of ethyl-substituted lactam 5.48 and N-ethyl maleimide 5.49.

The next Michael acceptor that was used, was a phenyl-substituted exocyclic maleimide
(5.50).339336 The reaction was attempted using similar conditions to those using N-ethyl

maleimide 5.49, however in this instance, neither the thiol (5.77) nor the lactam (5.48) reacted
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with 5.50 (Figure 190). The lack of reactivity even with the thiol could be due to the choice of

substituent on the alkene, in the future, an alkyl substituent could be more successful.

NEt3 (2 eq)

YSH THF (0.1 M) \hs

5.77 RT, 19 h

/\QNEt (1eq) %
NEt3 (2 eq) i:\/

THF (0.1 M)
5.48 RT, 19 h

/\EléNEt (1 eq) ?

5.80

Figure 190. Unsuccessful reaction of thiol 5.79 and 5.48 with phenyl-substituted exocyclic maleimide
5.50.

Precedent was found which suggested that electron-deficient alkynes have been used to
selectively functionalise cysteine residues.32*339337 Ynones were therefore considered as they
have been used extensively in part of this project (see Chapter 3). A procedure was found for
the reaction of alkyl thiols with phenyl-substituted ynone 3.27.3% These conditions were used in
the reactions of thiol 5.77 and lactam 5.48. Clean conversion of the thiol was seen, with only the
product 5.82 present in the crude *H NMR spectrum. However, no reaction was observed using

lactam 5.48.
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CHCl5 (0.6 M) \hs Ph
5.77 80°C,2h 5.82
(E:Z = 2:1)°
0
0
1
o Ph 3.27 o |
NH K2COs (1 €q) N~ Ph
CHCl; (0.6 M)
5.48 80°C,2h 5.83

Figure 191. Reactions of thiol 5.77 and lactam 5.48 with phenyl-substituted ynone 3.27. a)
Stereochemistry assigned by comparison of an analogous compound, reported by Nishio et al.3%°

Encouraged that no lactam functionalisation was observed, even under the high temperature
used, the reaction was attempted using the thioacetate lactam 5.41 (Figure 192). Following
reaction for 16 hours, starting material was still present, however encouragingly there were two
new products on TLC analysis. The crude *H NMR spectrum also showed resonances consistent
with the alkene protons in 5.82. Purification yielded a compound, with NMR data which were
consistent with the desired, migrated product 5.84 in a 56% yield (slightly impure), and a side

product which was identified as a bis(acetate) lactam 5.85.

o
(1eq)
0] /J\ O O O O
Ph 3.27
oS CHCI; (0.6 M) v, oS ., S
1~ 3 1~ = 1~
\f( 80 °C, 16 h
5.41 o} 584 Ph O 585 O
56% 34%
(E:Z = 2:1)2

Figure 192. Reactions of thioester 5.41 with phenyl-substituted ynone 3.27. a) Stereochemistry assigned
by comparison of an analogous compound, reported by Nishio et al.33

It was proposed that the bis(acetate) side product 5.85 could form from competing
thioesterification reactions of the thiolate after migration had occurred (5.86, Figure 193), either

with other thioacetates (e.g. 5.87), or via imide acetates (e.g. 5.88) (reactions of nucleophiles
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with imides had been seen in previous SuRE studies).3® Other products were present on TLC

analysis of the crude reaction mixture, no further materials could be isolated.

587 O

R.,
O ’//
0) J\ 5.85 o
NH mlgratlon d
"’//S j{ ’//
541 O 586 \\
d s

’//
5.88 5.85

Figure 193. Proposed mechanisms for bis(acetate) 5.85 formation.

5.4.3 Optimisation of acyl migration/ynone trapping reaction
Encouraged that acyl migration has been achieved using an ynone to trap the thiolate (Figure
192), work began on optimising the reaction, focused on reducing the amount of starting
thioester 5.41, and bis(acetate) side product 5.85. First, the reaction was attempted without any
added base, but no conversion was observed (Figure 194). This result demonstrates that basic

conditions were required, which is in good agreement with the DFT data (Table 25, Section 5.2).

(0]
o) /J\ (led) o o O O
NH Ph 3.27 R NJ\ NJ\
vy, oS CHCI; (0.6 M) Y, S Y, 8
1~ 3 1~ = 1~
j( 80°C,18h
5.41 o) 5.84 Ph O 585 O

Figure 194. Unsuccessful reactions of thioester 5.41 with phenyl-substituted ynone 3.27 with no base
added.

The base was then changed, using triethylamine or pyridine instead of potassium carbonate
(Figure 195). With triethylamine trace amounts of 5.84 and 5.85 could be observed via TLC

analysis, however overall, no significant conversion was observed with either base.
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Figure 195. Unsuccessful reactions of thioester 5.41 with phenyl-substituted ynone 3.27 with
triethylamine or pyridine added.

A more thorough screening of reaction conditions was then undertaken. Reactions were
performed under various conditions, with a known amount of trimethyoxybenzene (10 mol%)
added as an internal NMR standard (Table 26). Integration of the crude *H NMR spectra could

give a calculated yield.

First, the effect of changing the solvent was considered (Entries 1-4, Table 26). More polar
solvents were used as it was proposed that this might have an impact on the stability of any
charged intermediates. More starting material was consumed when THF and acetonitrile were
used, however other unidentified side products were found. Neither 5.85 or 5.86 were found

with DMF as the solvent, although unidentified side products were formed in low amounts.

The effects of the reaction temperature were then considered using chloroform (Entries 5 and
6, Table 26) or acetonitrile (Entries 7-9, Table 26) as the solvent. Consumption of the starting
material was quickly lowered in chloroform as the temperature decreased. However, in
acetonitrile the reaction was still successful at 40 °C. Additionally, whilst there was still starting
material remaining, less unidentified side products were detected, allowing for isolation of a

purer product in a 67% yield.

Finally, it was attempted to push the reaction further to completion with increased equivalents
of base or ynone (Entries 10-12, Table 26). When 1.5 equivalents of base and ynone were used
(Entry 12, Table 26), there was a large increase in the NMR yield of the product 5.84 (compared
to using 1 equivalent of base and ynone, Entry 8, Table 26) however, there was only a small
increase in the isolated yield (Entry 12, Table 26). Additionally, there is a large discrepancy
between the NMR and isolated yields (Entry 12, Table 26) at 92% and 72% respectively, it is
suspected that this is due to inefficiencies in sample transfer and purification at the small (0.2

mmol) scale the reactions were performed at. However, based on the NMR yield, it was decided
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that increasing the equivalents of potassium carbonate and ynone to 1.5 (Entry 12, Table 26)

would be the standard conditions going forward.

Table 26. Reaction optimisation for the acyl transfer/ynone trapping reaction of thioester 5.41.
Reactions were performed on a 0.2 mmol scale, and after 18 hours, 100 pL of a 0.2 M solution of
trimethoxybenzene in DCM was added before the reaction was concentrated and a *H NMR spectrum
recorded. Anhydrous THF, MeCN and DMF were used, and those reactions were performed under an
argon atmosphere.

(0]
/J\ (1eq)
Q P 3.27 Q 0 Q 0
NH K,CO3 (1 eq) NJ\ N)K
"///Sj( Solvent, (0.6 M) RN v, S
541 O Temp. 18 584 Ph O 585 0O
Entry Solvent Temp /°C NMR Yield of NMR Yield of NMR Yield of
5.84° (Isolated 5.85/% 541/ %
Yield) / %
1 CHCls 80 57 (56%) 38 20
2 THF® 80 55 28 11
3 MeCNP 80 66 26 6
4 DMFP 80 0 0 80
5 CHCl5 60 60 34 23
6 CHCls 40 45 24 39
7 MeCN 60 80 20 11
8 MeCN 40 81 (67%) 14 9
9 MeCN RT 69 12 26
10 MeCN* 40 84 8 8
11 MeCN¢ 40 85 14 8
12 MeCN¢® 40 92 (72%) 12 8

2 Yield of both stereoisomers. ® Formation of unknown side products was observed. ¢ 1.5
equivalents of 3.27 used. ¢ 1.5 equivalents of K,COs; used. ¢ 1.5 equivalents of 3.27 and K,COs;
used.

The migration and trapping reaction was tested using 5-membered thioacetate 5.46 under the
optimised conditions (Figure 196). The reaction was indeed successful, and a 73% vyield of the

desired product (5.89) was isolated.

235



/J\ (1.5eq) Ezf 4<
E%NH -
. K,CO3 (1.5 eq)
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Figure 196. Reactions of thioester 5.46 with phenyl-substituted ynone 3.27. a) Stereochemistry assigned
by comparison of an analogous compound, reported by Nishio et al.33°

The choice of ynone was only very briefly investigated. Terminal ynone 5.52 was tested, due to
work reported in the literature demonstrating that a disubstituted internal vinyl thioether
moiety was able to be cleaved with the addition of a second thiol.3* The reaction of thioester

5.41 was successful under the standard conditions, albeit in a reduced yield of 49%.

(0]
/J\th 5eq)
o 5.52 @
K,CO3 (1.5 eq) )K
NH .-
., S MeCN (0.6 M) Ph
[y s
\H/ 40 °C, 18 h v%“ﬂ/
5.41 o) 5.90
49%
(E:Z = 58:42)?

Figure 197. Reactions of thioester 5.41 with terminal ynone 5.52. a) Stereochemistry was assigned by
analysis of the 3/ alkene coupling constant (15.0 Hz for the E-isomer, and 9.5 Hz for the Z-isomer).

5.4.4 Nucleophile-tethered acyl migration/ynone trapping
Whilst the acyl migration reaction was optimised with thioester 5.41, bearing a simple, short
acetyl group, and ynone 3.27 (Table 26, Section 5.4.3), it was considered that further
optimisation of the migration reaction for more complex thioesters (where the acyl group is
longer and contains a protected nucleophile) might be required. However, before any further
optimisation of the acyl migration was undertaken, it was decided to first determine if ring

expansion of the product imides was possible using SURE methodologies.

236



The migration reaction was first attempted using a tethered Fmoc-protected B-alanine thioester
derivative 5.56 (Figure 198). There were concerns that an in situ Fmoc-deprotection of the amine
could cause problems, however the opportunity for a one-pot migration/SURE reaction also
presented itself. After 20 hours, TLC analysis suggested that there was still starting material
remaining, but a minor, new product spot was present. Purification was attempted to isolate
this product, however the *H NMR spectrum showed that this was in fact a mixture of products.
An ESI mass spectrum was recorded, and an ion with an m/z consistent with product 5.92 was

found, however, this wasn’t isolated, nor the structure confirmed.

o)
/J\ 1.5eq)
ph(
Q frmoc ¢5 52
NH NBn K,CO3 (1.5 eq) )v ~-Fmoc
S MeCN (0.6 M) ", S
5.56 o 40 °C, 20 h

NH

o v»-ﬂﬂﬂ/Ph

5.92
(detected by ESI MS)

Figure 198. Unsuccessful acyl migration of thioester 5.56 with terminal ynone 5.52.

It was proposed that under the basic conditions used, an intramolecular cyclisation of the
tethered amino acid occurred (5.93 - 5.96, Figure 199).3*! After cleavage of the sidechain, the
thiolate anion (5.96) is then able to undergo conjugate addition with terminal ynone 5.52 (5.96

- 5.97), which after protonation, would yield the proposed structure 5.92.

237



o 0] O
5.56 5.93
s | O
_ Ph/\N)]\O B .
5.94 O
5.95
O 0]
® Ph OB
NH +H NH NH
-— Owro Cg ~ "Ph
Y, S A Ph ", S c” O »
[ oI\ [
i
5.92 0] 5.97 5.96 5.52

Figure 199. Proposed mechanism of thioester cleavage, for the formation of 5.92 from 5.56.

To avoid problems caused by the Fmoc-deprotection under the basic conditions used for the
acyl-migration, a Boc-protected amino acid sidechain was considered. Thioester 5.57 was
therefore treated under the acyl migration reactions (Figure 200). TLC analysis of the reaction
mixture showed that the starting material was consumed, with the desired migrated product
5.98 isolated, in a yield of 45%. It was unclear what the fate of the remaining mass balance was,

as no other products were able to be isolated.

0
(1.5 eq) B
Ph/3i: O OMeN
NH Ve K,CO3 (1.5 eq) NM
"'//S\[(\/N\Boc MeCN (0.6 M) v oSN Ph
557  § 80 °C, 17 h |

5.98 (
5% g
(E:Z=3:1)3

Figure 200. Base-mediated acyl migration of Boc-protected thioester 5.57.2 Stereochemistry assigned by
comparison of an analogous compound, reported by Nishio et al.33°

The ring expansion reaction was then attempted using imide 5.98, under conditions reported by
Yudin et al.?”? Imide 5.98 was dissolved in a 1:1 mixture of DCM and TFA to cleave the Boc group,
after which, an excess of DIPEA was added to promote the ring expansion reaction. No starting

material remained after work-up, and TLC analysis showed a new product appeared to have
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been formed. The product was isolated, in a 50% yield, and NMR analysis suggested that this

was the expected ring expanded product 5.99 (Figure 201).

.Boc Me
(@] O MeN (@] N\/\’&O
NJ\) 1. DCM/TFA (1:1, 0.3 M) T/\/NH
RT, 1h .
"'//S > =
2. DIPEA (5 eq), MeCN/DMF ~
598 | (95:5, 0.1 M) S 0
' 1/ 50 °C, 18 h 5.99 Ph)\ﬂw“\
o 50%
(E:Z = 64:36)?

Figure 201. Attempted ring expansion reaction of 5.98. @ Stereochemistry assigned by comparison of the
13C and 'H NMR resonances for the enone moiety, with 5.98.

The 3C and HMBC NMR spectra were most useful in determining that ring expansion had
occurred, and that the molecule was not the ring opened isomer (5.99go). The HMBC spectrum
is shown in Figure 202, with selected crosspeaks to the amide carbonyl resonances assigned,
with only the Z-stereoisomer discussed here for clarity. The diastereotopic proton resonances
H¢ and H¢, corresponding to the MeNCH, protons, have a crosspeak to both of the amide
carbonyls, in contrast to Hf which shows only one crosspeak. Additionally, both H* and H®, and
H®, have crosspeaks to different carbonyl resonances. Further evidence that ring expansion had
occurred, was the favourable comparison of the *C NMR chemical shifts with data for analogous

10-membered rings available in the literature.?®®

239



166

167

168

169

170

F171

172

173

1 (ppm)

Cb =" @:@ -----

174
175

176

177

178

179

180

T T T T T T T T T T T T T
6.5 6.0 5.5 5.0 4.5 4.0

3.5
2 (ppm)

Figure 202. HMBC data with selected assighments used to determine the structure of 5.99. NMR data
recorded on 600 MHz spectrometer, in CDCls.

Another common side chain used within SURE chemistry, is a benzyl-protected B-hydroxy
acid.?’928 Therefore, the acyl migration of thioester 5.59 was considered using the standard
conditions (Figure 203). As with the Boc-protected amine substrate 5.57 previously discussed
(Figure 200), no starting material (5.59) was remaining by TLC analysis, however, a low yield of

the migrated product (5.100) was isolated. Again, no further products were able to be found.
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Figure 203. Base-mediated acyl migration of benzyl-protected thioester 5.59.

Hydrogenation conditions were then used to remove the benzyl protecting group. The reaction
was attempted twice, using either Pd/C or Pd(OH),/C. Deprotection was found to be

unsuccessful under both conditions (Figure 204), with the starting material 5.100 reisolated each

time.

0O O 0O O
Pd/C (10% Pd, 10% w/w)
NMO”Bn H, (g) NMOH

., S<_Ph  EtOAc (0.04 M),RT, 1h v, S<_Ph

5.100 ( 5.101
0]

0] 0] (0] 0]
Pd(OH),/C (20% Pd, 10% wiw)
NMO/B” H, (9) NJ\/\OH

S

v, S _-Ph THF (0.04 M), RT, 5 h i, S _-Ph

5.100 | ( 5.101 | 1/

@) 0]

Figure 204. Attempted hydrogenation reactions of imide 5.100.

Due to the clear difficulties promoting the acyl transfer reaction when using more complex side
chains (particularly the O-benzyl derivative 5.100) and the challenges seen with ring expansion,

along with external time constraints, it was decided to discontinue the project at this point.

5.4.5 Future Work
Whilst acyl group migration was observed when using thioesters in conjunction with basic

conditions and ynones, there was several areas in which further work could be undertaken.
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Migration of more complex thioesters was challenging under the conditions employed, with only
low to moderate yields of 45% and 26% achieved (with N-Boc and O-Bn protected tethered side
chains respectively). Determining what other products are formed over the course of the acyl

transfer reaction would likely be helpful in the optimisation of those reactions.

Next, deprotection of the protecting group for the O-containing sidechain (5.100) has been
challenging. It might be that different protecting groups are needed on the sidechains, which
are more compatible with both the conditions used for the migration, and which the
deprotection conditions are compatible with the vinyl thioether moiety. However, with the
successful ring expansion of Boc-protected amine 5.98, this does provide evidence that the

overall strategy could be further optimised with additional time.

Finally, much of this work was focussed upon using ynone substrates (3.27 and 5.52) to trap the
migrated products. Changing the Michael acceptor and reoptimizing the conditions for the
migration reaction might be necessary for the improvement of the chemistry (and of the

previous points mentioned).

5.4.6 Concluding Remarks
Previous work in developing an acyl-transfer reaction by members of the Unsworth group were
unsuccessful. DFT calculations were performed to explore the viability of these reactions, and
the data suggested that a migration reaction of the acyl group of a thioester, to the nitrogen of
a neighbouring amide might be possible under basic conditions. The use of an acyl chloride in
situ was unsuccessful, with direct acylation of the amide occurring. Instead, a reaction was
optimised in which trapping the migrated product with an ynone was successful, with good

yields achieved (Figure 205).
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Figure 205. Successful acyl transfer reactions of thioacetate compounds 5.41 and 5.46, using phenyl-
substituted ynone 3.27.

Upon using more complex thioesters, with protected nucleophiles tethered to the sidechain, the
migration reaction became more challenging and lower yields were achieved. Since these
thioesters are required for the subsequent ring expansion, this is problematic for the overall
efficiency of the acyl-transfer/SuRE process. The subsequent ring expansion of Boc-protected
amine 5.98 was successful however and demonstrated a successful realisation of the strategy
(Figure 206), with the acyl group introduced as a thioester, in contrast to the typical N-acylation
method which is used for SURE reactions. The DFT calculations performed were instrumental in

developing the strategy used for the acyl transfer reaction.
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Figure 206. Successful ring expansion process with an acyl-migration step, starting from thiol 5.21.

Future work was highlighted with which it might be possible to improve upon the reaction, with

the work presented in this chapter providing a basis to expand upon.
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Chapter 6. Conclusions

Combining experiment and DFT in the study of new reactions allows for a greater understanding
of the chemistry, which can then be used to guide further development and optimisation of a
process. The work presented in this thesis describes this synergistic approach in the study of a
rearrangement of spirocyclic indolenines to quinolines, the gold(l)-catalysed vinylation of
indoles, the application of DFT methods in the development of new SuRE ring expansion

methods, and the development of an acyl transfer method for lactam acylation.

Previously reported procedures for the rearrangement of spirocyclic indolenines into quinolines
using both Brgnsted and Lewis acidic reagents was presented (see Section 2.1.2), where it was
noted that heat is necessary to promote the reaction, with a preliminary reaction demonstrating
that the transformation can occur using stoichiometric LHMDS. The temperatures required for
the reactions under acidic and basic conditions were compared (see Section 2.2.2) where it was
found that the rearrangement was possible using LHMDS at much lower temperatures. A
substrate scope was then performed using LHMDS (Figure 207, see Section 2.2.3), where it was

demonstrated that a range of different aryl and alkyl substituents were tolerated.

o]
R® RO R
|
2 " LHMDS (1.2 eq) 2
R ' R4 R AN (@)

7/—~R! THF (0.1 M)
N Y
-78 °C > RT, Ar N~ R

2.7a-j 2.8a—k

9 examples 58-92%

Figure 207. Overview of the substrate scope performed for the LHMDS-mediated quinoline
rearrangement of spirocyclic indolenines.

DFT studies (see Section 2.2.4) were then performed to compare the energies of the
intermediates and transition states under both the acidic and basic conditions, to determine
why heat was generally required for the acidic reactions. Pathways for both sets of conditions
were provided, with energies calculated at the D3(BJ)-PBEO/def2-TZVPP//BP86/SV(P) level of
theory. Whilst the energies were consistent with the reaction using LHMDS being successful at
room temperature, the energies for the reaction using TFA were lower than might be expected.
Keto-enol tautomerism is likely required for the quinoline rearrangement to proceed, the
kinetics of which were not modelled, it was therefore proposed that it is the keto-enol

tautomerism which is rate-limiting under acidic conditions.
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Previously reported literature for the gold(l)-catalysed vinylation of indoles showed that isolated
of the vinyl indole product is challenging, with trace Brgnsted acid which is formed throughout
the reaction shown to promote the addition of a second equivalent of indole, forming bisindole
species (see Sections 3.1.2 and 3.1.3). Previous studies within the Unsworth and Lynam groups
demonstrated that the C—C bond forming steps between indoles and ynones are low in energy,
and that the subsequent spirocyclic products are resistant to Brgnsted acid-catalysed migrations
(Figure 208, see Section 3.1.4). The development of a gold(l)-catalysed reaction between indoles

and ynones was therefore considered as an opportunity to form vinyl indole species.

a)
0
AgOTf
\ (1 mol%)
N = DCM (0.1 M)
N RT, 2h
H
2.6 2.7
R = alkyl or Ar 13 examples
(84-100%)
b) OH HO
AgOTf
N _(10mol%) O |
N = THF (0.1 M) O CNg
N RT, 24 h N R /
H H N
3.24 3.25 3.26
R = H, alkyl or Ar 10 examples not observed

(28-100%)

Figure 208. Comparison of the silver triflate catalysed cyclisation of a) indolyl-tethered ynones 2.6 and b)
indolyl-tethered propargyl alcohols 3.24.173200

The conditions required for the vinylation reaction were successfully optimised (see Section 3.2),
with no evidence of the undesired bisindole species observed. The reaction proved more
challenging for C-3 substituted indoles, with additional substitution of the indole nitrogen
required to form the desired C-2 vinyl indole species. A variety of vinyl indole species were able

to be synthesised (Figure 209).
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Figure 209. Summary of the substrate scopes performed for the gold(l)-catalysed vinylation of a) indoles
3.56 and b) C-3 substituted indoles 3.90.

DFT studies were then used to study the vinylation reaction in further detail. Gold(l)-
coordination to the indole and ynone were compared, where it was found that the indole is a
better ligand for the gold than the ynone, and 3!P{*H} NMR spectra were used to provide
experimental evidence of this (see Section 3.3.2). The mechanism of the indole vinylation
reaction was also studied, with the computational data suggesting that C-3 substitution occurs
for indoles with no C-3 substituent, whilst direct C-2 addition is preferred when the C-3 position
is already substituted (see Section 3.3.3). The subsequent acid-promoted formation of bisindole
species were then compared with ynones and acetylenes, where it was found that there is no
thermodynamic preference for further indole addition with the ynone derivative (Figure 210),
and the transition state energies of the addition are higher than the equivalent acetylene

derivatives (see Section 3.3.4).
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Figure 210. DFT-calculated energy for the formation of bisindole compounds 3.29 and 3.18. Energies are
Gibbs energies at 298.15 K at the D3(BJ)-PBEQ/def2-TZVPP//BP86/SV(P) level of theory with COSMO
solvent correction in toluene.

Further work then focussed on the gold(l)-coordination of the ynone, using both DFT and 3!P{*H}
NMR spectroscopy methods (see Section 3.4). It was found that the nature of the carbonyl
species and the substituent of the aryl group of the ynone had a large effect on the preference
for gold(l)-coordination, and 3P NMR resonances were able to be identified for n}(0)- and n*(m)-
coordination. During this work, a novel gold(l)-pyrylium complex was identified from ynone
dimerisation (Figure 211), when an ynone bearing an electron-donating substituent was used.
DFT studies were performed to determine the origin of this species, where the electron-

donating group was required to promote the initial C—C bond forming step (see Section 3.4.3).

o Ar
0.5 [(PhsP)AU(NTf,)],.Tol o
o + CH20|2 l \O@ NTf2
2 )\ RT Ar =
AN
" AuPPh;
3.34 3.102

Figure 211. Formation of pyrylium complex 3.102, from electron-rich ynone 3.34. Ar = CsHs-4-NMea.

In collaboration with Dr Lawer, a previous member of the Unsworth group, a computational
method to evaluate the viability of SURE reactions was validated based on the relative Gibbs
energies of the ring-opened (e.g. 4.112) and ring expanded (e.g. 4.114) isomers (Figure 212, see
Sections 4.2.2 and 4.2.3). The effects of different functionals, solvation and dispersion were

considered, where it was found that B3LYP/6-31G* was the preferred method to study SuRE
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reactions. The effects of dispersion with both the Minnesota functionals (M06 and M06-2X) and
Grimme’s D3 correction were found to be the most detrimental, likely due to the model not
appropriately accounting for the dispersion corrections in the ring-opened isomer. The validated
method was then applied to other SURE methodologies that are being developed within the

Unsworth group (see Sections 4.2.4 and 4.2.5).

0]
J\MOH 0)
h—
N o
H
4112 4113 4.114

Figure 212. The three isomers considered in the DFT calculations.

One limitation of the SuRE reactions presented is that acylation of the nitrogen of the lactam,
required strongly acidic conditions, which therefore might limit the scope of the reaction.
Previous work in the Unsworth group attempted to develop an acyl-transfer method, which
would allow for the use of milder conditions, however the work was unsuccessful (see Section

5.1).

DFT studies were performed which suggested that the acylation reaction might be possible for
thiolactones under basic conditions, however the resulting thiolate anion might require trapping
after the migration has occurred (see Section 5.2). The acyl transfer reaction was able to be
optimised with an ynone to trap the thiolate via Michael addition (see Section 5.4.3). The
approach was then applied to an acyl group bearing an N-Boc protected amine (Figure 213), and

the resulting imide was used in a successful SURE reaction (see Section 5.4.4).
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Figure 213. Successful ring expansion process with an acyl-migration step, starting from thiol 5.21.
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Chapter 7. Experimental Data

7.1 General Methods
7.1.1 General Experimental Procedure

Except where stated, all reagents were purchased from commercial sources and used without
further purification. Anhydrous THF was obtained from an Innovative Technology Inc. PureSolv®
solvent purification system. Anhydrous d2-DCM was dried over calcium hydride overnight and
degassed with three freeze-pump-thaw cycles before trap-to-trap transfer to ampoules fitted
with a PTFE Young’s tap. The solvent was then stored under a nitrogen atmosphere and used
immediately. 'H NMR, 3C NMR, °F NMR and 3'P NMR spectra were recorded on a JEOL ECX400
or JEOL ECS400 spectrometer, operating at 399.77 MHz, 100.52 MHz, 376.16 MHz and 161.83
MHz respectively, or on a Bruker AVIIIHD 500 operating at 500.23 MHz, 125.80 MHz, 470.64
MHz and 202.49 MHz respectively, or on a Bruker AVIIHD 600 Widebore spectrometer
operating at 600.09 MHz, 150.91 MHz, 564.59 MHz and 242.91 MHz respectively. All spectral
data was acquired at 298 K. Chemical shifts (6) are quoted in parts per million (ppm). The residual
solvent peaks; 61 7.27 and 6¢ 77.16 for CDCls, 64 5.32 and 6¢ 53.84 for CD,Cl; and & 2.50 and &c
39.52 for d6-DMSO, were used as a reference. Coupling constants (J) are reported in Hertz (Hz)
to the nearest 0.5 Hz. The multiplicity abbreviations used are: s singlet, d doublet, t triplet, q
quartet, pent. pentet, sex. sextet, non. nonet, m multiplet, app. apparent, br broad. Signal
assignment was achieved by analysis of DEPT, COSY, HMBC and HSQC experiments where
required. Infrared (IR) spectra were recorded on a PerkinElmer UATR 2 spectrometer as a thin
film dispersed from either CH,Cl, or CDCl;s. Mass-spectra (low and high-resolution) were
obtained by the University of York Mass Spectrometry Service, using electrospray ionisation (ESI)
on a Bruker Daltonics, Micro-tof spectrometer. Melting points were determined using
Gallenkamp apparatus. Thin layer chromatography was carried out on Merck silica gel 60F254
pre-coated aluminium foil sheets and were visualised using UV light (254 nm) and stained with
either an acidic solution of vanillin in ethanol (used primarily with indoles), an acidic solution of
ninhydrin in ethanol (used primarily with Boc-protected amines) or a basic potassium
permanganate solution. Flash column chromatography was carried out using slurry packed Fluka
silica gel (Si02), 35— 70 pm, 60 A, under a light positive pressure, eluting with the specified

solvent system.
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7.1.2 General Computational Information
Throughout this thesis, the Gaussian 09,2%¢ TURBOMOLE V6.4°° and Spartan’14%> computational
software packages have been used or referenced. Gaussian 09 was primarily used for the work
in Chapters 2, 4 and 5 due to its availability on the University of York’s high performance
computing clusters (YARCC and Viking). Gaussian 09 was also capable of optimising all generated
conformations for a particular structure within a single input file. Whilst Dr Lawer used
Spartan’14 during their initial work highlighted in Chapter 4, this software was used on a private
computer which was no longer accessible for the further work required. In Chapter 3,
TURBOMOLE V6.4 was used due to its use on previous related work in studying the divergent
gold(l)- and silver(l)-catalysed spirocyclisation reactions (see Section 3.1.4)%, so the data could

be compared if desired.

Units of k) mol™? and kcal mol? have been used throughout this thesis. Whilst units of kJ mol*
were used in Chapter 2 and 3, due to joules being the preferred Sl unit for energy, units of kcal
mol™® were used in the ring-expansion work (Chapters 4 and 5) to be consistent with the initial
studies performed by Dr Lawer, and the previously reported ring expansion DFT calculations (see
Section 4.1.4).27227> Where literature data has been reported, the units used by the author have

been quoted. A conversion factor of 1 kcal mol™ = 4.184 kJ mol can be applied.

The raw output (.out) files for the Gaussian calculations, and a report summarising the output
of the TURBOMOLE calculations (which includes energies and xyz coordinates) can be accessed
by contacting the supervisors of this work, Jason Lynam (jason.lynam@york.ac.uk) or Will

Unsworth (william.unsworth@york.ac.uk).
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7.1.3 Computational Procedure for the Quinoline Rearrangement Studies
(Chapter 2)

All calculations were performed using the Gaussian 09, Revision D.01 package.?®

Initial geometry optimisations were performed at the BP86/SV(P) level, %3346 followed by
frequency calculations at the same level. Transition states were located either by using QST2,
QST3 methods,**23% or by initially performing a constrained minimisation (by freezing internal
coordinates that change most during the reaction) of a structure close to the anticipated
transition state. This was followed by a frequency calculation to identify the transition vector to
follow during a subsequent transition state optimisation. A final frequency calculation was then
performed on the optimised transition-state structure. All minima were confirmed as such by
the absence of imaginary frequencies and all transition states were identified by the presence
of only one imaginary frequency. Intrinsic Reaction Coordinate (IRC) analysis confirmed that
transition states were connected to the appropriate minima. Single-point calculations on the
BP86/SV(P) optimised geometries were performed using the hybrid PBEO,3*3¢ meta-hybrid GGA
MO06-2X,** or hybrid wB7XD functionals,* and the flexible def2-TZVPP basis set. 8 The
PBEO/def2-TZVPP, M06-2X/def2-TZVPP and wB97XD/def2-TZVPP SCF energies were corrected
for their zero-point energies, thermal energies and entropies at 298.15 K (obtained from the

BP86/SV(P)-level frequency calculations).

Additional calculations for the anionic species were performed using the same method, with
initial geometry optimisations and frequency calculations performed at the BP86/6-31+G* level
of theory, 32334652 fo|lowed by single-point calculations at the PBEO/6-311+G* level of theory.3*
365153 The PBEQ/6-311+G* SCF energies were corrected for their zero-point energies, thermal

energies and entropies (obtained from the BP86/6-31+G*-level frequency calculations).

Optimisations were performed with tight convergence criteria and no symmetry constraints
were applied. An ultrafine integral grid was used for all calculations. Solvent corrections were
applied with the Polarisable Continuum Model (PCM) using the integral equation formalism (IEF)

t,63

varian and dispersion effects modelled with Grimme’s D3 method with Becke—Johnson

71,75

damping.

Benchmarking studies performed demonstrated that the BP86 and PBEO functionals are robust
and typically perform averagely.?®3%* These same studies demonstrate that the M06-2X and
wB97XD functionals do often perform better, and single-point calculations were therefore

performed using these functionals and the BP86 calculated geometries. Whilst not used in these
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studies, it was considered that the effects of dispersion might be easier determined with the
D3(BJ) correction applied as a separate correction using the hybrid PBEO functional, rather than

the inherent dispersion that is applied within the M06-2X and wB97XD functionals.
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7.1.4 Computational Procedure for the Indole Vinylation and Gold(l)
Speciation Studies (Chapter 3)

All calculations were performed using the TURBOMOLE V6.4 package using the resolution of

identity (RI) approximation.®5345-3%2

Initial optimisations were performed at the (RI-)BP86/SV/(P) level, 34335456 followed by frequency
calculations at the same level. Transition states were located by initially performing a
constrained minimisation (by freezing internal coordinates that change most during the
reaction) of a structure close to the anticipated transition state. This was followed by a
frequency calculation to identify the transition vector to follow during a subsequent transition
state optimisation. A final frequency calculation was then performed on the optimised
transition-state structure. All minima were confirmed as such by the absence of imaginary
frequencies and all transition states were identified by the presence of only one imaginary
frequency. Dynamic Reaction Coordinate (DRC) analysis confirmed that transition states were
connected to the appropriate minima. Single-point calculations on the (RI-)BP86/SV(P)
optimised geometries were performed using the hybrid PBEO functional,33¢ and the flexible
def2-TZVPP basis set. > The (RI-)PBEQ/def2-TZVPP SCF energies were corrected for their zero-
point energies, thermal energies and entropies at 298.15 K (obtained from the (RI-)BP86/SV(P)-
level frequency calculations). A 60 electron quasi-relativistic ECP replaced the core electrons of

Au 56

No symmetry constraints were applied during optimisations. Solvent corrections were applied
with the COSMO dielectric continuum model,®® and dispersion effects modelled with Grimme’s

D3 method with Becke—Johnson damping.”%7®

The above methodology (D3(BJ)-PBEQ/def2-TZVPP//BP86/SV(P)) was used due to its use in the
previous related work performed by Liddon et al.,?®! to allow for comparisons between the
methods to be made if desired. Additionally, the BP86 and PBEO functionals have both

benchmarked favourably in previous studies focused upon gold(l) complexes.?-°
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7.1.5 Computational Procedure for Evaluating the Viability of SURE Reactions
(Chapter 4)
Method Development (Sections 4.2.2 and 4.2.3)

All initial calculations performed using the Spartan software package,?® were performed by Dr
Aggie Lawer. The method that was used is given here, as reported by Dr Lawer.?®” The imides,
cyclols and ring expanded products in the selected systems were initially built using
Spartan’14,2® and optimised using DFT at the B3LYP/6-31G* level of theory in a vacuum, 374046
50 Conformational searches of the optimised structures were performed at Molecular Mechanics
Force Field (MMFF) level.?*> All the generated structures were retained and their energies were
calculated using B3LYP/6-31G*. The lowest energy geometry in each case was selected, fully
optimised and determined to be minima by the absence of negative vibrational modes, in

vacuum using B3LYP/6-31G*. The final geometry optimisations and frequency calculations were

also done in vacuum using B3LYP/6-31G*.

Further studies discussed within this thesis for the DFT method development (see Sections 4.2.2

and 4.2.3) were conducted using the Gaussian 09, Revision D.01 package.?®®

The structures from the Spartan calculations were reoptimized using the stated functional
(B3LYP,*-%° BP86,3233 PBEO,**3¢ M06*' and M06-2X*!) and basis set (6-31G*,%~>0 SV(P) >*>¢ or
def2-TZVPP>6~8), with subsequent frequency calculations. All minima were confirmed as such
by the absence of imaginary frequencies. The SCF energies were corrected for their zero-point
energies, thermal energies and entropies at 298.15 K (obtained from the frequency
calculations). For the D3(BJ)-PBE(0)/def2-TZVPP//BP86/SV(P) energies, single-point calculations
on the BP86/SV(P) optimised geometries were performed using the hybrid PBEO functional and
the flexible def2-TZVPP basis set, the thermodynamic corrections were supplied from the
BP86/SV(P) calculations, and dispersion effects were modelled with Grimme’s D3 method with

Becke—Johnson damping.’*7®

No symmetry constraints were applied during optimisations. Where used, solvent corrections
were applied with the Polarisable Continuum Model (PCM) using the integral equation

formalism (IEF) variant.%

The functionals used in these benchmarking studies are functionals commonly used and
available in various software packages. The studies discussed in Sections 4.2.2 and 4.2.3

validated the use of B3LYP/6-31G* in the study of SuRE reactions.
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Thiolactone SuURE (Section 4.2.4) and Dihydroxylation SuRE (Section 4.2.5) Calculations

Conformational analysis of all structures were performed using the PCModel software

353

package,3>3 using the Molecular Mechanics Force Field (MMFF) level of theory.?*®

The structures within 3.5 kcal mol? of the lowest energy conformation were retained and the
geometry of each optimised in Gaussian 09, Revision D.01,%° at the B3LYP/6-31G* level of
theory in the gas phase.373852394046-51 The strycture with the lowest calculated electronic energy
was then resubmitted for a final geometry optimisation using tight convergence criteria, with a
subsequent frequency calculation (at the B3LYP/6-31G* level of theory), which confirmed that
the structures were minima due to the absence of imaginary frequencies. The B3LYP/6-31G*
SCF energies were corrected for their zero-point energies, thermal energies and entropies at
298.15 K (obtained from the frequency calculations). For compound 4.162ge, where X-ray
crystallography data was provided by Dr Kleopas Palate (CCSD 1921223)3% the crystal structure
geometry was optimised at the B3LYP/6-31G* level of theory with subsequent frequency
calculation, with no initial conformational search performed. No symmetry constraints were

applied. An ultrafine integral grid was used for all calculations
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7.1.6 Computational Procedure for the Acyl Transfer Studies (Chapter 5)
Conformational analysis of all structures were performed using the PCModel software

package,>? using the Molecular Mechanics Force Field (MMFF) level of theory.?®

The structures within 3.5 kcal/mol of the lowest energy conformation were retained and the
geometry of each optimised in Gaussian 09, Revision D.01,%° at the B3LYP/6-31G* 37404650 o
B3LYP/6-31+G* (for the calculations of anions)3”:385239404651 |aye| of theory in the gas phase.
The structure with the lowest calculated electronic energy was then resubmitted for a final
geometry optimisation using tight convergence criteria, with a subsequent frequency
calculation (using the B3LYP functional with either the 6-31G* or 6-31+G* basis set as
appropriate), which confirmed that the structures were minima due to the absence of imaginary
frequencies. The SCF energies were corrected for their zero-point energies, thermal energies
and entropies at 298.15 K (obtained from the frequency calculations). No symmetry constraints

were applied. An ultrafine integral grid was used for all calculations.

The B3LYP/6-31G* method was used due to the benchmarking study performed within this
thesis for the study of related systems (see Sections 4.2.2 and 4.2.3). The 6-31+G* basis set was
used to model the anionic system due to the inclusion of diffuse functions, which are considered

necessary when modelling anions.>*314-316
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7.2 Quinoline Rearrangement

7.2.1 General Procedures

General Procedure A: Weinreb Amide Synthesis

0 0
CDI (1.35 eq) _OMe
R2 OH  \MeNH(OMe).HCI (1.1 eq) R? NC
\ R1 \ R1
N DCM (0.4 M), RT, 2.5 h N
H H

Based on a literature procedure,'’® to a suspension of the given carboxylic acid (1 eq) in DCM
(0.4 M), CDI (1.3 eq) was added in portions. The mixture was stirred at room temperature for 1
hour, before adding N,0-dimethylhydroxylamine hydrochloride (1.1 eq) in portions and stirring
for an additional 1.5 hours. The solution was then poured into deionised water and basified with
ag. NaOH (2 M) until the pH was around 10. The organics were then extracted with EtOAc, which
were combined and washed with aqg. HCI (2 M) and saturated aq. NaCl before drying with MgS0O4

and concentrated in vacuo to afford the desired Weinreb amide.

General Procedure B: Ynone Synthesis

1. n-BuLi (2.5 M in hexane, 2.5 eq) RS P
THF (1 M), —78 °C, 30 min, Ar
H—=—R? RS N\
2. 0 MR N\ge
N
R2 N\/OMG H
N_Rrt (1eq)
N
H

THF (0.2 M), =78 °C - RT, 1 h, Ar

Based on a literature procedure,'’® to a solution of alkyne (3 eq) in dry THF (1 M) at =78 °C under
an atmosphere of argon, n-BulLi (2.5 eq) was added. The solution was stirred at =78 °C for 30
minutes, then transferred via cannula to a cooled (-78 °C) solution of Weinreb amide (1 eq) in
THF (0.2 M). The mixture was stirred for 5 minutes then warmed to room temperature and
stirred for a further hour. The reaction was then quenched with saturated aq. NH4Cl. The mixture
was diluted with deionised water and extracted with EtOAc. The organic extracts were combined
and dried with MgS04, concentrated in vacuo and purified by flash column chromatography to

afford the ynone product
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General Procedure C: Spirocycle Synthesis

0]
R
R2 \\ AgOTf (1 mol%) R2 Ré
'\} R" R4 DCM (0.1 M), RT R
H

Based on a literature procedure,'”® to a solution of ynone (1 eq) in DCM (0.1 M), AgOTf (1 mol%)
was added and the reaction was stirred at room temperature until complete by TLC analysis.
The mixture was then concentrated in vacuo and purified by flash column chromatography to

afford the spirocyclic indolenine product.

General Procedure D: Quinoline Rearrangement

R4 R3
LHMDS (12eq) g2 (=0
THF (0.1 M) P
~78°C - RT, Ar N” "R

To a solution of spirocyclicindolenine (0.5 mmol) in THF (2.5 mL), at -78 °C under an atmosphere
of argon, LHMDS (0.6 mL, 0.6 mmol, 1.0 M in THF) was added. The solution was stirred for 5 min
at =78 °C and then warmed to RT. The reaction mixture was stirred at RT until TLC analysis
showed the reaction had gone to completion. The reaction was quenched with sat. ag. NH4Cl (5
mL), diluted with water (5 mL) and extracted with EtOAc (3 x 10 mL). The organics were
combined and dried over MgS0Os, concentrated in vacuo and purified by flash column

chromatography to afford the quinoline product.

General Procedure E: AICl; Temperature Screens

To a microwave vial containing a solution of spirocycle 2.7a (0.3 mmol) in iso-propanol (3 mL),
was added AlCl5-6H,0 (15 pumol). The reaction mixture was heated at the desired temperature
for 24 hours. After this time, an aliquot was taken and concentrated in vacuo and a *H NMR

spectrum was recorded in CDCl; to analyse the percentage conversion.
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General Procedure F: TFA Temperature Screens

To a microwave vial containing a solution of spirocycle 2.7a (0.3 mmol) in chloroform (1.5 mL)
was added TFA (1.5 mL, 20 mmol). The reaction mixture was heated at the desired temperature
for 24 hours. After this time, an aliquot was taken and concentrated in vacuo and a *H NMR

spectrum was recorded in CDCl; to analyse the percentage conversion.

General Procedure G: LHMDS Temperature Screens

To a solution of spirocycle 2.7a (0.75 mmol) in THF (3.75 mL), at —=78 °C under an atmosphere of
argon, was added LHMDS (0.75 mL, 0.75 mmol, 1 M in THF). The solution was stirred for 5 min,
then warmed to the desired temperature with continued stirring, frequently checking for
completion by TLC analysis. The reaction was quenched with sat. ag. NH4Cl (5 mL), diluted with
deionised water (5 mL) and extracted with EtOAc (3 x 10 mL). The organics were combined and
dried over MgSQ4, concentrated in vacuo. A *H NMR spectrum was recorded in CDCls to analyse

the percentage conversion.
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7.2.2 Weinreb Amide Products
2-(1H-Indol-3-yl)-N-methoxy-N-methylacetamide (2.16a)

0]
7
3 N/OMe
4 / 9
A\ .
5 N
6 H 1
2.16a

Synthesised using general procedure A, from indole-3-acetic acid (5.022 g, 28.6 mmol), DCM (70
mL), CDI (6.275 g, 38.7 mmol) and N,O-dimethylhydroxylamine hydrochloride (3.098 g, 31.8
mmol). The work up steps required deionised water (100 mL), ag. NaOH (2 M, 20 mL), before
extracting with EtOAc (2 x 100 mL). The organics were washed with aq. HCI (2 M, 150 mL) and
saturated aqg. NaCl (150 mL). After concentrating in vacuo, the title product was isolated without
further purification as a pale, brown powder (5.043 g, 81%). Ry (hexane/ethyl acetate 1:1) 0.25;
84 (400 MHz; CDCl3) 3.23 (3 H, s, H-8), 3.67 (3 H, s, H-9), 3.93 (2 H, s, H-7), 7.12 = 7.16 (1 H, m, H-
4/5),7.18=7.13 (2 H, m, H-2 and H-4/5), 7.35—7.39 (1 H, m, H-6), 7.66 — 7.69 (1 H, m, H-2), 8.09

(1 H, brs, H-1). Spectroscopic data match those reported previously.'’®
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N-Methoxy-N-methyl-2-(2-methyl-1H-indol-3-yl)acetamide (2.16b)

0]
7
, 3 N\—OMS
A\ 8
5 N 2
6 Hi
2.16b

Synthesised using general procedure A, from 2-methyl-3-indoleacetic acid (3.784 g, 20,0 mmol),
DCM (48 mL), CDI (4.378 g, 27.0 mmol) and N,O-dimethylhydroxylamine hydrochloride (2.146 g,
22.0 mmol). The work up steps required deionised water (100 mL), ag. NaOH (2 M, 20 mL),
before extracting with EtOAc (2 x 100 mL). The organics were washed with ag. HCI (2 M, 150 mL)
and saturated ag. NaCl (150 mL). After concentrating in vacuo, the title product was isolated
without further purification as a pale, brown powder (4.040 g, 87%). R (hexane/ethyl acetate
1:1) 0.27; 64 (400 MHz; CDCls) 2.34, (3 H, s, H-2),3.20 (3 H, s, H-8), 3.62 (3 H, s, H-9), 3.84 (2 H,
s, H-7),7.05-7.12 (2 H, m, H-4,5), 7.18 = 7.23 (1 H, m, H-6), 7.56 — 7.60 (1 H, m, H-3), 8.06 (1 H,

br s, H-1). Spectroscopic data match those reported previously.'’
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2-(5-Bromo-1H-indol-3-yl)-N-methoxy-N-methylacetamide (2.16c)

O
6
Br 3 /N’O'\éle
N2
7
4 N
5 H1
2.16¢c

Synthesised using general procedure A, from 5-bromo-indole-3-acetic acid (1.000 g, 3.9 mmol),
DCM (10 mL), CDI (0.863 g, 5.3 mmol) and N,O-dimethylhydroxylamine hydrochloride (0.426 g,
4.4 mmol). The work up steps required deionised water (20 mL), ag. NaOH (2 M, 5 mL), before
extracting with EtOAc (4 x 30 mL). The organics were washed with aqg. HCI (2 M, 30 mL) and
saturated aqg. NaCl (30 mL). After concentrating in vacuo, the title product was isolated without
further purification as a brown oil (1.077 g, 92%). R; (hexane/ethyl acetate 1:1) 0.20; &4 (400
MHz; CDCls), 3.24 (3 H, s, H-7), 3.71 (3 H, s, H-8), 3.86 (2 H, s, H-6), 7.06 (1 H, s, H-2), 7.13 (1 H,
d, J=8.5,H-5),7.22 (1L H, dd, J = 8.5, 2.0, H-4), 7.73 (1 H, d, J = 2.0, H-3), 8.50 (1 H, br s, H-1).

Spectroscopic data match those reported previously.'”®
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2-(1H-Indol-3-yl)-N-methoxy-N-methyl-3-phenylpropanamide (2.16d)

Based on a literature procedure,'’® to a solution of diisopropylamine (6.4 mL, 45.6 mmol) in dry
THF (23 mL) at 0 °C, under an atmosphere of argon, n-BuLi (1.6 M in hexane, 28.5 mL, 45.6 mmol)
was added and stirred for 15 minutes before being cooled to -10°C. Indole-3-acetic acid (2.000
g, 11.4 mmol) dissolved in dry THF (12 mL), under an atmosphere of argon, was added and
stirred for 2 hours. Benzyl chloride (2.9 mL, 25.2 mmol) was then added and the reaction was
brought to room temperature and stirred for 16 hours. The reaction was poured into deionised
water (40 mL) and extracted with EtOAc (3 x 40 mL). The organic extracts were combined and
dried with MgS0,4 and concentrated in vacuo. The crude mixture was dissolved in DCM (43 mL)
and N,0-dimethylhydroxylamine hydrochloride (1.223 g, 12.5 mmol), N,N-diisoproylethylamine
(6.0 mL, 34.2 mmol) and T3P (50% w/w in BuOAc, 10.0 mL, 10.881 g, 17.1 mmol) were added
sequentially and stirred for 1 hour. The reaction was poured into deionised water (60 mL) and
extracted with EtOAc (2 x 60 mL). The organic extracts were washed with aq. HCI (2 M, 2 x 40
mL), ag. NaOH (2 M, 40 mL) and then dried over MgSQO, before concentrating in vacuo. The crude
product was purified via flash column chromatography (hexane/ethyl acetate 3:2) to afford the
title product as a pale, brown solid (0.733 g, 21%). Ry (hexane/ethyl acetate 3:2) 0.27; 64 (400
MHz; CDCls) 3.11 (3 H, s, H-12), 3.12 (1 H, dd, J = 13.0, 5.5, H-8a), 3.27 (3 H, br s, H-13), 3.52 (1
H, dd, J = 13.5, 10.0, H-8b), 4.69 (1 H, br's, H-7), 7.11 - 7.27 (8 H, m, H-Ar), 7.35 - 7.38 (1 H, m,
H-6), 7.75 (1 H, d, J = 8.0, H-3), 8.20 (1 H, br s, H-1). Spectroscopic data match those reported

previously.'’®
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7.2.3 Indolyl-ynone Products
1-(1H-Indol-3-yl)-4-phenylbut-3-yn-2-one (2.6a)

Synthesised using general procedure B, from phenylacetylene (7.077 g, 7.6 mL, 69.3 mmol) in
THF (69 mL), n-BuLi (2.5 M in hexane, 23.1 mL, 57.8 mmol) and 2-(1H-indol-3-yl)-N-methoxy-N-
methylacetamide 2.16a (5.043 g, 23.1 mmol) with THF (115 mL). The work up required saturated
aqg. NH4CI (100 mL), deionised water (50 mL) and the product was extracted in EtOAc (2 x 50 mL).
The crude product was purified via flash column chromatography (hexane/ethyl acetate 9:1 to
5:1) to afford the title product as a brown solid (3.823 g, 64%). R; (hexane/ethyl acetate 5:1)
0.24; 64 (400 MHz; CDCl3) 4.10 (2 H,d, J=1.0,H-7),7.16 = 7.20 (1 H, m, H-4), 7.22 - 7.27 (2 H,
m, H-2,5), 7.30 — 7.44 (6 H, m, H-6,8,9,10), 7.67 — 7.70 (1 H, m, H-3), 8.17 (1 H, br s, H-1).

Spectroscopic data match those reported previously.1”®
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1-(1H-Indol-3-yl)oct-3-yn-2-one (2.6b)

Synthesised using general procedure B, from hex-1-yne (739 mg, 1.0 mL, 9.0 mmol) in THF (9
mL), n-BulLi (1.6 M in hexane, 4.7 mL, 7.5 mmol) and 2-(1H-indol-3-yl)-N-methoxy-N-
methylacetamide 2.16a (655 mg, 3.0 mmol) with THF (15 mL). The work up required saturated
aq. NH4Cl (15 mL), deionised water (10 mL) and the product was extracted in EtOAc (3 x 30 mL).
The crude product was purified via flash column chromatography (hexane/ethyl acetate 9:1 to
3:1) to afford the title product as a brown oil (405 mg, 57%). Rs (hexane/ethyl acetate 4:1) 0.34;
6x (400 MHz; CDCl5) 0.90, (3 H, t, J=7.5, H-11),1.28 = 1.39 (2 H, m, H-10), 1.42 - 1.51 (2 H, m,
H-9),2.30 (2 H, t,J=7.0, H-8), 4.02 (2 H, d, J= 0.5, H-7), 7.06 (1 H, d, J = 2.5, H-2), 7.17 (1 H, ddd,
J=8.0,7.0,1.0, H-4/5),7.23 (1 H, 8.0, 7.0, 1.5, H-4/5), 7.36 — 7.40 (1 H, m, H-6), 7.62 — 7.65 (1

H, m, H-3), 8.40 (1 H, brs, H-1). Spectroscopic data match those reported previously.'’
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1-(2-Methyl-1H-indol-3-yl)oct-3-yn-2-one (2.6¢)

Synthesised using general procedure B, from hex-1-yne (863 mg, 1.2 mL, 10.5 mmol) in THF (11
mL), n-BuLi (1.6 M in hexane, 5.5 mL, 8.8 mmol) and N-methoxy-N-methyl-2-(2-methyl-1H-indol-
3-yl)acetamide 2.16b (813 mg, 3.5 mmol) with THF (18 mL). The work up required saturated aqg.
NH4Cl (20 mL), deionised water (10 mL) and the product was extracted in EtOAc (3 x 30 mL). The
crude product was purified via flash column chromatography (hexane/ethyl acetate 9:1 to 4:1)
to afford the title product as a yellow oil (414 mg, 47%). Ry (hexane/ethyl acetate 1:1) 0.81; Vmax
(thin film)/cm™ 3398, 2957, 2210, 1664, 1462, 740; 64 (400 MHz; CDCl3) 0.84 (3 H, t, J = 7.0, H-
18),1.21-1.33 (2 H, m, H-17), 1.34 — 1.44 (2 H, m, H-16), 2.23 (2 H, t, J = 7.0, H-15), 2.36 (3 H, s,
H-10), 3.86 (2 H, s, H-11), 7.05 — 7.14 (2 H, m, H-6,7), 7.21 — 7.26 (1 H, m, H-8), 7.50 (1 H, d, J =
7.5, H-5), 7.98 (1 H, br s, H-1); 8¢ (100 MHz, CDCls) 11.8 (C-10), 13.6 (C-18), 18.7 (C-15), 21.9 (C-
17), 29.6 (C-16), 41.3 (C-11), 81.1 (C-13), 95.5 (C-14), 103.5 (C-3), 110.5 (C-8), 118.1 (C-5), 119.6
(C-6/7), 121.3 (C-6/7), 128.7 (C-4), 133.4 (C-2), 135.3 (C-9), 185.8 (C-12); HRMS (ESI*) Found:
254.1544; C17H20NO (M+H*) Requires 254.1539 (-1.9 ppm error); Found: 276.1363; C17H1sNNaO
(M+Na) Requires 276.1359 (-1.6 ppm error).
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4-Phenyl-1-(2-methyl-1H-indol-3-yl)but-3-yn-2-one (2.6d)

Synthesised using general procedure B, from phenylacetylene (1.072 g, 1.2 mL, 10.5 mmol) in
THF (11 mL), n-Buli (1.6 M in hexane, 5.5 mL, 8.8 mmol) and N-methoxy-N-methyl-2-(2-methyl-
1H-indol-3-yl)acetamide 2.16a (0.813 g, 3.5 mmol) with THF (18 mL). The work up required
saturated ag. NH4Cl (20 mL), deionised water (10 mL) and the product was extracted in EtOAc (3
x 30 mL). The crude product was purified via flash column chromatography (hexane/ethyl
acetate 9:1to 4:1) to afford the title product as a yellow powder (0.707 g, 74%). Rf (hexane/ethyl
acetate 1:1) 0.76; &4 (400 MHz; CDCls) 2.47 (3 H, s, H-2), 4.00 (2 H, s, H-7), 7.11 = 7.19 (2 H, m,
H-4,5),7.30 — 7.34 (5 H, m, H-6,8,9), 7.38 — 7.43 (1 H, m, H-10), 7.58 — 7.62 (1 H, m, H-3), 7.95 (1

H, brs, H-1). Spectroscopic data match those reported previously.'”*

1-(5-Bromo-1H-indol-3-yl)-4-phenylbut-3-yn-2-one (2.6e)

Synthesised using general procedure B, from phenylacetylene (1.111 g, 1.2 mL, 10.9 mmol) in
THF (11 mL), n-Buli (1.6 M in hexane, 5.7 mL, 9.1 mmol) and 2-(5-bromo-1H-indol-3-yl)-N-
methoxy-N-methylacetamide 2.16¢ (1.077 g, 3.6 mmol) with THF (18 mL). The work up required
saturated aqg. NH4Cl (20 mL), deionised water (10 mL) and the product was extracted in EtOAc (4
x 30 mL). The crude product was purified via flash column chromatography (hexane/ethyl
acetate 9:1 to 7:3) to afford the title product as a dark, red powder (0.675 g, 55%). Ry
(hexane/ethyl acetate 7:3) 0.28; &4 (400 MHz; CDCls) 4.06 (2 H, s, H-6), 7.24 —7.39 (5 H, m, H-
Ar), 7.41-7.47 (3 H, m, H-Ar), 7.83 — 7.85 (1 H, m, H-3), 8.22 (1 H, br s, H-1). Spectroscopic data

match those reported previously.?
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1-Benzyl-1-(1H-indol-3-yl)-4-phenylbut-3-yn-2-one (2.6f)

Synthesised using general procedure B, from phenylacetylene (725 mg, 0.8 mL, 7.1 mmol) in THF
(7 mL), n-Buli (1.6 M in hexane, 3.7 mL, 5.9 mmol) and 2-(1H-indol-3-yl)-N-methoxy-N-methyl-
3-phenylpropanamide 2.16d (733 mg, 2.4 mmol) with THF (12 mL). The work up required
saturated ag. NH4Cl (20 mL), deionised water (10 mL) and the product was extracted in EtOAc (4
x 30 mL). The crude product was purified via flash column chromatography (hexane/diethyl
ether 1:1) to afford the title product as an orange oil (497 mg, 59%). R; (hexane/diethyl ether
1:1) 0.34; 64 (400 MHz; CDCls) 3.28 (1 H, dd, J = 14.0, 7.5, H-8a), 3.68 (1 H, dd, J = 14.0, 8.0, H-
8b), 4.48 (1 H, dd, J = 8.0, 7.5, H-7), 7.14 — 7.26 (8 H, m, H-Ar), 7.28 — 7.34 (2 H, m, H-Ar), 7.37 -
7.43 (4 H, m,H-Ar),7.74(1H, dd, J=8.0,0.5, H-3), 8.18 (1 H, br s, H-1). Spectroscopic data match

those reported previously.’*
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7.2.4 Spirocyclic Indolenine Products

2-Phenylspiro[cyclopent[2]ene-1,3'-indol]-4-one (2.7a)

Synthesised using general procedure C, from 1-(1H-indol-3-yl)-4-phenylbut-3-yn-2-one 2.6a
(109 mg, 0.4 mmol) in DCM (4 mL) and AgOTf (1 mg, 4 umol). The reaction was complete after
2 hours and concentrated in vacuo. The crude product was purified by flash column
chromatography (hexane/ethyl acetate 3:2) to yield the title product as an orange solid (90 mg,
83%). Rf(hexane/ethyl acetate 3:2) 0.50; 64 (400 MHz; CDCls) 2.70 (1 H, d, J = 18.0, H-6a), 3.06
(1H,d,/=18.0,H-6b),6.86 (1H,s,H-7),6.96—7.01(2H, m, H-8), 7.17 —7.23 (2 H, m, H-9), 7.24
—7.34 (3 H, m, H-2,3,10), 7.46 (1 H, ddd, J = 7.5, 7.5, 1.5, H-4), 7.78 (1 H, d, J = 8.0, H-5), 8.22 (1

H, s, H-1). Spectroscopic data match those reported previously.'”

271



2-Butylspiro[cyclopent[2]ene-1,3'-indol]-4-one (2.7b)

2.20

Synthesised using general procedure C, from 1-(1H-indol-3-yl)oct-3-yn-2-one 2.6b (355 mg, 1.5
mmol) in DCM (15 mL) and AgOTf (4 mg, 15 umol). The reaction was complete after 3.5 hours
and concentrated in vacuo. The crude product was purified by flash column chromatography
(hexane/ethyl acetate 9:1 to hexane/ethyl acetate 7:3) to yield the title product as a brown oil
(approximately 1:1.4 ratio of monomer 2.7b:trimer 2.20, 345 mg, 97%). Rs(hexane/ethyl acetate
4:1) 0.27 (trimer), 0.17 (monomer); &4 (400 MHz; CDCl3) 0.67 (3 H, t, J = 7.0, H-11, trimer), 0.73
—0.82 (9 H, m, H-17, monomer + trimer), 1.04 — 1.24 (8 H, m, H-9/10, monomer + trimer), 1.30 —
1.47 (8 H, m, H-9/10, monomer + trimer), 1.66 — 1.84 (3 H, m, H-8, monomer + trimer), 1.85 —
2.03 (3 H, m, H-8, monomer + trimer), 2.14 — 2.25 (1 H, m, H-8, trimer), 2.32 — 2.44 (1 H, m, H-8,
trimer), 2.62 (1 H, d, J = 19.5, H-6a, monomer), 2.66 (2 H, d, J = 19.0, H-6, trimer), 2.87 (1 H, d, J
=19.0, H-6, trimer), 2.93 (1 H, d, J = 19.0, H-6, trimer), 2.95 (1 H, d, J = 19.5, H-6b, monomer),
3.03(1H,d,J=19.0, H-6, trimer), 3.27 (1 H, d, J = 19.0, H-6, trimer), 4.61 (1 H, s, H-1, trimer),
4.83 (1 H, s, H-1, trimer), 5.22 (1 H, s, H-1, trimer), 5.80 (1 H, d, J = 8.0, H-5, trimer), 5.85 (1 H, d,
J=8.0, H-5, trimer), 5.96 (1 H, s, H-7, trimer), 6.00 — 6.04 (2 H, m, H-7, trimer), 6.30 - 6.31 (1 H,
m, H-7, monomer), 6.33 (1 H, d, J = 8.5, H-5, trimer), 6.71 (1 H, ddd, J = 8.0, 8.0, 1.0, H-3/4,
trimer), 6.77 (1 H, t, J = 7.0, H-3/4, trimer), 6.86 (1 H, t, J = 7.5, H-3/4, trimer), 6.92 —6.99 (3 H,
m, H-2/3/4, trimer), 7.08 — 7.13 (2 H, m, H-2/3/4, trimer), 7.20 — 7.24 (2 H, m, H-2, monomer +
trimer), 7.32 (1 H,t,/=7.5, H-3, monomer), 7.44 (1 H,dd, J=7.5, 7.5, 1.0, H-4, monomer), 7.72
(1 H,d,J=7.0, H-5, monomer), 7.97 (1 H, s, H-1, monomer). Spectroscopic data match those

reported previously.*”
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2-Butyl-2’methylspiro[cyclopent[2]ene-1,3'-indol]-4-one (2.7c)

Synthesised using general procedure C, from 1-(2-methyl-1H-indol-3-yl)oct-3-yn-2-one 2.6¢ (414
mg, 1.6 mmol) in DCM (16 mL) and AgOTf (4 mg, 16 umol). The reaction was complete after 1
hour and concentrated in vacuo. The crude product was purified by flash column
chromatography (hexane/ethyl acetate 1:1) to yield the title product as a yellow oil (270 mg,
65%). Rs (hexane/ethyl acetate 1:1) 0.36; vmax (thin film)/cm™ 2957, 2930, 2871, 1717, 1693,
1609, 1578, 1456, 755; &4 (400 MHz; CDCls) 0.76 (3 H, t, J = 7.0, H-17), 1.15 (2 H, sex., J = 7.0, H-
16),1.31-1.41 (2 H, m, H-15), 1.53-1.71 (2 H, m, H-14), 2.17 (3 H, s, H-1), 2.67 (1 H, d, J = 18.5,
H-10a), 2.72 (1L H, d, J = 18.5, H-10b), 6.30 (1 H, t, J = 1.5, H-12), 7.13 (1 H, ddd, J = 7.5, 1.5, 0.5,
H-5),7.22 (1 H, ddd, J= 7.5, 7.5, 1.0, H-6), 7.37 (1 H, ddd, J = 7.5, 7.5, 1.5, H-7), 7.57 (L H, d, J =
7.5, H-8); 8¢ (100 MHz, CDCls) 13.7 (C-17), 15.5 (C-1), 22.2 (C-16), 28.2 (C-14), 29.0 (C-15), 42.7
(C-10), 68.6 (C-3), 120.5 (C-8), 121.8 (C-5), 126.3 (C-6), 129.0 (C-7), 131.0 (C-12), 140.2 (C-4),
155.4(C-9), 181.6 (C-2/13),181.7 (C-2/13), 206.1 (C-11); HRMS (ESI*) Found: 254.1541; C,7H20NO
(M+H*) Requires 254.1539 (-0.5 ppm error); Found: 276.1361; C;;H19NNaO (M+Na) Requires
276.1359 (-0.9 ppm error).
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2-Phenyl-2'-methylspiro[cyclopent[2]ene-1,3'-indol]-4-one (2.7d)

Synthesised using general procedure C, from 4-phenyl-1-(2-methyl-1H-indol-3-yl)but-3-yn-2-
one 2.6d (707 mg, 2.6 mmol) in DCM (26 mL) and AgOTf (7 mg, 26 umol). The reaction was
complete after 1 hour and concentrated in vacuo. The crude product was purified by flash
column chromatography (hexane/ethyl acetate 1:1) to yield the title product as an orange oil
(700 mg, 99%). Rs(hexane/ethyl acetate 1:1) 0.39; 64 (400 MHz; CDCls) 2.14 (3 H, s, H-1), 2.66 (1
H, d,J=18.0,H-6a),2.77 (1 H, d, J= 18.0, H-6b), 6.83 (1 H, s, H-7), 6.90 — 6.95 (2 H, m, H-8), 7.07
—7.15(4 H, m, H-2,9,10), 7.19-7.25 (1 H, m, H-3), 7.28 = 7.36 (1 H, m, H-4), 7.60 (1 H, d, /= 7.5,

H-5). Spectroscopic data match those reported previously.?’

5'-Bromo-2-phenylspiro[cyclopent[2]ene-1,3'-indol]-4-one (2.7e)

Synthesised using general procedure C, from 1-(5-bromo-1H-indol-3-yl)-4-phenylbut-3-yn-2-one
2.6e (675 mg, 2.0 mmol) in DCM (20 mL) and AgOTf (5 mg, 20 umol). The reaction was complete
after 1 hour and concentrated in vacuo. The crude product was purified by flash column
chromatography (hexane/ethyl acetate 7:3 to hexane/ethyl acetate 1:1) to yield the title product
as a brown powder (468 mg, 69%). Rf(hexane/ethyl acetate 1:1) 0.39; 6y (400 MHz; CDCls) 2.68
(1H,d,J=19.0, H-5a), 3.06 (1 H, d, J = 19.0, H-5b), 6.87 (1 H, s, H-6), 6.98 — 7.02 (2 H, m, H-7),
7.21-7.26 (2 H, m, H-8), 7.33 —7.38 (1 H, m, H-9), 7.38 (1 H, dd, J = 2.0, 0.5, H-2), 7.58 (1 H, dd,
J=8.0,2.0,H-3),7.65 (1 H, d, J=8.0, H-4), 8.21 (1 H, s, H-1). Spectroscopic data match those

reported previously.t’*
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5-Benzyl-2-phenylspiro[cyclopentane-1,3'-indol]-2-en-4-one (2.7f)

10

Synthesised using general procedure C, from 1-benzyl-1-(1H-indol-3-yl)-4-phenylbut-3-yn-2-one
2.6f (497 mg, 1.4 mmol) in DCM (14 mL) and AgOTf (4 mg, 1 umol). The reaction was complete
after 2 hours and concentrated in vacuo. The crude product was purified by flash column
chromatography (hexane/diethyl ether 7:3 to 4:6) to yield the title product as a mixture of
diastereoisomers (major: minor in a 2:3 ratio) as a brown solid (459 mg, 93%). Rf(hexane/diethyl
ether 4:6) 0.24, 0.31; &4 (400 MHz; CDCl3) 2.11 (1 H, dd, J = 14.5, 10.5, H-7a minor), 2.54 (1 H,
dd, J = 14.5, 9.0, H-7a, major), 3.18 — 3.30 (2 H, m, H-7b, major + minor), 3.49 (1 H, dd, J = 9.0,
7.0, H-6, major), 3.58 (1 H, dd, J = 10.5, 4.5, H-6, minor), 6.84 — 6.88 (4 H, m, H-Ar and H-11,
major + minor), 6.90 — 6.94 (4 H, m, H-Ar, major + minor), 7.00 — 7.10 (6 H, m, H-Ar, major +
minor), 7.12 —7.21 (6 H, m, H-Ar, major + minor), 7.22 — 7.37 (5 H, m, H-Ar, major + minor), 7.48
(1H,ddd,s=7.5,7.5,1.0, H-4, minor), 7.54 — 7.57, (1 H, m, H-5, major), 7.57 —7.61 (1 H, m, H-
5, minor), 7.98 (1 H, s, H-1, minor), 8.14 (1 H, s, H-1, major). Spectroscopic data match those

reported previously.t’*
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2-(4-Fluorophenyl)spiro[cyclopent[2]ene-1,3'-indol]-4-one (2.7g)

Synthesised using general procedure C, from 1-(1H-indol-3-yl)-4-(4-fluorophenyl)but-3-yn-2-one
(956 mg, 3.5 mmol) in DCM (35 mL) and AgOTf (9 mg, 34 umol). The reaction was complete after
1 hour and concentrated in vacuo. The crude product was purified by flash column
chromatography (hexane/ethyl acetate 1:1) to yield the title product as an orange powder (756
mg, 79%). Rr(hexane/ethyl acetate 1:1) 0.36; &4 (400 MHz; CDCl3) 2.70 (1 H, d, J = 18.0, H-6a),
3.06 (1 H, d, J=18.0, H-6b), 6.80 (1 H, s, H-7), 6.86 — 6.92 (2 H, m, H-9), 6.95 — 7.01 (2 H, m, H-
8),7.24—7.26 (LH, m, H-2), 7.31 (1 H, ddd, J= 7.5, 7.5, 1.0, H-3), 7.47 (1L H, ddd, J = 7.5, 7.5, 1.0,
H-4), 7.67 — 7.80 (1 H, m, H-5), 8.21 (1 H, s, H-1). Spectroscopic data match those reported

previously.74

2-(4-Methoxyphenyl)spiro[cyclopent[2]ene-1,3'-indol]-4-one (2.7h)

Synthesised using general procedure C, from 1-(1H-indol-3-yl)-4-(4-methoxyphenyl)but-3-yn-2-
one (355 mg, 1.2 mmol) in DCM (12 mL) and AgOTf (3 mg, 12 umol). The reaction was complete
after 1.5 hours and concentrated in vacuo. The crude product was purified by flash column
chromatography (hexane/ethyl acetate 1:1) to yield the title product as an orange powder (329
mg, 93%). Rr(hexane/ethyl acetate 1:1) 0.37; &4 (400 MHz; CDCl3) 2.63 (1 H, d, J = 18.5, H-6a),
3.01 (1 H,d,J=18.5, H-6b), 3.71 (3 H, s, H-10), 6.65 —6.71 (2 H, m, H-9), 6.77 (1 H, s, H-7), 6.91
-6.97 (2H, m, H-8), 7.22 - 7.31 (2 H, m, H-2,3), 7.44 (1 H, ddd, J = 7.5, 7.5, 1.5, H-4), 7.77 (1 H,

175

d,/=7.5,H-5),8.20 (1 H, s, H-1). Spectroscopic data match those reported previously.
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2-Phenyl-5-(4-methylphenyl)spiro[cyclopentane-1,3'-indol]-2-en-4-one (2.7i)

2.7i

Following a literature procedure,’’® to a dry round-bottomed flask, 1-(1H-indol-3-yl)-4-
phenylbut-3-yn-2-one 2.6a (518 mg, 2.0 mmol), 4-iodotoluene (480 mg, 2.2 mmol) and
bromobis(triphenylphosphine)(N-succinimide)palladium(ll) (32 mg, 40 umol) were added. The
flask was purged with argon and then dry acetonitrile (20 mL) and triethylamine (0.3 mL, 2.1
mmol) were added. The reaction was heated to 60 °C with continuous stirring for 3.5 hours. The
mixture was then cooled to room temperature and concentrated in vacuo. The crude product
was purified by flash column chromatography (hexane/ethyl acetate 9:1 to hexane/ethyl acetate
3:1) to yield the title product as a pale, orange solid (307 mg, 44%). Rs(hexane/ethyl acetate 3:1)
0.19; &4 (400 MHz; CDCl3) 2.33 (3 H, s, H-9), 2.88 (1 H, d J = 19.0, H-6a), 3.22 (1 H, d, J = 19.0, H-
6b), 6.66 — 6.71 (2 H, m, H-Ar), 7.00 — 7.05 (2 H, m, H-Ar), 7.08 — 7.18 (5 H, m, H-Ar), 7.31 (1 H,
ddd,s=7.5.75,1.0,H-3),7.36 (1H,ddd, J=75, 1.5,1.0, H-2), 7.42 (1 H, ddd, /= 7.5, 7.5, 1.5,
H-4), 7.66 (1 H, ddd, J = 7.5, 1.0, 1.0, H-5), 8.19 (1 H, s, H-1). Spectroscopic data match those

reported previously.’®
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2-Butyl-5-(4-methylphenyl)-2’methylspiro[cyclopentane-1,3'-indol]-2-en-4-one (2.7j)

Following a literature procedure,’® to a dry round-bottomed flask, 1-(2-methyl-1H-indol-3-
yl)oct-3-yn-2-one 2.6¢ (529 mg, 2.1 mmol), 4-iodotoluene (501 mg, 2.3 mmol) and
bromobis(triphenylphosphine)(N-succinimide)palladium(ll) (32 mg, 40 umol) were added. The
flask was purged with argon and then dry acetonitrile (20 mL) and triethylamine (0.3 mL, 2.1
mmol) were added. The reaction was heated to 60 °C with continuous stirring for 4. The mixture
was cooled to room temperature and concentrated in vacuo. The crude product was purified by
flash column chromatography (hexane/ethyl acetate 9:1 to hexane/ethyl acetate 7:3) to yield
the title product as a pale, yellow oil (489 mg, 71%). Rf(hexane/ethyl acetate 3:1) 0.22; vmax (thin
film)/cm™ 2957, 1705, 1578, 1408, 755; &4 (400 MHz; CDCls) 0.53 (3 H, t, J = 6.5, H-22), 0.82 —
1.04 (4 H, m, H-20,21), 1.75 - 1.85 (1 H, m, H-19a), 1.92 — 2.02 (1 H, m, H-19b), 2.24 (3 H, s, H-
1),2.36 (3 H, s, H-17),2.78 (1 H, d, J = 19.0, H-10a), 2.83 (1 H, d, J = 19.0, H-10b), 7.19 - 7.26 (6
H, m, H-5,6,14,15), 7.35 — 7.42 (1 H, m, H-7), 7.60 (1 H, d, J = 7.5, H-8); 8¢ (100 MHz; CDCls) 13.3
(C-22), 15.9 (C-1), 21.4 (C-17), 22.8 (C-20/21), 28.3 (C-19), 30.0 (C-20/21), 42.7 (C-10), 67.1 (C-
3), 120.5 (C-8), 122.3 (C-5/6/14/15), 126.1 (C-5/6/14/15), 128.3 (C-13), 128.8 (C-5/6/14/15),
129.0 (C-5/6/14/15), 129.3 (C-8), 138.3 (C-16), 140.6 (C-12), 143.2 (C-4), 155.6 (C-9), 173.4 (C-
18),182.6 (C-2), 204.8 (C-11); HRMS (ESI*) Found: 344.2005; C24H,6NO (M+H*) Requires 344.2009
(1.0 ppm error); Found: 366.1825; C4H,sNNaO (M+Na) Requires 366.1828 (0.9 ppm error).
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7.2.5 Quinoline Products

1-Phenyl-1,2-dihydro-3H-cyclopenta[c]quinolin-3-one (2.8a)

2.8a

Following general procedure D, from 2-phenylspiro[cyclopent[2]ene-1,3'-indol]-4-one 2.7a (194
mg, 0.8 mmol) in THF (3.8 mL) and LHMDS (0.8 mL, 0.8 mmol, 1 M in THF). The reaction was
stirred for 30 minutes until complete by TLC analysis. The work up required saturated aq. NH4Cl
(10 mL), deionised water (5 mL) and the product was extracted with EtOAc (5 x 10 mL). The crude
product was purified by flash column chromatography (hexane/ethyl acetate 4:1 to 1:1) to yield
the title product as a pale, brown solid (157 mg, 81%). Rs(hexane/ethyl acetate 1:1) 0.51; 6 (400
MHz; CDCls) 2.79 (1 H, dd, J = 19.0, 3.0, H-7a), 3.42 (1 H, dd, J = 19.0, 8.0, H-7b), 5.05 (1 H, dd, J
=8.0,3.0,H-6),7.10-7.13 (2 H, m, H-8), 7.27 - 7.34 (3 H, m, H-9,10), 7.48 (1 H, ddd, /= 8.0, 7.0,
1.0, H-3), 7.71 (1 H, dd, J = 8.0, 1.0, H-2), 7.82 (1 H, ddd, J = 8.0, 7.0, 1.0, H-4), 8.23 (1 H, d, J =

8.0, H-5),9.31 (1 H, s, H-1). Spectroscopic data match those reported previously.'’?

279



1-Butyl-4-methyl-1,2-dihydro-3H-cyclopenta[c]quinolin-3-one (2.8c)

Following general procedure D, from 2-butyl-2’methylspiro[cyclopent[2]ene-1,3'-indol]-4-one
2.7¢ (127 mg, 0.5 mmol) in THF (2.5 mL) and LHMDS (0.6 mL, 0.6 mmol, 1 M in THF). The reaction
was stirred for 1 hour until complete by TLC analysis. The work up required saturated aq. NH4Cl
(5 mL), deionised water (5 mL) and the product was extracted with EtOAc (4 x 10 mL). The crude
product was purified by flash column chromatography (hexane/ethyl acetate 7:3) to yield the
title product as a yellow powder (76 mg, 60%). Rf(hexane/ethyl acetate 7:3) 0.31; mp 88 — 89 °C;
Vmax (thin film)/cm™2929, 2952, 2853, 1708, 1616, 1588, 1417, 773; &4 (400 MHz; CDCls) 0.89 (3
H,t,J/=6.5 H-17),1.20 — 1.57 (5 H, m, H-14a,15,16), 2.02 — 2.19 (1 H, m, H-14b), 2.59 (1 H, dd,
J=19.0,1.5,H-12a),2.94 (1 H, dd, /=19.0, 7.0, H-12b), 2.95 (3 H, s, H-1),3.78 —3.87 (1 H, m, H-
11), 7.60 (1 H, ddd, J = 8.5, 7.0, 1.0, H-7), 7.83 (1 H, ddd, J = 8.5, 7.0, 1.0, H-8), 8.04 (1 H, dd, J =
8.5, 1.0, H-6), 8.11 (1 H, d, J = 8.5, H-9); 8¢ (100 MHz, CDCls) 14.1 (C-17), 22.7 (C-16), 22.8 (C-1),
29.8 (C-15), 36.2 (C-14), 36.9 (C-11), 43.8 (C-12), 124.4 (C-6), 124.4 (C-5), 126.6 (C-7), 128.1 (C-
3), 129.9 (C-9), 132.4 (C-8), 149.7 (C-10), 157.4 (C-2), 169.0 (C-4), 205.5 (C-13); HRMS (ESI")
Found: 254.1538; C17H20NO (M+H*) Requires 254.1539 (0.4 ppm error).
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1-Phenyl-4-methyl-1,2-dihydro-3H-cyclopenta[c]quinolin-3-one (2.8d)

Following general procedure D, from 2-phenyl-2'-methylspiro[cyclopent[2]ene-1,3'-indol]-4-one
2.7d (137 mg, 0.5 mmol) in THF (2.5 mL) and LHMDS (0.6 mL, 0.6 mmol, 1 M in THF). The reaction
was stirred for 1.5 hours until complete by TLC analysis. The work up required saturated aq.
NH4Cl (5 mL), deionised water (5 mL) and the product was extracted with EtOAc (5 x 10 mL). The
crude product was purified by flash column chromatography (hexane/ethyl acetate 7:3) to yield
the title product as an orange powder (97 mg, 71%). Rs(hexane/ethyl acetate 1:1) 0.48; 64 (400
MHz; CDCls) 2.75 (1 H, dd, J = 19.0, 2.5, H-7a), 3.06 (3 H, s, H-1), 3.38 (1 H, dd, J = 19.0, 7.5, H-
7b), 4.98 (1 H, dd, J = 7.5, 2.5, H-6), 7.09 — 7.13 (2 H, m, H-8), 7.25 — 7.33 (3 H, m, H-9,10), 7.39
(1H,ddd,J=8.5,7.0,1.5, H-3), 7.67 (L H, ddd, J = 8.5, 1.5, 0.5, H-2), 7.77 (L H, ddd, J = 8.5, 7.0,
1.5, H-4), 8.11 (1 H, br d, J = 8.5, H-5). Spectroscopic data match those reported previously.'’*

281



8-Bromo-1-phenyl-1,2-dihydro-3H-cyclopenta[c]quinolin-3-one (2.8e)

2.8e

Following general procedure D, from 5'-bromo-2-phenylspiro[cyclopent[2]ene-1,3'-indol]-4-one
2.7e (169 mg, 0.5 mmol) in THF (2.5 mL) and LHMDS (0.6 mL, 0.6 mmol, 1 M in THF). The reaction
was stirred for 30 minutes until complete by TLC analysis. The work up required saturated ag.
NH4CI (5 mL), deionised water (5 mL) and the product was extracted with EtOAc (4 x 10 mL). The
crude product was purified by flash column chromatography (hexane/ethyl acetate 7:3) to yield
the title product as an orange powder (136 mg, 80%). Rs(hexane/ethyl acetate 7:3) 0.39; 64 (400
MHz; CDCls) 2.79 (1 H, dd, J = 19.5, 3.0, H-6a), 3.41 (1 H, dd, J = 19.5, 8.0, H-6b), 4.99 (1 H, dd, J
= 8.0, 3.0, H-5), 7.09 = 7.12 (2 H, m, H-7), 7.28 — 7.37 (3 H, m, H-8,9), 7.84 (1 H, dd, J = 2.0, 0.5,
H-2), 7.87 (1 H, dd, J = 9.0, 2.0, H-3), 8.09 (1 H, d, J = 9.0, H-4), 9.30 (1 H, s, H-1). Spectroscopic

data match those reported previously.'”
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1-(4-Fluorophenyl)-1,2-dihydro-3H-cyclopenta[c]quinolin-3-one (2.8g)

2.8g

Following general procedure D, from 2-(4-fluorophenyl)spiro[cyclopent[2]ene-1,3'-indol]-4-one
2.7g (139 mg, 0.5 mmol) in THF (2.5 mL) and LHMDS (0.6 mL, 0.6 mmol, 1 M in THF). The reaction
was stirred for 30 minutes until complete by TLC analysis. The work up required saturated aqg.
NH4CI (5 mL), deionised water (5 mL) and the product was extracted with EtOAc (4 x 10 mL). The
crude product was purified by flash column chromatography (hexane/ethyl acetate 1:1) to yield
the title product as an orange powder (99 mg, 71%). Rs(hexane/ethyl acetate 1:1) 0.45; &4 (400
MHz; CDCls) 2.73 (1 H, dd, J = 19.5, 3.0, H-7a), 3.41 (1 H, dd, J = 19.5, 8.0, H-7b), 5.04 (1 H, dd, J
= 8.0, 3.0, H-6), 6.97 — 7.04 (2 H, m, H-9), 7.05 — 7.11 (2 H, m, H-8), 7.50 (1 H, ddd, J = 8.5, 7.0,
1.5, H-3), 7.68 (1 H, ddd, J = 8.5, 1.5, 0.5, H-2), 7.85 (1 H, ddd, J = 8.5, 7.0, 1.5, H-4), 8.25 (1 H, d,

J=8.5,H-5),9.31 (1 H, s, H-1). Spectroscopic data match those reported previously.'’*
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1-(4-Methoxyphenyl)-1,2-dihydro-3H-cyclopenta[c]quinolin-3-one (2.8h)

Following general procedure D, from 2-(4-methoxyphenyl)spiro[cyclopent[2]ene-1,3'-indol]-4-
one 2.7h (145 mg, 0.5 mmol) in THF (2.5 mL) and LHMDS (0.6 mL, 0.6 mmol, 1 M in THF). The
reaction was stirred for 30 minutes until complete by TLC analysis. The work up required
saturated aq. NH4Cl (10 mL), deionised water (5 mL) and the product was extracted with EtOAc
(3 x 10 mL). The product was purified by flash column chromatography (hexane/ethyl acetate
4:1to 1:1) to yield the title product as an orange powder (133 mg, 92%). Rf(hexane/ethyl acetate
1:1) 0.39; 64 (400 MHz; CDCls) 2.72 (1 H, dd, J = 19.0, 3.0, H-7a), 3.37 (1 H, dd, J = 19.0, 8.0, H-
7b), 3.76 (3 H, s, H-10), 4.99 (1 H, dd, J = 8.0, 3.0, H-6), 6.80 — 6.84 (2 H, m, H-9), 6.99 — 7.04 (2
H, m, H-8), 7.47 (1 H, ddd, J = 8.0, 7.0, 1.0, H-3), 7.73 (1 H, dd, J = 8.0, 1.0, H-2), 7.80 (1 H, ddd, J
=8.5,7.0,1.0,H-4),8.21(1H, d,J=8.5, H-5),9.27 (1 H, s, H-1). Spectroscopic data match those

reported previously.!”?

Note that this reaction was performed by Dr Aimee Clarke.
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trans-1-phenyl-2-(4-methylphenyl)-1,2-dihydro-3H-cyclopenta[c]quinolin-3-one (2.8i)

Following general procedure D, from 2-phenyl-3-(4-methylphenyl)spiro[cyclopentane-1,3'-
indol]-2-en-4-one 2.7i (175 mg, 0.5 mmol) in THF (2.5 mL) and LHMDS (0.6 mL, 0.6 mmol, 1 M in
THF). The reaction was stirred for 2.5 hours until complete by TLC analysis. The work up required
saturated ag. NH4Cl (5 mL), deionised water (5 mL) and the product was extracted with EtOAc
(4 x 10 mL). The crude product was purified by flash column chromatography (hexane/ethyl
acetate 9:1 to 3:1) to yield the title product as an orange oil (105 mg, 60%). Ry (hexane/ethyl
acetate 3:1) 0.33; Vmax (thin film)/cm™ 3028, 1714, 1615, 1574, 1512, 1421; &, (400 MHz; CDCls)
2.34(3H,s,H-21),3.87(1H,d,/=3.5,H-11),4.99 (1 H, d, J = 3.5, H-10), 6.99 — 7.03 (2 H, m, H-
18/19), 7.05 — 7.09 (2 H, m, H-14), 7.13 = 7.17 (2 H, m, H-18/19), 7.28 — 7.34 (3 H, m, H-15,16),
7.45 (1 H, ddd, J = 8.5, 7.0, 1.5, H-6), 7.65 (1 H, ddd, J = 8.5, 1.5, 0.5, H-5), 7.82 (1 H, ddd, J = 8.5,
7.0,15,H-7),8.27 (1H,d,J=38.5,H-8),9.37 (1 H, s, H-1); 6¢c (100 MHz; CDCl;) 21.2 (C-21), 54.4
(C-10), 65.0 (C-11), 125.2 (C, C-Ar), 125.9 (C-5), 127.5 (CH, C-Ar), 127.6 (CH, C-Ar), 127.8 (CH, C-
Ar), 127.9 (CH, C-Ar), 129.4 (CH, C-Ar), 129.7 (C-Ar), 129.8 (CH, C-Ar), 130.7 (C-8), 132.5 (C-7),
135.2 (C, C-Ar), 137.3 (C-20), 141.9 (C, C-Ar), 146.0 (C-1), 151.1 (C-9), 164.2 (C, C-Ar), 204.0 (C-
12); HRMS (ESI*) Found: 350.1532; CasH20NO (M+H*) Requires 350.1539 (0.7 ppm error), Found:
372.1351; CasH1sNNaO (M+Na) Requires 372.1539 (2.2 ppm error).
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1-Phenyl-2-(4-methylphenyl)-cyclopenta[c]quinolin-3-one (2.19)

Side product formed during the synthesis of 2.8i. Purification by flash column chromatography
(hexane/ethyl acetate 9:1 to 3:1) yielded the title product as a red solid (36 mg, 20%). R¢
(hexane/ethyl acetate 3:1) 0.40; mp 183 — 187 °C; Vmax (thin film)/cm™ 2919, 1707, 1618, 1562,
1511, 1488; &y (400 MHz; CDCls) 2.31 (3 H, s, H-21), 7.05 — 7.09 (2 H, m, H-18/19), 7.15 — 7.19 (2
H, m, H-18/19), 7.22 = 7.26 (2 H, m, H-Ar), 7.40 — 7.46 (2 H, m, H-Ar), 7.49 — 7.55 (3 H, m, H-Ar),
7.68 (1 H, ddd, J=8.5, 4.5, 4.0, H-Ar), 8.09 (1 H, ddd, /= 8.5, 1.0, 1.0, H-8), 9.05 (1 H, s, H-1); &¢
(100 MHz; CDCls) 21.5 (C-21), 119.9 (C-3), 122.9 (C, C-Ar), 125.3 (C-14), 126.9 (C, C-Ar), 127.3
(CH, C-Ar), 128.7 (C-18), 129.0 (C-5/6/16), 129.2 (CH, C-Ar), 129.3 (CH, C-Ar), 130.2 (C-19), 130.8
(C-8), 131.8 (CH, C-Ar), 134.2 (C, C-Ar), 134.9 (C, C-Ar), 138.7 (C-20), 142.9 (C-1), 153.2 (C, C-Ar),
153.2 (C-2), 153.8 (C-9), 197.0 (C-12); HRMS (ESI*) Found: 348.1377; CasH1sNO (M+H*) Requires
348.1383 (1.6 ppm error).
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1-Butyl-2-(4-methylphenyl)-4-methyl-1,2-dihydro-3H-cyclopenta[c]quinolin-3-one (2.8j)

Following general procedure D, from 2-butyl-3-(4-methylphenyl)-2’-methylspiro[cyclopentane-
1,3'-indol]-2-en-4-one 2.7j (165 mg, 0.5 mmol) in THF (2.5 mL) and LHMDS (0.6 mL, 0.6 mmol, 1
M in THF). The reaction was stirred for 30 minutes until complete by TLC analysis. The work up
required saturated ag. NH4Cl (10 mL), deionised water (5 mL) and the product was extracted
with EtOAc (4 x 10 ml). The product was purified by flash column chromatography
(hexane/acetone 99:1 to 95:5) to vyield the title product as a mixture of diastereoisomers
(major/minor in a 7:3 ratio) as an orange oil (98 mg, 58%). R = (hexane/acetone 95:5) 0.08; Vimax
(thin film)/cm™ 2956, 2870, 1706, 1682, 1608, 1578, 755; &4 (400 MHz; CDCl3) =0.57 (3 H, t, J =
6.5, H-17, minor), 0.89 (3 H, t, J = 7.0, H-17, major), 0.82 — 1.02 (4 H, m, H-15,16, minor), 1.27 —
1.55 (4 H, m, H-15,16, major), 1.55 — 1.62 (2 H, m, H-14, minor), 1.62 — 1.73 (1 H, m, H-143,
major), 2.17 — 2.25 (1 H, m, H-14b, major), 2.30 (3 H, s, H-22, major), 2.39 (3 H, s, H-22, minor),
2.96 (3 H, s, H-1, major), 3.03 (3 H, s, H-1, minor), 3.71 (1 H, d, J = 1.5, H-12, major), 3.91 (1 H,
dt,/=9.5, 3.0, 1.5, H-11, major), 4.15 (1 H, dt, /= 7.0, 4.0, H-11, minor), 4.25 (1 H, d, /= 7.0, H-
12, minor), 6.99 — 7.05 (2 H, m, H-19/20, major), 7.08 — 7.14 (2 H, m, H-19/20, major), 7.19 —
7.25 (4 H, m, H-19,20, minor), 7.60 — 7.67 (2 H, m, H-7, major + minor), 7.84 —7.92 (2 H, m, H-8,
major + minor), 8.06 (1 H, d, J = 8.5, H-6, minor), 8.10 (1 H, d, J = 8.0, H-6, major), 8.14 — 8.19 (2
H, m, H-9, major + minor); 6¢c (100 MHz; CDCls) 13.7 (C-17, minor), 14.1 (C-17, major), 21.2 (C-
22, major), 21.3 (C-22, minor), 22.6 (C-16, minor), 22.8 (C-1, major), 22.8 (C-16, major and C-1,
minor), 29.5 (C-15, minor), 30.0 (C-15, major), 33.1 (C-14, minor), 36.5 (C-14, major), 42.8 (C-11,
minor), 46.6 (C-11, major), 59.3 (C-12, minor), 60.7 (C-12, major), 124.3 (CH, C-Ar, minor), 125.0
(CH, C-Ar, major), 126.7 (C-7, minor), 126.8 (C-6, major), 127.3 (C-7, major), 127.8 (C, C-Ar,
minor), 129.3 (C-19/20, minor), 129.8 (CH, C-Ar, major) 129.8 (C-9, minor), 129.9 (CH, C-Ar,
major), 130.4 (C-19/20, minor), 132.5 (C-8, minor), 132.6 (C, C-Ar, minor), 132.7 (C-8, major),
136.6 (C, C-Ar, major), 137.1 (C, C-Ar, minor), 149.7 (C, C-Ar, minor), 149.9 (C, C-Ar, major), 157.6
(C, C-Ar, minor), 158.1 (C, C-Ar, major), 166.9 (C-Ar, minor), 168.6 (C-Ar, major), 204.6 (C-13,
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minor), 205.0 (C-13, major); HRMS (ESI*) Found: 366.1821; C;sHsNONa (M+Na) Requires
366.1828 (-1.9 ppm error).

Note that one quaternary carbon resonance for the minor isomer, and three quaternary carbon
resonances for the major could not be found in the 3C NMR spectra. It is believed that those

resonances are overlapping with other resonances.
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1-(2-((tert-Butyldimethylsilyl)oxy)ethyl)-1,2-dihydro-3H-cyclopenta[c]quinolin-3-one (2.8k)

12

N
si-O_ s
1/ !/
10
3 0
4 N
5
2.8k

Following general procedure D, from 2-(2-((tert-butyldimethylsilyl)oxy)ethyl)spiro
[cyclopentane-1,3'-indol]-2-en-4-one (103 mg, 0.3 mmol) in THF (1.5 mL) and LHMDS (0.3 mL,
0.3 mmol, 1 M in THF). The reaction was stirred for 1 hour until complete by TLC analysis. The
work up required NH4Cl (10 mL), deionised water (5 mL) and the product was extracted with
EtOAc (4 x 10 mlL). The crude product was purified by flash column chromatography
(hexane/ethyl acetate 4:1 to 7:3) to yield the title product as a brown oil (60 mg, 59%). R¢
(hexane/ethyl acetate 7:3) 0.33; 64 (400 MHz; CDCl3) 0.09 (3 H, s, H-10/12),0.09 (3 H, s, H-10/12),
0.94 (9 H, s, H-11), 1.61 — 1.70 (1 H, m, H-8a), 2.40 — 2.49 (1 H, m, H-8b), 2.70 (1 H, 19.0, 1.5, H-
7a),3.01(1H,dd,J=19.0,7.5, H-7b), 3.73 (1 H, ddd, J = 10.5, 9.5, 4.5, H-9a), 3.85 (1 H, ddd, J =
10.5, 4.5, 4.5, H-9b), 4.11 - 4.19 (1 H, m, H-6), 7.70 (1 H, ddd, J = 8.5, 7.0, 1.5, H-3), 7.90 (1 H,
ddd, J=8.5,7.0, 1.5, H-4), 8.19 (1 H, dd, J = 8.5, 1.5, H-2), 8.25 (1 H, d, 8.5, H-5), 9.19 (1 H, s, H-

1). Spectroscopic data match those reported previously.?”
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3-Benzyl-1-phenylcyclopenta[c]quinolin-3-ol (2.21)

Following general procedure D, from 5-benzyl-2-phenylspiro[cyclopentane-1,3'-indol]-2-en-4-
one 2.7f (175 mg, 0.5 mmol) in THF (2.5 mL) and LHMDS (0.6 mL, 0.6 mmol, 1 M in THF). The
reaction was stirred for 1 hour until complete by TLC analysis. The work up required NH4CI (5
mL), deionised water (5 mL) and the product was extracted with EtOAc (4 x 10 mL). The crude
product was purified by flash column chromatography (hexane/ethyl acetate 6:4) to yield the
title product as an orange powder (106 mg, 61%). mp 191 — 192 °C; R¢(hexane/ethyl acetate 6:4)
0.13; Vmax (thin film)/cm™ 3076, 2328, 1569, 1506, 699; &x (400 MHz; d6-DMSO) 5.93 (1 H, s, H-
17),6.50 (1 H, s, H-11), 7.02 — 7.11 (5 H, m, H-Ar), 7.20 — 7.35 (4 H, m, H-Ar), 7.45 —7.51 (3 H, m,
H-Ar), 7.60 (1 H, ddd, J = 8.5, 7.0, 1.5, H-7), 8.01 (1 H, d, J = 8.5, H-8), 8.93 (1 H, s, H-1); &¢ (100
MHz; d6-DMSO) 43.7 (C-18), 82.8 (C-12), 122.7 (C-Ar), 123.5 (C-Ar), 125.9 (C-Ar), 126.2 (C-Ar),
127.3 (C-Ar), 128.2 (C-Ar), 128.2 (C-Ar), 128.6 (C-Ar), 128.6 (C-7), 129.9 (C-Ar), 130.2 (C-8), 136.4
(C-Ar), 136.6 (C-Ar), 141.3 (C-10), 142.2 (C-Ar), 144.8 (C-Ar), 145.1 (C-1), 145.5 (C-11), 148.7 (C-
Ar); HRMS (ESI*) Found: 350.1539; C;sH;0NO (M+H*) Requires 350.1539 (0.1 ppm error).

Note that the benzylic protons (H-18) are overlapping with the residual water peak of the d6-
DMSO, as confirmed by 3C and HMQC NMR spectra.
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7.3 Indole Vinylation

7.3.1 General Procedures
General Procedure H: Indole vinylation Reaction Optimisation

N\—
\_Ph
0
@ . Lewis Acid N
N X__ Solvent (0.1 M) N
N Ph N
3.16 3.27 3.28

Indole 3.16 (12 mg, 0.1 mmol) was dissolved in the desired solvent (1 mL, 0.1 M), and the desired
guantity of 4-phenyl-3-butyne-2-one 3.27 was added, followed by the chosen Lewis acid
catalyst. The reaction was stirred at the chosen temperature for the given amount of time before
the solvent was concentrated in vacuo. *H NMR spectra were then recorded to determine the

conversion of indole to the desired product.

General Procedure I: Gold-catalysed alkyne addition to indole

O
0] N—X

4
R

N
1 N\_pR3 > X + X
RN AT PP, Tol R DR R P > %
L, (5 mol%) N N R
R® " Toluene (0.1 M), 40 °C R2 R2
R4=H R3=H,R2=R4¢H

The indole substrate (1 eq) and alkyne (1.5 eq) were dissolved in toluene (0.1 M) and
[bis(trifluoromethanesulfonyl)imidate](triphenylphosphine)gold(l) (2:1) toluene adduct (5
mol%) was added. The reaction was then stirred at 40 °C for the reported time. The reaction
mixture was then concentrated in vacuo and the product was purified via flash column

chromatography using the reported eluent.
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General Procedure J: NMR Studies

To a sample vial, [bis(trifluoromethanesulfonyl)imidate](triphenylphosphine)gold(l) (2:1)
toluene adduct (15.7 mg, 0.01 mmol) and the desired amount of substrate were dissolved in d2-
DCM (0.6 mL). *H and 3!P{*H} NMR spectra were then recorded using 16 and 128 scans
respectively. For the amide (3.39 and 3.41) and ester (3.43 and 3.44) alkynes, anhydrous d2-
DCM was used. Due to the dimeric nature of the gold catalyst, 1 equivalent of substrate = 0.02

mmol.

7.3.2 Alkyne Synthesis
4-(4-Methoxyphenyl)-3-butyn-2-one (3.33)

1

MeO
3.33

Following a literature procedure,*® to a dry round-bottomed flask, 4-methoxyphenyl acetylene
3.30 (397 mg, 0.39 mL, 3.0 mmol) was dissolved in THF (50 mL) under an atmosphere of Ar and
cooled to 0 °C. With vigorous stirring, n-BulLi (1.32 mL, 2.5 M in hexane, 3.3 mmol) was added
and stirred for 15 minutes, at which point the solution was cooled to —78 °C and N-methyl N-
methoxy acetamide 3.32 (356 mg, 0.36 mL, 3.5 mmol) was added slowly over 3 minutes. The
reaction was stirred for 30 minutes, before warming to room temperature and stirring for a
further 2 hours. The reaction was quenched with ag. HCl (7.5 mL, 2 M) and extracted with DCM
(3 x50 mL). The organic extracts were combined, dried with MgS0,4 and concentrated in vacuo.
The crude product was purified via flash column chromatography (hexane/ethyl acetate 30:1)
to yield the title product as a pale, yellow solid (326 mg, 62%). Ry (hexane/ethyl acetate 30:1)
0.09; &4 (400 MHz; CDCls) 2.43 (3 H, s, H-4), 3.84 (3 H, s, H-1), 6.87 —6.92 (2 H, m, H-2), 7.50 —

7.55 (2 H, m, H-3). Spectroscopic data match those reported previously.?*
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4-(4-(Dimethylamino)phenyl)but-3-yn-2-one (3.34)

3.34

The synthesis was based on a literature procedure.?’? To a dry round-bottomed flask, 4-
dimethylaminophenyl acetylene 3.31 (499 mg, 3.4 mmol) was dissolved in THF (50 mL) under an
atmosphere of Ar and cooled to 0 °C. With vigorous stirring, n-BulLi (1.5 mL, 2.5 M in hexane, 3.7
mmol) was added and stirred for 15 minutes, at which point the solution was cooled to —78 °C
and N-methyl, N-methoxy acetamide 3.32 (403 mg, 0.4 mL, 3.9 mmol) was added slowly over 3
minutes. The reaction was stirred for 30 minutes, before warming to room temperature and
stirring for a further 2 hours. The reaction was quenched with deionised water (20 mL) and
extracted with DCM (3 x 50 mL). The organic extracts were combined, dried with MgSO, and
concentrated in vacuo. The crude product was purified via flash column chromatography
(hexane/diethyl ether 7:3) to yield the title product as a pale, yellow solid (526 mg, 83%). Rf
(hexane/diethyl ether 9:1) 0.13; mp 97 — 98 °C; vmax (thin film)/cm™ 2905, 2186, 2140, 1656, 816;
6n (400 MHz; CDCl5) 2.41 (3 H, s, H-9),3.02 (6 H, s, H-1), 6.59 — 6.64 (2 H, m, H-3), 7.42 — 7.46 (2
H, m, H-4); 6¢ (100 MHz; CDCls) 32.6 (C-9), 40.0 (C-1), 89.2 (C-7), 94.8 (C-6), 105.3 (C-5), 111.6
(C-3), 135.2 (C-4), 151.8 (C-2), 184.7 (C-8); HRMS (ESI*) Found: 188.1074; C1,H14aNO (MH*)
Requires 188.1070 (-2.0 ppm error); Found: 210.0895; C1,H13NNaO (M+Na) Requires 210.0889

(-2.6 ppm error).
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4-(4-Bromophenyl)-3-butyn-2-one (3.37)

Br 3.37

Following a literature procedure,?? to a dry round-bottomed flask under an atmosphere of
argon, ((4-bromophenyl)ethynyl)trimethylsilane 3.35 (203 mg, 0.8 mmol) and freshly distilled
acetyl chloride 3.36 (0.06 mL, 57 mg, 0.7 mmol) were dissolved in dry DCM (13 mL) and cooled
to 0 °C. Aluminium chloride (298 mg, 2.2 mmol) was added with vigorous stirring. After 30
minutes, the reaction was warmed to room temperature and stirred for a further 30 minutes.
The reaction was quenched with ag. HCI (2 mL, 2 M), diluted with deionised water (10 mL) and
extracted with DCM (3 x 10 mL). The organic extracts were dried with MgS0O, and concentrated
in vacuo. The crude product was purified by flash column chromatography (30:1 hexane/ethyl
acetate) to yield the title product as a yellow powder (138 mg, 86%). Ry (30:1 hexane/ethyl
acetate) 0.32; 64 (400 MHz; CDCls) 2.46 (3 H, s, H-3), 7.42 — 7.46 (2 H, m, H-1), 7.52 — 7.56 (2 H,

m, H-2). Spectroscopic data match those reported previously.?%
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N,N-dimethyl-3-phenylpropiolamide (3.39)

3.39

Following a literature procedure,?® to a dry-round bottomed flask phenylacetylene 3.13 (204
mg, 0.22 mL, 2.0 mmol) was dissolved in dry THF (1.3 mL) under an atmosphere of argon and
cooled to -78 °C. n-Buli (1.0 mL, 2.5 mmol, 2.5 M in hexanes) was added and stirred for 15
minutes before dimethylcarbomyl chloride 3.38 (194 mg, 0.17 mL, 1.8 mmol) was added. The
reaction was stirred for 5 minutes then warmed to room temperature and stirred for a further
1.5 hours. The reaction was quenched with saturated agq. ammonium chloride (5 mL), diluted
with deionised water (10 mL) and extracted with ethyl acetate (3 x 10 mL). The organic extracts
were dried MgSO, and concentrated in vacuo to yield the crude product. The product was
purified via flash column chromatography (hexane/ethyl acetate 2:1) to yield the title product
as a yellow solid (281 mg, 90%). R¢(2:1 hexane/ethyl acetate) 0.28; 64 (400 MHz; CDCls) 3.03 (3
H, s, H-4a), 3.31 (3 H, s, H-4b), 7.34 — 7.45 (3 H, m, H-1 and H-2), 7.53 — 7.58 (2 H, m, H-3).

Spectroscopic data match those reported previously.?**
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3-(4-(Methoxy)phenyl)-N,N-dimethylpropiolamide (3.40)

3.40

The synthesis was based on a literature procedure.?® To a dry-round bottomed flask 4-
methoxyphenylacetylene 3.30 (0.24 mL, 264 mg, 2.0 mmol) was dissolved in dry THF (1.3 mL)
under an atmosphere of argon and cooled to -78 °C. n-BuLi (1.0 mL, 2.5 mmol, 2.5 M in hexanes)
was added and stirred for 15 minutes before dimethylcarbamoyl chloride 3.38 (194 mg, 0.17 mL,
1.8 mmol) was added. The reaction was stirred for 5 minutes then warmed to room temperature
and stirred for a further 1.5 hours. The reaction was quenched with deionised water (15 mL) and
extracted with ethyl acetate (3 x 10 mL). The organic extracts were dried with Na,SO4 and
concentrated in vacuo to yield the crude product. The product was purified via flash column
chromatography (6:4 to 1:1 hexane/ethyl acetate) to yield the title product as a pale, yellow
powder (363 mg, 99%). Rs(7:3 hexane/ethyl acetate) 0.18; 64 (400 MHz; CDCls) 3.04 (3 H, s, H-
4a),3.30 (3 H, s, H-4b), 3.84 (3 H, s, H-1), 6.82 — 6.94 (2 H, m, H-2), 7.44 — 7.56 (2 H, m, H-3).

Spectroscopic data match those reported previously.3*®
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3-(4-(Dimethylamino)phenyl)-N,N-dimethylpropiolamide (3.41)
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The synthesis was based on a literature procedure.?® To a dry-round bottomed flask 4-ethynyl-
N,N-dimethylaniline 3.31 (290 mg, 2.0 mmol) was dissolved in dry THF (1.3 mL) under an
atmosphere of argon and cooled to -78 °C. n-Buli (1.0 mL, 2.5 mmol, 2.5 M in hexanes) was
added and stirred for 15 minutes before dimethylcarbamoyl chloride 3.38 (194 mg, 0.17 mL, 1.8
mmol) was added. The reaction was stirred for 5 minutes then warmed to room temperature
and stirred for a further 1.5 hours. The reaction was quenched with deionised water (15 mL) and
extracted with ethyl acetate (3 x 10 mL). The organic extracts were dried with MgS0, and
concentrated in vacuo to yield the crude product. The product was purified via flash column
chromatography (hexane/ethyl acetate 1:1) to yield the title product as a pale, brown solid (339
mg, 87%). Rs(1:1 hexane/ethyl acetate) 0.28; mp 142 — 143 °C; Vmax (thin film)/cm™2908, 2199,
1608, 1526, 1366, 816; 64 (400 MHz; CDCls) 3.00 (6 H, s, H-1), 3.01 (3 H, s, H-9a), 3.28 (3 H, 5, H-
9b), 6.59 — 6.64 (2 H, m, H-3), 7.39 — 7.44 (2 H, m, H-4); 8¢ (100 MHz; CDCls) 34.2 (C-9a), 38.5 (C-
9b), 40.1 (C-1), 80.8 (C-7), 92.8 (C-6), 106.6 (C-5), 111.6 (C-4), 134.0 (C-3), 151.2 (C-2), 155.5 (C-
8); HRMS (ESI*) Found: 217.1337; C13H17N>,0 (MH*) Requires 217.1335 (-0.9 ppm error); Found:
239.1157; Ci3H16N2NaO (M+Na) Requires 239.1155 (-1.0 ppm error).
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Methyl 3-phenylpropiolate (3.43)

3.43

Based off a literature procedure,?® to a dry round-bottomed flask phenylacetylene 3.13 (613
mg, 0.66 mL, 6.0 mmol) was dissolved in dry THF (4.0 mL) under an atmosphere of argon and
cooled to -78 °C. n-Buli (2.7 mL, 6.8 mmol, 2.5 M in hexanes) was added and stirred for 15
minutes before methyl chloroformate 3.42 (520 mg, 0.43 mL, 5.5 mmol) was added. The reaction
was warmed to room temperature and stirred for 1 hour. The reaction was quenched with
deionised water (20 mL) and extracted with ethyl acetate (3 x 20 mL). The organic extracts were
dried with MgS0,4 and concentrated in vacuo to yield the crude product. The product was
purified via flash column chromatography (hexane/ethyl acetate 95:5) to yield the title product
as a yellow oil (640 mg, 73%). R¢(95:5 hexane/ethyl acetate) 0.35; &4 (400 MHz; CDCls) 3.85 (3
H, s, H-4), 7.36 — 7.41 (2 H, m, H-2), 7.44 — 7.49 (1 H, m, H-1), 7.58 — 7.61 (2 H, m, H-3).

Spectroscopic data match those reported previously.3>®
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Methyl 3-(4-(dimethylamino)phenyl)propiolate (3.44)
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Based off a literature procedure,®® to a dry round-bottomed flask 4-ethynyl-N,N-
dimethylaniline (290 mg, 2.0 mmol) was dissolved in dry THF (1.3 mL) under an atmosphere of
argon and cooled to -78 °C. n-BuLi (1.0 mL, 2.5 mmol, 2.5 M in hexanes) was added and stirred
for 15 minutes before methyl chloroformate (170 mg, 0.14 mL, 1.8 mmol) was added. The
reaction was warmed to room temperature and stirred for 1 hour. The reaction was quenched
with deionised water (15 mL) and extracted with ethyl acetate (3 x 10 mL). The organic extracts
were dried with MgS0,4 and concentrated in vacuo to yield the crude product. The product was
purified via flash column chromatography (hexane/ethyl acetate 9:1) to yield the title product
as a pale, yellow solid (195 mg, 53%). Rs(9:1 hexane/ethyl acetate) 0.25; 64 (400 MHz; CDCls)
3.03 (6 H, s, H-1), 3.82 (3 H, s, H-4), 6.60 — 6.65 (2 H, m, H-2), 7.45 — 7.50 (2 H, m, H-3).

Spectroscopic data match those reported previously.3>®
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4-lodo-N,N-dimethylaniline (3.46)

Following a literature procedure,’® to a dry round-bottomed flask, N,N-dimethylaniline 3.45
(121 mg, 0.13 mL, 1.0 mmol) and N-iodosuccinimide (248 mg, 1.1 mmol) were dissolved in DCM
(1 mL) and [bis(trifluoromethanesulfonyl)imidate](triphenylphosphine)gold(l) (2:1) toluene
adduct (19 mg, 0.01 mmol) was added. The reaction was stirred at room temperature for 19
hours, and then concentrated in vacuo to yield the crude product. The product was purified via
flash column chromatography (hexane/ethyl acetate 95:5) to yield the title product as a white
solid (238 mg, 96%).R;(95:5 hexane/ethyl acetate) 0.50; 64 (400 MHz; CDCls) 2.94 (6 H, s, H-1),
6.54 (2 H, br s, H-2), 7.44 — 7.53 (2 H, m, H-3). Spectroscopic data match those reported

previously.3*’
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N,N-dimethyl-4-(phenylethynyl)aniline (3.47)

Following a literature procedure,?® to a dry round-bottomed flask, 4-iodo-N,N-dimethylaniline
346 (25 mg, 0.1 mmol), phenylacetylene 3.13 (13 ulL, 12 mg, 0.1 mmol),
bis(triphenylphosphine)palladium chloride (0.7 mg, 0.001 mmol) and copper(l) iodide (0.4 mg,
0.002 mmol) were dissolved in thoroughly degassed triethylamine (0.5 mL) under an
atmosphere of argon. The reaction was stirred at room temperature overnight for 21 hours, and
then concentrated in vacuo to yield the crude product. The product was purified via flash column
chromatography (hexane to hexane/ethyl acetate 95:5) to yield the title product as a pale,yellow
solid (22 mg, 98%).Rf(95:5 hexane/ethyl acetate) 0.31; &4 (400 MHz; CDCls) 3.01 (6 H, s, H-1),
6.71 (2 H, br s, H-2), 7.28 — 7.36 (3 H, m, H-5 and H-6), 7.43 (2 H, br d, J = 9.0, H-3), 7.49 — 7.53

(2 H, m, H-4). Spectroscopic data match those reported previously.3®
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7.3.3 N-alkylated Indole Synthesis
1,3-Dimethylindole (3.49)

4
5
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6 N
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3.49

Following a literature procedure,?’ to a dry round-bottomed flask, 3-methyl indole 3.48 (131
mg, 1.0 mmol) was dissolved in dry THF (1 mL) under an atmosphere of argon. The solution was
cooled to 0 °C and sodium hydride (68 mg, 60% w/w dispersion in mineral oil, 1.7 mmol) was
added. The reaction was brought to room temperature and stirred for 30 minutes, then cooled
again to 0 °C before methyl iodide (65 pL, 149 mg, 1.1 mmol) was added and the solution was
warmed to room temperature overnight. The reaction was quenched with the addition of
deionised water (3 mL), and diluted with ethyl acetate (5 mL). The product was extracted with
ethyl acetate (3 x 10 mL). The organic extracts were combined, dried using MgS0O, and
concentrated in vacuo. The crude product was purified via flash column chromatography
(hexane to hexane/DCM 95:5) to yield the title product as a yellow oil (100 mg, 69%). Rr(hexane)
0.15; &4 (400 MHz; CDCl3) 2.34 (3 H, s, H-3),3.75(3 H, s, H-1),6.84 (1 H, s, H-2), 7.10 - 7.15 (1 H,
m, H-5/6), 7.21 — 7.26 (1 H, m, H-5/6), 7.30 (1 H, d, J = 8.0, H-7), 7.58 (1 H, d, J = 8.0, H-4).

Spectroscopic data match those reported previously.3>®
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1-Methyl-3-phenylindole (3.51)

Following a literature procedure,?® to a dry round-bottomed flask, sodium hydride (68 mg, 60%
w/w dispersion in mineral oil, 1.7 mmol) was suspended in dry THF (1.6 mL) under an
atmosphere of argon, and cooled to 0 °C. A solution of 3-phenyl indole 3.50 (193 mg, 1.0 mmol)
in dry THF (1.6 mL) under an atmosphere of argon was added and stirred for 1 hour, before
methyl iodide (0.07 mL, 149 mg, 1.1 mmol) was added. The reaction was brought to room
temperature and stirred for 1 hour. The reaction was quenched with the addition of deionised
water (5 mL), and the product was extracted with DCM (3 x 10 mL). The organic extracts were
combined, dried using MgS0O4 and concentrated in vacuo. The crude product was purified via
flash column chromatography (hexane/ethyl acetate 98:2) to yield the title product as a yellow
oil (162 mg, 78%). R(98:2 hexane/ethyl acetate) 0.23; &y (400 MHz; CDCls3) 3.86 (3 H, s, H-1),
7.21(1H, ddd, J=8.0,7.0,1.5, H-4),7.26 (1L H, s, H-2), 7.26 — 7.33 (2 H, m, H-Ar), 7.39 (1 H, d, J
=8.0,H-6), 7.45(2 H, dd, /= 8.0, 8.0, H-8), 7.67 (2 H, dd, /= 8.0, 1.5, H-7), 7.96 (1 H, d, J = 8.0, H-

3). Spectroscopic data match those reported previously.?%
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1-Benzyl-3-methylindole (3.52)
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Following a literature procedure,?® to a dry round-bottomed flask, sodium hydride (80 mg, 60%
w/w dispersion in mineral oil, 2.0 mmol) was suspended in dry DMF (0.8 mL) under an
atmosphere of argon, and cooled to 0 °C. A solution of 3-methyl indole 3.48 (131 mg, 1.0 mmol)
in dry DMF (0.8 mL) under an atmosphere of argon was added, brought to room temperature
and stirred for 30 minutes. The solution was cooled to 0 °C before benzyl bromide (0.24 mL, 342
mg, 2.0 mmol) was added. The reaction was brought to room temperature and stirred for 20
hours. The reaction was quenched with the addition of deionised water (10 mL), and saturated
aqg. NaCl (5 mL) was added. The product was extracted with DCM (3 x 10 mL). The organic
extracts were combined, dried using MgS0,4 and concentrated in vacuo. The crude product was
purified via flash column chromatography (hexane/diethyl ether 99:1), and then further purified
via recrystallisation from hexane, to yield the title product as a white solid (40 mg, 18%). R¢(98:2
hexane/ethyl acetate) 0.43; &4 (400 MHz; CDCls) 2.35 (3 H, s, H-6), 5.28 (2 H, s, H-4), 6.91 (1 H,
s, H-5), 7.09 — 7.15 (3 H, m, H-Ar), 7.15—7.20 (1 H, m, H-1), 7.24 — 7.31 (4 H, m, H-Ar), 7.60 (1 H,

d, J = 8.0, H-7). Spectroscopic data match those reported previously.2%®
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7.3.4 Vinylated-indole Products
4-(1H-Indol-3-yl)-4-phenylbut-3-en-2-one (3.28)

Synthesised using general procedure | from indole 3.16 (59 mg, 0.50 mmol), 4-phenyl-3-butyne-
2-one 3.27 (0.11 mlL, 108 mg, 0.75 mmol) and [bis(trifluoromethanesulfonyl)imidate]-
(triphenylphosphine)gold(l) (2:1) toluene adduct (40 mg, 0.03 mmol) in toluene (5 mL) for 2
hours at 40 °C. Purification by flash column chromatography (1:1 hexane/diethyl ether) afforded
the title product as a yellow solid, as a mixture of E and Z stereoisomers (90 mg, 69%, E:Z =
74:26). R (hexane/diethyl ether 1:1) 0.14; mp 99-105 °C; Vmax (thin film)/cm™ 3267 (br), 3061,
2928, 1612, 1579, 1554, 1512, 1420, 742; 64 (400 MHz; CDCl3) 1.88 (3 H, s, H-17,E), 1.99 (3 H, s,
H-17,2),6.50 (1 H, s, H-15, 2),6.79 (1 H, d, J= 3.0, H-2, E), 6.86 (1 H, s, H-15, E), 6.96 —6.98 (2 H,
m, H-Ar, Z2),7.11—-7.24 (4 H, m, H-Ar, Eand Z2), 7.26 —7.32 (5 H, m, H-Ar, E and 2), 7.32 - 7.40 (7
H, m, H-Ar, Eand Z), 7.74 (1 H, d, J = 8.0, H-5, E), 8.96 (1 H, br s, H-1, Z), 9.15 (1 H, br s, H-1, E);
6¢ (100 MHz; CDCls) 30.0 (C-17, Z), 30.6 (C-17, E), 111.8 (CH, C-Ar, Z), 112.3 (CH, C-Ar, E), 114.2
(C-3, 2),118.4 (C-3, E), 120.5 (CH, C-Ar, Z), 120.6 (CH, C-Ar, Z), 120.8 (CH, C-Ar, E), 121.4 (CH, C-
Ar, E), 122.6 (CH, C-Ar, Z), 122.8 (C-15, E)l, 123.1 (CH, C-Ar, E), 125.0 (C-4, E), 126.4 (C-15, Z2),
126.8 (C, C-Ar), 128.3 (CH, C-Ar), 128.4 (CH, C-Ar), 128.4 (CH, C-Ar), 128.5 (CH, C-Ar), 129.0 (CH,
C-Ar), 129.4 (CH, C-Ar), 129.5 (CH, C-Ar), 130.6 (C-2, E), 136.4 (C, C-Ar), 137.5 (C-9, E), 140.3 (C-
10, E), 141.6 (C-10, 2), 148.9 (C-11, Z), 151.7 (C-11, E), 200.6 (C-16, E), 201.1 (C-16, Z); HRMS
(ESI*) Found: 262.1228; C1gH16NO (M+H*) Requires 262.1226 (-0.8 ppm error); Found: 284.1049;
CisHisNNaO (M+Na) Requires 284.1046 (-1.1 ppm error).
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4-(5-Methyl-1H-indol-3-yl)-4-phenylbut-3-en-2-one (3.57)

Synthesised using general procedure | from 5-methylindole (26 mg, 0.20 mmol), 4-phenyl-3-
butyne-2-one 3.27 (44 uL, 43 mg, 0.30 mmol) and [bis(trifluoromethanesulfonyl)imidate]-
(triphenylphosphine)gold(l) (2:1) toluene adduct (16 mg, 0.01 mmol) in toluene (2 mL) for 2
hours at 40 °C. Purification by flash column chromatography (6:4 hexane/diethyl ether) afforded
the title product as a yellow solid, as a mixture of E and Z stereoisomers (32 mg, 58%, E:Z =
70:30). Ry (hexane/diethyl ether 6:4) 0.17; mp 133-137 °C; Vmax (thin film)/cm™ 3263 (br), 3054,
2922, 1619, 1555, 1511, 1420, 720, 699; &4 (400 MHz; CDCls) 1.87 (3 H, s, H-18, E), 1.99 (3 H, s,
H-18, Z), 2.31 (3 H, s, H-10, Z), 2.48 (3 H, s, H-10, E), 6.54 (1 H, 5, H-16, Z), 6.78 —6.82 (2 H, m, H-
Ar, Eand Z),6.88 (1 H, s, H-16, E), 7.03 (1 H, dd, J = 8.5, 1.5, H-7, Z), 7.11 (1 H, dd, J = 8.5, 1.5, H-
7,E),7.29(1H,d,J=8.5H-8,E),7.30(1H,d,/=8.5,2),7.32-7.36 (5H, m, H-Ar, E and Z), 7.37
—7.45 (6 H, m, H-Ar, Eand 2), 7.66 (L H, d, J = 1.5, H-5, E), 8.60 (1 H, br s, H-1, 2), 8.63 (1L H, brs,
H-1, E); 6¢ (100 MHz; CDCls) 21.6 (C-10, 2), 21.8 (C-10, E), 29.9 (C-18, 2), 30.5 (C-18, E), 111.3 (C-
8, Z), 111.6 (C-8, E), 114.1 (C-3, Z), 118.5 (C-3, E), 120.3 (C-5, Z), 120.8 (C-5, E), 123.8 (C-16, E),
124.5 (C-7, 2), 125.0 (C-7, E), 125.3 (C, C-Ar), 127.2 (C-16, 2), 127.9 (CH, C-Ar), 128.4 (CH, C-Ar),
128.4 (CH, C-Ar), 128.6 (CH, C-Ar), 128.9 (CH, C-Ar), 129.5 (CH, C-Ar), 129.5 (CH, C-Ar), 130.1 (C-
6, Z), 130.2 (C-2, E), 131.1 (C-6, E), 134.7 (C-9, Z), 135.6 (C-9, E), 140.5 (C-11, E), 141.5 (C-11, 2),
148.3 (C-12, 2), 151.0 (C-12, E), 200.5 (C-17, E), 201.0 (C-17, Z); HRMS (ESI*) Found: 276.1386;
C1oH1sNO (M+H*) Requires 276.1383 (-1.0 ppm error); Found: 298.1201; Ci9H17NNaO (M+Na)
Requires 298.1202 (0.6 ppm error).

Note that one quaternary carbon resonance could not be found in the *C NMR spectra, it is

believed that it is overlapping with another resonance.
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4-(5-Bromo-1H-indol-3-yl)-4-phenylbut-3-en-2-one (3.58)

Synthesised using general procedure | from 5-bromo-1H-indole (39 mg, 0.20 mmol), 4-phenyl-
3-butyne-2-one 3.27 (44 uL, 43 mg, 0.30 mmol) and
[bis(trifluoromethanesulfonyl)imidate](triphenylphosphine)gold(l) (2:1) toluene adduct (16 mg,
0.01 mmol) in toluene (2 mL) for 18 hours at 40 °C. Purification by flash column chromatography
(9:1 toluene/ethyl acetate) afforded the title product as a yellow solid, as a mixture of E and Z
stereoisomers (46 mg, 67%, E:Z = 73:27). Rs(toluene/ethyl acetate 9:1) 0.18; mp 138-142 °C;
Vmax (thin film)/cm™ 3267 (br), 1666, 1628, 1552, 1515, 1456, 1421, 728; &4 (400 MHz; CDCl;)
1.89(3 H, s, H-17, E), 2.05 (3 H, s, H-17, 2), 6.57 (1 H, 5, H-15, Z), 6.77 (1 H, s, H-15, E), 6.90 (1 H,
d, J=3.0,H-2, E), 7.08 (L H, br s, H-Ar, 2), 7.27 — 7.47 (14 H, m, H-Ar, Eand 2), 7.49 (1 H, d, J =
2.5, H-Ar, 2), 7.89 (1 H, d, J = 2.0, H-5, E), 8.52 (L H, br s, H-1, E), 8.57 (1 H, br s, H-1, Z); 8¢ (100
MHz; CDCl5) 30.5 (C-17, 2), 30.7 (C-17, E), 113.3 (CH, C-Ar), 113.5 (CH, C-Ar), 113.8 (C-6, 2), 113.9
(C-3,2),114.9 (C-6, E), 118.2 (C-3, E), 123.1 (C-5, 2), 123.4 (C-5, E), 123.6 (C-15, E), 125.6 (CH, C-
Ar), 126.1 (CH, C-Ar), 126.5 (C, C-Ar), 126.7 (C-15, Z), 128.5 (CH, C-Ar), 128.6 (CH, C-Ar), 128.8
(CH, C-Ar), 128.8 (CH, C-Ar), 129.2 (CH, C-Ar), 129.4 (CH, C-Ar), 129.8 (CH, C-Ar), 130.8 (C-2, E),
135.0 (C-9, 2), 136.0 (C-9, E), 140.0 (C-10, E), 141.2 (C-10, 2), 147.9 (C-11, Z), 150.5 (C-11, E),
200.3 (C-16, 2), 200.5 (C-16, E); HRMS (ESI*) Found: 340.0330; Ci1sH1s’°BrNO (M+H") Requires
340.0332 (0.5 ppm error); Found: 362.0149; CisH12”°BrNNaO (M+Na) Requires 362.0151 (0.4

ppm error).

Note that one quaternary carbon resonance could not be found in the *C NMR spectra, it is

believed that it is overlapping with another resonance.
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4-(5-Fluoro-1H-indol-3-yl)-4-phenylbut-3-en-2-one (3.59)

Synthesised using general procedure | from 5-fluoro-1H-indole (27 mg, 0.20 mmol), 4-phenyl-3-
butyne-2-one 3.27 (44 uL, 43 mg, 0.30 mmol) and
[bis(trifluoromethanesulfonyl)imidate](triphenylphosphine)gold(l) (2:1) toluene adduct (16 mg,
0.01 mmol) in toluene (2 mL) for 18 hours at 40 °C. Purification by flash column chromatography
(9:1 toluene/ethyl acetate) afforded the title product as a yellow solid, as a mixture of E and Z
stereoisomers (44 mg, 79%, E:Z = 72:28). R¢(toluene/ethyl acetate 9:1) 0.19; mp 131-134 °C;
Vmax (thin film)/cm™ 3267 (br), 2924, 1627, 1585, 1554, 1514, 1483, 721; &4 (600 MHz; CDCls)
1.92 (3 H,s, H-17, E), 2.09 (3 H, s, H-17, Z), 6.54 (1 H, 5, H-15, Z), 6.57 (1 H, dd, J = 9.5, 2.5, H-5,
7),6.75 (1 H, s, H-15, E), 6.92 (1 H, ddd, J = 9.5, 9.0, 2.5, H-7, Z), 6.94 (1 H, d, J = 3.0, H-2, E), 7.00
(1H,ddd,s=9.5,9.0, 2.5, H-7, E), 7.27 —= 7.37 (7 H, m, H-Ar, E and Z), 7.38 — 7.45 (6 H, m, H-Ar,
Eand2),7.49 (1H,d,J=2.5,H-2,2),882(LH,brs, H-1,2),8.88 (L H, brs, H-1, E); 6¢ (151 MHz;
CDCl;) 30.4 (C-17, Z), 30.6 (C-17, E), 105.8 (d, J = 24.5, C-5, Z), 106.3 (d, J = 25.0, C-5, E), 111.2 (d,
J=26.5,C7,2),111.6 (d,J=26.5,C-7, E),112.4(d,J=9.5, C-8),112.7 (d, J = 10.0, C-8), 114.4 (d,
J=5.0,C9,2),1189(d,/=4.5,C-9, E), 123.4 (C-15, E), 125.6 (d, J = 10.0, C-4, E), 126.5 (C-15, 2),
127.4 (d, J = 10.0, C-4), 128.5 (CH, C-Ar), 128.6 (CH, C-Ar), 128.8 (CH, C-Ar), 128.9 (CH, C-Ar),
129.4 (CH, C-Ar), 129.7 (CH, C-Ar), 129.9 (CH, C-Ar), 130.9 (C-2, E), 132.8 (C, C-Ar), 133.8 (C, C-
Ar), 140.0 (C, C-Ar), 141.3 (C, C-Ar), 147.9 (C, C-Ar), 150.4 (C, C-Ar), 158.3 (d, J = 236.0, C-6, 2),
158.9 (d, J = 236.5, C-6, E), 200.1 (C-16, Z), 200.2 (C-16, E); &¢ (565 MHz; CDCls); -122.83 (ddd, J
=9.5,9.5, 4.5, Z), -121.77 (ddd, J = 9.5, 9.5, 4.5, E); HRMS (ESI*) Found: 280.1132; C15H:sFNO
(M+H*) Requires 280.1132 (0.2 ppm error); Found: 302.0949; CigsH14FNNaO (M+Na) Requires
302.0952 (0.8 ppm error).
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4-(5-Methoxy-1H-indol-3-yl)-4-phenylbut-3-en-2-one (3.60)

Synthesised using general procedure | from 5-methoxy-1H-indole (29 mg, 0.20 mmol), 4-phenyl-
3-butyne-2-one 3.27 (44 uL, 43 mg, 0.30 mmol) and
[bis(trifluoromethanesulfonyl)imidate](triphenylphosphine)gold(l) (2:1) toluene adduct (16 mg,
0.01 mmol) in toluene (2 mL) for 18 hours at 40 °C. Purification by flash column chromatography
(9:1 toluene/diethyl ether), followed by recrystallisation (hexane/diethyl) afforded the title
product as an orange solid, as a mixture of £ and Z stereoisomers (18 mg, 31%, E:Z = 76:24). Ry
(toluene/diethyl ether 9:1) 0.19; mp 109-112 °C; vmax (thin film)/cm™ 3271 (br), 2940, 2831,
1623, 1583, 1554, 1509, 1480, 1212, 720, 699; 6+ (400 MHz; CDCls) 1.88 (3 H, s, H-18, E), 2.04 (3
H, s, H-18, Z), 3.61 (3 H, s, H-10, Z), 3.80 (3 H, s, H-10, E), 6.38 (1 H, d, J = 2.5, H-5, 2), 6.51 (1 H,
s, H-16, 2), 6.79 (1 H, s, H-16, E), 6.85 (1 H, dd, J = 9.0, 2.5, H-7, Z), 6.89 — 6.93 (2 H, m, H-Ar, E),
7.08 (1 H,d,J=2.5,H-5E),7.29 (1H, d, J=9.0, H-8, E), 7.29 (1 H, d, J = 9.0, H-8, 2), 7.32 - 7.37
(4 H, m, H-Ar, E and 2), 7.39 — 7.46 (7 H, m, H-Ar, E and Z), 8.56 (2 H, br s, H-1, E and Z); 6¢ (100
MHz; CDCl3) 30.0 (C-18, 2), 30.5 (C-18, E), 55.6 (C-10, Z), 56.0 (C-18, E), 101.9 (C-5, Z), 103.2 (C-
5, E), 112.3 (C-8, 2), 112.6 (C-8, E),113.0 (C-7, 2), 113.2 (C-7, E), 114.2 (C-3, Z), 118.6 (C-3, E),
119.3 (C, C-Ar), 123.4 (C-16, E), 125.8 (C-4, E), 126.7 (C-16, Z), 128.4 (CH, C-Ar), 128.5 (CH, C-Ar),
128.6 (CH, C-Ar), 128.7 (CH, C-Ar), 129.0 (CH, C-Ar), 129.5 (CH, C-Ar), 129.6 (CH, C-Ar), 129.8 (CH,
C-Ar), 131.3 (C-9, 2), 132.3 (C-9, E), 140.4 (C-11, E), 141.5 (C-11, Z), 148.2 (C, C-Ar, Z), 150.9 (C,
C-Ar, E), 154.8 (C-6, Z), 155.4 (C-6, E), 200.3 (C-17, E), 200.6 (C-17, Z); HRMS (ESI*) Found:
292.1337; CisHi1sNO, (M+H*) Requires 292.1332 (-1.7 ppm error); Found: 314.1156;
CisH17NNaO; (M+Na) Requires 314.1151 (0.8 ppm error).
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4-(6-Methoxy-1H-indol-3-yl)-4-phenylbut-3-en-2-one (3.61)

3.61

Synthesised using general procedure | from 6-methoxy-1H-indole (29 mg, 0.20 mmol), 4-phenyl-
3-butyne-2-one 3.27 (44 uL, 43 mg, 0.30 mmol) and
[bis(trifluoromethanesulfonyl)imidate](triphenylphosphine)gold(l) (2:1) toluene adduct (16 mg,
0.01 mmol) in toluene (2 mL) for 21 hours at room temperature. Purification by flash column
chromatography (95:5 to 9:1 toluene/diethyl ether) afforded the title product as a yellow solid,
as a mixture of £ and Z stereoisomers (18 mg, 30%, E:Z = 74:26). R¢(toluene/diethyl ether 95:5)
0.12; mp 45-50 °C; Vmax (thin film)/cm™ 3282 (br), 2931, 1627, 1557, 1519, 1453, 1415, 1238,
1159, 718; & (400 MHz; CD,Cl,) 1.89 (3 H, s, H-18, E), 2.00 (3 H, s, H-18, Z), 3.80 (3 H, s, H-8, 2),
3.83(3H,s,H-8,E),6.48 (1H,s,H-16),6.63 (1 H,dd,J=9.0, 2.5, H-6,2),6.78 (1 H, d, J = 3.0, H-
2,E),6.79 (1H,s, H-16, E), 6.83 (1 H, dd, J = 9.0, 2.5, H-6, E), 6.90 (1 H, d, J = 2.5, H-9, E), 6.91 (1
H, d,J=2.5, H-9, 2), 7.29 — 7.36 (5 H, m, H-Ar, E and 2), 7.37 — 7.44 (7 H, m, H-Ar, E and 2), 7.62
(1H,d,/=9.0, H-5, E), 8.66 (2 H, br s, H-1, E and Z2); 6¢ (100 MHz; CD,Cl,) 30.1 (C-18, Z), 30.8 (C-
18, E), 55.9 (C-8, E and Z), 95.0 (C-9, 2), 95.5 (C-9, E), 110.7 (C-6, Z), 111.3 (C-6, E), 114.6 (C-3, 2),
119.0 (C-3, E), 119.6 (C, C-Ar), 121.4 (CH, C-Ar), 121.8 (C-5, E), 123.2 (C-16, E), 127.2 (CH, C-Ar),
127.2 (CH, C-Ar), 128.4 (CH, C-Ar), 128.6 (CH, C-Ar), 129.1 (CH, C-Ar), 129.2 (CH, C-Ar), 129.6 (CH,
C-Ar), 129.8 (CH, C-Ar), 137.5 (C, C-Ar), 138.6 (C, C-Ar), 140.7 (C-11, E), 142.1 (C-11, Z), 147.9 (C,
C-Ar), 150.5 (C, C-Ar), 157.1 (C-7, Z), 157.3 (C-7, E), 199.4 (C-17, E), 200.3 (C-17, Z); HRMS (ESI")
Found: 292.1321; Ci9H1sNO, (M+H*) Requires 292.1332 (3.6 ppm error); Found: 314.1139;
CisH17NNaO; (M+Na) Requires 314.1151 (4.1 ppm error).

Note that one quaternary and one methine carbon resonance could not be found in the 3C NMR

spectra, it is believed that they are overlapping with other resonances.
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4-(6-Nitro-1H-indol-3-yl)-4-phenylbut-3-en-2-one (3.62)

3.62

Synthesised using general procedure | from 6-nitro-1H-indole (32 mg, 0.20 mmol), 4-phenyl-3-
butyne-2-one 3.27 (44 puL, 43 mg, 0.30 mmol) and [bis(trifluoromethanesulfonyl)imidate]-
(triphenylphosphine)gold(l) (2:1) toluene adduct (16 mg, 0.01 mmol) in toluene (2 mL) for 24
hours at 100 °C. Purification by flash column chromatography (9:1 to 7:3 toluene/diethyl ether)
afforded the title product as a yellow solid, as a mixture of £ and Z stereoisomers (42 mg, 69%,
E:Z = 68:32). R (toluene/diethyl ether 7:3) 0.22; mp 50-54 °C; Vmax (thin film)/cm™ 3297 (br),
2925, 1590, 1507, 1337, 1311, 734; 64 (400 MHz; CDCl3) 1.97 (3 H, s, H-17, E), 2.27 (3 H, s, H-17,
7),6.68 (1 H, s, H-15,2), 6.80 (1 H, s, H-15, E), 6.92 (1 H, d, J = 9.0, H-5, 2), 7.22 (1 H, d, J = 2.5, H-
2, E), 7.30 — 7.46 (10 H, m, H-Ar, Eand 2), 7.58 (1 H, d, J = 9.0, H-5, E), 7.69 (1 H, d, J = 2.0, H-2,
7),7.81 (1 H, dd, J = 9.0, 2.0, H-6, 2), 8.00 (1 H, dd, J = 9.0, 2.0, H-6, E), 8.20 (1 H, d, J = 2.0, H-8,
Z),833(1H,d,/J=2.0,H-8,E),9.88 (2 H, brs, H-1, E and Z); 6¢c (100 MHz; CDCl;) 30.7 (C-17, E),
31.4(C-17, 2), 108.8 (C-8, 2), 109.0 (C-8, E), 114.6 (C-3, 2), 115.8 (C-6, Z), 116.5 (C-6, E), 119.2 (C-
3, E), 120.6 (C-5, Z), 120.8 (C-5, E), 124.6 (C-15, E), 125.9 (C-15, Z), 128.7 (CH, C-Ar), 128.9 (CH,
C-Ar), 129.2 (CH, C-Ar), 129.4 (CH, C-Ar), 129.8 (C, C-Ar), 130.1 (CH, C-Ar), 131.4 (C, C-Ar), 133.8
(C-2,2),133.9(C-2, E), 134.9 (C, C-Ar), 136.0 (C, C-Ar), 139.5 (C, C-Ar), 141.3 (C, C-Ar), 143.2 (C-
7,Z2),143.6 (C-7, E), 147.5 (C, C-Ar), 149.6 (C, C-Ar), 199.5 (C-16, Z), 200.6 (C-16, E); HRMS (ESI")
Found: 307.1084; CisH1sN2Os (M+H*) Requires 307.1077 (-2.1 ppm error); Found: 329.0904;
CisH14N2NaOs (M+Na) Requires 329.0897 (-2.2 ppm error).

Note that one methine carbon resonance could not be found in the *C NMR spectra, it is

believed that it is overlapping with another resonance.
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(E)-4-(4-Methyl-1H-indol-3-yl)-4-phenylbut-3-en-2-one (3.63)

3.63

Synthesised using general procedure | from 4-methyl-1H-indole (26 mg, 0.20 mmol), 4-phenyl-
3-butyne-2-one 3.27 (44 uL, 43 mg, 0.30 mmol) and
[bis(trifluoromethanesulfonyl)imidate](triphenylphosphine)gold(l) (2:1) toluene adduct (16 mg,
0.01 mmol) in toluene (2 mL) for 2 hours at 40 °C. Purification by flash column chromatography
(95:5 toluene/diethyl ether) afforded the title product as a yellow solid (39 mg, 71%) as a single
geometrical isomer (E). Rf(toluene/diethyl ether 95:5) 0.19; mp 45-47 °C; Vmax (thin film)/cm™
3300 (br), 2922, 1630, 1589, 1568, 1409, 751, 731; 64 (400 MHz; CDCls) 1.84 (3 H, s, H-18), 2.07
(3 H, s, H-10), 6.75 (1 H, s, H-16), 6.85 (1 H, d, J = 7.0, H-6), 7.14 (1 H, d, J = 2.5, H-2), 7.16 (1 H,
d,J=7.5,H-8),7.29 - 7.36 (4 H, m ,H-Ar), 7.38 — 7.42 (2 H, m, H-Ar), 8.66 (1 H, brs, H-1); &¢ (100
MHz; CDCI3) 19.8 (C-10), 29.8 (C-18), 109.4 (CH, C-Ar), 114.6 (C-3), 122.0 (C-6), 123.3 (CH, C-Ar),
125.7 (C-4), 125.8 (C-2), 128.1 (CH, C-Ar), 128.7 (CH, C-Ar), 129.6 (CH, C-Ar), 129.8 (C-16), 131.3
(C-5), 136.9 (C-9), 141.6 (C-11), 149.4 (C-12), 201.9 (C-17); HRMS (ESI*) Found: 276.1384;
CisH1sNO (M+H*) Requires 276.1383 (-0.5 ppm error); Found: 298.1203; CisH;7NNaO (M+Na)
Requires 298.1202 (-0.2 ppm error).
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4-(4-Nitro-1H-indol-3-yl)-4-phenylbut-3-en-2-one (3.64)

Synthesised using general procedure | from 4-nitro-1H-indole (32 mg, 0.20 mmol), 4-phenyl-3-
butyne-2-one 3.27 (44 uL, 43 mg, 0.30 mmol) and [bis(trifluoromethanesulfonyl)imidate]-
(triphenylphosphine)gold(l) (2:1) toluene adduct (16 mg, 0.01 mmol) in toluene (2 mL) for 24
hours at 100 °C. Purification by flash column chromatography (diethyl ether/hexane 7:3 to 8:2)
afforded the title product as a yellow solid, as a mixture of £ and Z stereoisomers (28 mg, 46%,
E:Z =97:3). 'H and 3C NMR data reported for the major E-isomer only. Rs(hexane/diethyl ether
3:7) 0.13; mp 182-184 °C; Vmax (thin film)/cm™3285 (br), 2924, 1661, 1566, 1515, 1447, 1355,
1332, 736; 6+ (400 MHz; d6-DMSO0) 1.95 (3 H, s, H-17), 6.66 (1 H, s, H-15), 7.23 - 7.36 (6 H, m, H-
Ar),7.68 (1H,d,J=25,6H-2),7.79(1H,d,J=8.0,H-8),7.91 (1 H,d,J=8.0, H-6),12.32 (1 H, br
s, H-1); 6¢ (100 MHz; d6-DMSO) 30.4 (C-17), 111.9 (C-3), 117.2 (C-8), 118.5 (C-4), 118.7 (C-6),
120.9 (CH, C-Ar), 125.8 (C-15), 127.8 (CH, C-Ar), 128.4 (CH, C-Ar), 129.1 (CH, C-Ar), 132.7 (C-2),
138.9 (C-9), 141.7 (C, C-Ar), 141.8 (C, C-Ar), 147.2 (C-10), 198.2 (C-16); HRMS (ESI*) Found:
307.1077; CisH1sN,03 (M+H*) Requires 307.1077 (0.2 ppm error); Found: 329.0894; Ci1sH14N,03
(M+Na) Requires 329.0897 (0.8 ppm error).

Characteristic NMR resonances for the minor Z-isomer can be found at: 64 6.01 (1 H, s, H-15, Z).
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4-(2-Methyl-1H-indol-3-yl)-4-phenylbut-3-en-2-one (3.65)

Synthesised using general procedure | from 2-methyl-1H-indole (26 mg, 0.20 mmol), 4-phenyl-
3-butyne-2-one 3.27 (44 uL, 43 mg, 0.30 mmol) and
[bis(trifluoromethanesulfonyl)imidate](triphenylphosphine)gold(l) (2:1) toluene adduct (16 mg,
0.01 mmol) in toluene (2 mL) for 19 hours at 40 °C. Purification by flash column chromatography
(1:1 hexane/diethyl ether) afforded the title product as an orange oil, as a mixture of £ and Z
stereoisomers (40 mg, 73%, E:Z = 77:23). Rs(hexane/diethyl ether 1:1) 0.20; Vmax (thin film)/cm
13284 (br), 3058, 1631, 1585, 1555, 1459, 1429, 743; 64 (400 MHz; CDCl;) 1.89 (3 H, s, H-18, E),
1.96 (3 H,s, H-18, 2),2.12 (3 H, s, H-3, Z), 2.26 (3 H, s, H-3, E), 6.47 (1 H, s, H-16, Z), 6.69 (1 H, s,
H-16, E), 6.97 — 7.05 (3 H, m, H-Ar, Eand Z), 7.12-7.17 (2 H, m, H-Ar, Eand Z), 7.20 (1 H, d, J =
8.0, H-Ar, 2), 7.28 = 7.44 (12 H, m, H-Ar, E and Z), 8.16 (1 H, br s, H-1, Z), 8.23 (1 H, br s, H-1, E);
6¢ (100 MHz; CDCls) 12.7 (C-3, E), 13.7 (C-3, Z), 29.2 (C-18, E), 30.5 (C-18, Z), 110.7 (CH, C-Ar),
110.7 (CH,C-Ar), 111.8 (C, C-Ar, E), 114.5 (C, C-Ar, Z), 119.6 (CH, C-Ar), 119.8 (CH, C-Ar), 120.5
(CH, C-Ar), 120.7 (CH, C-Ar), 121.9 (CH, C-Ar), 122.0 (CH, C-Ar, 2), 126.9 (C-16, Z), 127.8 (C, C-Ar),
128.3 (CH, C-Ar), 128.5 (CH, C-Ar), 128.5 (CH, C-Ar), 128.6 (C, C-Ar), 128.6 (CH, C-Ar), 129.1 (CH,
C-Ar), 129.6 (CH, C-Ar), 130.0 (CH, C-Ar), 135.5 (C, C-Ar), 135.6 (C, C-Ar), 135.9 (C, C-Ar), 137.2
(C, C-Ar), 140.6 (C, C-Ar, 2), 141.0 (C, C-Ar), 148.3 (C, C-Ar, E), 150.8 (C, C-Ar, Z), 200.8 (C-17, E),
200.9 (C-17, 2); HRMS (ESI*) Found: 276.1385; C15H1sNO (M+H*) Requires 276.1383 (-0.6 ppm
error); Found: 298.1202; C19H17NNaO (M+Na) Requires 298.1202 (0.2 ppm error).
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4-Phenyl-4-(2-phenyl-1H-indol-3-yl)but-3-en-2-one (3.66)

Synthesised using general procedure | from 2-phenyl-1H-indole (39 mg, 0.20 mmol), 4-phenyl-
3-butyne-2-one (44 uL, 43 mg, 0.30 mmol) and
[bis(trifluoromethanesulfonyl)imidate](triphenylphosphine)gold(l) (2:1) toluene adduct (16 mg,
0.01 mmol) in toluene (2 mL) for 19 hours at 40 °C. Purification by flash column chromatography
(7:3 to 1:1 hexane/diethyl ether) afforded the title product as a yellow solid, as a mixture of £
and Z stereoisomers (55 mg, 81%, E:Z = 92:8). 'H and *C NMR data reported for the major E-
isomer only. Ry (hexane/diethyl ether 7:3) 0.12; mp 153-155 °C; Vmax (thin film)/cm™ 3295 (br),
2924, 1631, 1449, 1432, 759, 743, 730, 694; &4 (400 MHz; CDCl3) 1.75 (3 H, s, H-21), 6.75 (1 H, s,
H-19), 7.05—7.10 (1 H, m, H-Ar), 7.18 — 7.34 (8 H, m, H-Ar), 7.44 (1 H, d, J = 8.0, H-9), 7.43 = 7.53
(4 H, m, H-Ar), 8.64 (1 H, br s, H-1); 8¢ (100 MHz; CDCl3) 29.0 (C-21), 111.3 (CH, C-Ar), 111.5 (C,
C-Ar), 120.0 (CH, C-Ar), 121.1 (CH, C-Ar), 123.2 (CH, C-Ar), 127.2 (CH, C-Ar), 128.2 (CH, C-Ar),
128.3 (CH, C-Ar), 128.7 (CH, C-Ar), 129.1 (CH, C-Ar), 129.2 (C, C-Ar), 129.7 (CH, C-Ar), 130.4 (C-
19), 131.7 (C, C-Ar), 136.1 (C, C-Ar), 136.8 (C, C-Ar), 140.5 (C, C-Ar), 147.8 (C, C-Ar), 200.3 (C-20);
HRMS (ESI*) Found: 338.1540; C4H20NO (M+H*) Requires 338.1539 (-0.1 ppm error); Found:
360.1361; C2sH1sNNaO (M+Na) Requires 360.1359 (-0.5 ppm error).

Characteristic NMR resonances for the minor Z-isomer can be found at: 641.92 (3 H, s, H-21, 2),

6.38 (1 H, s, H-19, Z), 8.48 (1 H, br s, H-1, Z).
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4-(1-Methyl-indol-3-yl)-4-phenylbut-3-en-2-one (3.67)

Synthesised using general procedure | from 1-methylindole (66 mg, 0.50 mmol), 4-phenyl-3-
butyne-2-one 3.27 (0.11 mL, 108 mg, 0.75 mmol) and
[bis(trifluoromethanesulfonyl)imidate](triphenylphosphine)gold(l) (2:1) toluene adduct (40 mg,
0.03 mmol) in toluene (5 mL) for 3 hours at 40 °C. Purification by flash column chromatography
(7:3 hexane/diethyl ether) afforded the title product as an orange oil, as a mixture of £ and Z
stereoisomers (108 mg, 78%, E:Z = 82:18). Ry (hexane/diethyl ether) 0.17; vmax (thin film)/cm™
3053, 2097, 1633, 1579, 1560, 1521, 1374, 1247, 740, 706; 64 (600 MHz; CDCl5) 1.89 (3 H, s, H-
13, E), 2.06 (3 H, s, H-13,2), 3.73 (3 H, s, H-1, E), 3.88 (3 H, s, H-1, Z), 6.49 (1 H, s, H-11, 2), 6.76
(1H,s, H-2, E), 6.88 (1 H, s, H-11, E), 6.96 (1 H, ddd, J = 8.0, 1.0, 1.0, H-Ar, Z), 7.03 (1 H, ddd, J =
8.0 Hz, 7.0 Hz, 1.0 Hz, H-Ar, 2), 7.23 — 7.28 (2 H, m, H-Ar, E + Z), 7.31 — 7.39 (7 H, m, H-Ar, E + 2),
7.40-7.42 (1 H, m, H-Ar, 2), 7.43 = 7.50 (6 H, m, H-Ar, E + 2), 7.85 (1 H, d, J = 8.0 Hz, H-5, E); &¢
(151 MHz; CDCls) 30.2 (C-13, 2), 30.5 (C-13, E), 33.2 (C-1, E), 33.3 (C-1, 2), 109.7 (CH, C-Ar), 110.1
(C, C-Ar), 112.9 (C, C-Ar), 117.4 (C, C-Ar), 120.4 (CH, C-Ar), 121.0 (CH, C-Ar), 121.2 (CH, C-Ar),
121.4 (CH, C-Ar), 122.3 (CH, C-Ar), 123.0 (CH, C-Ar), 123.3 (C-11, E), 125.7 (C, C-Ar), 126.3 (C-11,
7), 127.7 (C, C-Ar), 128.3 (CH, C-Ar), 128.4 (CH, C-Ar), 128.5 (CH, C-Ar), 129.0 (CH, C-Ar), 129.3
(CH, C-Ar), 129.5 (CH, C-Ar), 132.8 (C-2, Z), 134.1 (C-2, E), 137.3 (C-9, Z), 138.3 (C-9, E), 140.5 (C,
C-Ar), 142.1 (C, C-Ar), 148.0 (C-10, Z), 150.4 (C-10, E), 199.8 (C-12, E), 200.1 (C-12, Z); HRMS (ESI*)
Found: 276.1373; CisH1sNO (M+H*) Requires 276.1383 (3.6 ppm error); Found: 298.1192;
CisH17NNaO (M+Na) Requires 298.1202 (3.4 ppm error).
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3-(1H-Indol-3-yl)-1,3-diphenylprop-2-en-1-one (3.69)

Synthesised using general procedure | from indole 3.16 (23 mg, 0.20 mmol), diphenylpropynone
(62 mg, 0.30 mmol) and [bis(trifluoromethanesulfonyl)imidate](triphenylphosphine)gold(l) (2:1)
toluene adduct (16 mg, 0.01 mmol) in toluene (2 mL) for 2 hours at 40 °C. Purification by flash
column chromatography (9:1 to 7:3 hexane/diethyl ether) afforded the title product as a yellow
solid, as a mixture of E and Z stereoisomers (38 mg, 59%, E:Z = 53:47). Rs(hexane/diethyl ether
7:3) 0.16; mp 170-174 °C; Vmax (thin film)/cm™ 3284 (br), 3058, 2926, 1637, 1598, 1580, 1547,
1512, 1422, 744, 698; 64 (600 MHz; d6-DMSO) 6.67 (1 H, d,J=7.5,H-5,2),6.81 (1 H,t,J=7.5,
H-6, 2), 6.99 (1 H, s, H-15, 2), 7.02 (1 H, t,J= 7.5, H-7, 2), 7.09 (1 H, t, J = 7.5, H-6, E), 7.19 (1 H, t,
J=7.5,H-7,E), 7.21 = 7.25 (2 H, m, H-Ar, E), 7.26 (1L H, d, J = 3.0, H-2, E), 7.31 = 7.39 (6 H, m, H-
Ar, Eand 2), 7.40 - 7.52 (11 H, m, H-Ar, Eand 2), 7.52 (1 H, d, J = 2.5, H-2, Z), 7.56 (1 H, t, J = 7.5,
H-Ar, E), 7.86 — 7.89 (2 H, m, H-18, 2), 7.89 — 7.92 (2 H, m, H-18, F), 11.42 (1 H, s, H-1, 2), 11.73
(1H,s, H-1, E); 8¢ (151 MHz; d6-DMS0) 111.8 (C-8, 2), 112.5 (C-8, E), 112.9 (C, C-Ar, ), 116.8 (C-
15, ), 117.1 (C, C-Ar, E), 119.3 (C-6, 2), 119.9 (C-5, 2), 120.2 (C-5, E), 120.7 (C-6, E), 121.3 (C-7,
Z), 121.9 (C-15, z), 122.2 (C-7, E), 125.0 (C, C-Ar, E), 126.4 (C, C-Ar, Z), 127.7 (CH, C-Ar), 127.7
(CH, C-Ar), 128.0 (C-18, E), 128.1 (C-18, Z), 128.3 (CH, C-Ar), 128.4 (CH, C-Ar), 128.5 (CH, C-Ar),
128.6 (CH, C-Ar), 129.0 (CH, C-Ar), 129.2 (CH, C-Ar), 129.5 (C-2, Z), 130.4 (C-2, E), 132.1 (CH, C-
Ar, E), 132.2 (CH, C-Ar, Z), 136.2 (C-9, Z), 137.4 (C-9, E), 138.4 (C, C-Ar), 139.2 (C, C-Ar), 140.4 (C,
C-Ar, E), 141.9 (C, C-Ar, Z), 147.9 (C, C-Ar, Z), 151.5 (C, C-Ar), 189.9 (C-16, E), 191.5 (C-16, Z);
HRMS (ESI*) Found: 324.1391; Cy3HisNO (M+H*) Requires 324.1383 (-2.6 ppm error); Found:
346.1204; Cx3H17NNaO (M+Na) Requires 346.1202 (-0.4 ppm error).
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4-(4-Bromophenyl)-4-(1H-indol-3-yl)but-3-en-2-one (3.71)

Synthesised using general procedure | from indole 3.16 (29 mg, 0.25 mmol), 4-(4-
bromophenyl)but-3-yn-2-one 3.37 (84 mg, 0.38 mmol) and
[bis(trifluoromethanesulfonyl)imidate](triphenylphosphine)gold(l) (2:1) toluene adduct (20 mg,
0.01 mmol) in toluene (2.5 mL) for 2 hours at 40 °C. Purification by flash column chromatography
(9:1 to 6:4 hexane/diethyl ether) afforded the title product as a yellow solid, as a mixture of £
and Z stereoisomers (55 mg, 64%, E:Z = 64:36). Rs(hexane/diethyl ether 1:1) 0.14; mp 135-138
°C; Vmax (thin film)/cm™3302 (br), 3061, 2926, 1666, 1552, 1514, 1486, 742; &4 (400 MHz; CDCls)
2.02(6H,s,H-17, Fand Z), 6.50 (1 H, s, H-15, Z), 6.87 (1 H, d, /= 3.0, H-2, E), 6.89 (1 H, s, H-15,
E),6.99 (1H,d,J=8.5 H-Ar, Z),7.01 - 7.07 (1 H, m, H-Ar, Z), 7.19 - 7.23 (3 H, m, H-Ar, E and Z),
7.23-7.26 (1 H, m, H-Ar, E), 7.26 — 7.31 (3 H, m, H-Ar, Eand Z), 7.39 - 7.43 (3 H, m, H-Ar, E and
2),7.45—-7.49 (2 H, m, H-12, 2), 7.53—=7.57 (2 H, m, H-12, E), 7.79 (1L H, d, J = 7.5, H-5, E), 8.73 (2
H, br's, H-1, E and 2); 8¢ (100 MHz; CDCls) 30.1 (C-17, 2), 31.1 (C-17, E), 111.8 (CH), 112.1 (CH),
113.8 (C-3, 2), 118.5 (C-3, E), 120.7 (CH), 120.8 (CH), 120.9 (C-5, E), 121.7 (CH), 122.8 (C- 14, E),
122.9 (C-15, E), 123.0 (CH), 123.5 (CH), 123.9 (C-14, Z), 125.0 (C), 126.7 (C), 127.0 (C-15, 2), 128.1
(CH), 129.8 (C-2, E), 130.4 (CH), 131.1 (CH), 131.6 (CH), 131.7 (CH), 136.4 (C-9, Z), 137.4 (C-9, E),
139.3 (C-10, E), 140.5 (C-10, 2), 146.8 (C-11, Z), 149.3 (C-11, E), 199.3 (C-16, E), 200.6 (C-16, 2);
HRMS (ESI*) Found: 362.0153; CisH14”°BrNNaO (M+Na) Requires 362.0151 (-0.5 ppm error);
Found: 364.0133; C1sH148'BrNNaO (M+Na) Requires 364.0131 (0.5 ppm error).
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4-(1H-Indol-3-yl)-4-(4-methoxyphenyl)but-3-en-2-one (3.72)

Synthesised using general procedure | from indole 3.16 (29 mg, 0.25 mmol), 4-(4-
methoxyphenyl)but-3-yn-2-one 3.33 (65 mg, 0.38 mmol) and
[bis(trifluoromethanesulfonyl)imidate](triphenylphosphine)gold(l) (2:1) toluene adduct (20 mg,
0.01 mmol) in toluene (2.5 mL) for 2 hours at 40 °C. Purification by flash column chromatography
(1:1 hexane/diethyl ether) afforded the title product as a brown solid, as a mixture of £ and Z
stereoisomers (64 mg, 88%, E:Z = 66:34). Rs(hexane/diethyl ether 1:1) 0.09; mp 52—55 °C; Vmax
(thin film)/cm™3282 (br), 1605, 1581, 1556, 1508, 1422, 1248, 743; 64 (600 MHz; CDCl;) 1.91 (3
H, s, H-18, E), 1.96 (3 H, s, H-18, Z), 3.84 (3 H, s, H-15, Z), 3.88 (3 H, 5, H-15, E), 6.52 (1 H, s, H-16,
Z),6.79 (1 H, s, H-16, E), 6.84 —6.88 (2 H, m, H-13, Z), 6.94 - 6.97 (2 H, m, H-13, E), 6.98 (1 H, d,
J=3.0,H-2,E),7.01-7.08 (2H, m, H-Ar, Z), 7.18 = 7.23 (2 H, m, H-Ar, E and Z), 7.25-7.30 (3 H,
m, H-Ar, E), 7.35 = 7.39 (2 H, m, H-12, Z), 7.39 = 7.45 (3 H, m, H-Ar, Eand 2) 7.73 (1 H, d, J = 8.0,
H-5, E), 8.53 (1 H, brs, H-1, E), 8.57 (1 H, br s, H-1, Z); 6¢ (151 MHz; CDCls) 29.9 (C-18, Z), 30.5 (C-
18, E), 55.5 (C-15, E), 55.5 (C-15, Z), 111.6 (CH, C-Ar, Z), 111.9 (CH, C-Ar, E), 113.8 (C-13, E), 113.9
(C-13, 2), 114.8 (C-3, Z), 119.4 (C-3, E), 120.7 (CH, C-Ar, 2), 120.9 (CH, C-Ar, Z), 121.1 (C-5, E),
121.5 (CH, C-Ar, E), 122.8 (CH, C-Ar, 2), 123.3 (CH, C-Ar, E), 124.1 (C-16, E), 125.4 (C-4, E), 126.0
(C-16, 2), 127.1 (C, C-Ar, Z), 127.7 (CH, C-Ar, Z), 129.1 (C-2, E), 130.3 (C-12, Z), 131.2 (C-12, E),
132.5 (C-11, E), 133.8 (C-10, 2), 136.4 (C-9, Z), 137.3 (C-9, E), 147.7 (C-10, Z), 150.2 (C-10, E),
160.3 (C-14, E), 161.0 (C-14, 2), 200.5 (C-17, E), 200.6 (C-17, Z); HRMS (ESI*) Found: 292.1333;
C19H1sNO; (M+H*) Requires 292.1332 (-0.4 ppm error); Found: 314.1152; Cy9H17NNaO, (M+Na)
Requires 314.1151 (-0.3 ppm error).
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4-(4-(Dimethylamino)phenyl)-4-(1H-indol-3-yl)but-3-en-2-one (3.73)

Synthesised using general procedure | from indole 3.16 (29 mg, 0.25 mmol), 4-(4-
(dimethylamino)phenyl)but-3-yn-2-one 3.34 (70 mg, 0.38 mmol) and
[bis(trifluoromethanesulfonyl)-imidate](triphenylphosphine)gold(l) (2:1) toluene adduct (20
mg, 0.01 mmol) in toluene (2.5 mL) for 2 hours at 40 °C. Purification by flash column
chromatography (1:1 to 3:7 hexane/diethyl ether) afforded the title product as a yellow solid, as
a mixture of £ and Z stereoisomers (66 mg, 86%, E:Z = 56:44). Rs(hexane/diethyl ether 1:1) 0.12;
mp 62—66 °C; Vmax (thin film)/cm™ 3254 (br), 2922, 1604, 1561, 1519, 1428, 742; 64 (400 MHz;
CDCl3) 1.91 (3 H, s, H-18, 2),1.93 (3 H, s, H-18, E), 3.00 (6 H, 5, H-15, Z), 3.02 (6 H, 5, H-15, E), 6.56
(1H,s, H-16, 2), 6.61 - 6.62 (2 H, m, H-13, Z), 6.69 — 6.74 (2 H, m, H-13, E), 6.70 (1 H, s, H-16, E),
7.01-7.07 (2H, m, H-Ar, Eand Z), 7.15-7.29 (7 H, m, H-Ar, Eand Z), 7.31 - 7.35 (2 H, m, H-12,
7),7.38—-7.43 (2H, m, H-Ar, Eand 2), 7.72 (1 H, d, J = 8.0, H-5, E), 8.83 (1 H, br s, H-1, Z), 8.87 (1
H, br's, H-1, E); 8¢ (100 MHz; CDCls) 29.8 (C-18, 2), 39.2 (C-18, E), 40.3 (C-15, Z), 40.4 (C-15, E),
111.6 (C-13, Eand 2), 111.9 (CH, C-Ar), 115.1 (C-3, Z), 119.5 (C-3, E), 120.5 (CH, C-Ar), 120.9 (CH,
C-Ar), 121.0 (CH, C-Ar), 121.2 (CH, C-Ar), 122.6 (CH, C-Ar), 123.0 (CH, C-Ar), 123.5 (C-16, E), 124.0
(C-16, Z), 125.7 (C, C-Ar), 127.3 (C, C-Ar), 127.6 (CH, C-Ar), 128.5 (C, C-Ar), 129.3 (C-2, E), 130.3
(C-12, 7), 131.4 (C-12, E), 136.4 (C-9, Z), 137.3 (C-9, E), 149.0 (C, C-Ar), 151.1 (C, C-Ar), 151.5 (C,
C-Ar), 151.7 (C, C-Ar), 200.7 (C-17, Z), 201.3 (C-17, E); HRMS (ESI*) Found: 305.1646; C20H21N,0
(M+H*) Requires 305.1648 (0.9 ppm error); Found: 327.1465; C;H20N,NaO (M+Na) Requires
327.1468 (1.0 ppm error).

Note that one quaternary and one methine carbon resonance could not be found in the 3C NMR

spectra, it is believed that they are overlapping with other resonances.
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Methyl 3-(1H-indol-3-yl)-3-phenylacrylate (3.74)

6 H1

Synthesised using general procedure | from indole 3.16 (23 mg, 0.20 mmol), methyl
phenylpropiolate 3.43 (44 uL, 48 mg, 0.30 mmol) and
[bis(trifluoromethanesulfonyl)imidate](triphenylphosphine)gold(l) (2:1) toluene adduct (16 mg,
0.01 mmol) in toluene (2 mL) for 2 hours at 40 °C. Purification by flash column chromatography
(7:3 hexane/diethyl ether) afforded the title product as a pale, yellow solid, as a mixture of £ and
Z stereoisomers (47 mg, 85%, E:Z = 78:22). Rs (hexane/diethyl ether 7:3) 0.17; &4 (400 MHz;
CDCl3) 3.63 (3 H, s, H-11, E), 3.65 (3 H, 5, H-11, Z), 6.26 (1 H, 5, H-10, Z), 6.59 (1 H, s, H-10, E), 6.89
(1H,d,/=3.0,H-2,E),6.93(1H,d,J=8.0,H-Ar,2),6.99 (1H,d,J=7.5,H-Ar, Z),7.14-7.19 (1
H, m, H-Ar, Z), 7.21 - 7.30 (2 H, m, H-Ar, E), 7.31-7.36 (4 H, m, H-Ar, Eand Z), 7.37 - 7.44 (8 H,
m, Eand Z),7.55(1H,d,J=2.5,H-2,2),7.82(1H,d,J=8.5,H-3, E), 8.41 (2 H, brs, H-1, E and

Z). Spectroscopic data match those reported previously.?3
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Methyl 3-(4-(dimethylamino)phenyl)-3-(1H-indol-3-yl)acrylate (3.75)

9
8 H 1

Synthesised using general procedure | from indole 3.16 (23 mg, 0.20 mmol), methyl 3-(4-
(dimethylamino)phenyl)propiolate 3.44 (61 mg, 0.30 mmol) and
[bis(trifluoromethanesulfonyl)imidate](triphenylphosphine)gold(l) (2:1) toluene adduct (16 mg,
0.01 mmol) in toluene (2 mL) for 2 hours at 40 °C. Purification by flash column chromatography
(8:2 to 7:3 hexane/ethyl acetate) afforded the title product as a yellow solid, as a mixture of £
and Z stereoisomers (39 mg, 61%, E:Z = 58:42). Rs(hexane/ethyl acetate 8:2) 0.15, 0.10; mp 58-
65 °C; Vmax (thin film)/cm™ 3327 (br), 2945, 1691, 1607, 1585, 1520, 1155, 819, 744; 6, (600 MHz;
CDCl3) 3.00 (6 H, s, H-15, E), 3.00 (6 H, s, H-15, 2), 3.63 (3 H, s, H-18, 2), 3.68 (3 H, s, H-18, E), 6.25
(1H,s, H-16,2), 6.41 (1 H, s, H-16, E), 6.61 — 6.65 (2 H, m, H-13, 2), 6.69 — 6.75 (2 H, m, H-13, E),
6.98(1H,d,J=2.5H-2,E),7.01(1H,ddd,J=8.0,7.0,1.0, H-Ar, 2), 7.12 (1 H, dd, /= 8.0, 1.0, H-
Ar, Z),7.13-7.19 (2 H, m, H-Ar, E), 7.21 - 7.25 (1 H, m, H-Ar, E), 7.25 - 7.27 (2 H, m, H-12, 2),
7.31-7.37 (5H, m, H-Ar, Eand 2), 7.71 (1 H, dd, J = 8.0, 1.0, H-5, E), 8.55 (2 H, br s, H-1, E and
2); 8¢ (151 MHz; CDCls) 40.3 (C-15, Z), 40.5 (C-15, E), 51.0 (C-18, E), 51.1 (C-18, Z), 110.6 (C-16,
E), 111.3 (CH, C-Ar), 111.4 (CH, C-Ar), 111.6 (CH, C-Ar), 111.7 (CH, C-Ar), 111.8 (CH, C-Ar), 114.2
(C-3,2),119.7 (C-3, E), 120.1 (CH, C-Ar), 120.8 (CH, C-Ar), 121.0 (CH, C-Ar), 121.1 (CH, C-Ar), 122.1
(CH, C-Ar), 122.8 (CH, C-Ar), 125.8 (C-4, E), 127.3 (C, C-Ar), 127.5 (C, C-Ar), 127.5 (CH, C-Ar), 128.9
(C-2, E), 129.4 (C-11, Z), 130.2 (C-12, E), 130.9 (C-12, 2), 136.1 (C-9, Z), 137.1 (C-9, E), 150.7 (C, C-
Ar), 151.3 (C, C-Ar), 151.5 (C, C-Ar), 153.5 (C-11, E), 167.6 (C-17, Z), 167.8 (C-17, E); HRMS (ESI*)
Found: 321.1584; CyH21N,0; (M+H*) Requires 321.1598 (4.2 ppm error); Found: 343.1403;
C0H20N2NaO; (M+Na) Requires 343.1417 (4.0 ppm error); Found: 289.1322; Ci9Hi7N20
(M-OMe) Requires 289.1335 (-4.5 ppm error).
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3-(1H-Indol-3-yl)-N,N-dimethyl-3-phenylacrylamide (3.76)

9 N
8 H1

Synthesised using general procedure | from indole 3.16 (23 mg, 0.20 mmol), N,N-dimethyl-3-
phenylpropiolamide 3.39 (52 mg, 0.30 mmol) and [bis(trifluoromethanesulfonyl)imidate]-
(triphenylphosphine)gold(l) (2:1) toluene adduct (16 mg, 0.01 mmol) in toluene (2 mL) for 24
hours at 40 °C. Purification by flash column chromatography (7:3 diethyl ether/hexane to ethyl
acetate) afforded the title product as a pale, brown solid, as a mixture of E and Z stereoisomers
(33 mg, 56%, E:Z=26:74). Rf (hexane/ethyl acetate 3:7) 0.33; mp 124-129 °C; Vmax (thin film)/cm"
13218 (br), 2925, 1613, 1494, 1399, 1199, 736; &4 (600 MHz; CDCls) 2.78 (3 H, s, H-17a, Z), 2.85
(3H,s,H-17a, E), 2.86 (3 H, s, H-17b, E), 2.87 (3 H, s, H-17b, Z), 6.28 (1 H, s, H-15, Z), 6.55 (1 H,
s, H-15,F),6.88 (1 H, d, J=8.0, H-5, ), 6.93 (1 H, dd, J = 8.0, 8.0, H-6, ), 6.98 (1 H, d, J = 2.5, H-
2,E), 7.14 (2 H, m, H-Ar, Eand 2), 7.23 (1 H, dd, J = 7.0, 7.0, H-7, E), 7.29 — 7.42 (12 H, m, H-Ar, E
and2),7.43 (1H,d,J=2.5H-2,2),7.61(1H,d,J=8.0,H-5, E),8.52 (1 H, brs, H-1, E), 8.72 (1L H,
brs, H-1, Z); 8¢ (151 MHz; CDCls) 34.7 (C-17a, E), 34.7 (C-17a, Z), 38.1 (C-17b, E), 38.1 (C-17b, 2),
111.5 (CH, C-Ar), 111.8 (CH, C-Ar), 114.1 (C-3, 2), 117.7 (C-15, E), 118.4 (C-3, E), 119.9 (C-15, 2),
120.0 (C-6, 2), 120.6 (C-5, E), 120.7 (C-5, Z), 120.8 (C-7, E), 122.2 (C-6, Z), 122.8 (C-7, E), 125.8 (C,
C-Ar), 126.2 (C-2, Z), 126.4 (C-2, E), 126.6 (C, C-Ar), 128.1 (2 x CH, C-Ar), 128.3 (CH, C-Ar), 128.4
(CH, C-Ar), 128.6 (CH, C-Ar), 129.3 (CH, C-Ar), 136.3 (C-9, Z), 137.0 (C-9, E), 140.2 (C, C-Ar, E),
141.2 (C, C-Ar, Z), 141.4 (C, C-Ar, Z), 142.8 (C, C-Ar, E), 169.2 (C-16, E), 169.6 (C-16, Z); HRMS
(ESI*) Found: 291.1491; C19H19N,0 (M+H*) Requires 291.1492 (0.2 ppm error); Found: 313.1310;
CisH1sN2NaO (M+Na) Requires 313.1311 (0.5 ppm error).
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3-(1H-Indol-3-yl)-3-(4-methoxyphenyl)-N,N-dimethylacrylamide (3.77)

9
8 H1

Synthesised using general procedure | from indole 3.16 (23 mg, 0.20 mmol), 3-(4-
methoxyphenyl)-N,N-dimethylpropiolamide 3.40 (61 mg, 0.30 mmol) and
[bis(trifluoromethanesulfonyl)imidate](triphenylphosphine)gold(l) (2:1) toluene adduct (16 mg,
0.01 mmol) in toluene (2 mL) for 2 hours at 40 °C. Purification by flash column chromatography
(1:1 to 2:8 hexane/ethyl acetate) afforded the title product as a pale, brown solid, as a mixture
of E and Z stereoisomers (64 mg, 100%, E:Z = 45:55). Rf(hexane/ethyl acetate 3:7) 0.23; mp 78—
85 °C; Vmax (thin film)/cm™ 3205 (br), 2927, 1604, 1509, 1457, 1439, 1397, 1247, 742; &4 (600
MHz; CDCls) 2.76 (3 H, s, H-18a, 2), 2.85 (3 H, s, H-18b, 2), 2.86 (3 H, s, H-18a, E), 2.91 (3 H, s, H-
18b, E), 3.78 (3 H, s, H-15, E), 3.82 (3 H, s, H-15, 2), 6.21 (1 H, s, H-16, 2), 6.40 (1 H, s, H-16, E),
6.78 - 6.82 (2 H, m ,H-13, E), 6.82 - 6.85 (2 H, m, H-13, Z), 6.90 — 6.94 (3 H, m, H-Ar, Z and E),
7.06—7.10 (2 H, m, H-Ar, Zand E), 7.16 (1 H, t, J = 7.5, H-Ar, E), 7.23—7.27 (2 H, m, H-12, E), 7.30
—7.33(3H, m, H-Ar, Z), 7.34 (1 H, d, /= 8.5, H-Ar, Z), 7.37 (1 H, d, J = 8.5, H-Ar, E), 7.53 (1 H, d, J
= 8.0, H-5, F), 9.39 (1 H, brs, H-1, E), 9.44 (1 H, brs, H-1, Z); 8¢ (151 MHz; CDCls) 34.7 (C-18a, E),
34.8 (C-18a, 2), 38.1 (C-18b, E), 38.1 (C-18b, 2),55.3 (C-15, E), 55.4 (C-15, Z), 111.7 (CH, C-Ar),
112.0 (CH, C-Ar), 113.5 (C-13, E), 113.7 (C-13, 2), 113.9 (C-3, 2), 116.4 (C-16, E), 117.8 (C-16, 2),
118.0 (C-3, E), 119.8 (CH, C-Ar), 120.3 (CH, C-Ar), 120.5 (CH, C-Ar), 121.9 (CH, C-Ar), 122.3 (CH,
C-Ar), 125.8 (C-4, E), 126.4 (C-2, E), 126.6 (C-4, Z), 126.8 (C-2, Z), 129.4 (C-12, Z), 130.6 (C-12, E),
132.5(C, C-Ar), 133.7 (C, C-Ar), 136.5 (C-9, 2), 137.1 (C-9, E), 141.5 (C, C-Ar), 142.9 (C, C-Ar), 159.6
(C-14, E), 160.0 (C-14, Z), 169.8 (C-17, E), 170.0 (C-17, Z); HRMS (ESI*) Found: 321.1590;
C20H2:N20; (M+H*) Requires 321.1598 (2.4 ppm error); Found: 343.1411; C30H,0N2NaO, (M+Na)
Requires 343.1417 (1.8 ppm error).
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3,9-Dimethyl-9-(3-methyl-1H-indol-2-yl)-1-phenyl-9H-pyrrolo[1,2-a]indole (3.79)

3.79

Synthesised using general procedure | from 3-methyl-1H-indole 3.48 (26 mg, 0.20 mmol), 4-
phenyl-3-butyne-2-one 3.27 (44 uL, 43 mg, 0.30 mmol) and
[bis(trifluoromethanesulfonyl)imidate](triphenylphosphine)gold(l) (2:1) toluene adduct (16 mg,
0.01 mmol) in toluene (2 mL) for 24 hours at 40 °C. Purification by flash column chromatography
(99:1 to 98:2 hexane/diethyl ether) afforded the title product as a brown solid (13 mg, 33%). Rf
(hexane/diethyl ether 98:2) 0.08; &4 (400 MHz; CDCl3) 2.01 (3 H, s, H-7), 2.09 (3 H, s, H-6), 2.69
(3H,s,H-12),6.35(1 H, s, H-11), 6.99 - 7.08 (2 H, m, H-Ar), 7.09 - 7.13 (5 H, m, H-Ar), 7.15 (1 H,
dd, J=7.0, 1.5, H-Ar), 7.21 — 7.25 (1 H, m, H-Ar), 7.25 — 7.29 (2 H, m, H-Ar), 7.42 (1 H, d, J = 8.0,
H-Ar), 7.51 (1 H, d, J = 8.0, H-Ar), 7.98 (1 H, br s, H-1). Spectroscopic data match those reported

previously.?*
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4-(1,3-Dimethyl-indol-2-yl)-4-phenylbut-3-en-2-one (3.89)

3.89

Synthesised using general procedure | from 1,3-dimethylindole 3.49 (73 mg, 0.50 mmol), 4-
phenyl-3-butyne-2-one 3.27 (0.11 mL, 108 mg, 0.75 mmol) and
[bis(trifluoromethanesulfonyl)imidate](triphenylphosphine)gold(l) (2:1) toluene adduct (40 mg,
0.03 mmol) in toluene (5 mL) for 27 hours at 40 °C. Purification by flash column chromatography
(9:1 to 8:2 hexane/diethyl ether) afforded the title product as an orange oil, as a mixture of £
and Z stereoisomers (107 mg, 74%, E:Z = 5:95). *H and *C NMR data reported for the major Z-
isomer only. Ry (hexane/diethyl ether 8:2) 0.23; vmax (thin film)/cm™ 3060, 2919, 1657, 1599,
1573, 1467, 1244, 739; 64 (400 MHz; CDCls5) 1.89 (3 H, s, H-14), 2.26 (3 H, s, H-4), 3.49 (3 H, 5, H-
1),6.95 (1 H, s, H-12), 7.24 (1 H, ddd, J = 8.0, 6.5, 1.5, H-Ar), 7.32 = 7.45 (7 H, m, H-Ar), 7.63 (1 H,
ddd, J = 8.0, 1.0, 1.0, H-Ar); 8¢ (100 MHz; CDCl3) 9.3 (C-4), 28.7 (C-14), 30.6 (C-1), 109.4 (CH, C-
Ar), 112.4 (C-3), 119.4 (CH, C-Ar), 119.5 (CH, C-Ar), 122.7 (CH, C-Ar), 127.5 (CH, C-Ar), 128.2 (C-
5), 129.0 (CH, C-Ar), 130.0 (CH, C-Ar), 131.8 (C-12), 133.0 (C-2), 137.6 (C-10), 138.7 (C-11), 143.5
(C-15), 199.8 (C-13); HRMS (ESI*) Found: 290.1530; CyH20NO (M+H*) Requires 290.1539 (3.3
ppm error); Found: 312.1349; C;0H1sNNaO (M+Na) Requires 312.1359 (3.2 ppm error).

Characteristic NMR resonances for the minor E-isomer can be found at: 6,2.14 (3 H, s, H-14, E),

2.39 (3 H, s, H-4, E), 3.34 (3 H, s, H-1, £), 6.37 (1 H, s, H-12, ).
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4-(1-Methyl-3-phenyl-indol-2-yl)-4-phenylbut-3-en-2-one (3.92)

Synthesised using general procedure | from 1-methyl-3-phenylindole 3.51 (42 mg, 0.20 mmol),
4-phenyl-3-butyne-2-one 3.27 (44 uL, 43 mg, 0.30 mmol) and
[bis(trifluoromethanesulfonyl)imidate](triphenylphosphine)gold(l) (2:1) toluene adduct (16 mg,
0.01 mmol) in toluene (2 mL) for 24 hours at 40 °C. Purification by flash column chromatography
(9:1 to 8:2 hexane/diethyl ether) afforded the title product as an orange solid, as a mixture of £
and Z stereoisomers (29 mg, 41%, E:Z = 2:98). 'H and *C NMR data reported for the major Z-
isomer only. Ry (hexane/diethyl ether 8:2) 0.19; mp 145-148 °C; Vmax (thin film)/cm™ 3056, 2931,
1690, 1659, 1602, 1465, 772, 760, 747, 699; 64 (400 MHz; CDCl5) 1.74 (3 H, s, H-17), 3.53 (3 H, s,
H-1), 6.82 (1 H, s, H-15), 7.19 — 7.26 (2 H, m, H-Ar), 7.29 — 7.44 (11 H, m, H-Ar), 7.84 (1 H, d, J =
8.0, H-Ar); 8¢ (100 MHz; CDCls) 28.9 (C-17), 30.7 (C-1), 109.8 (CH), 118.1 (C, C-Ar), 120.3 (C-5),
120.5 (CH, C-Ar), 123.0 (CH, C-Ar), 126.4 (CH, C-Ar), 126.9 (C, C-Ar), 127.6 (CH, C-Ar), 128.7 (CH,
C-Ar), 128.9 (CH, C-Ar), 129.2 (CH, C-Ar), 130.2 (CH, C-Ar), 132.4 (C-15), 133.0 (C-2), 134.5 (C, C-
Ar), 137.8 (C-9), 138.9 (C, C-Ar), 142.6 (C, C-Ar), 199.0 (C-16); HRMS (ESI*) Found: 352.1699;
CasH2NO (M+H*) Requires 352.1696 (0.7 ppm error); Found: 374.1517; CysH,:NNaO (M+Na)
Requires 374.1515 (-0.4 ppm error).

Characteristic NMR resonances for the minor E-isomer can be found at: 641.91 (3H, s, H-17, E),

3.36 (3 H,s,H-1,E),6.18 (1 H, s, 15, E).
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4-(1-Benzyl-3-methyl-indol-2-yl)-4-phenylbut-3-en-2-one (3.93)

3.93

Synthesised using general procedure | from 1-benzyl-3-methylindole 3.52 (40 mg, 0.18 mmol),
4-phenyl-3-butyne-2-one 3.27 (39 uL, 39 mg, 0.27 mmol) and
[bis(trifluoromethanesulfonyl)imidate](triphenylphosphine)gold(l) (2:1) toluene adduct (14 mg,
0.01 mmol) in toluene (1.8 mL) for 24 hours at 40 °C. Purification by flash column
chromatography (9:1 to 8:2 hexane/diethyl ether) afforded the title product as an orange solid,
as a mixture of E and Z stereoisomers (41 mg, 62%, E:Z = 7:93). H and *C NMR data reported
for the major Z-isomer only. Rf(hexane/diethyl ether 8:2) 0.30; mp 93-95 °C; Vmax (thin film)/cm"
13057, 2919, 1689, 1657, 1602, 1462, 1448, 742, 696; &4 (400 MHz; CDCl3) 1.63 (3 H, s, H-18),
2.23 (3 H, s, H-14), 4.72 (1 H, d, J = 16.0, H-1a), 5.12 (1 H, d, J = 16.0, H-1b), 6.73 (1 H, s, H-16),
6.97 — 7.02 (2 H, m, H-Ar), 7.13 — 7.39 (11 H, m, H-Ar), 7.67 (1 H, d, J = 7.5, H-9); ¢ (100 MHz;
CDCl3) 9.5 (C-14), 28.5 (C-18), 47.9 (C-1), 110.2 (CH, C-Ar), 113.9 (C-7), 119.7 (C-9), 123.1 (CH, C-
Ar), 127.2 (CH, C-Ar), 127.6 (CH, C-Ar), 127.8 (CH, C-Ar), 128.4 (C, C-Ar), 128.5 (C, C-Ar), 128.6
(CH, C-Ar), 129.0 (CH, C-Ar), 130.0 (CH, C-Ar), 132.0 (C-16), 132.8 (C-6), 137.7 (C, C-Ar), 137.8 (C-
13), 139.0 (C-15), 143.4 (C, C-Ar), 199.7 (C-17); HRMS (ESI*) Found: 366.1858; Cy6H2:NO (M+H*)
Requires 366.1852 (-1.6 ppm error); Found: 388.1677; C26H2sNNaO (M+Na) Requires 388.1672

(-1.2 ppm error).

Characteristic NMR resonances for the minor E-isomer can be found at: 64,1.97 (3 H, s, H-18, E),

2.29 (3 H, s, H-14, E), 4.99 (2 H, s, H-1, E), 6.24 (1 H, s, H-16, E).
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Methyl (Z)-3-(1,3-dimethyl-indol-2-yl)-3-phenylacrylate (3.94)

Synthesised using general procedure | from 1,3-dimethylindole 3.49 (29 mg, 0.20 mmol), methyl
phenylpropiolate 3.43 (44 uL, 48 mg, 0.30 mmol) and
[bis(trifluoromethanesulfonyl)imidate](triphenylphosphine)gold(l) (2:1) toluene adduct (16 mg,
0.01 mmol) in toluene (2 mL) for 24 hours at 40 °C. Purification by flash column chromatography
(9:1 hexane/diethyl ether) afforded the title product as a yellow oil (43 mg, 70%) as a single
geometrical isomer (2). Rs(hexane/diethyl ether 9:1) 0.17; Vmax (thin film)/cm™ 3061, 2950, 1690,
1728,1623, 1467,1449, 1260, 741; 64 (400 MHz; CDCl3) 2.17 (3 H, s, H-10), 3.44 (3 H, s, H-1), 3.64
(3H,s,H-18),6.74 (1 H, s, H-12), 7.15 (1 H, ddd, J = 8.0, 6.5, 1.0, H-6), 7.24 — 7.28 (1 H, m, H-Ar),
7.29-7.43 (6 H, m, H-Ar), 7.63 (1 H, d, J = 8.0, H-5); &¢ (100 MHz; CDCls) 9.3 (C-10), 30.7 (C-1),
51.8 (C-18), 109.3 (CH, C-Ar), 110.7 (C-3), 118.9 (C-6), 119.3 (C-5), 121.1 (C-12), 122.0 (CH, C-Ar),
127.6 (CH, C-Ar), 128.3 (C-4), 129.0 (CH, C-Ar), 130.0 (CH, C-Ar), 133.5 (C-2), 137.6 (C-9), 139.0
(C-11), 146.5 (C-13), 166.0 (C-17); HRMS (ESI*) Found: 306.1489; CyH20NO, (M+H*) Requires
306.1489 (0.0 ppm error); Found: 328.1311; Cx0H19NNaO, (M+Na) Requires 328.1308 (-0.9 ppm
error); Found: 274.1227; C19H16NO (M-OMe) Requires 274.1226 (0.4 ppm error).
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3-(1,3-Dimethyl-indol-2-yl)-N,N-dimethyl-3-phenylacrylamide (3.95)

3.95

Synthesised using general procedure | from 1,3-dimethylindole 3.49 (29 mg, 0.20 mmol), N,N-
dimethyl-3-phenylpropiolamide 3.39 (52 mg, 0.30 mmol) and
[bis(trifluoromethanesulfonyl)imidate](triphenylphosphine)gold(l) (2:1) toluene adduct (16 mg,
0.01 mmol) in toluene (2 mL) for 48 hours at 40 °C. Purification by flash column chromatography
(8:2 to 2:1 hexane/diethyl ether) afforded the title product as a yellow oil, as a mixture of £ and
Z stereoisomers (38 mg, 59%, E£:Z = 7:93). *H and 3C NMR data reported for the major Z-isomer
only. Ry (hexane/ethyl acetate 2:1) 0.20; vmax (thin film)/cm™ 3053, 2924, 1629, 1493,1469, 1139,
732, 696; 64 (400 MHz; CDCl3) 2.20 (3 H, s, H-10), 2.93 (6 H, br s, H-18), 3.44 (3 H, s, H-1), 6.89 (1
H, s, H-12), 7.11 -7.16 (1 H, m, H-6), 7.21 — 7.30 (4 H, m, H-Ar), 7.30 — 7.36 (3 H, m, H-Ar), 7.60
(1H,d,J=8.0, H-5); 8¢ (100 MHz; CDCl5) 9.5 (C-10), 31.0 (C-1), 35.1 (br, C-18a), 37.9 (br, C-18b),
109.4 (CH, C-Ar), 110.4 (C-3), 118.9 (C-6), 119.2 (C-5), 121.9 (CH, C-Ar), 125.8 (C-12), 127.0 (CH,
C-Ar), 128.4 (C-4), 128.9 (CH, C-Ar), 129.1 (CH, C-Ar), 133.9 (C-2), 137.6 (C-9), 139.4 (C, C-Ar),
139.4 (C, C-Ar), 167.3 (C-17); HRMS (ESI*) Found: 319.1804; C;1H23N20 (M+H*) Requires 319.1805
(0.2 ppm error); Found: 341.1624; C;1H,:N2NaO (M+Na) Requires 341.1624 (-0.0 ppm error);
Found: 278.1228; C19H16sNO (M-NMe;) Requires 278.1226 (0.7 ppm error).

Characteristic NMR resonances for the minor E-isomer can be found at: 64 2.44 (3 H, s, H-10, E),

3.30 (3 H,s, H-1, E), 6.24 (1 H, s, H-12, E).
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7.3.5 Gold-pyrylium Complex
3-Acetyl-2,4-bis(4-(dimethylamino)phenyl)-6-methylpyryl-5-yl(triphenylphosphine)gold(l)
bis[(trifluoromethane)sulfonyl]azanide (3.102)

Os ,NC:) .0

N d

F,C"n  1°CF
323 0 0 3

3.102

For the H, °F and 3'P NMR spectra, the clearest data for the title product was observed when a
more dilute sample was prepared, using 4 equivalents (a 2-fold excess) of the starting ynone. As
such, to a sample vial, 4-(4-(dimethylamino)phenyl)but-3-yn-2-one 3.34 (15 mg, 0.08 mmol) was
dissolved in d2-DCM (0.6 mL), and [bis(trifluoromethanesulfonyl)imidate]-
(triphenylphosphine)gold(l) (2:1) toluene adduct (16 mg, 0.01 mmol) was added, which resulted
in an immediate colour change to dark red. The sample was transferred to an NMR tube and H,

19F and 3P data were recorded immediately.

For the 3C NMR spectra, a more concentrated sample was prepared using the same method,
with  4-(4-(dimethylamino)phenyl)but-3-yn-2-one 3.34 (78 mg, 0.4 mmol) and
[bis(trifluoromethanesulfonyl)-imidate](triphenylphosphine)gold(l) (2:1) toluene adduct (163
mg, 0.1 mmol). After transferring the sample to an NMR tube, 3C NMR data was recorded

immediately.

Vmax (thin film)/cm 2910, 1705, 1597, 1423, 1348, 1137, 1056; &y (400 MHz; CD,Cl,) 2.05 (3 H,
s, H-13),2.97 (6 H, s, H-11 or H-18), 3.03 (3 H, s, H-6), 3.13 (6 H, 5, H-11 or H-18), 6.54 — 6.59 (2
H, m, H-9 or H-16), 6.76 — 6.80 (2 H, m, H-9 or H-16), 7.35 — 7.50 (15 H, m, PPhs), 7.57 — 7.61 (2
H, m, H-8 or H-15), 7.69 — 7.73 (2 H, m, H-8 or H-15); 8¢ (100 MHz; CD,Cl;) 25.9 (C-13), 32.1 (C-
6), 40.1 (C-11 or C-18), 40.2 (C-11 or C-18), 111.5 (C-9 or C-16), 111.2 (C-9 or C-16), 115.7 (C-7 or
C-14), 120.3 (q, Yer = 322.0, C-23), 127.2 (C-7 or C-14), 129.6 (d, 3Jcp = 11.5, C-21), 129.8 (d, Ye.
p=55.0, C-19), 131.0 (d, “Jcp = 4.0, C-2), 131.7 (C-8 or C-15), 131.8 (C8 or C-15), 132.2 (d, “Jcp =
2.0, C-22), 134.4 (d, YJcp = 13.5, C-20), 152.4 (C-10 or C-17), 154.1 (C-10 or C-17), 161.4 (d, Ycp =
111.0, C-4), 165.5 (C-3), 172.1 (C-1), 175.7 (d, *Jcp = 5.0, C-5), 202.3 (C-12); & (162 MHz; CD,Cl,)
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41.9; 6¢ (376 MHz; CD,Cl;) -79.4; HRMS (ESI*) Found: 833.2579; Cs;Ha:AuN,0,P (M*) Requires
833.2566 (1.6 ppm error).

Note that toluene is present in the *H and 3C NMR spectra due to its inclusion in the crystal

structure of gold triflimide.
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(E)-4-(4-(dimethylamino)phenyl)but-3-en-2-one (3.128)

3.128

Following a literature procedure,?** 4-(4-(dimethylamino)phenyl)but-3-yn-2-one 3.34 (37 mg,
0.2 mmol) and [bis(trifluoromethanesulfonyl)imidate](triphenylphosphine)gold(l) (2:1) toluene
adduct (8 mg, 0.005 mmol) were dissolved in dry toluene (1 mL) under an atmosphere of argon
and diethyl 2,6-dimethyl-1,4-dihydropyridine-3,5-dicarboxylate (HEH, 30 mg, 0.1 mmol) was
added. The reaction was stirred at room temperature for 24 hours before being concentrated in
vacuo. The product was purified via flash column chromatography (9:1 toluene/diethyl ether) to
give the title product as a mixture with oxidised HEH 3.129 as an orange solid (45 mol% 3.128 by
'H NMR, 19 mg of mixture, calculated 7 mg of product, 32%). R¢(toluene/diethyl ether 9:1) 0.40;
6u (400 MHz; CDCl3) 2.35 (3 H, s, H-6), 3.03 (6 H, s, H-1), 6.55 (1 H, d, J = 16.0 Hz, H-5), 6.65 —
6.70 (2 H, m, H-2), 7.42 — 7.47 (2 H, m, H-3), 7.47 (1 H, d, J = 16.0 Hz, H-4). Spectroscopic data

match those reported previously.3®°
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7.4 S-Acyl Transfer

7.4.1 General Procedures
General Procedure K: S-Acyl Transfer Reaction Optimisation

(0]
0 /J\ o o
o 327 J_
NH Base N
Y, S Solvent, (0.6 M) ., S
- \[( ) ) =
Temp, 18 h \K%T
5.41 o P 584 Ph O

Lactam 5.41 (37 mg, 0.2 mmol) was dissolved in the desired solvent (0.3 mL, 0.6 M), and the
desired quantity of 4-phenyl-3-butyne-2-one 3.27 was added, followed by the chosen base. The
reaction was stirred at the chosen temperature for 18 hours, then trimethoxybenzene (100 pL,
0.2 M in DCM) was added before the solvent was concentrated in vacuo. *H NMR spectra were

then recorded to determine the conversion of lactam 5.41 to the desired product 5.84.
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7.4.1 Lactam Synthesis
Methyl N?,Né-bis(tert-butoxycarbonyl)-L-lysinate (5.37)

4 3H\)Oj\1
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>(\g/é OHQO 10

5\/\/
SRR

5.37

Following a literature procedure,®” to a dry round-bottomed flask, (S)-lysine methyl ester
dihydrochloride salt 5.36 (2.331 g, 10.0 mmol) was dissolved in dry MeOH (50 mL) under an
atmosphere of argon. Di-tert-butyl dicarbonate (5.456 g, 25.0 mmol) and sodium hydrogen
carbonate (5.041 g, 60 mmol) were added, and the mixture was stirred at room temperature for
24 hours. The reaction mixture was filtered and concentrated in vacuo. Diethyl ether (150 mL)
was added to the residue, and the solution filtered through Celite and concentrated in vacuo.
The crude product was purified via flash column chromatography (hexane/ethyl acetate 3:1) to
yield the title product as a white solid (3.242 g, 90%). Rf(hexane/ethyl acetate 3:1) 0.34; 64 (400
MHz; CDCl;) 1.28 —1.55 (4 H, m, H-6,7), 1.43 (18 H, s, H-4,10), 1.59 - 1.69 (1 H, m, H-5a), 1.73 —
1.83 (1 H, m, H-5b), 3.09 (2 H, app. g, J = 6.5, H-8), 3.72 (3 H, s, H-1), 4.22 — 4.31 (1 H, m, H-2),
4.61 (1 H, app. brs, H-9), 5.11 (1 H, br d, J = 6.5, H-3). Spectroscopic data match those reported

previously.3Y
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Methyl (S)-2,6-bis((tert-butoxycarbonyl)amino)-6-oxohexanoate (5.38)

4 SHJ.J\
0] N.2 /‘1
>r\[(])/ P RS o 0
5
YUK

5.38

Following a literature procedure,?' to a dry round-bottomed flask, 5.37 (3.242 g, 9.0 mmol) was
dissolved in ethyl acetate (30 mL). A sodium periodate solution (10% w/w in H,0, 100 mL) and
ruthenium(Ill) chloride (187 mg, 0.9 mmol) were added, and the biphasic mixture was stirred at
room temperature for 18 hours. The reaction mixture was extracted with ethyl acetate (3 x 50
mL). The organic extracts were combined and stirred with iso-propanol (20 mL) for 2 hours. The
mixture was filtered through Celite and concentrated in vacuo. The crude product was purified
via flash column chromatography (hexane/ethyl acetate 2:1) to yield the title product as a yellow
oil (1.811 g, 54%). R¢(hexane/ethyl acetate 2:1) 0.22; &4 (400 MHz; CDCls) 1.45 (9 H, s, H-4/9),
1.49 (9 H, s, H-4/9), 1.63 — 1.76 (3 H, m, H-5a,6), 1.79 — 1.92 (1 H, m, H-5b), 2.66 — 2.83 (2 H, m,
H-7),3.75 (3 H, s, H-1), 4.27 - 4.36 (1 H, m, H-2), 5.12 (1 H, br d, J = 8.5, H-3), 7.35 (1 H, br s, H-

8). Spectroscopic data match those reported previously.3’
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Methyl (S)-6-oxopiperidine-2-carboxylate (5.39)

(0]
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1 NH
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5.39

Following a literature procedure,?' to a dry round-bottomed flask, 5.38 (1.811 g, 4.8 mmol) was
dissolved in trifluoroacetic acid (40 mL) and refluxed for 18 hours. The reaction mixture was
cooled and concentrated in vacuo. The crude product was purified via flash column
chromatography (ethyl acetate to ethyl acetate/methanol 96:4) to yield the title product as a
yellow oil (754 mg, 100%). R¢(ethyl acetate/methanol 96:4) 0.25; 64 (400 MHz; CDCl3) 1.73 -1.96
(3 H, m, H-AlK), 2.13 = 2.17 (1 H, m ,H-Alk), 2.32 — 2.49 (2 H, m, H-AIk), 3.79 (3 H, s, H-6), 4.12 (1
H, dd, J = 7.5, 6.0, H-4), 6.50 (1 H, br s, H-5). Spectroscopic data match those reported

previously.3Y
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(S)-6-(Hydroxymethyl)piperidin-2-one (5.18)

Following a literature procedure,® to a dry round-bottomed flask, 5.39 (754 mg, 4.8 mmol) was
dissolved in dry ethanol (48 mL) under an atmosphere of argon and cooled to 0 °C. Sodium
borohydride (352 mg, 9.3 mmol) was added and the reaction was brought to room temperature,
and stirred for 24 hours. Acetic acid (1 mL) was added, and the reaction was stirred for a further
19 hours. The reaction mixture was concentrated in vacuo and the residue was redissolved in
DCM (100 mL). The mixture was dried using K,COs, filtered and concentrated in vacuo. The crude
product was purified via flash column chromatography (ethyl acetate/methanol 95:5 to 7:3) to
yield the title product as a pale, brown solid (554 mg, 73%). R¢(ethyl acetate/methanol 7:3) 0.42;
6n (400 MHz; CDCl5) 1.31-1.41 (1 H, m, H-2a), 1.67 — 1.81 (1 H, m, H-Alk), 1.80 - 1.96 (2 H, m,
H-Alk), 2.28 (1 H, ddd, J=17.5, 11.0, 6.0, H-3a), 2.42 (1 H, dddd, /= 17.5, 5.5, 3.5, 1.5, H-3b), 3.46
(1H,dd,J=10.5,8.5, H-6a), 3.50 - 3.58 (1 H, m, H-4), 3.70 (1 H, dd, J = 10.5, 3.0, H-6b), 6.96 (1

H, brs, H-5). Spectroscopic data match those reported previously.3Y’
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(S)-S-((6-Oxopiperidin-2-yl)methyl) ethanethioate (5.41)

5.41

Based on a literature procedure,3'® to a dry round-bottomed flask, triphenylphosphine (1.364 g,
5.2 mmol) and DIAD (1.00 mL, 1.051 g, 5.2 mmol) were dissolved in dry THF (17 mL) under an
atmosphere of argon and cooled to 0 °C. The mixture was stirred for 20 minutes before a solution
of 5.18 (554 mg, 4.3 mmol) and thioacetic acid (0.36 mL, 393 mg, 5.2 mmol) in dry THF (10 mL)
was added (Note: 5.18 is sparingly soluble in THF and required mild heating to fully dissolve).
The reaction mixture was brought to room temperature and stirred for 18 hours. The reaction
mixture was concentrated in vacuo. The crude product was purified via flash column
chromatography (ethyl acetate to ethyl acetate/methanol 95:5) to yield the title product as a
pale, brown solid (719 mg, 89%). R¢(ethyl acetate) 0.14; mp 68 — 70 °C; Vmax (thin film)/cm™3212,
2949, 2875, 1689, 1656, 1329, 1306, 625; &4 (400 MHz; CDCl3) 1.42 - 1.52 (1 H, m, H-4a), 1.65 —
1.77 (1 H, m, H-3a), 1.88 —2.01 (2 H, m, H-3b,4b), 2.25-2.35 (1 H, m, H-2a), 2.36 —2.44 (1 H, m,
H-2b), 2.38 (3 H, s, H-9), 2.84 (1 H, dd, /= 14.0, 7.0, H-7a), 3.17 (1 H, dd, J = 14.0, 5.0, H-7b), 3.51
—3.59 (1 H, m, H-5), 5.84 (1 H, br s, H-6); &¢c (126 MHz; CDCls) 19.3 (C-3), 27.4 (C-4), 30.7 (C-9),
31.2 (C-2), 34.7 (C-7), 52.3 (C-5), 172.4 (C-1), 195.0 (C-8); HRMS (ESI*) Found: 188.0741;
CsH14NO,S (M+H*) Requires 188.0740 (-0.5 ppm error); Found: 210.0561; CgH13NNaO,S (M+Na)
Requires 210.0559 (-1.0 ppm error).
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(S)-6-(Mercaptomethyl)piperidin-2-one (5.21)

5.21

To a dry round-bottomed flask, 5.41 (56 mg, 0.3 mmol) was dissolved in degassed MeOH (1.5
mL) under an atmosphere of argon and a degassed solution of ag. NaOH (1 M, 0.3 mL) was
added. The mixture was stirred at room temperature for 1 hour. A solution of ag. HCI (1 M, 0.3
mL) was added, followed by saturated aq. NaCl (10 mL). The product was extracted with ethyl
acetate (3 x 10 mL), dried using MgSO4 and concentrated in vacuo. The crude product was
purified viag flash column chromatography (ethyl acetate to ethyl acetate/methanol 95:5) to
yield the title product as a white solid (38 mg, 86%). Rs(ethyl acetate/methanol 95:5) 0.41; mp
74 — 76 °C; Vmax (thin film)/cm™ 3186, 3077, 2949, 2580, 1650, 1311, 809; &4 (400 MHz; CDCls)
1.40-1.51(1H, m, H-H-3a), 1.44 (1 H, dd, /= 10.0, 7.5, H-8), 1.62 — 1.74 (1 H, m, H-4a), 1.83 —
1.91 (1 H, m, H-3b), 1.92 — 2.00 (1 H, m, H-4b), 2.20 — 2.31 (1 H, m, H-2a), 2.36 (1 H, dddd, J =
17.5,5.5, 4.0, 1.5, H-2b), 2.48 (1 H, ddd, J = 13.5, 10.0, 7.5, H-7a), 2.70 (1 H, ddd, J = 13.5, 7.5,
5.5, H-7b), 3.36 — 3.44 (1 H, m, H-5), 7.00 (1 H, br s, H-6); 8¢ (100 MHz; CDCls) 19.5 (C-3), 27.5 (C-
4),30.8 (C-2), 31.4 (C-7), 55.0 (C-5), 172.7 (C-1); HRMS (ESI*) Found: 146.0634; CcH12NOS (M+H?)
Requires 146.0634 (0.0 ppm error); Found: 168.0455; CsH;:NNaOS (M+H*) Requires 168.0454
(-0.7 ppm error).
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(65,6'S)-6,6'-(Disulfanediylbis(methylene))bis(piperidin-2-one) (5.42)

This is a side product formed during the synthesis of 5.21 when the solvents were not degassed,
performed at the same scale as described above, with 5.41 (56 mg, 0.3 mmol) in MeOH (1.5 mL)
and ag. NaOH (1 M, 0.3 mL). Purification by flash column chromatography ethyl acetate to ethyl
acetate/methanol 7:3) yielded the title product as a white solid (7 mg, 17%). Rs (ethyl
acetate/methanol 7:3) 0.41; mp 130 — 131 °C; Vmax (thin film)/cm™ 3402, 3193, 2949, 2871, 1652,
1404, 1331, 1308; &4 (400 MHz; CDCls) 1.42 — 1.54 (2 H, m, H-H-3a), 1.67 — 1.84 (2 H, m, H-4a),
1.85—1.94 (2 H, m, H-3b), 1.94 — 2.02 (2 H, m, H-4b), 2.24 — 2.34 (2 H, m, H-2a), 2.36 — 2.45 (2
H, m, H-2b), 2.63 (2 H, dd, J = 13.5, 8.5, H-7a), 2.86 (2 H, dd, J = 13.5, 4.5, H-7b), 3.63-3.72 (2 H,
m, H-5), 6.45 (1 H, br s, H-6); 8¢ (100 MHz; CDCls) 19.6 (C-3), 28.1 (C-4), 31.5 (C-2), 44.7 (C-7),
51.2 (C-5), 172.2 (C-1); HRMS (ESI*) Found: 289.1039; C1,H21N20,S; (M+H*) Requires 289.1039
(0.1 ppm error); Found: 311.0857; C12H20N2Na0,S; (M+Na) Requires 311.0858 (0.3 ppm error).
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(S)-5-(Hydroxymethyl)pyrrolidin-2-one (5.45)

Following a literature procedure,®? (S)-pyroglutamic acid 5.43 (2.581 g, 20.0 mmol) was
suspended in dry ethanol (9 mL) under an atmosphere of argon and cooled to 0 °C. Thionyl
chloride (1.8 mL, 2.855 g, 24.0 mmol) was added and the reaction was brought to room
temperature and stirred for 20 hours. The reaction mixture was concentrated in vacuo, and the
residue was redissolved in ethyl acetate (50 mL), dried over K,CO;, filtered and concentrated in
vacuo. The crude ethyl ester 5.44 (3.143 g) was dissolved in dry ethanol (16 mL) under an
atmosphere of argon and cooled to 0 °C. Sodium borohydride (1.740 g, 46.0 mmol) was added,
and the reaction was brought to room temperature and stirred for 20 hours. Acetic acid (6 mL)
was added and the reaction was filtered and concentrated in vacuo. The crude product was
purified via flash column chromatography (DCM/methanol 96:4 to 9:1) to yield the title product
as a brown oil (1.116 g, 48%). Rs(DCM/methanol 9:1) 0.31; &4 (400 MHz; CDCl3) 1.75- 1.89 (1 H,
m, H-1/2), 2.13 - 2.27 (1 H, m, H-1/2), 2.28 — 2.47 (2 H, m, H-1/2), 3.43 — 3.55 (1 H, m, H-5a),
3.66—3.76 (1 H, m, H-5b), 3.78 — 3.88 (1 H, m, H-3), 6.88 — 7.25 (1 H, br m, H-4). Spectroscopic

data match those reported previously.3¢!
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(S)-S-((5-Oxopyrrolidin-2-yl)methyl) ethanethioate (5.46)
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Based on a literature procedure,'® to a dry round-bottomed flask, triphenylphosphine (2.990 g,
11.4 mmol) and DIAD (2.2 mL, 2.305 g, 11.4 mmol) were dissolved in dry THF (38 mL) under an
atmosphere of argon and cooled to 0 °C. The mixture was stirred for 20 minutes before a solution
of 5.45 (1.094 g, 9.5 mmol) and thioacetic acid 5.40 (0.8 mL, 868 mg, 11.4 mmol) in dry THF (21
mL) was added. The reaction mixture was brought to room temperature and stirred for 18 hours.
The reaction mixture was concentrated in vacuo. The crude product was purified via flash
column chromatography (ethyl acetate) to yield the title product as a yellow oil (1.144 g, 70%).
R¢ (ethyl acetate) 0.18; 64 (400 MHz; CDCl3) 1.75 — 1.87 (1 H, m, H-1/2), 2.25 — 2.49 (3 H, m, H-
1,2),2.38 (3 H, s, H-6),2.90 (1 H, dd, J = 14.0, 6.0, H-5a), 3.18 (1 H, dd, J = 14.0, 5.0, H-5b), 3.84
—3.92 (1 H, m, H-3),5.92 (1 H, brs, H-4). Spectroscopic data match those reported previously.38
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6-Ethylpiperidin-2-one (5.48)

0
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5.48

Following a literature procedure,?? to a dry round-bottomed flask, piperidine-2,6-dione 5.47
(1.450 g, 12.8 mmol) was dissolved in dry THF (51 mL) under an atmosphere of argon and cooled
to 0 °C. Ethyl magnesium bromide (13 mL, 38.5 mmol, 3 M in Et,0) was added and the reaction
was brought to room temperature and stirred for 19 hours. Sodium cyanoborohydride (885 mg,
14.1 mmol) and acetic acid (3.7 mL, 3.843 g, 64.0 mmol) were added and stirred at room
temperature for 1 hour. A saturated aq. NaHCOs solution (50 mL) was added, and the product
was extracted with ethyl acetate (3 x 50 mL), dried using Na,SO4 and concentrated in vacuo. The
crude product was purified via flash column chromatography (diethyl ether to diethyl
ether/methanol 98:2) to yield the title product as a white solid (770 mg, 47%). Ry (diethyl
ether/methanol 98:2) 0.28; 6, (500 MHz; CDCl3) 0.95 (3 H, t,J=7.5,H-7),1.31-1.41 (1 H, m, H-
Alk), 1.52 (2 H, pent., J = 7.5, H-6), 1.64 — 1.75 (1 H, m, H-Alk), 1.87 — 1.96 (2 H, m, H-Alk), 2.29
(1H,ddd,J=17.5,11.0, 6.0, H-1a), 2.36 — 2.44 (1 H, m, H-1b), 3.26 —3.33 (1 H, m, H-4), 5.85 (1

H, brs, H-5). Spectroscopic data match those reported previously.3?2
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7.4.2 Michael Acceptor Synthesis
(E)-3-Benzylidene-1-ethylpyrrolidine-2,5-dione (5.50)
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Following a literature procedure,®** N-ethyl maleimide 5.49 (125 mg, 1.0 mmol) and
triphenylphosphine (315 mg, 1.2 mmol) were dissolved in ethanol (8 mL) and stirred for 5
minutes. Benzaldehyde 1.36 (0.14 mL, 144 mg, 1.4 mmol) was added and the reaction mixture
was stirred at room temperature for 18 hours. The mixture was concentrated in vacuo and the
crude product was purified via flash column chromatography (hexane/ethyl acetate 8:2 to 7:3)
to yield the title product as a white solid (147 mg, 68%). Rs(hexane/ethyl acetate 8:2) 0.37; &y
(400 MHz; CDCl3) 1.26 (3 H, t, J = 7.5, H-1), 3.58 (2 H, d, J = 2.5, H-3), 3.71 (2 H, q, J = 7.5, H-2),
7.40-7.53 (5 H, m, H-Ar), 7.63 (1 H, t, J = 2.5, H-4). Spectroscopic data match those reported

previously.32*

1-Phenylprop-2-yn-1-ol (1.5)

1.5

Following a literature procedure,??” benzaldehyde 1.36 (1.0 mL, 1.061 g, 1.0 mmol) was dissolved
in dry THF (20 mL) under an atmosphere of argon and cooled to -78 °C. Ethynyl magnesium
bromide (48 mL, 24.0 mmol, 0.5 M in THF) was added and the reaction mixture was brought to
room temperature and stirred for 2.5 hours. The reaction was quenched with saturated aq.
NH4Cl (50 mL) and the product was extracted with DCM (3 x 50 mL). The organic extracts were
combined and dried over MgSQ,, filtered and concentrated in vacuo. The crude product was
purified via flash column chromatography (DCM/hexane 4:1) to yield the title product as a pale,
yellow oil (1.073 g, 81%). R(DCM/hexane 4:1) 0.33; 64 (400 MHz; CDCl3) 2.19 (1 H, d, J = 6.5, H-
3),2.69 (1 H,d,J=25,H-1),5.49 (1 H, dd, J = 6.5, 2.5, H-2), 7.33 = 7.43 (3 H, m, H-5,6), 7.55 —

7.99 (2 H, m, H-4). Spectroscopic data match those reported previously.3?’
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1-Phenylprop-2-yn-1-one (5.52)

5.52

Following a literature procedure,?® 1-phenylprop-2-yn-1-ol 1.5 (1.073 g, 8.1 mmol) was
dissolved in DCM (27 mL) and activated magnesium oxide (4.929 g, 56.7 mmol) was added. The
reaction mixture was stirred at room temperature for 20 hours, then filtered through Celite and
concentrated in vacuo. The crude product was purified via flash column chromatography
(hexane/ethyl acetate 30:1) to yield the title product as a pale, brown solid (451 mg, 43%). R¢
(hexane/ethyl acetate 30:1) 0.30; 64 (400 MHz; CDCl3) 3.45 (1 H, s, H-1), 7.49 — 7.55 (2 H, m, H-
3),7.62-7.68 (1 H, m, H-4),8.16 —8.20 (2 H, m, H-2). Spectroscopic data match those reported

previously.3%®
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7.4.3 Thiol Coupling

3-((tert-Butoxycarbonyl)(methyl)amino)propanoic acid (5.54)

5.54

Following a literature procedure,3?® to a dry round-bottomed flask, N-Boc B-alanine 5.53 (946
mg, 5.0 mmol) and methyl iodide (3.2 mL, 7.097 g, 50.0 mmol) were dissolved in dry THF (50 mL)
under an atmosphere of argon. The reaction mixture was cooled to 0 °C and sodium hydride
(2.000 g, 50.0 mmol, 60% w/w dispersion in mineral oil) was added. The reaction mixture was
stirred for 30 minutes before being brought to room temperature and stirred for a further 17
hours. The reaction was quenched with the addition of deionised water (50 mL) and the organic
soluble impurities were extracted with ethyl acetate (4 x 50 mL). The aqueous extract was
acidified to pH = 3 with ag. HCI (1 M, 10 mL) and extracted with ethyl acetate (3 x 50 mL). The
organic extracts were combined and dried over Na,SO, filtered and concentrated in vacuo. The
title product was isolated as a brown oil without further purification (938 mg, 92%). 64 (400 MHz;
CDCl3) 1.46 (9 H, s, H-5), 2.59 - 2.67 (2 H, br m, H-2),2.90 (3 H, s, H-4),3.53 (2 H, t, /= 7.0, H-3).

Spectroscopic data match those reported previously.3%®
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(S)-S-((6-Oxopiperidin-2-yl)methyl) 3-((((9H-fluoren-9-yl)methoxy)carbonyl)(benzyl)

amino)propanethioate (5.56)

Based on a reported procedure,*® to a dry round-bottomed flask, 5.55 (161 mg, 0.4 mmol),
HATU (152 mg, 0.4 mmol) and DIPEA (70 uL, 52 mg, 0.3 mmol) were dissolved in dry DMF (1 mL)
under an atmosphere of argon. To this a solution of 5.21 (44 mg, 0.3 mmol) in dry DMF (1.3 mL)
under an atmosphere of argon, was added and the reaction was stirred at room temperature
for 4 hours. The reaction was concentrated in vacuo, then the residue was dissolved in ethyl
acetate (20 mL) and deionised water (10 mL) was added. The product was extracted with ethyl
acetate (5 x 10 mL). The organic extracts were combined and washed with sat. ag. NaCl (3 x 20
mL), dried with MgSQ,, filtered, and concentrated in vacuo. The crude product was purified via
flash column chromatography (ethyl acetate) to give the title product as a mixture with
tetramethylurea as an orange oil (75 mol% 5.56 by *H NMR, 98 mg of mixture, calculated 90 mg
of product, 57%.)

To avoid the impurity, 5.56 was made using an alternative method. To a dry round-bottomed
flask, 5.55 (161 mg, 0.4 mmol), T3P (235 mg, 0.4 mmol, 50% w/w in ethyl acetate) and DIPEA
(0.1 mL, 78 mg, 0.6 mmol) were dissolved in dry DCM (4 mL) under an atmosphere of argon. To
this a solution of 5.21 (44 mg, 0.3 mmol) in dry DCM (0.6 mL) under an atmosphere of argon,
was added and the reaction was stirred at room temperature for 21 hours. The reaction was
diluted with deionised water (15 mL) and the product was extracted with ethyl acetate (3 x 15
mL). The organic extracts were dried with MgSQ,, filtered, and concentrated in vacuo. The crude
product was purified via flash column chromatography (ethyl acetate) to yield the title product
as an orange oil, which exists as a mixture of rotamers in CDCl; (denoted as A and B) (86 mg,
54%, A:B =1.1:1). Rs(ethyl acetate) 0.20; vmax (thin film)/cm™ 3280, 3065, 2950, 1692, 1660, 1476,
1451, 1419, 736; 64 (400 MHz; CDCl3) 1.35-1.48 (2 H, m, H-4a, A and B), 1.61 — 1.74 (2 H, m, H-
3a,AandB),1.82-1.96 (4 H, m, H-3b,4b, A and B), 2.23 —2.33 (2 H, m, H-2a, A and B), 2.33 -
2.43 (4 H, m, H-2b, A and B, and H-9, B), 2.79 — 2.90 (4 H, m, H-7a, A and B, and H-9, A), 3.03 -
3.13 (2 H, m, H-7b, Aand B), 3.21 (2 H, t, J = 6.5, H-10, B), 3.44—3.51 (2 H, m, H-5, A and B), 3.55
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(2H,t,/=6.5H-10,A), 422 (1H,t,J=6.0,H-18, A), 4.26 (1 H, t,J = 5.0, H-18, B), 437 (2 H, s,
H-11, A), 4.40 (2 H, s, H-11, B), 4.53 (2 H, d, J = 6.0, H-17, A), 4.68 (2 H, d, /= 5.0, H-17, B), 6.26
(1H, brs, H-6,A),6.30 (1 H, brs, H-6, B), 7.00 —7.07 (2 H, m, H-Ar, A), 7.10 - 7.16 (2 H, m, H-Ar,
B),7.21-7.50 (XH, m, H-Ar, Aand B), 7.61 (2 H,d, J = 7.5, H-23, B), 7.73 (2 H, d, J = 7.5, H-20,
A),7.77 (2 H, d, J = 7.5, H-20, B); &¢ (100 MHz; CDCls) 19.3 (2 x C-3, A and B), 27.6 (2 x C-4, A and
B), 31.3 (2x C-2, A and B), 34.7 (2 x C-7, A and B), 42.4 (C-9, A or C-10, B), 42.5 (C-9, A or C-10,
B), 42.6 (C-9, B), 43.7 (C-10, A), 47.3 (C-18, A or B), 47.6 (C-18, A or B), 51.1 (C-11, A or B), 51.3
(C-11, A or B), 52.3 (C-5, A or B), 52.4 (C-5, A or B), 66.9 (C-17, B), 67.5 (C-17, A), 120.0 (C-20, A
or B), 120.1 (C-20, A or B), 124.8 (C-23, A or B), 124.9 (C-23, A or B), 127.1 (CH, C-Ar, A or B),
127.3 (CH, C-Ar, A or B), 127.6 (CH, C-Ar, A or B), 127.7 (CH, C-Ar, A or B), 127.8 (CH, C-Ar, A or
B), 127.9 (CH, C-Ar, A or B), 128.7 (CH, C-Ar, A or B), 128.8 (CH, C-Ar, A or B), 137.3 (C-12, A),
137.4 (C-12, B), 141.4 (C, C-19/24, A or B), 141.5 (C, C-19/24, A and B), 143.9 (2 x C, C-19/24, A
and B), 156.1 (C-16, A), 156.3 (C-16, B), 172.3 (2 x C-1, A and B), 196.6 (C-8, B), 196.9 (C-8, A);
HRMS (ESI*) Found: 529.5127; C31H33N,04S (M+H*) Requires 529.5216 (-0.3 ppm error); Found:
551.1967; C3;H32N2NaO4S (M+Na) Requires 551.1975 (1.4 ppm error).

Note that two aromatic CH carbon resonances could not be found in the 3C NMR spectra. It is

believed that they are overlapping with other resonances.
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(S)-S-((6-Oxopiperidin-2-yl)methyl) 3-((tert-butoxycarbonyl)(methyl)amino) propanethioate
(5.57)
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To a dry round-bottomed flask, 5.54 (87 mg, 0.6 mmol), T3P (955 mg, 1.5 mmol, 50% w/w in
ethyl acetate) and DIPEA (0.4 mL, 310 mg, 2.4 mmol) were dissolved in dry DCM (15 mL) under
an atmosphere of argon. To this a solution of 5.21 (87 mg, 0.6 mmol) in dry DCM (1 mL) under
an atmosphere of argon, was added and the reaction was stirred at room temperature for 21
hours. The reaction was diluted with deionised water (5 mL) and the product was extracted with
ethyl acetate (3 x 20 mL). The organic extracts were dried with MgSQ,, filtered, and concentrated
in vacuo. The crude product was purified via flash column chromatography (ethyl acetate/acetic
acid 98:2) to yield the title product as a yellow oil (103 mg, 52%). Note that the 3C NMR spectrum
showed that the product exists as a mixture of rotamers in CDCl; (A and B). The rotamers are
indistinguishable in the 'H NMR spectrum, however based on the 3C NMR spectrum, the
rotamers are approximately in a 1:1 ratio. Ry (ethyl acetate/acetic acid 98:2) 0.30; Vmax (thin
film)/cm™ 3218, 2933, 1688, 1660, 1480, 1146, 728; &4 (400 MHz; CDCl3) 1.31 — 1.45 (10 H, m,
H-4a,14, Aand B), 1.57-1.69 (1H, m, H-3, Aand B), 1.79-1.91 (2 H, m, H-3b,4b, A and B), 2.17
—2.27(1H,m,H-2a,AandB), 2.27-2.35(1H, m, H-2b, Aand B), 2.67 — 2.83 (5 H, m, H-8/9 and
11, Aand B), 2.83-2.93 (1 H, m ,H-7a, A and B), 3.06 (1 H, dd, J = 14.0, 5.5, H-7b, A and B), 3.38
—3.55(3 H,m, H-5 and 8/9, A and B), 6.59 (1 H, br s, H-6, A and B); &¢ (100 MHz; CDCls) 18.9 (2
x C-3, A and B), 26.5 (2 x C-4, A and B), 27.9 (2 x C-14, A and B), 30.7 (2 x C-2, A and B), 33.8 (2 x
C-7,Aand B),34.4 (C-11, Aor B), 34.6 (C-11, A or B), 41.9 (C-9/10, A or B), 42.3 (C-9/10, A or B),
44.9 (C-9/10, A or B), 51.8 (2 x C-5, A and B), 79.2 (2 x C-13, A and B), 154.8 (C-12, A or B), 154.9
(C-12,A0rB),172.2(2xC-1,A and B), 196.2 (C-8, A or B), 196.4 (C-8, A or B); HRMS (ESI*) Found:
353.1500; CisH26N2Na04S (M+Na) Requires 353.1505 (1.7 ppm error).
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(S)-S-((6-Oxopiperidin-2-yl)methyl) 3-(benzyloxy)propanethioate (5.59)

To a dry round-bottomed flask, 3-(benzyloxy)propanoic acid 5.58 (270 mg, 1.5 mmol), T3P (955
mg, 1.5 mmol, 50% w/w in ethyl acetate) and DIPEA (0.4 mL, 310 mg, 2.4 mmol) were dissolved
in dry DCM (15 mL) under an atmosphere of argon. To this a solution of 5.21 (87 mg, 0.6 mmol)
in dry DCM (1 mL) under an atmosphere of argon, was added and the reaction was stirred at
room temperature for 21 hours. The reaction was diluted with deionised water (5 mL) and the
product was extracted with ethyl acetate (3 x 20 mL). The organic extracts were dried with
MgSQ,, filtered, and concentrated in vacuo. The crude product was purified via flash column
chromatography (ethyl acetate) to yield the title product as a white solid (91 mg, 49%). R¢(ethyl
acetate) 0.16; mp 47 — 48 °C; Vmax (thin film)/cm™ 3210, 3063, 2949, 2868, 1688, 1659, 1406,
1306, 1100, 738, 698; 61 (400 MHz; CDCls) 1.38 — 1.50 (1 H, m, H-3a/4a), 1.60—-1.74 (1 H, m, H-
3a/4b), 1.82 -1.97 (2 H, m, H-3b,4b), 2.20 - 2.31 (1 H, m, H-2a), 2.31 - 2.40 (1 H, m, H-2b), 2.87
(2H,t,/=6.0,H-9),2.90 (1 H, dd, J = 14.0, 6.5, H-7a), 3.14 (1 H, dd, / = 14.0, 5.5, H-7b), 3.49 —
3.55(1H, m, H-5),3.75 (3 H, t,J=6.0, H-10), 4.51 (2 H, 5, H-11), 6.32 (1 H, br s, H-6), 7.25 - 7.26
(5 H, m ,H-Ar); &6¢ (100 MHz; CDCls) 19.4 (C-3), 27.6 (C-4), 31.3 (C-2), 34.7 (C-7), 44.5 (C-9), 52.5
(C-5), 65.6 (C-10), 73.2 (C-11), 127.7 (CH, C-Ar), 127.8 (CH, C-Ar), 128.5 (CH, C-Ar), 137.9 (C-12),
172.3 (C-1), 196.7 (C-8); HRMS (ESI*) Found: 308.1312; C16H22NO3S (M+H*) Requires 308.1315
(1.0 ppm error); Found: 330.1127; C16H,1NNaOsS (M+Na) Requires 330.1134 (2.1 ppm error).
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7.4.4 Michael Acceptor Screening
Nucleophilic Addition to N-ethyl maleimide (5.49)

(@]
NH (1eq)
(@] SH
o O\ NEt \h (1 eq)
5.48 NEt 977 ONNEt
N ~ NEt (2 eq) NEt; (2 eq) o

CHCI; (0.1 M) O  CHCI3 (0.1 M) Ys
RT, 1h 5.49 RT, 30 min 5.79

5.78 (not isolated)

Based on a literature procedure,¥! isobutyl mercaptan 5.77 (11 pL, 9 mg, 0.1 mmol) or 5.48 (13
mg, 0.1 mmol) were dissolved in chloroform (1 mL), and N-ethyl maleimide 5.49 (12 mg, 0.1
mmol) and triethylamine (29 pL, 20 mg, 0.2 mmol) were added. The reactions were stirred for 1
hour, then concentrated in vacuo, and a *H NMR spectrum was recorded. No nucleophilic
addition to 5.49 was seen when 5.48 was the nucleophile. However, nucleophilic addition was
seen when isobutyl mercaptan 5.77 was used, to yield 1-ethyl-3-(isobutylthio)pyrrolidine-2,5-
dione (5.79), which wasn’t isolated. The *H NMR data for 5.79 is reported here:

84 (400 MHz; CDCls) 1.01 (6 H, d, J = 6.5, H-1), 1.18 (3 H, t, J = 7.0, H-7), 1.87 (1 H, m, H-2), 2.64
(1H,dd,J=12.5,7.5, H-3a),2.78 (1 H, dd, J = 12.5, 6.5, H-3b), 2.51 (1 H, dd, J = 18.5, 3.5, H-5a),
3.11 (1 H, dd, J = 18.5, 9.0, H-5b) 3.57 (2 H, g, J = 7.0, H-6), 3.67 (1 H, dd, J = 9.0, 3.5, H-4).
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Nucleophilic Addition to 5.50

0
0
NH
NEt (1eq) YSH (1eq) Q
° NEt
o) 5.48 o 5.77 o
NEt; (2 eq) Ph™ X\ NEt; (2 eq)
N Ph = NEt
THF (0.1 M) THF (0.1 M) \ﬁs Ph
RT, 19 h 550 RT, 19 h 5.80

5.81

Isobutyl mercaptan 5.77 (11 pL, 9 mg, 0.1 mmol) or 5.48 (13 mg, 0.1 mmol) were dissolved in
dry THF (1 mL) under an atmosphere of argon, and 5.50 (21 mg, 0.1 mmol) and triethylamine
(29 uL, 20 mg, 0.2 mmol) were added. The reactions were stirred for 19 hours, then
concentrated in vacuo, and a *H NMR spectrum was recorded. No nucleophilic addition to 5.50

was seen with either 5.48 or 5.77 was used as the nucleophile.
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Nucleophilic Addition to Ynone 3.27
0

NH

o) f 5.48 o) 5.77 J\
K2CO3 (1 eq) /J\ K2CO3 (1 eq)
N"Ph < P

CHCl; (0.6 M) Z CHCl; (0.6 M) \hs
80 °C, 2 h Ph™ 327 “g55c.2h 5. 82

(E:Z = 2:1)

5.83

Based on a literature procedure,*® isobutyl mercaptan 5.77 (22 uL, 18 mg, 0.2 mmol) or 5.48
(25 mg, 0.2 mmol) were dissolved in chloroform (0.3 mL), and 4-phenyl-3-butyne-2-one 3.27 (29
uL, 29 mg, 0.2 mmol) and potassium carbonate (28 mg, 0.2 mmol) were added. The reactions
were heated to 80 °C and stirred for 1 hour, then concentrated in vacuo, and a *H NMR spectrum
was recorded. No nucleophilic addition to 3.27 was seen when 5.48 was the nucleophile.
However, nucleophilic addition was seen when isobutyl mercaptan 5.77 was used, to yield 4-
(isobutylthio)-4-phenylbut-3-en-2-one (5.82) as a mixture of stereoisomers (E:Z = 2:1), which

wasn’t isolated. The 'H NMR data for 5.82 is reported here:

84 (400 MHz; CDCl5) 0.82 (6 H, d, J = 7.0, H-1, E), 1.03 (6 H, d, J = 6.5, H-1, Z), 1.61 (1 H, m, H-2,
E), 1.77 (3H, s, H-5, 2),1.95 (1 H, m, H-2, 2), 2.24 (2 H, d, J, 7.0, H-3, E), 2.27 (3 H, s, H-5, E), 2.65
(2H,d,J=7.0,H-3,2),6.05(1H,s, H4,2),631(1LH,s, H-4,2),7.27-7.33 (4 H, m, H-Ar, E and
7),7.35-7.41 (6 H, m, H-Ar, E and 2).
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7.4.5 Acyl Transfer Products
(S)-S-((6-Oxo-1-propionylpiperidin-2-yl)methyl) ethanethioate (5.74)

(0] O
2 N%KVs
S 5
49 g
5.74

To a dry round-bottomed flask, 5.41 (38 mg, 0.2 mmol) was dissolved in dry THF (2 mL) under
an atmosphere of argon, and propionyl chloride 5.67 (26 uL, 28 mg, 0.3 mmol) and pyridine (16
uL, 16 mg, 0.2 mmol) were added and the reaction was stirred for 22 hours. The reaction was
diluted with deionised water (10 mL) and the product was extracted with ethyl acetate (4 x 10
mL). The organic extracts were combined, dried over MgSQ,, filtered, and concentrated in
vacuo. The crude product was purified via flash column chromatography (hexane/ethyl acetate
8:2) to yield the title product as a pale, yellow oil (28 mg, 58%). Rf(hexane/ethyl acetate 8:2)
0.23; Vmax (thin film)/cm™3288, 2926, 1690, 1662, 1352, 1166, 626; &4 (400 MHz; CDCl3) 1.12 (3
H,t,J=7.5, H-8), 1.70 — 1.85 (2 H, m, H-3a,4a), 1.85 — 1.95 (1 H, m, H-3b/4b), 1.85 - 2.10 (1 H,
m, H-3b/4b), 2.34 (3 H, s, H-11), 2.51 (1 H, ddd, J = 18.0, 9.5, 7.0, H-2a), 2.57 — 2.67 (1 H, m, H-
2b), 2.75 (1 H, dd, J = 18.0, 7.5, H-7a), 2.92 (1 H, dd, J = 18.0, 7.5, H-7b), 2.98 (1 H, dd, J = 13.5,
4.5, H-9a), 3.25 (1 H, dd, J = 13.5, 9.0, H-9b), 4.64 (1 H, dq, J = 9.0, 4.5, H-5), 6¢ (100 MHz; CDCls)
9.4 (C-8),17.0(C-3/4),25.0(C-3/4),30.6 (C-11), 31.3 (C-2),32.9(C-7), 34.6 (C-9), 52.5 (C-5), 173.6
(C-1/6), 177.6 (C-1/6), 194.8 (C-10); HRMS (ESI*) Found: 266.0826; Ci:H1;NNaOsS (M+Na)
Requires 266.0821 (-1.7 ppm error).
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(S)-S-((5-Oxo-1-propionylpyrrolidin-2-yl)methyl) ethanethioate (5.76)

O
2E1Zf O
e
3~ 8\9 10
4:’5
S
5.76 )6\7
O

To a dry round-bottomed flask, 5.46 (35 mg, 0.2 mmol) was dissolved in dry THF (2 mL) under
an atmosphere of argon, and propionyl chloride 5.67 (26 uL, 28 mg, 0.3 mmol) and pyridine (16
pL, 16 mg, 0.2 mmol) were added and the reaction was stirred for 22 hours. The reaction was
diluted with deionised water (10 mL) and the product was extracted with ethyl acetate (4 x 10
mL). The organic extracts were combined, dried over MgSQ,, filtered, and concentrated in
vacuo. The crude product was purified via flash column chromatography (hexane/ethyl acetate
8:2) to yield the title product as a pale, yellow oil (16 mg, 35%). Rf(hexane/ethyl acetate 8:2)
0.21; Vimax (thin film)/cm™2980, 2941, 1739, 1695, 1364, 1226, 625; 64 (600 MHz; CDCls) 1.15 (3
H,t,/=7.5,H-10),1.83 (1 H, ddt, J=13.5,9.5, 2.0, H-3a), 2.11 (1 H, dqg, /= 13.5, 10.0, H-3b), 2.37
(3H,s,H-7),2.49 (1 H, ddd, J = 18.0, 10.0, 2.0, H-2a), 2.81 (1 H, ddd, J = 18.0, 10.0, 9.5, H-2b),
2.90 (2 H, q,J=7.5, H-9), 3.20 (1 H, dd, J = 14.0, 3.0, H-5a), 3.37 (1 H, dd, J = 14.0, 7.5, H-5b),
4.56 (1 H, dddd, J = 9.5, 7.5, 3.0, 2.0, H-4); 6¢ (151 MHz; CDCls) 8.4 (C-10), 21.7 (C-3), 30.7 (C-
7/9), 30.9 (C-7/9), 31.4 (C-5), 32.4 (C-2), 56.3 (C-4), 175.1 (C-1/8), 175.5 (C-1/8), 195.0 (C-6);
HRMS (ESI*) Found: 252.0670; C10H1sNNaOsS (M+Na) Requires 252.0665 (2.0 ppm error).
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(S)-1-Acetyl-6-(((3-oxo-1-phenylbut-1-en-1-yl)thio)methyl)piperidin-2-one (5.84)

O O
21 N)sj\7
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To a dry round-bottomed flask, 5.41 (26 mg, 0.1 mmol) and 4-phenyl-3-butyne-2-one 3.27 (29
pL, 29 mg, 0.2 mmol) were dissolved in dry acetonitrile (0.2 mL) under an atmosphere of argon,
and potassium carbonate (29 mg, 0.2 mmol) was added. The reaction mixture was stirred at 40
°C for 18 hours. The mixture was concentrated in vacuo and the crude product was purified via
flash column chromatography (hexane/ethyl acetate 9:1 to 7:3) to yield the title product as a
yellow oil, as a mixture of E and Z stereoisomers (34 mg, 72%, E:Z = 7:3). Rf(hexane/ethyl acetate
7:3) 0.15; vmax (thin film)/cm™ 3280, 3058, 2952, 1693, 1657, 1538, 1365, 1235, 1174, 762, 730,
700; 84 (400 MHz; CDCls) 1.60 — 1.74 (4 H, m, H-Alk, E and 2), 1.78 — 1.89 (2 H, m, H-Alk, £ and
7),1.89 (3 H,s, H-12,2), 2.06 —2.11 (1 H, m, H-Alk, E), 2.18 —2.24 (1 H, m, H-Alk, Z), 2.27 (3 H, s,
H-12, E), 2.34 (3 H, s, H-7, E), 2.40 = 2.44 (2 H, m, H-2, E), 2.48 (3 H, s, H-7, Z), 2.49 = 2.52 (1 H,
m, H-8a, E), 2.55 - 2.58 (2 H, m, H-2, Z), 2.68 (1 H, dd, / = 13.0, 4.5, H-8b, E), 2.76 (1 H, dd, J =
13.5, 10.0, H-83, Z), 3.16 (1 H, dd, /= 13.5, 4.0, H-8b, Z), 4.44 —4.49 (1 H, m, H-5, E), 4.78 — 4.84
(1 H, m, H-5, 2), 6.37 (1 H, s, H-10, E), 6.42 (1 H, s, H-10, Z), 7.28 — 7.37 (4 H, m, H-Ar, E and 2),
7.35-7.42 (6 H, m, H-Ar, E and Z); 8¢ (100 MHz; CDCl5) 16.9 (C-3, Z), 16.9 (C-3, E), 24.7 (C-4, E),
25.0 (C-4, 2), 27.5 (C-7, E), 27.6 (C-7, Z), 30.6 (C-12, Z), 30.8 (C-12, E), 34.3 (C-2, E), 34.4 (C-2, 2),
34.6 (C-8, 2), 34.9 (C-8, E), 51.2 (C-5, Z), 52.5 (C-5, E), 122.4 (C-10, Z), 124.9 (C-10, E), 128.2 (CH,
C-Ar, E), 128.5 (CH, C-Ar, Z), 128.7 (CH, C-Ar, Z), 128.8 (CH, C-Ar, E), 129.3 (CH, C-Ar, Z), 129.6
(CH, C-Ar, E), 137.2 (C-13, 2), 138.3 (C-13, E), 156.0 (C-9, 2), 158.1 (C-9, E), 173.0 (C-1/6, E), 173.3
(C-1/6, 2), 173.4 (C-1/6, E), 173.7 (C-1/6, Z), 195.9 (C-11, Z), 196.1 (C-11, E); HRMS (ESI*) Found:
354.1127; C1sH2:NNaOsS (M+Na) Requires 354.1134 (-2.0 ppm error).
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(S)-S-((1-Acetyl-6-oxopiperidin-2-yl)methyl) ethanethioate (5.85)
o O
3 -, S 7
[y
Y

O

Isolated as a side-product from the acyl transfer reaction of 5.41, using the unoptimised
conditions. 5.41 (37 mg, 0.2 mmol) and 4-phenyl-3-butyne-2-one 3.27 (29 puL, 29 mg, 0.2 mmol)
were dissolved in chloroform (0.3 mL), and potassium carbonate (28 mg, 0.2 mmol) was added
and the reaction mixture was stirred at 80 °C for 18 hours. The mixture was concentrated in
vacuo and the crude product was purified via flash column chromatography (hexane/ethyl
acetate 9:1 to 7:3) to yield the title product as a pale, yellow oil (8 mg, 34%). Rs(hexane/ethyl
acetate 7:3) 0.41; vmax (thin film)/cm™ 3376, 2922, 2851, 1691, 1380, 1367, 1244; &, (400 MHz;
CDCl3) 1.75 — 1.85 (2 H, m, H-3a and H-4a), 1.89 — 1.85 (1 H, m, H-4b), 2.00 - 2.11 (1 H, m, H-3b),
2.35(3 H, s, H-8), 2.48 (3 H, s, H-10), 2.50 — 2.57 (1 H, m, H-2a), 2.60 — 2.66 (1 H, m, H-2b), 3.00
(1H,dd, =135, 4.0, H-6a), 3.27 (1 H, dd, J = 13.5, 9.0, H-6b), 4.67 (1 H, dddd, J = 9.0, 4.5, 4.0,
4.0, H-5); 8¢ (100 MHz; CDCls) 17.1 (C-3), 25.0 (C-4), 27.7 (C-10), 30.6 (C-8), 31.3 (C-6), 34.6 (C-
2), 52.4 (C-5), 173.5 (C, C-1 or C-10), 173.8 (C, C-1 or C-10), 194.8 (C-7); HRMS (ESI*) Found:
Ci0H16NOsS; 230.0841 (M+H*) Requires 230.0845 (-1.7 ppm error); Found: CioHisNNaOsS;
252.0655 (M+Na) Requires 252.0665 (-4.3 ppm error).

358



(S)-1-Acetyl-5-(((3-oxo-1-phenylbut-1-en-1-yl)thio)methyl)pyrrolidin-2-one (5.89)

0]
2& o)

o
34. 56

/:7

To a dry round-bottomed flask, 5.46 (52 mg, 0.30 mmol) and 4-phenyl-3-butyne-2-one 3.27 (65
uL, 65 mg, 0.45 mmol) were dissolved in dry acetonitrile (1 mL) under an atmosphere of argon,
and potassium carbonate (62 mg, 0.45 mmol) was added. The reaction mixture was stirred at 40
°C for 20 hours. The mixture was concentrated in vacuo and the crude product was purified via
flash column chromatography (hexane/ethyl acetate 1:1) to yield the title product as an orange
oil, as a mixture of E and Z stereoisomers (70 mg, 73%, E:Z = 7:3). R¢(hexane/ethyl acetate 1:1)
0.32; vmax (thin film)/cm™ 3301, 3059, 2932, 1737, 1692, 1658, 1538, 1359, 1288, 1269, 762, 700;
84 (600 MHz; CDCls) 1.89 (3 H, s, H-11, 2), 1.94 — 2.08 (4 H, m, H-Alk, £ and 2), 2.26 (3 H, s, H-11,
E), 2.35(3 H, s, H-6, E), 2.35 —2.41 (1 H, m, H-2a, E), 2.48 (3 H, s, H-6, Z), 2.50 — 2.58 (2 H, m, H-
2a,Eand Z),2.65(1H, dd, J=13.5, 8.0, H-73, E), 2.68 — 2.74 (1 H, m, H-2b, Z), 2.80 (1 H, dd, J =
13.5,9.0, H-7a, Z), 2.84 (1 H, dd, J = 13.5, 3.5, H-7b, E), 3.28 (1 H, dd, J = 13.5, 3.0, H-7b, Z), 4.30
(1 H,dddd, J=9.0, 8.5, 3.0, 2.0, H-4, E), 4.58 = 4.63 (1 H, m, H-4, Z), 6.38 (1 H, s, H-9, E), 6.46 (1
H, s, H-9, Z), 7.26 — 7.30 (4 H, m, H-Ar, E and Z), 7.34 —7.41 (6 H, m, H-Ar, E and 2Z); 6¢ (151 MHz;
CDCl3) 21.6 (C-3, E), 22.0 (C-3, Z), 25.3 (2 x C-6, E and 2), 30.6 (C-11, Z), 30.9 (C-11, E), 31.6 (C-2,
Z),31.7 (C-2,E), 34.6 (C-7,2), 34.8 (C-7, E), 54.9 (C-4, Z), 56.2 (C-4, E), 122.1 (C-9, Z), 125.0 (C-9,
E), 128.2 (CH, C-Ar, E), 128.5 (CH, C-Ar, 2), 128.6 (CH, C-Ar, Z), 128.9 (CH, C-Ar, E), 129.4 (CH, C-
Ar, E), 129.6 (CH, C-Ar, Z), 137.0 (C-12, Z), 138.0 (C-12, E), 155.7 (C-8, Z), 157.9 (C-8, E), 170.6 (C-
1/5, E), 171.2 (C-1/5, 2), 175.1 (C-1/5, Z), 175.3 (C-1/5, E), 195.8 (C-10, Z), 196.0 (C-10, E); HRMS
(ESI*) Found: 318.1157; C17H20NOsS (M+H*) Requires 318.1158 (0.5 ppm error); Found: 340.0974;
Ci7H1sNNaOsS (M+Na) Requires 340.0978 (1.2 ppm error).
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(S)-1-Acetyl-6-(((3-oxo-3-phenylprop-1-en-1-yl)thio)methyl)piperidin-2-one (5.90)
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To a dry round-bottomed flask, 5.41 (37 mg, 0.2 mmol) and 5.52 (39 mg, 0.3 mmol) were
dissolved in dry acetonitrile (0.3 mL) under an atmosphere of argon, and potassium carbonate
(42 mg, 0.3 mmol) was added. The reaction mixture was stirred at 40 °C for 18 hours. The mixture
was concentrated in vacuo and the crude product was purified via flash column chromatography
(hexane/ethyl acetate 9:1 to 7:3) to yield the title product as an orange solid, as a mixture of £
and Z stereoisomers (31 mg, 49%, E:Z = 58:42). Rf(hexane/ethyl acetate 7:3) 0.27, 0.20; mp 53 —
58 °C; Vmax (thin film)/cm™ 3060, 2954, 2925, 1689, 1640, 1531, 1378, 1367, 1237, 733, 694; &y
(400 MHz; CDCl5) 1.72-1.92 (6 H, m, H-3,4a, Eand Z), 2.21 - 2.29 (1 H, m, H-4b, E), 2.29 - 2.36
(1H, m, H-4b, 2),2.52 (3 H, s, H-7, 2), 2.52 (3 H, s, H-7, E), 2.55 — 2.66 (4 H, m, H-2, E and 2), 2.72
—-2.87 (2 H, m, H-8a, E and 2), 2.99 — 3.06 (1 H, m, H-8b, 2), 3.38 (1 H, dd, J = 14.0, 3.5, H-8b, E),
4.61 (1 H, ddt, J=11.5, 6.0, 3.0, 3.0, H-5, Z), 4.81 (1 H, ddd, J = 11.0, 5.5, 3.5, H-5, E), 7.17 (1 H,
d, /=10.0, H-10, 2), 7.42 (1 H, d, J = 15.0, H-10, E), 7.44 — 7.59 (6 H, m, H-Ar, E and Z), 7.69 (1 H,
d,J=10.0, H-9, 2),7.88 (1 H, d, J=15.0, H-9, E), 7.94 - 7.99 (2 H, m, H-13, Z), 8.07 — 8.13 (2 H,
m, H-13, E); 6¢ (100 MHz; CDCls) 16.8 (C-3, E or Z), 16.9 (C-3, E or Z), 23.7 (C-4, Z), 24.5 (C-4, E),
27.8 (C-7, Eor Z), 28.0 (C-7, E or Z), 33.8 (C-8, E), 34.6 (C-2, Eor Z), 34.6 (C-2, E or Z), 38.1 (C-8,
Z),51.8 (C-5, E), 54.4 (C-5, Z), 117.6 (C-10, Z), 119.5 (C-10, E), 128.2 (CH, C-Ar, Eor Z), 128.7 (CH,
C-Ar, E or Z), 128.8 (CH, C-Ar, E or Z), 132.7 (C-15, E or Z), 132.8 (C-15, E or Z), 137.9 (C-12, E or
7), 137.9 (C-12, E or 2), 146.1 (C-9, E), 151.2 (C-9, Z), 173.4 (C-1/6, E or Z), 174.0 (C-1/6, E or 2),
174.2 (C-1/6, E or Z), 186.9 (C-11, E), 189.3 (C-11, Z); HRMS (ESI*) Found: 318.1162; C17H20NO3S
(M+H*) Requires 318.1158 (-1.0 ppm error); Found: 340.0978; C17H20NNaOsS (M+Na) Requires
340.0978 (-0.1 ppm error).

Note that two quaternary carbon resonances could not be found in the 3C NMR spectra. It is
believed that those resonances are for an imide carbonyl, and an aromatic C-H, which are

overlapping with other resonances.
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tert-Butyl (S)-methyl(3-ox0-3-(2-ox0-6-(((3-oxo-1-phenylbut-1-en-1-yl)thio)methyl)piperidin-
1-yl)propyl)carbamate (5.98)

18

To a dry round-bottomed flask, 5.57 (253 mg, 0.8 mmol) and 4-phenyl-3-butyne-2-one 3.27 (0.16
mL, 159 mg, 1.1 mmol) were dissolved in dry acetonitrile (1.3 mL) under an atmosphere of argon,
and potassium carbonate (159 mg, 1.2 mmol) was added. The reaction mixture was stirred at 80
°C for 24 hours. The mixture was concentrated in vacuo and the residue was dissolved in DCM
(10 mL). Deionised water (10 mL) was added and the product was extracted with DCM (2 x 10
mL). The organic extracts were combined, dried using MgSQ,, then filtered and concentrated in
vacuo. The crude product was purified via flash column chromatography (hexane/ethyl acetate
9:1 to 7:3) to yield the title product as an orange oil, as a mixture of £ and Z stereocisomers (162
mg, 45%, E:Z = 3:1). Note that the 3C NMR spectrum showed that the Z stereoisomer product
exists as a mixture of rotamers in CDCl3 (A and B The rotamers are indistinguishable in the H
NMR spectrum, however based on the 3C NMR spectrum, the rotamers are approximately in a
1:1 ratio. Rf(hexane/ethyl acetate 7:3) 0.19; vmax (thin film)/cm™ 2972, 2936, 1683, 1541, 1391,
1365, 1163, 1141, 723, 701; 64 (600 MHz; CDCl3) 1.42 (9 H, s, H-12, E), 1.43 (9 H, s, H-12, Z), 1.65
—1.76 (3 H, m, H-3a,4a, E and H-3a, Z), 1.79 — 1.93 (6 H, m, H-3b, E and H-3b,4a,21, 2), 2.03 —
2.09 (1 H, m, H-4b, E), 2.15-2.22 (1 H, m, H-4b, Z), 2.27 (3 H, s, H-21, E), 2.36 —2.44 (2 H, m, H-
2,E),2.50 (1 H,dd,J=13.0,10.0, H-13a, E), 2.56 — 2.58 (2 H, m, H-2, Z), 2.62 — 2.69 (1 H, m, H-
13b, 7), 2.73 -2.82 (4 H, m, H-9, E and H-13a, Z), 2.86 (3 H, s, H-9, Z), 2.92 - 3.00 (2 H, m, H-7,
E), 3.07-3.18 (3 H, m, H-7,13b, Z), 3.34 - 3.46 (2 H, m, H-8, E), 3.46 —3.60 (2 H, m, H-8, Z), 4.37
—4.50(1H, m,H-5,E),4.70-4.82 (1 H, m, H-5, ), 6.36 (1 H, s, H-19, E), 6.42 (1 H, br s, H-19, 2),
7.27-7.32 (4 H, m, H-Ar, E and 2), 7.34 - 7.42 (6 H, m, H-Ar, E and 2); 6¢ (151 MHz; CDCls) 16.8
(C-3,E), 16.8(C-3,Z, Aand B), 24.7 (C-4, E), 24.9 (C-4, Z, A and B), 28.5 (C-12, Eand Z, A and B),
30.6 (C-21, Z, Aand B), 30.8 (C-21, E), 34.3 (C-2, E), 34.4 (C-2, Z, Aand B), 34.6 (C-13, Z, A and B),
34.7 (C-9, E), 34.8 (C-9, Z, A and B), 35.0 (C-13, E), 37.5 (C-7, E), 38.1 (C-7, Z, A and B), 44.9 (C-8,
E),45.1(C-8,Z, AorB),45.3(C-8,Z,AorB),51.4 (C-5,Z, A and B), 52.8 (C-5, E), 79.5 (C-11, E and
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Z, A and B), 122.1 (C-19, Z, A or B), 122.5 (C-19, Z, A or B), 124.8 (C-19, E), 128.2 (CH, C-Ar, E),
128.5 (CH, C-Ar, Z, A and B), 128.7 (CH, C-Ar, Z, A and B), 128.8 (CH, C-Ar, E), 129.3 (CH, C-Ar, E),
129.6 (CH, C-Ar, Z, A and B), 137.2 (C-15, Z, A and B), 138.3 (C-15, E), 155.7 (C-10, E), 155.7 (C-
10, Z, A or B), 155.7 (C-10, Z, A or B), 156.1 (C-14, Z, A and B), 158.1 (C-14, E), 173.3 (C-1/6, Z, A
and B), 173.4 (C-1/6, E), 174.3 (C-1/6, E), 174.9 (C-1/6, Z, A and B), 195.9 (C-20, Z, A and B), 196.1
(C-20, E); HRMS (ESI*) Found: 475.2266; CisH3sN,0sS (M+H*) Requires 475.2261 (-1.0 ppm
error); Found: 497.2077; CasH3sN2NaOsS (M+Na) Requires 497.2081 (0.7 ppm error).
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(S)-5-Methyl-10-(((3-oxo-1-phenylbut-1-en-1-yl)thio)methyl)-1,5-diazecane-2,6-dione (5.99)
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Following a literature procedure,?”? to a dry round-bottomed flask 5.98 (162.6 mg, 0.3 mmol)
was dissolved in DCM (1.7 mL) and TFA (1.7 mL). The reaction was stirred at room temperature
for 1 hour, and the solvent removed in vacuo. The crude residue was dissolved in acetonitrile
(3.2 mL) and DMF (0.2 mL), and DIPEA (221 mg, 0.3 mL, 1.7 mmol) was added. The reaction was
stirred at 50 °C for 18 hours, and the solvent removed in vacuo. The crude product was purified
via flash column chromatography (ethyl acetate to ethyl acetate/methanol 98:2 to 95:5 to 9:1).
A sticky, yellow solid (112 mg) was isolated, however the 3C NMR spectrum suggested the
compound was formed as, or was contaminated with, a TFA salt. The compound was dissolved
in ethyl acetate (10 mL) and washed with ag. NaOH (10% w/w, 3 x 10 mL), dried with Na,SO,,
filtered and concentrated in vacuo. The crude product was purified via flash column
chromatography (ethyl acetate/methanol 98:2 to 9:1) to yield the title product as a yellow solid,
as a mixture of E and Z stereoisomers (64 mg, 50%, E:Z = 64:36). Note that the 'H NMR spectrum
showed that the E stereoisomer product exists as a mixture of rotamers in CDCl; (A:B =9:1), and
the Z stereoisomer product also exists as a mixture of rotamers in CDCls (C:D = 3:1). *H and 3C
NMR data reported for the major rotamer of the E- and Z-isomers only. R (ethyl
acetate/methanol 9:1) 0.50; mp 46 — 52 °C; 64 (600 MHz; CDCls) 1.28 — 1.45 (3 H, m, H-3a,4, E),
1.48 -1.64 (2 H, m, H-33,43, Z), 1.69 (1 H, ddd, J = 14.0, 3.0, 3.0, H-4b, Z), 1.75 (3 H, s, H-18, Z),
1.90-1.98 (1 H, m, H-2a, E), 1.98 — 2.06 (2 H, m, H-3b, E and H-23, Z), 2.10 — 2.18 (1 H, m, H-3b,
7),2.19-2.25 (4 H, m, H-8a,18, E), 2.28 (1 H, dd, J = 12.5, 3.5, H-8a, 2), 2.34 — 2.54 (5 H, m, H-
2b,8b,10, E and H-8b, Z), 2.58 (1 H, ddd, J = 16.0, 12.5, 4.0, H-2b, Z), 2.75 (2 H, d, / = 7.0, H-10,
2),2,92 (3H,s, H-19, E), 2.99 (3 H, s, H-19, Z), 3.19 (1 H, ddd, J = 15.5, 3.5, 3.5, H-93, E), 3.25 (1
H, ddd, J = 15.5, 3.5, 3.5, H-93, Z), 3.84 — 4.04 (3 H, m, H-5,8b, E and H-8b, Z), 4.11 - 4.20 (1 H,
m, H-5, Z), 6.08 (1 H, s, H-16, Z), 6.15 (1 H, d, J = 10.0, H-6, Z), 6.31 (1 H, s, H-16, E), 6.40 (1 H, d,
J=9.5,H-6,E), 7.21-7.30 (5 H, m, H-Ar, E and Z), 7.31 — 7.39 (5 H, m, H-Ar, E and 2); 6¢ (151
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MHz; CDCls) 23.3 (C-3, E), 23.3 (C-3, 2), 27.5 (C-2, E) 27.6 (C-2, Z), 30.2 (C-18, Z), 30.6 (C-4, E),
30.8 (C-4, Z), 30.9 (C-18, E), 34.2 (C-19, E), 34.3 (C-19, Z), 37.1 (2 x C-8, E and Z), 38.8 (C-10, 2),
39.3 (C-C-10, E), 47.9 (2 x C-9, E and Z), 48.5 (C-5, Z), 49.5 (C-5, E), 122.4 (C-16, Z), 124.2 (C-16,
E), 128.2 (CH, C-Ar, Eor Z), 128.5 (CH, C-Ar, E or Z), 128.6 (CH, C-Ar, E or Z), 129.1 (CH, C-Ar, E or
7), 129.5 (CH, C-Ar, E or 2), 137.2 (C-12, Z), 138.3 (C-12, E), 157.7 (C-11, Z), 159.7 (C-11, E), 170.9
(C-7,2), 171.0 (C-7, E), 173.3 (C-1, E), 173.4 (C-1, Z), 196.2 (C-17, Z), 196.6 (C-17, E); HRMS (ESI*)
Found: 397.1562; CyH2sN2NaOsS (M+Na) Requires 397.1556 (-1.4 ppm error).

Note that one aromatic CH carbon resonance could not be found in the 3C NMR spectra. It is

believed that this resonance is overlapping with other resonances.

Characteristic NMR resonances for the minor E-rotamer (B) can be found at: 64 6.32 (1 H, s, H-
16, E), and characteristic NMR resonances for the minor Z-rotamer (D) can be found at: 6,4 1.77

(3 H, s, H-18, 2), 6.09 (1 H, s, H-16, 2).
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(S)-1-(3-(Benzyloxy)propanoyl)-6-(((3-oxo-1-phenylbut-1-en-1-yl)thio)methyl)piperidin-2-one
(5.100)
13
12

1

M O
/// 22

17
5.100
18

19

To a dry round-bottomed flask, 5.59 (57 mg, 0.2 mmol) and 4-phenyl-3-butyne-2-one 3.27 (39
uL, 39 mg, 0.3 mmol) were dissolved in dry acetonitrile (0.3 mL) under an atmosphere of argon,
and potassium carbonate (37 mg, 0.3 mmol) was added. The reaction mixture was stirred at 40
°C for 21 hours. The mixture was concentrated in vacuo and the residue was dissolved in DCM
(5 mL). Deionised water (5 mL) was added and the organic extract was separated and dried using
MgS0., then filtered and concentrated in vacuo. The crude product was purified via flash column
chromatography (hexane/ethyl acetate 7:3) to yield the title product as a yellow oil, as a mixture
of £ and Z stereoisomers (21 mg, 26%, E:Z = 7:3). Rf(hexane/ethyl acetate 7:3) 0.17; vmax (thin
film)/cm™ 3029, 2951, 2870, 1694, 1542, 1365, 1170, 697; &1 (400 MHz; CDCl5) 1.54 —1.79 (4 H,
m ,H-Alk, E and Z), 1.78 —1.89 (2 H, m, H-Alk, Eand Z), 1.91 (3 H, s, H-22,Z7),2.04-2.13 (1 H, m,
H-Alk, E), 2.15—-2.23 (1 H, m, H-Alk, Z), 2.29 (3 H, s, H-22, E), 2.36 —2.42 (2 H, m, H-2, E), 2.48 —
2.56 (3 H, m, H-2, Z and H-14a, E), 2.69 (1 H, dd, J = 13.0, 4.0, H-14b, E), 2.77 (1 H, dd, J = 13.5,
10.0, H-143, 2),3.05 (2 H, t, /= 6.0, H-7, E), 3.13-3.21 (3 H, m, H-7,14b, Z), 3.62 - 3.88 (4 H, m,
H-8, Eand Z), 4.46 —4.55 (5 H, m, H-5, E and H-9, Eand Z), 4.78 —4.85 (1 H, m, H-5, Z), 6.38 (1 H,
s, H-20, E), 6.41 (1 H, s, H-20, 2), 7.28 — 7.42 (20 H, m, H-Ar, E and 2); 8¢ (100 MHz; CDCls) 16.9 (2
x C-3, E and 2), 24.7 (C-4, E), 25.0 (C-4, Z), 30.7 (C-22, Z), 30.9 (C-22, E), 34.4 (C-2, E), 34.5 (C-2,
Z), 34.7 (C-14, 2), 35.0 (C-14, E), 39.8 (C-7, E), 39.9 (C-7, Z), 51.5 (C-5, Z), 52.9 (C-5, E), 65.8 (C-8,
E), 65.9 (C-8, 2), 73.2 (C-9, E), 73.3 (C-9, Z), 122.3 (C-20, Z), 124.8 (C-20, E), 127.7 (CH, C-Ar, E or
Z),127.8 (CH, C-Ar, Eor Z),127.9 (CH, C-Ar, Eor Z), 127.9 (CH, C-Ar, E or Z), 128.3 (CH, C-Ar, E or
Z),128.5 (CH, C-Ar, Eor Z), 128.5 (CH, C-Ar, E or Z), 128.6 (CH, C-Ar, E or Z), 128.7 (CH, C-Ar, E or
Z),128.9 (CH, C-Ar, Eor Z), 129.3 (CH, C-Ar, Eor Z), 129.6 (CH, C-Ar, Eor Z), 137.3 (C-16, Z), 138.2
(C, C-Ar, E or Z), 138.4 (C, C-Ar, E or Z), 156.1 (C-15, Z), 158.2 (C-15, E), 173.4 (C-1/6, Z), 173.5 (C-
1/6, E), 174.0 (C-1/6, E), 174.7 (C-1/6, Z), 196.0 (C-2, Z), 196.2 (C-21, E); HRMS (ESI*) Found:
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452.1893; CzH30NOsS (M+H*) Requires 452.1890 (0.7 ppm error); Found: 474.1709;
C26H29NNaO4S (M+Na) Requires 474.1710 (-0.2 ppm error).

Note that one quaternary aromatic carbon resonance could not be found in the *C NMR spectra.

It is believed that this resonance is overlapping with other resonances.
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Jason M. Lynam und William P. Unsworth*

Abstract: A strategy for the synthesis of medium-sized lactones
and lactams from linear precursors is described in which an
amine acts as an internal nucleophilic catalyst to facilitate
a novel cyclisation/ring expansion cascade sequence. This
method obviates the need for the high-dilution conditions
usually associated with medium-ring cyclisation protocols, as
the reactions operate exclusively via kinetically favourable
wnormal*
enables biaryl-containing medium-sized rings to be prepared
with complete atroposelectivity by point-to-axial chirality
transfer.

ized cyclic transition states. This same feature also

Introduction

Medium-sized rings have much promise in medicinal
chemistry!"? but are difficult to prepare by conventional
cyclisation methods."”! Destabilising transannular interactions
and loss of entropy during cyclisation mean that medium-ring
cyclisation reactions of the type 1—2 (Scheme 1a) typically
suffer from competing intermolecular reactions or other side
processes.**l Synthetic routes to access medium-sized rings
that avoid end-to-end cyclisation are therefore desirable, and
ring expansion reactions have proven to be especially useful
in this context.*”)

In this manuscript, a new process is described by which
medium-sized rings can be accessed directly from simple
linear precursors. The avoidance of medium-sized cyclic
transitions states is key to our design principle, in which we
use a nucleophilic catalyst built into the linear starting
material to promote a cyclisation/ring expansion cascade.
For example, while the direct synthesis of ten-membered ring
2 from a hypothetical linear precursor 1 (Scheme 1a) is
usually a slow/difficult process,*! we reasoned that similar
medium-sized ring frameworks would be more effectively
synthesised from alternative linear precursors of the form 3,
in which a reactive motif ,,Z* built into the linear starting
material mediates a cyclisation/ring expansion cascade (3—
45, Scheme 1b).*"! By designing the reactions so that both
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a) Direct medium ¥s

ring cyclisation /\ Slow
oA~~~y —

A
activate R ) @ High yields 9
carboxylic acid 0 7 @ 40 examples
@ No high dilution
® Atroposelective variant

Scheme 1. a) Direct medium ring cyclisation. b) Cyclisation/ring expan-
sion. c) Hypothetical reaction coordinates. d) This work: Internal
nucleophilic catalyst mediated cyclisation/ring expansion cascade
reactions.

discrete cyclisation reactions proceed via ,normal“-sized
cyclic transition states (especially if they are 5- or 6-
membered), it is reasonable to expect that a kinetically more
favourable reaction course will be followed, as illustrated in
the stylised reaction coordinate for these two scenarios
depicted in Scheme 1c. By allowing this lower-energy path-
way to operate, medium-sized ring transition states can be
avoided, which should help to reduce side reactions and
obviate the need for impractical high-dilution/pseudo-high-
dilution conditions that are common in typical medium-sized
ring and macrocycle cyclisation reactions.!"”!

The realisation of this strategy is reported herein. Thus
a method based on the formation (6—7) and spontaneous
expansion (7—8) of reactive acyl-ammonium ion intermedi-
ates is described that enables nitrogen-containing medium-
sized rings to be prepared from simple linear precursors
(Scheme 1d). Using these cascade reactions, we show that
a wide range of functionalised medium-sized lactones and
lactams (40 examples, 31-100% yield) can be prepared under
mild, practical reaction conditions. Furthermore, in suitably
designed cases, biaryl-containing medium-sized rings can also

Angew. Chem. 2019, 131, 14080 —14085
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GDCh
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be formed with complete atroposelectivity by a new type of
point-to-axial chirality transfer reaction."!!

Results and Discussion

We started by examining pyridine-containing linear
precursor 9a (see the Supporting Information for its syn-
thesis). The plan was that activation of carboxylic acid 9a
would initiate a cyclisation (9a—10a) and ring expansion
(10a—11a) cascade. Thus, carboxylic acid 9a was treated
with T3P (propanephosphonic acid anhydride) and NEt(i-
Pr), in chloroform,"” and after stirring for just 30 min at room
temperature, the desired ten-membered lactone 1la was
formed and isolated in 90 % yield. Of further interest, 11a was
formed exclusively as the single atropisomer shown, with the
structural and stereochemical assignment supported by X-ray
crystallographic data™ (Scheme 2; the atroposelectivity
aspects of this reaction, including data that confirms that
atropisomerisation by free rotation is not an energetically
feasible process for this system, are discussed later in the
manuscript).

T3P (1.5 equiv.)
oH NE(-Pr); (1.85 equiv)
A

CHClj, 30 min, RT

11a (CCDC 1913413)'2

W

-

Scheme 2. Cyclisation/ring expansion cascade synthesis of 11a.

Given the known challenges of forming ten-membered-
ring lactones,*! the efficiency of this reaction was highly
encouraging, especially as it was performed under mild
conditions at standard dilution. Nonetheless, to discount the
possibility that this is simply an unusually efficient ten-
membered-ring lactonisation, hydroxy acid 12a (analogous to
9a but lacking the pyridine nitrogen atom) was reacted under
the same conditions used to make 11a (with a 5 h reaction
time: Scheme 3a). As expected, none of the analogous ten-
membered lactone was formed, with dimeric 20-membered
lactone 12b the only tractable product isolated from this

Angew. Chem. 2019, 131, 14080 -14085
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"0 &
® °”
T3P (1.5 equiv.)

NEt(i-Pr); (1.85 equiv) 0% o,
b el b ke ol
W2 CHCly 5 h, RT m:. 81%
dr1:1
b o T3P (1.5 equiv.)

PN X OH NEU(:P1); (185 equiv)

13a, X = NBn
15a, X = CH, CHCl3 30 min, RT

14a, X = NBn, 76%
16b, X = CHy, 0%
Scheme 3. a) Formation of 20-membered head-to-tail dimer 12b.

b) Cyclisation/ring expansion cascade synthesis of 14a and failed
synthesis of 15b.

reaction, corroborating the importance of the pyridine nitro-
gen atom in mediating the synthesis of 11a. Furthermore, our
novel cyclisation/ring expansion cascade also works well using
an aliphatic tertiary amine as the internal nucleophilic
catalyst in place of the pyridine: thus, linear hydroxy acid
13a was converted into nine-membered lactone 14a in 76 %
yield (T3P, 30 min, RT), whilst an intractable mixture of
products resulted when the analogous nitrogen-free hydroxy
acid 15a was reacted under the same conditions (Scheme 3 b).

The scope of the reaction is broad and is summarised in
Scheme 4. Ten-membered lactone 11b was formed without
problem using the standard method, whilst the homologous
eleven-membered lactone 11¢ was also prepared, albeit in
lower yield, which is likely to be a result of this example
proceeding via a less favourable seven-membered transition
state. Conversely, the synthesis of the smaller nine-membered
product 11d failed, presumably because of too much strain in
the sp’-rich scaffold. Next, a range of secondary-alcohol-
based systems were tested, and the reactions worked well in
all cases: functionality at various positions of the starting
material, protected amine handles, diazine and DMAP-like
tethers, and tertiary alcohols were all well-tolerated, with
lactones 11e-p isolated in consistently high yields.

The same strategy can also be used to make medium-sized
lactams using unprotected-amine-based nucleophiles. Using
the standard protocol, lactam 11q was formed in 50 % yield:
competing intermolecular amide bond formation likely
accounts for the decreased yield, which is supported by the
observation that a significantly higher yield was obtained
when the same reaction was performed at increased dilution
(78%). Other secondary-amine-based systems performed
similarly under the standard undiluted conditions (11r-v).
Pleasingly, aniline-based lactam 11u was formed in quantita-
tive yield: presumably, this system did not suffer from
competing intermolecular reaction in view of the lower
nucleophilicity of the aniline nucleophile relative to aliphatic
amines. Finally, we found that primary-amine-derived lactam
11v could be formed in 52% yield using the standard
conditions."!l

Medium-sized lactones 14a-m were also prepared from
aliphatic tertiary-amine-containing hydroxy acids 13a-m. The
yields were generally good across this series, with broad scope
demonstrated: it is especially noteworthy that the cascade
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Scheme 4. Cyclisation/ring expansion cascade reactions of pyridine- and tertiary-amine-containing hydroxy acids and amino acids.

reactions can be used to prepare lactones right across the
~medium-sized* ring range, with eight- to eleven-membered
lactones all being prepared using the standard protocol. The
utility of the cyclisation/ring expansion cascade has therefore
been well demonstrated by the synthesis of 34 medium-sized
lactones or lactams using a simple and mild synthetic method,
without requiring high dilution conditions.

An important feature of these reactions is the observation
that in all examples containing two stereochemical units, the
products were exclusively formed as single diastereoisomers
(11a, 11e—o0, and 11 ¢-v; all contain a point stereogenic centre
and an unsymmetrical biaryl unit with axial chirality). Thus
the point chirality of the secondary nucleophile is able to fully
control the formed atropisomer in the medium-sized cyclic
biaryl product in all of these cases, via what is, to the best of
our knowledge, an unprecedented type of point-to-axial
chirality transfer.!""! Atropisomerism can play a vital role in
mediating ligand-target interactions in biology,""! but while
synthetic methods able to impart exquisite levels of control
over stereogenic centres on a single atom (usually referred to
as point chirality) are very well established, methods designed
to control other chirality elements (e.g., planar, axial, and
helical chirality)!"® are less well developed.” Atroposelective
methods capable of delivering medium-sized rings or macro-
cycles are particularly rare/'™ which encouraged us to
examine the atroposelectivity of our cascade reactions in
more detail.

First, we confirmed that the biaryl unit in the medium-
sized ring products is unable to undergo free rotation. Based

14082 www.angewandte.de
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on its geometry and ring size, we predicted that the sp’-rich
medium-ring scaffold 11a would be relatively rigid and that
rotation about the biaryl C—C single bond is unlikely to be
kinetically accessible: indeed, to the best of our knowledge,
compound 1l1a is the smallest ring system based on an
unbridged 1.2-disubstituted and 1.3-disubstituted biaryl
framework in the literature. Related larger macrocyclic
scaffolds containing similar biaryl motifs have also been
shown to exist as stable atropisomers at room temper-
ature:"*! nonetheless, for additional support, we modelled
the energy required to rotate about this bond by DFT
(Scheme 5). Starting from the crystal structure of 11a, this
was optimised at the BP86/SV(P) level of theory, and scans
were performed whilst rotating the biaryl dihedral angle in
both directions, reoptimising the structure at each step. No
minima were found from these calculations, and the energies
calculated increased steeply to give values that can be
considered chemically inaccessible, strongly suggesting that
the biaryl unit is indeed unable to rotate freely (see the
Supporting Information for tabulated data).

One hypothesis for the excellent stereoselectivity, which is
depicted in Scheme 6 for prototypical substrate 1la, is
a kinetic argument that hinges on the sterecochemistry-
determining step operating via a six-membered transition
state. The observed stereochemical outcome is consistent with
the alcohol attacking the prochiral intermediate N-acyl
ammonium ion with the methyl group in a pseudo-equatorial
orientation in a chair/boat-like conformation (sce A—B,
Scheme 6a). Conversely, to generate the unobserved isomer

Angew. Chem. 2019, 131, 14080 —14085
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Scheme 5. Calculated BP86/SV(P) electronic energies for 11a with
a SCRF solvent correction in CHCl,. The energies given are for
geometry-optimised structures at fixed biaryl dihedral angles.

124 74

a) Kinetic model

@ﬁc{% o&

11l-|lohh690%

& Roface /\
PG

Me 0- D 11a’ - unobwvad
b) Thermodynamic model i N
+,
11g® === D viamp N/\ °H= B —=" 11a
10a i 11a more stable than 11a’
AG 11a vs 11a’ = 22 kJ/mol

Scheme 6. Proposed atroposelectivity models. a) A kinetic model
based on diastereoselective attack into prochiral N-acyliminium ion
(A—B). b) A thermodynamic model based on reversible ring expan-
sion/ring contraction.

11a’, attack on the opposite face of the N-acyl ammonium ion
is required, which necessitates that the methyl group be
oriented in a pseudo-axial conformation, the transition state
for which (C—D) is likely to be higher in energy.”'!

An alternative explanation is that the reactions are
reversible and under thermodynamic control (Scheme 6b).
This model is supported by DFT calculations of the ground-
state energies of 11a and 11a'; thus, the Gibbs free energy of
the observed and unobserved atropisomers 11a and 11a" were
calculated at the M06-2X/6-311G* level of theory (see the
Supporting Information for full details),”” and the observed
isomer 11a was calculated to be 22 kImol ™' lower in free
energy than the unobserved isomer 11a’. Such a large energy
difference would provide a clear driving force for the selective
formation of 11a if the reactions are reversible.

The atroposelectivity was also probed experimentally
(Scheme 7). Thus substrates with the methyl substituent
transposed « to both the phenyl and pyridyl rings were

Angew. Chem. 2019, 131, 14080 14085
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Scheme 7. Cyclisation/ring expansion cascade reactions of pyridine-
containing substrates with point stereogenic centres, and the calcu-
lated free energy difference between the two atropoisomeric forms.

prepared and tested in the cyclisation/ring expansion cascade
(11w and 11x). Both reactions worked very well in terms of
conversion and yield, but the atroposelectivity was low
compared with that for 11a. This suggests that the position
« to the nucleophile is special in terms of its ability to control
the biaryl stereochemistry. Therefore, we next examined the
steric influence of this position using unsymmetrical tertiary
alcohol nucleophiles (11y-zb). Interestingly, a clear trend of
increasing atroposelectivity was observed as the alcohol
substituents become more different in size; low atroposelec-
tivity was observed for 11y (methyl vs. allyl), modest
atroposelectivity for 11z (methyl vs. phenyl), and complete
atroposelectivity was restored for 11za and 11zb (methyl vs.
tert-butyl).

This atroposelectivity trend is consistent with the kinetic
argument outlined in Scheme 6a (with the large substituent
presumably adopting the pseudo-equatorial conformation).
However, the thermodynamic model cannot be ruled out
either, especially as DFT calculations of the relative free
energies of the two possible atropisomers in each case
correlate well with the observed atroposelectivity; a large
difference in free energy was calculated for the atroposelec-
tive examples (11a, 11za, 11zb, AG =22-26 kI mol ') where-
as the least selective examples can be considered isoenergetic
at this level of theory (11x, 11y, AG=2kJmol ). This
arguably favours the thermodynamic model, but caution
should be exercised when interpreting these results, as the
calculated difference in free energies of the products may
simply serve as an approximation for the difference in free
energy of the analogous transition states that lead to their
formation (especially given that the products and transitions
states might be expected to have reasonably similar geo-
metries). Indeed, it may be that either/both models operate in
different examples. Ascertaining which operates in any given
reaction system is therefore difficult; however, what is clear is
that for high atroposelectivity to be achieved synthetically, the
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key is having either a secondary nucleophile or an unsym-
metrical tertiary nucleophile with a significant size difference
between its substituents.

Finally, as the point-to-axial chirality transfer is a diaste-
reoselective process, it is straightforward to prepare enan-
tioenriched biaryl products simply by using an enantioen-
riched nucleophile. Thus, as a simple proof of concept,
enantioenriched (ca. 71 % ee) lactam 11v was formed in 51 %
overall yield from 16 (72% de) following acidic cleavage of
the Ellman’s auxiliary, ester hydrolysis, and cyclisation/
expansion in the usual way (Scheme 8).17

e Z
n
i) 1,4-dioxane, |
7| Y TButMeoH, Hel SN
S, ii) LIOH, THF
N e PN
il) T3P, NEX(-Pr); NG
CHCI3, RT 11v, 51% (3 steps)

CO;Me 16, 72% de 71% ee

Scheme 8. Synthesis of enantioenriched planar chiral lactam 11v.
Conclusion

In summary, a cyclisation/ring expansion cascade reaction
has been developed for the synthesis of ten-membered cyclic
biaryl systems from simple pyridyl-based linear carboxylic
acids. The novel strategy simultaneously addresses two
important synthetic challenges: 1) achieving efficient and
reliable end-to-end cyclisations of medium-sized rings from
linear precursors: 2) effectively controlling atroposelectivity
in the resulting cyclic products in biaryl-based systems. The
cyclisation/ring expansion cascade strategy is also applicable
to simple tertiary amine containing hydroxy acids to make
eight- to eleven-membered lactones, which greatly extends its
scope and potential utility. Thus the synthetic methods
reported should facilitate the practical and selective synthesis
of biologically important medium-sized rings, whilst a new
strategy for generating planar chiral medium-sized rings by
point-to-axial chirality transfer has also been introduced.

Experimental Section

Exemplar synthetic procedure for the cyclisation/ring expansion
cascade to generate ten-membered lactone 11a: To a stirring solution
of  2-(2-(6-(2-hydroxypropyl)pyridin-2-yl)phenyl)acetic acid 9a
(44.0 mg, 0.163 mmol) in chloroform (3 mL) was added diisopropyl-
ethylamine (50.0 pL, 0.302 mmol), followed by the addition of T3P
(78.0 mg, 0.284 mmol, 156 mg of a 50% solution in ethyl acetate).
Upon addition of T3P, the solution rapidly changed from a colourless
to an orange solution. After stirring for 30 min at room temperature,
the solution was concentrated, and the product purified by flash
column chromatography (SiO,, 1:1 ethyl acetate/hexane) to afford
11a as a pale yellow solid (37 mg, 90%).
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We attempted to corroborate this model by DFT calculations
(see the Supporting Information for full details), but unfortu-
nately were unable to convincingly find transition state struc-
tures for either scenario, which may be a consequence of these
fast reactions operating via very shallow transitions states. We
are therefore unable to comment in a quantitative fashion on
kinetic control in these reactions.

To compare the energies of the possible diastereoisomers, the
structures were optimised at the MO06-2X/6-311G* level of
theory, followed by frequency calculations at the same level.
These structures were confirmed as minima by the absence of
imaginary frequencies. The M06-2X/6-311G* SCF energies were
corrected for their zero-point energies, thermal energies, and
entropies obtained from the frequency calculations. Optimisa-
tions were performed with tight convergence criteria, and no
symmetry constraints were applied. An ultrafine integral grid
was used for all calculations. Solvent corrections were applied
with the polarisable continuum model (PCM) using the integral
equation formalism variant (IEFPCMO). Energies in Hartrees
and xyz coordinates are reported in the Supporting Information.
Enantiomer ratios were determined by HPLC analysis on
a chiral stationary phase (see the Supporting Information).
Partial overlap of signals means that there may be a small
amount of error in the absolute ee value assigned, but what is
clear is that qualitatively, the chirality transfer was successful.
Further studies will be needed to build on these preliminary data
in the future.
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Jason M. Lynam*!!

Abstract: A Density functional theory (DFT) approach has been
used to shed light on the mechanism of a recently discovered
rearrangement reaction for the conversion of spirocyclic ind-
olenines into cyclopentanone-fused quinolines. A new base-
mediated variant of this unusual rearrangement reaction has
also been developed, that operates at much lower tempera-

tures than those required in the analogous acidic reactions. The
DFT study suggests that both the acid and base-mediated vari-
ants proceed via an enol/enolate intermediate, and the ease
with which this key intermediate forms appears to be crucial in
explaining the kinetic outcomes.

Introduction

The quinoline core is of great historical™ and current® impor-
tance in the field of heterocyclic chemistry in view of the many
useful applications of quinoline-containing molecules; for ex-
ample, quinolines can be found in medicines, agrochemicals,
dyes, ligands, catalysts, materials and electronic devices."?!
Consequently, many powerful methods for the synthesis of
quinolines have been developed over the years.*# Classical
named-reactions such as the Skraup, Friedlander, Doebner-von
Miller, Conrad-Limbach, Combes and Pfitzinger reactions are
rightly held in high regard™ and modified/improved quinoline
syntheses continue to be actively developed.™

We recently reported™’ a new way to access cyclopentanone-
fused quinolines 2! from indole-tethered ynones 1
(Scheme 1a). The proposed mechanism for this one-pot process
is illustrated by the conversion of ynone 1a into quinoline 2a
(Scheme 1b). First, ynone 1a is converted into spirocyclic indol-
enine” 3a via a dearomatising spirocyclisation reaction!®-'%!
upon reaction with m-acidic silver()) triflate!'" in iPrOH at room
temperature. Then, the addition of AlCl;:6H,0 directly to this
reaction mixture and heating to 100 °C in a microwave was
found to promote a hitherto unprecedented rearrangement
into quinoline 2a; the rearrangement was tentatively proposed
to proceed via an enolisation (3a — 4a), cyclopropanation
(4a — 5a), ring expansion (5a — 6a) and tautomerisation (6a
— 2a) cascade sequence, as shown in Scheme 1b, although it

[a] Department of Chemistry, University of York,
York, YO10 5DD, United Kingdom
E-mail: william.unsworth@york.ac.uk
jason.lynam@york.ac.uk
= Supporting information and ORCID(s) from the author(s) for this article are
O available on the WWW under https:/doi.org/10.1002/ejoc.201900798.
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should be stressed that no evidence was obtained in support
of this mechanism. Later, Van der Eycken and co-workers went
on to develop a transition metal-free variant of this transforma-
tion,"'"3 using trifluoroacetic acid (TFA) to promote the same
overall transformation, enabling a broad range of quinolines
to be prepared using a simple, single step protocol that also
benefitted from reduced reaction times (7 — 8, Scheme 1c).
The authors proposed broadly the same mechanism as that
shown in Scheme 1b for this metal-free variant, although again,

a) Previous work: Unsworth, Taylor and co-workers R! R2
o “
R? ) AGOTf (2mal%)
i-PrOH, 2 h, RT R
RY N\
N\, i) ACI36H;0 (5 mol%)
N R 1h, 100 °C, W
H
o o
N\ AgOT A ppy AICI6H,0
N — —_—
Ph j-PrOH 7
N N
H 1a 3a
Ph Ph,

c) Previous work: Van der Eycken and co-workers R
o}

1
': RS Vgt 30 min, 100 °C, uW NSRS
H 7 8, 35-99%, 14 examples

Scheme 1. Ynone to indolenine to quinoline rearrangements.
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no evidence was obtained in its support. Most recently, Song,
Liu and co-workers observed a closely related transformation
unexpectedly during a silver(l)-catalysed trifluoromethylation
cascade process and the same mechanism was again pro-
posed.“"

To the best of our knowledge, this indolenine to quinoline
rearrangement reaction is without precedent outside of these
studies.®24 Therefore, we believe that more convincingly as-
certaining the mechanism of this unusual ring expansion rear-
rangement reaction is important,''*! and our attempts to do so
are reported in this manuscript using a density functional the-
ory (DFT) approach.I'®! Additional synthetic studies performed
to support the computational aspects have also led to a new
base-mediated variant of this reaction being established, that
operates at much lower temperatures than those used in the
previous studies. The DFT results obtained support the mecha-
nism proposed in the earlier synthetic studies and the ease with
which a key enol/enolate reactive is formed appears to play a
major role in explaining the surprising kinetic outcomes of the
different variants.

Results and Discussion

The optimal conditions used in our previous work,*® and in
the Van der Eycken study,'? utilised microwave heating and
reaction temperatures of 100 °C, which enabled the quinoline
target molecules 2/8 to be prepared in high yields within 1
hour. Before embarking on the DFT study, it was decided to
gauge whether such vigorous heating is strictly necessary; we
reasoned that having a clearer idea of the minimum tempera-
ture required to promote rearrangement would be helpful later
when interpreting the computational results. Thus, simple
model spirocycle 3a (which had already been shown in the
literature to be a good substrate in both the AlCI;-6H,0 and
TFA promoted reaction systems,®'? (Table 1, entries 1-2) was
chosen as a model system to test the limits of the rearrange-
ment step by switching from microwave to conventional heat-
ing and lowering the temperature until the reactions begin to
shut down (Table 1).

Starting with the use of AlCl;:6H,0 in iPrOH, it was found
that full conversion of spirocycle 3a into quinoline 2a can still
be achieved at 80 °C, partial conversion (38 %) is observed at
50 °C and the reactions only shut down completely when the
temperature is reduced to 40 °C (Table 1, entries 3-5). Thus, the
reaction is viable at much lower temperatures than those used
in the published synthetic study. The same was found when
examining Van der Eycken's TFA-mediated variant; indeed, full
conversion into 2a was observed right down to 40 °C using
these conditions, with partial conversion (54 %) at room tem-
perature.l'”'® The knowledge that these reactions can be per-
formed at lower temperatures if required is likely to be useful
when more sensitive functional groups are present in the sub-
strates.

We also decided to examine the analogous base-mediated
rearrangement of 3a into 2a (Table 1, entries 10-13). We al-
ready knew from initial screening during our earlier work>?
that lithium hexamethyldisilazide (LHMDS) can also promote

Eur. J. Org. Chem. 2019, 5563-5571
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Table 1. Temperature limits for the rearrangement of spirocycle 3a into quin-
oline 2a.

(e}
Ph
I various conditions
= see Table 1 (o}
pp (EeeTable 1) A

/

N 3a N 2a
Entry  Conditions Temp/°C Time/h  Conversion'®
1 See ref!*? (AICI;-6H,0) 100 1 100
2 See ref!'?! (TFA) 100 0.5 100
3 AICI;-6H,0 (5 mol%), 80 24 100
4 iPrOH, (0.1 m), heating 50 24 38
5 40 24 0
6 1:1 TFA/CHCl; (0.1 m) 60 24 100
7 50 24 100
8 40 24 1001
9 rt. 24 54
10 LHMDS (1 equiv.), rt. 0.5 100
n THF (0.2 M) 0 0.5 100
12 -20 1.5 100
13 -46 3 58
14 LHMDS (1 equiv.), rt. 0.5 100

TMEDA (2 equiv.),

THF (0.2 M)

[a] Conversion is based on integration of signals corresponding to 3a and 2a
in the 'H NMR spectra of the unpurified reaction mixture. [b] All of 3a was
consumed but the product formed contained unidentified impurities.
TMEDA = tetramethylethylenediamine.

(e} 1 R?
R2 R\
i 3
R J ) LHMDS (1.2 equiv.) _ R /=0
) ; THF, -78 °C - RT 9
. Ngag . Wmn-26mw 7 Ly~
MeO, F

N N
TBSO, 22 82% 2b, 92% 2¢,71%
Ph Ph
N O S Ny o Br S
N? N? N? N
2d, 59% 2e, 70% 2f, 60% 2g, 82%

2h, 58% (dr 7:3)

Scheme 2. LHMDS-mediated rearrangement of spirocycles 3a-i into quinol-
ines 2a-i and 9.
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this rearrangement, but this base-mediated variant was not ex-
amined in synthetic studies. Thus, we examined the conversion
of 3a into 2a using 1 equivalent of LHMDS in THF at various
temperatures and found that these basic conditions promote
the rearrangement at temperatures as low as -46 °C (i.e. much
lower than either of the AlCl;3-6H,0 or TFA variants).

The ability to conduct these reactions under these mild and
complementary basic conditions could have useful synthetic
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implications. Therefore, we tested the LHMDS-mediated condi-
tions on a range of spirocycles 3a-i, and pleasingly, the ex-
pected quinolines 2a-i were isolated in each case. The reaction
of spirocycle 3i is noteworthy in that alongside the expected
quinoline 2i, a minor oxidised side product 9 was also isolated;
this system presumably was more prone to undergo spontane-
ous oxidation as result of the extra conjugation in the product
(Scheme 2).1'%

<
AGagg = -91 kJ mol™’ N

Figure 1. DFT-calculated energies for (a) formation of 2a from 3a and the proposed pathway for the formation of A and K (b) ring-expansion and 1,5 hydride
shifts corresponding to the base-promoted formation of 2a from 3a. Energies are Gibbs energies at 298 K in kJ mol™' at the D3BJ-PBE0/def2-TZVPP//BP86/
SV(P) level with SCRF solvent correction in THF.
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Next, the ring expansion process (under both acidic and ba-
sic conditions) was modelled using density functional theory.
Geometries were optimised at the BP86/SV(P) level of theory
and confirmed as minima or transition states through analysis
of the calculated vibrational modes. The energies of the result-
ing geometries were then obtained using the hybrid PBEO
functional with the triple zeta def2-TZVPP basis set.'” The
Gibbs energies were obtained by combining these electronic
energies with thermal corrections from the BP86/SV(P) level at
298 K. This method allows for an accurate description of the
electronic structure of the molecule but saves on the computa-
tional expense of determining the thermal corrections at the
PBEO/def2-TZVPP level. Dispersion effects were modelled with
Grimme's D3 method with Becke-Johnson dampening.?! The
effects of solvation on the reaction were modelled with a
PCM model in THF (for the base-promoted reaction) and
CHCl; (acid-promoted) simulating the reaction conditions. This
was the method used in our previous work on ynone cyclisa-
tions.'¢!

In order to ensure that the diffusion effects of modelling an
anionic pathway were being effectively captured, the surface
was also calculated using the 6-311+G* basis set with the PBEO
functional. The resulting energies show no significant differen-
ces from those at the PBEO/def2-TZVPP level (see Supporting
Information). The effect of different density functionals on the
relative energies of the calculated states was also investigated.
The energies of all the intermediate species showed negligible
method effects. Although, when compared to the relative
energies at the PBEO functional, the transition states ener-
gies were systematically lower when BP86 was used and
higher at the M06-2X and ®wB97XD level (see Supporting Infor-
mation).

The formation of 2a from 3a was found to be exergonic by
91 kJ mol™', demonstrating that, as expected, the formation of
the quinoline products is thermodynamically favourable (Fig-
ure 1a). Two mechanistic pathways were then considered for
this transformation as, on the basis of experimental results, the
reaction could be either base- or acid-promoted.

Considering the base-promoted reaction first (Figure 1b). In
order to model the ring-opening reaction, the most acidic pro-
tons in 3a were considered to be those in the «-position to the
carbonyl group. The addition of TMEDA to sequester Li* did not
affect the outcome of the experimental reaction (Table 1
Entry 14) indicating that the cations were not playing a role in
the transformation and were hence excluded from the calcula-
tions. Therefore, the starting point for the calculations was an-
ion A in which the deprotonation event had already occurred:
this was also taken as the reference state for the potential en-
ergy surface (Figure 1b). Compound B (+11 kJ mol™") can be
formed from A through a low-lying transition state TSpg
(+19 kJ mol™') and this process corresponds to formal nucleo-
philic attack by the enolate at the 2-position of the indolenine
unit. Opening of the cyclopropyl group in B proceeds through
TSgc (+16 kJ mol™') to give C (-46 kJ mol™') via a fragmentation
reaction. Compound € may interconvert to D, E, F and G
through a series of formal 1,5 hydride shifts. From C, the lowest
energy 1,5 hydride shift is through TS¢p (+33 kJ mol™') to give
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the highest energy isomer of the ring-expanded annulated
product compound (D = +8 kJ mol~'). However, the subsequent
1,5-hydride shift from D gives the lowest energy isomer E
(=119 kJmol™") through a low-lying transition state (TSpg).
Given that all the other transition states are higher in energy,
and that E is the lowest energy isomer, we would expect E to
be the dominant form in solution, which on acid work up would
be protonated to give 2a.

As an aside, based on this hydride migration mechanism, we
briefly examined the effect of replacing the hydrogen atom that
undergoes migration with a benzyl group that might have been
expected to migrate similarly. Thus, indolenine 3j was prepared
and reacted with LHMDS in the usual way. Rearrangement into
a quinoline product was indeed observed, although in this case,
following the first 1,5-migration (analogous to the conversion
of C into D into Figure 1) the usual sequence was interrupted,
allowing tertiary alcohol quinoline derivative 10 to be isolated
in 61 % yield (Scheme 3).

= Ph Ph
| LHMDS (1.2 equiv.) ‘
o Ph e i XY OH
2 THF, -78 °C > RT,1h i
N N
3 10,61%

Scheme 3. LHMDS-mediated rearrangement of spirocycle 3j into quinoline
10.

Returning to the DFT studies, we also considered the acid-
promoted reaction (Figure 2). As the opening of the spirocycle
operates through both Lewis and Bronsted conditions we
elected to model the acid-promoted reaction by simply investi-
gating the effects of protonation. It was considered that the
indole nitrogen in 3a would be the most basic site. Protonation
of this nitrogen would give J, which was taken as the reference
state. The isomeric form J’, in which protonation has occurred
at the carbonyl oxygen, lies +37 kJ mol™" higher in energy, sup-
porting this argument that addition of H* to the nitrogen is the
thermodynamically preferred site of protonation. All attempts
to find transition states which resulted in the formation of cy-
clopropyl derivative L from J were unsuccessful. However, it was
found that L could be formed directly from K (+40 kJ mol™'),
which is the enol tautomer of J, through TSy, (+46 kJ mol™').
Opening of the cyclopropyl group in L proceeds through TSy
(+60 kJ mol™') to give M (+26 kJ mol™"). As was the case for the
base-catalysed reaction, M may convert to a series of isomers
through formal 1,5-hydride shifts. Isomers N, O, P, and Q are all
at lower energy than J, with O being the thermodynamically
preferred isomer (-64 kJ mol™'"). Considering that the reaction
may be performed with a large excess of TFA, the possibility of
the substrate being doubly protonated cannot be discounted.
However, all attempts to locate a transition state for the open-
ing of the spirocycle from a dicationic intermediate have been
unsuccessful.
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Figure 2. DFT-calculated energies for ring-expansion and 1,5 hydride shifts cor
energies at 298 K in k) mol™' at the D3BJ-PBEO/def2-TZVPP//BP86/SV(P) level with SCRF solvent correction in CHCl,.

Conclusions

In summary, convincing computational support has been ob-
tained for the mechanism of rearrangement for the conversion
of cyclopentenone-based spirocyclic indolenines into fused
quinolines. The DFT results support the mechanisms proposed
in the earlier synthetic studies and provide additional insight
into the likely pathway by which the 1,5-hydride shifts operate.
A base-catalysed variant of the rearrangement has also been
established that works at significantly lower temperatures than
those used in the analogous acid-catalysed reactions.

The calculations demonstrate that the barriers to the open-
ing of the spirocycle through cyclopropy! B (base-promoted) or
L (acid promoted) are low. In the base-promoted case, TSgc lies
at +16 kJ mol™' relative to the reference state A which (when
taken with the fact that TS lies at =19 kJ mol™') indicates that
the ring-opening process will be rapid when deprotonation has
occurred. This is the case for all computational methods investi-
gated. These data are consistent with the observation that the
reaction between 3a and LHMDS is efficient even at —46 °C.

In the case of the acid-promoted reaction, the energetic span
for ring opening of the spirocycle (difference in energy between
J and TSy) is 60 kJ mol™', higher than the corresponding bar-
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ponding to the base-p d formation of 2a from 3a. Energies are Gibbs

rier in the base-promoted case. However, the reaction generally
required elevated temperatures (80 °C) and long reaction times
(24 h). The barrier of 60 kJ mol~' would indicate that, if these
states were rate controlling, then ring-opening would be com-
plete under far less forcing conditions. However, it is important
to stress that it was not possible to locate a transition state for
ring-opening from J and that tautomerisation to K is a require-
ment for opening of the spirocycle. The conversion of J to K is
almost certainly a bimolecular process and, as the nature of
such an intermolecular deprotonation/re-protonation is com-
plex, this step was not modelled. However, our data indicate
that it is this process which is controlling the reaction rather
than the C-C bond migration needed to open the spirocycle.
As such, slow enol formation (under acidic conditions) in con-
trast with rapid enolate formation when using strong base is
likely the key contributing factor to the stark difference in rate
of the two processes.

Experimental Section

General Procedure A: AICI; Temperature Screens: To a micro-
wave vial containing a solution of spirocycle (0.3 mmol) in isoprop-
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anol (3 mL), was added AICl;-6H,0 (15 pmol). The reaction mixture
was heated at the desired temperature for 24 hours. After this time,
an aliquot was taken and concentrated in vacuo and a 'H NMR
spectrum was recorded in CDCl; to analyse the percentage conver-
sion.

General Procedure B: TFA Temperature Screens: To a microwave
vial containing a solution of spirocycle (0.3 mmol) in chloroform
(1.5 mL) was added TFA (1.5 mL, 20 mmol). The reaction mixture
was heated at the desired temperature for 24 hours. After this time,
an aliquot was taken and concentrated in vacuo and a 'H NMR
spectrum was recorded in CDCl; to analyse the percentage conver-
sion.

General Procedure C: LHMDS Temperature Screens: To a solution
of spirocycle (0.75 mmol) in THF (3.75 mL), at =78 °C under an
atmosphere of argon, was added LHMDS (0.75 mL, 0.75 mmol, 1 m
in THF). The solution was stirred for 5 min, then warmed to the
desired temperature with continued stirring, frequently checking
for completion by TLC analysis. The reaction was quenched with
sat. aq. NH,Cl (5 mL), diluted with water (5 mL) and extracted with
EtOAc (3 x 10 mL). The organics were combined and dried with
MgSQ,, concentrated in vacuo. A "H NMR spectrum was recorded
in CDCl; to analyse the percentage conversion.

General Procedure D: LHMDS Mediated Rearrang To a
solution of spirocycle (0.5 mmol) in THF (2.5 mL), at -78 °C under
an atmosphere of argon, was added LHMDS (0.6 mL, 0.6 mmol,
1.0 m in THF). The solution was stirred for 5 min at -78 °C and then
warmed to r.t. The reaction mixture was stirred at r.t. until TLC analy-
sis showed the reaction had gone to completion. The reaction was
quenched with sat. aq. NH,Cl (5 mL), diluted with water (5 mL) and
extracted with EtOAc (3 x 10 mL). The organics were combined
and dried with MgSO,, concentrated in vacuo and purified by flash
column chromatography to afford the quinocline product.

1-Phenyl-1,2-dihydro-3H-cyclopenta[clquinolin-3-one (2a):
Synthesised using general procedure D (30 minutes reaction time)
from 2-phenylspiro[cyclopent[2]ene-1,3"-indol]-4-one 3a (194 mg,
0.75 mmol). Purification by flash column chromatography (4:1 to
1:1 hexane/EtOAc) afforded the titled product 2a as a pale brown
solid (157 mg, 81%). Ry = 0.51 (hexane/EtOAc, 1:1); 'H NMR
(400 MHz, CDCl3): & = 9.32 (s, TH), 8.24 (d, J = 8.0 Hz, 1H), 7.82 (ddd,
J=80,7.0,1.0 Hz, 1H), 7.73 (dd, J = 8.0, 1.0 Hz, 1H), 7.49 (ddd, J =
80, 7.0, 1.0 Hz, 1H), 7.36-7.25 (m, 3H), 7.16-7.12 (m, 2H), 5.05 (dd,
J=80,3.0 Hz, 1H), 3.42 (dd, J = 19.0, 8.0 Hz, TH), 2.78 ppm (dd, J =
19.0, 3.0 Hz, 1H). Spectroscopic data matched those reported in the
literature.'®!

LHMDS-Mediated Rearrangement of 3a with TMEDA: To a solu-
tion of 2-phenylspiro[cyclopent[2]ene-1,3"-indol]-4-one 3a (77 mg,
0.3 mmol) and distilled TMEDA (0.1 mL, 0.6 mmol) in THF (1.5 mL),
at -78 °C under an atmosphere of argon, was added LHMDS
(0.3 mL, 0.3 mmol, 1 m in THF). The solution was stirred for 5 min,
then warmed to room temperature with continued stirring for 30
minutes. The reaction was quenched with sat. ag. NH,Cl (10 mL),
diluted with water (5 mL) and extracted with EtOAc (3 x 10 mL).
The organics were combined, washed with sat. ag. NaCl (10 mL),
dried with MgSO, and concentrated in vacuo. A 'H NMR spectrum
was recorded in CDCl; to analyse the reaction mixture and this
confirmed that ynone 3a was fully and cleanly converted into quin-
oline 2a, as was the case in the analogous reaction without TMEDA.
1-(4-Methoxyphenyl)-1,2-dihydro-3H-cyclopenta[clquinolin-3-
one (2b): Synthesised using general procedure D (30 minutes reac-
tion time) from 2-(4-methoxyphenyl)spiro[cyclopent[2]ene-1,3"-
indol]-4-one 3b (145 mg, 0.5 mmol). Purification by flash column
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chromatography (1:1 hexane/EtOAc) afforded the titled product 2b
as an orange solid (133 mg, 92 %). Ry = 0.39 (hexane/EtOAc, 1:1); 'H
NMR (400 MHz, CDCl3): & = 9.27 (s, 1H), 8.21 (d, J = 8.5 Hz, 1H), 7.80
(ddd, J = 85, 7.0, 1.5 Hz, 1H), 7.73 (dd, J = 8.0, 1.0 Hz, 1H), 747
(ddd, J = 8.5, 7.0, 1.0 Hz, 1H), 7.04-6.99 (m, 2H), 6.84-6.80 (m, 2H),
4.99 (dd, J = 8.0, 3.0 Hz, TH), 3.76 (s, 3H), 3.37 (dd, J = 19.0, 8.0 Hz,
1H), 2.72 ppm (dd, J = 19.0, 3.0 Hz, 1H). Spectroscopic data matched
those reported in the literature.'®

1-(4-Fluorophenyl)-1,2-dihydro-3H-cyclopenta[c]quinolin-3-one
(2¢): Synthesised using general procedure D (30 minutes reaction
time) from 2-(4-fluorophenyl)spirolcyclopent(2]ene-1,3"-indol]-4-
one 3¢ (139 mg, 0.5 mmol). Purification by flash column chromatog-
raphy (1:1 hexane/EtOAc) afforded the titled product 2¢ as an
orange solid (99 mg, 71 %). Ry = 0.45 (hexane/EtOAc, 1:1); 'H NMR
(400 MHz, CDCl3): & = 9.31 (s, 1H), 8.25 (d, J = 8.0 Hz, 1H), 7.85 (ddd,
J=85,70,15Hz 1H), 7.68 (ddd, J = 8.5, 1.5, 0.5 Hz, 1H), 7.50 (ddd,
J=85,70, 15 Hz 1H), 711-7.05 (m, 2H), 7.04-6.97 (m, 2H), 5.04
(dd, J = 8.0, 3.0 Hz, 1H), 3.41 (dd, J = 195, 8.0 Hz, TH), 2.73 ppm
(dd, J=19.5, 3.0 Hz, 1H). "°F NMR (376 MHz, CDCl5): 6 =-114.5 ppm.
Spectroscopic data matched those reported in the literature.l'2!

1-{2-[(tert-Butyldimethylsilyl)oxylethyl}-1,2-dihydro-3H-cyclo-
penta[c]quinolin-3-one (2d): Synthesised using general procedure
D (1 hour reaction time) from 2-{2-[(tert-butyldimethylsilyl)oxy]-
ethyl}spiro[cyclopentane-1,3"-indol]-2-en-4-one 3d (103 mg,
0.3 mmol). Purification by flash column chromatography (4:1 to 7:3
hexane/EtOAc) afforded the titled product 2d as a brown il (60 mg,
59 %). Ry = 0.33 (hexane/EtOAc, 7:3); 'H NMR (400 MHz, CDCl,): & =
9.15 (s, 1H), 8.22 (d, J = 8.5 Hz, 1H), 8.16 (d, J = 8.5 Hz, 1H), 7.87
(ddd, J = 85, 7.0, 1.5 Hz, 1H), 7.68 (ddd, J = 85, 7.0, 1.5 Hz, 1H),
4.15-4.08 (m, 1H), 3.82 (dt, J = 105, 4.5 Hz, TH), 3.71 (td, J = 10.5,
4.5 Hz, 1H), 2.98 (dd, J = 19.0, 7.5 Hz, 1H), 2.67 (dd, J = 19.0, 1.5 Hz,
TH), 2.49-2.41 (m, 1H), 1.63 (tdd, J = 14.0, 10.0, 4.5 Hz, 1H), 0.91 (s,
9H), 0.07 (s, 3H), 0.06 ppm (s, 3H). Spectroscopic data matched
those reported in the literature.'®)

4-Methyl-1-phenyl-1,2-dihydro-3H-cyclopenta[c]quinolin-3-one
(2e): Synthesised using general procedure D (1.5 hour reaction
time) from 2-phenyl-2"-methylspiro[cyclopent(2]ene-1,3"-indol]-4-
one 3e (137 mg, 0.5 mmol). Purification by flash column chromatog-
raphy (7:3 hexane/EtOAc) afforded the titled product 2e as an
orange solid (97 mg, 71 %). Ry = 0.48 (hexane/EtOAc, 1:1); 'H NMR
(400 MHz, CDCl3): & = 811 (d, J = 85 Hz, 1H), 7.77 (ddd, J = 85,
7.0, 1.5 Hz, 1H), 7.67 (ddd, J = 85, 1.5, 0.5 Hz, 1H), 7.39 (ddd, J =
8.5, 7.0, 1.5 Hz, 1H), 7.33-7.25 (m, 3H), 7.13-7.09 (m, 2H), 4.98 (dd,
J =175, 25 Hz, 1H), 3.38 (dd, J = 19.0, 7.5 Hz, 1H), 3.06 (s, 3H),
2.75 ppm (dd, J = 19.0, 2.5 Hz, 1H). Spectroscopic data matched
those reported in the literature./'?!

1-Butyl-4-methyl-1,2-dihydro-3H-cyclopentalclquinolin-3-one
(2f): Synthesised using general procedure D (1 hour reaction time)
from 2-butyl-2"-methylspiro[cyclopent[2]ene-1,3"-indol]-4-one 3f
(127 mg, 0.5 mmol). Purification by flash column chromatography
(7:3 hexane/EtOAc) afforded the titled product 2f as a yellow solid
(76 mg, 60 %). Ry = 0.31 (hexane/EtOAc, 7:3); m.p. 88-89 °C; 'H NMR
(400 MHz, CDCl3): & = 8.1 (d, J = 85 Hz, 1H), 8.04 (dd, J = 85,
1.0 Hz, 1H), 7.83 (ddd, J = 8.5, 7.0, 1.0 Hz, 1H), 7.60 (ddd, J = 8.5,
7.0, 1.0 Hz, 1H), 3.87-3.78 (m, 1H), 2.95 (s, 3H), 2.94 (dd, J = 19.0,
7.0 Hz, 1H), 2.59 (dd, J = 19.0, 1.5 Hz, 1H), 2.19-2.02 (m, 1H), 1.57-
1.20 (m, 5H), 0.89 ppm (t, J = 6.5 Hz, 3H); '*C NMR (100 MHz, CDCl5):
d = 205.5 (C=0), 169.0 (C), 157.4 (C), 149.7 (C), 132.4 (CH), 1299
(CH), 128.1 (C), 126.6 (CH), 124.4 (C), 124.4 (CH), 43.8 (CH,), 36.9 (C),
36.2 (CH,), 29.8 (CH,), 22.8 (CH,), 22.7 (CHy), 14.1 ppm (CH3); IR (thin
film): ¥p0x = 1708 (s, C=0), 1616 (C=C), 1588 (C=C) cm~"; HRMS (ESI):
m/z calcd. for C,;H;oNONa*: 254.1539 [M + NaJ*, found 254.1538.
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8-Bromo-1-phenyl-1,2-dihydro-3H-cyclop [clquinolin-3.
(2g): Synthesised using general procedure D (30 minutes reaction
time) from 5’-bromo-2-phenylspiro[cyclopent[2]ene-1,3"-indol]-4-
one 3g (169 mg, 0.5 mmol). Purification by flash column chroma-
tography (7:3 hexane/EtOAc) afforded the titled product 2g as a
yellow solid (136 mg, 80 %). R; = 0.39 (hexane/EtOAc, 7:3); 'H NMR
(400 MHz, CDCl3): 6 = 9.30 (s, 1H), 8.09 (d, J = 9.0 Hz, 1H), 7.87 (dd,
J=9.0, 20 Hz, 1H), 7.84 (d, J = 2.0 Hz, 1H), 7.37-7.28 (m, 3H), 7.12-
7.09 (m, 2H), 4.99 (dd, J = 8.0, 3.0 Hz, 1H), 3.41 (dd, J = 19.5, 8.0 Hz,
1H), 2.79 ppm (dd, J = 19.5, 3.0 Hz, 1H). Spectroscopic data matched
those reported in the literature.'?!
trans-2-(4-Methylphenyl)-1-phenyl-1,2-dihydro-3H-cyclo-
pentalc]quinolin-3-one (2i): Synthesised using general procedure
D (2.5 hour reaction time) from 3-(4-methylphenyl)-2-phenyl-
spiro[cyclopentane-1,3’-indol]-2-en-4-one 3i (175 mg, 0.5 mmol).
Purification by flash column chromatography (9:1 to 3:1 hexane/
EtOAc) afforded the titled product 2i as an orange oil (105 mg,
60 %). Ry = 0.33 (hexane/EtOAC, 3:1); "H NMR (400 MHz, CDCl3): 6 =
9.37 (s, 1H), 8.27 (br. d, J = 8.5 Hz, 1H), 7.82 (ddd, J = 8.5, 7.0, 1.5 Hz,
1H), 7.65 (ddd, J = 8.5, 1.5, 0.5 Hz, 1H), 7.45 (ddd, J = 8.5, 7.0, 1.5 Hz,
1H), 7.34-7.28 (m, 3H), 7.17-7.13 (m, 2H), 7.09-7.05 (m, 2H), 7.03-
6.99 (m, 2H), 4.99 (d, J = 3.5 Hz, 1H), 3.87 (d, J = 3.5 Hz, 1H),
2.34 ppm (s, 3H); *C NMR (100 MHz, CDCl,): 6 = 204.0 (C), 164.2
(C), 151.1 (C), 146.0 (CH), 141.9 (C), 137.3 (C), 135.2 (C), 132.5 (CH),
130.7 (CH), 129.8 (CH), 129.7 (C), 129.4 (CH), 127.9 (CH), 127.8 (CH),
127.6 (CH), 127.5 (CH), 125.9 (CH), 125.2 (C), 65.0 (CH), 54.4 (CH),
21.2 ppm (CHs); IR (thin film): ¥ = 1714 (s, C=0), 1615 (C=C),
1574 (C=C) cm™'; HRMS (ESI): m/z calcd. for C;sH,gNONa*: 372.1539
[M + NaJ*, found 372.1351.

2-(4-Methylphenyl)-1-phenyl-cyclop [c]quinoline-3 (9):
Side product formed from the reaction of 3-(4-methylphenyl)-2-
phenylspiro[cyclopentane-1,3"-indol]-2-en-4-one 3i using general
procedure D. Purification by flash column chromatography (9:1 to
3:1 hexane/EtOAc) afforded the titled product 9 as a red solid
(36 mg, 20 %). Ry = 0.40 (hexane/EtOAc, 3:1); m.p. 183-187 °C; 'H
NMR (400 MHz, CDCl3): 6 = 9.05 (s, 1H), 8.09 (dd, J = 8.5, 1.0 Hz,
1H), 7.68 (ddd, J = 8.5, 4.5, 4.0 Hz, 1H), 7.55-7.49 (m, 3H), 7.46-7.40
(m, 2H), 7.26-7.22 (m, 2H), 7.17 (d, J = 8.5 Hz, 2H), 7.07 (d, J = 8.5 Hz,
2H), 2.31 ppm (s, 3H); *C NMR (100 MHz, CDCl,): 6 = 197.0 (C),
153.8 (C), 153.2 (C), 153.2 (C), 142.9 (CH), 138.7 (C), 134.9 (C), 134.2
(C), 131. 8 (CH), 130.8 (CH), 130.2 (CH), 129.3 (CH), 129.2 (CH), 129.0
(CH), 128.7 (CH), 127.3 (CH), 126.9 (C), 125.3 (CH), 1229 (C), 119.9
(C), 21.5 ppm (CH3); IR (thin film): ¥, = 1707 (s, C=0), 1618 (C=C),
1562 (C=C) cm™'; HRMS (ESI): m/z calcd. for CysH,gNO*: 348.1383
[M + H]*, found 348.1377.

3-Benzyl-1-phenylcyclop [c]quinolin-3-ol (10): Synthesised
using general procedure D (1 hour reaction time) from a 1:1 mixture
of diastereoisomers of 5-benzyl-2-phenylspiro[cyclopentane-1,3’-
indol]-2-en-4-one 3j (175 mg, 0.5 mmol). Purification by flash col-
umn chromatography (6:4 hexane/EtOAc) afforded the titled product
10 as an orange solid (106 mg, 61 %). Ry = 0.13 (hexane/EtOAc, 6:4);
m.p. 191-192 °C; 'H NMR (400 MHz, (CD5),S0): 6 = 8.93 (s, 1H), 8.01
(d, J = 8.5 Hz, 1H), 7.60 (ddd, J = 8.5, 7.0, 1.5 Hz, 1H), 7.51-7.45 (m,
3H), 7.35-7.20 (m, 4H), 7.11-7.02 (m, 5H), 6.50, (s, TH), 5.93 ppm (s,
1H); "3C NMR (100 MHz, (CD;),S0): ¢ = 148.7 (C), 145.5 (CH), 145.1
(CH), 144.8 (C), 142.2 (C), 141.3 (C), 136.6 (C), 136.4 (C), 130.2 (CH),
129.9 (CH), 128.6 (CH), 128.6 (CH), 128.2 (CH), 128.2 (CH), 127.3 (CH),
126.2 (CH), 125.9 (CH), 123.5 (CH), 122.7 (C), 82.8 (C), 43.7 ppm (CH,);
IR (thin film): ¥,y = 1569 (C=C), 1506 (C=C) cm™~'; HRMS (ESI): m/z
caled. for C;5H,0NO*: 350.1539 [M + H]*, found 350.1539. Note: In
(CD;),SO some proton signals are obscured by the residual water
signal; these are observed in CDCl; at 3.45 (d, J = 13.5 Hz, 1H) and
3.30 (d, J = 13.5 Hz, TH) for the CH, of the benzyl group.
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1-Butyl-2-(4-methylphenyl)-4-methyl-1,2-dihydro-3H-cyclo-
penta[c]quinolin-3-one (2h): Synthesised using general procedure
D from 2-butyl-3-(4-methylphenyl)-2’-methylspiro[cyclopentane-
1,3"-indol]-2-en-4-one 3h (165 mg, 0.5 mmol). Purification by flash
column chromatography (99:1 to 95:5 hexane/acetone) afforded the
titled product 2h as an orange oil as a 7:3 mixture of diastereoiso-
mers (98 mg, 58 %). R; = 0.08 (hexane/acetone, 95:5); '"H NMR
(400 MHz, CDCl3): 0 = 8.19-8.14 (m, 2H), 8.12-8.04 (m, 2H), 7.92-
7.84 (m, 2H), 7.67-7.60 (m, 2H), 7.25-7.19 (m, 4H), 7.14-7.08 (m, 2H),
7.05-6.99 (m, 2H), 4.25 (d, J = 7.0 Hz, 1H), 415 (m, 1 H), 3.91 (ddd,
J=95,3.0, 1.5 Hz 1H), 3.71 (d, J = 1.5 Hz, 1H), 3.04 (s, 3H), 2.96
(3H), 2.33 (s, 3H), 2.30 (s, 3H), 2.25-2.17 (m, 1H), 1.68-1.27 (m, 8H),
1.03-0.81 (m, 2H), 0.89 (t, J = 7.0 Hz, 3H), 0.60-0.48 (m, 1H),
0.57 ppm (t, J = 6.5 Hz, 3H); *C NMR (100 MHz, CDCl3): § = 205.0
(C), 204.7 (C), 168.6 (C), 166.9 (C), 158.1 (C), 157.5 (C), 149.9 (C),
149.7 (0), 139.3 (C), 137.1 (C), 136.6 (C), 136.4(C), 132.7 (CH), 132.6
(C), 132.5 (CH), 130.4 (CH), 130.0 (CH), 129.9 (CH), 129.8 (CH), 129.4
(€), 129.3 (CH), 127.8 (C), 127.3 (CH), 126.8 (CH), 126.7 (CH), 125.0
(C), 124.5 (CH), 124.3 (CH), 60.7 (CH), 59.3 (CH), 46.6 (CH), 42.8 (CH),
36.5 (CHy), 33.1 (CHy), 30.0 (CH,), 29.5 (CH), 22.9 (CH5), 22.8 (CH,),
22.8 (CH3), 22.6 (CH,), 21.3 (CH3), 21.2 (CH3), 14.1 (CH3), 13.7 ppm
(CH3); IR (thin film): ¥, = 1710 (s, C=0), 1615 (C=C), 1590 (C=C),
1565 (C=C), 1512 (C=C); HRMS (ESI): m/z calcd. for C,4H,sNONa*:
366.1828 [M + Na]*, found 366.1821.

1-(2-Methyl-1H-indol-3-yl)oct-3-yn-2-one: To a solution of hex-1-
yne (1.2 mL, 10.5 mmol) in THF (10.5 mL), at =78 °C under an atmos-
phere of argon, was added nBulLi (5.5 mL, 8.8 mmol, 1.6 m in hex-
ane). The mixture was stirred for 30 min at -78 °C then transferred
via cannula to a solution of N-methoxy-N-methyl-2-(2-methyl-1H-
indol-3-yl)acetamide (813 mg, 3.5 mmol) in THF (17.5 mL) which
was also cooled to -78 °C under an atmosphere of argon. The re-
sulting mixture was stirred for 5 min and then warmed to r.t. with
continued stirring for 1 h. The reaction was quenched with sat. aq.
NH,CI (20 mL), diluted with water (10 mL) and extracted with EtOAc
(3 x 30 mL). The organics were combined and dried with MgSO,,
concentrated in vacuo and purified by flash column chromatogra-
phy (9:1 to 4:1 hexane/EtOAc) to afford the titled product S1 as a
yellow oil (414 mg, 47 %). Ry = 0.81 (hexane/EtOAc, 1:1); 'H NMR
(400 MHz, CDCl5): 0 = 7.92 (br. s, TH), 7.51 (d, J = 7.5 Hz, 1H), 7.30-
7.27 (m, 1H), 7.16-7.07 (m, 2H), 3.87 (s, 2H), 2.42 (s, 3H), 2.25 (t, / =
7.0 Hz, 2H), 1.45-1.37 (m, 2H), 1.33-1.22 (m, 2H), 0.85 ppm (t, J =
7.0 Hz, 3H); *C NMR (100 MHz, CDCl3): 6 = 185.6 (C), 135.3 (C),
133.3 (C), 128.8 (C), 121.5 (CH), 119.8 (CH), 118.3 (CH), 110.4 (CH),
103.9 (C), 954 (C), 81.1 (C), 41.4 (CH,), 29.6 (CH,), 21.9 (CH,), 18.8
(CH,), 13.6 (CH3), 12.0 ppm (CH;3); IR (thin film): ¥,,,, = 2210 (C=C),
1664 (C=0) cm™'; HRMS (ESI): m/z calcd. for C,,H,oNONa*: 276.1359
[M + NaJ*, found 276.1363.

2-Butyl-2"-methylspiro[cyclopent[2]ene-1,3"-indol]-4-one (3f):
To a solution of 1-(2-methyl-1H-indol-3-yl)oct-3-yn-2-one (414 mg,
1.6 mmol) in DCM (16 mL) was added AgOTf (4.2 mg, 16 umol) at
rt. The reaction mixture was stirred for 1 h and then concentrated
in vacuo. Purification by flash column chromatography (1:1 hexane/
EtOAc) afforded the titled product 3f as a yellow oil (270 mg, 55 %).
R; = 0.36 (hexane/EtOAc, 1:1); 'TH NMR (400 MHz, CDCly): & = 7.57
(d, J =75 Hz, 1H), 7.37 (ddd, J = 7.5, 1.5, 1.5 Hz, 1H), 7.22 (ddd, J =
7.5, 1.0, 1.0 Hz, 1H), 7.13 (ddd, J = 7.5, 1.5, 1.0 Hz, 1H), 6.30 (t, J =
1.5 Hz, 1H), 2.72 (d, J = 18.5 Hz, 1H), 2.67 (d, J = 18.5 Hz, 1H), 2.17
(s, 3H), 1.71-1.53 (m, 2H), 1.41-1.31 (m, 2H), 1.15 (sext,, J = 7.0 Hz,
2H), 0.76 ppm (t, J = 7.0 Hz, 3H); 3C NMR (100 MHz, CDCls): 6 =
206.1 (C), 181.7 (C), 181.6 (C), 155.4 (C), 140.2 (C), 131.0 (CH), 129.0
(CH), 126.3 (CH), 121.8 (CH), 120.5 (CH), 68.6 (C), 42.7 (CH,), 29.0
(CH,), 28.2 (CH,), 22.2 (CHy), 15.5 (CH3), 13.7 ppm (CH3); IR (thin
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film): ¥max = 1717 (s, C=0), 1693 (C=C), 1609 (C=C) cm™"; HRMS (ESI):
m/z calcd. for C,;H,oNONa*: 276.1359 [M + NaJ*, found 276.1361.

2-Butyl-5-(4-methylphenyl)-2'methylspiro[cyclopent 1,2-
indol]-2-en-4-one (3h): To a dry round-bottomed flask, 1-(2-
methyl-1H-indol-3-yl)oct-3-yn-2-one $1 (529 mg, 2.1 mmol), 4-iodo-
toluene (501 mg, 2.3 mmol) and bromobis(triphenylphosphine)-
(N-succinimide)palladium(ll) (32 mg, 40 pmol) were added. The flask
was purged with argon and then dry acetonitrile (20 mL) and tri-
ethylamine (0.3 mL, 2.1 mmol) were added. The reaction was heated
to 60 °C with continuous stirring for 4 h. The mixture was then
cooled to r.t. and concentrated in vacuo. Purification by flash col-
umn chromatography (9:1 to 7:3 hexane/EtOAc) afforded the titled
product 3h as a pale yellow oil (489 mg, 71 %). R; = 0.22 (hexane/
EtOAc, 7:3); "H NMR (400 MHz, CDCly): 6 = 7.63 (d, J = 7.5 Hz, TH),
7.45-7.38 (m, 1H), 7.29-7.22 (m, 6H), 2.86 (d, J = 19.0 Hz, 1H), 2.81
(d, J=19.0 Hz, 1H), 2.39 (s, 3H), 2.27 (s, 3H), 2.05-1.95 (m, 1H), 1.88-
1.78 (m, 1H), 1.06-0.85 (m, 4H), 0.56 ppm (t, J = 6.0 Hz, 3H); '3C
NMR (100 MHz, CDCl3): 6 = 204.8 (C), 182.6 (C), 173.4 (C), 155.6 (C),
143.2 (C), 140.6 (C), 138.3 (C), 129.3 (CH), 129.0 (CH), 128.8 (CH),
128.3 (C), 126.1 (CH), 122.3 (CH), 120.5 (CH), 67.1 (C), 42.7 (CH,), 30.0
(CH,), 28.3 (CH,), 22.8 (CH,), 21.4 (CH3), 15.9 (CH3), 13.3 ppm (CH;);
IR (thin film): ¥ax = 1706 (s, C=0), 1609 (C=C), 1578 (C=C) cm™";
HRMS (ESI): m/z calcd. for C;4H,sNONa*: 366.1828 [M + Na]*, found
366.1825.
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Visible-light-induced intramolecular charge
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Indole-tethered ynones form an intramolecular electron donor-acceptor complex that can undergo
visible-light-induced charge transfer to promote thiyl radical generation from thiols. This initiates a novel
radical chain sequence, based on dearomatising spirocyclisation with concomitant C-S bond formation.
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Sulfur-containing spirocycles are formed in high yields using this simple and mild synthetic protocol, in

which neither transition metal catalysts nor photocatalysts are required. The proposed mechanism is
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Introduction

The use of visible-light-mediated photochemistry in synthesis
has grown enormously in recent years,'? triggered by dramatic
progress in the fields of photoredox catalysis,* energy transfer*
and atom transfer processes.® This has led to a renaissance in
the use of single electron transfer (SET) processes in chemical
synthesis, including renewed interest in the study of charge
transfer in electron donor-acceptor (EDA) complexes.

The phenomenon of charge transfer was first postulated in
the 1950s,%” but received relatively little attention in synthetic
chemistry® until a surge in interest in the last decade,” with an
illustrative example recently reported by Glorius and co-workers
summarised in Scheme 1a." In this study, it was shown that the
coupling of indoles 1 and pyridinium salt acceptors 2 can be
performed in the absence of a transition metal catalyst or
photocatalyst. Key to this process is the formation of an inter-
molecular EDA complex A between an indole (the donor) and
a pyridinium salt (the acceptor); the EDA complex can then
absorb visible light to promote charge transfer to form radical 4,
that can then fragment to give electrophilic radical 5 and couple
with indole 1 to afford C-2 functionalised indole 3 via a radical
chain process.
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supported by various mechanistic studies, and the unusual radical initiation mode represents only the
second report of the use of an intramolecular electron donor—acceptor complex in synthesis.

This report and others,”'® highlight the value of intermolec-
ular EDA-mediated charge transfer for the construction of
challenging chemical bonds. However, until a 2018 report by

a) Previous work: Glorius et al.'®
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* MeCN, 35.°C i |
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d acceplov
onor
z ... :
DCE R? :
N 10 “Blue LED.
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Scheme1 EDA complexes in synthetic chemistry (a, b = previous work,
c = this work). DCE = 1,2-dichloroethane. LED = light emitting diode.
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Melchiorre and co-workers,'"** there were no reports of the use
of photon-absorbing intramolecular EDA complexes being used
in synthesis. In this seminal study, an enantioselective radical
conjugate addition reaction is described that relies on visible-
light-excitation of a chiral iminium-ion based intramolecular
EDA complex B, itself formed in situ from a ketone 6 and
organocatalyst 8 (Scheme 1b)."

Herein, a new synthetic method based on intramolecular EDA
complexation and charge transfer is reported for only the
second time. Thus, a novel radical dearomatising spirocyclisa-
tion* of indole-tethered ynones 10 (ref. 14) and thiols 11 is
described for the formation of spirocyclic indolines 12 with
concomitant C-S bond formation (Scheme 1c)."* The reactions
are catalyst-free and proceed via a thiyl radical-based chain
process, that is thought to be self-initiated by the ynone starting
material 10, through visible-light-induced charge transfer of an
intramolecular EDA complex C. A wide range of sulfur-
containing spirocycles 12 have been prepared using this mild,
high yielding synthetic procedure. This unusual photocatalyst-
free method to initiate radical chemistry was discovered by
serendipity, and could easily have gone unnoticed, if not for the
recent surge in interest in the study of charge transfer in elec-
tron donor-acceptor (EDA) complexes.

Results and discussion

The original aim of this project was to develop a radical spi-
rocyclisation protocol based on more well-established methods
for radical generation. We postulated that indole-tethered
ynones 13 would react with electrophilic radicals via regiose-
lective addition to the alkyne group (13 — 14), before cyclising
on to the indole at its 3-position to form a spirocyclic radical
intermediate (14 — 15). Radical 15 could then go on to form
either spirocyclic indoline 16 via hydrogen atom transfer (HAT),
or spirocyclic indolenine 18 via single electron oxidation fol-
lowed by proton loss (Scheme 2). Oxidation of 16 to 18 in the
presence of molecular oxygen, or other oxidants, was also pre-
dicted to be viable. Confidence in this general idea was raised by
reports of radical-based dearomative processes involving
phenol- and anisole-tethered alkynes.'*"” These studies confirm
that electrophilic radicals can react with ynones with the

Q
O electrophilic z
(~radical T
\\“ . ~R2
N—g! 4 ° o1
R' ‘g— R
N N
s N1s
HAT
Q o}
z z
i % L.
)R | — R
N 18 N 17 N 18

Scheme 2 Planned reaction courses.
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desired regioselectivity, and that the so-formed radical species
can go on to react with tethered aromatics; however, to the best
of our knowledge, such a strategy had not been applied to
indole-tethered alkynes prior to this report.

This study began by examining the reaction of ynone 13a
with a thiyl radical generated from thiophenol in situ. Thiyl
radicals are versatile reactive intermediates in synthetic radical
chemistry' and we reasoned that the derived products could be
relevant in drug discovery, in view of the prevalence of vinyl
sulfides in bioactive compounds.’” A photoredox catalysis
approach originally was chosen to generate the thiyl radical,*
which led to the development of the conditions summarised in
Scheme 3 (see ESIF for full optimisation). Thus, the combina-
tion of thiophenol, catalytic Ru(bpy);(PFs), and irradiation with
a blue LED lamp (Amax = 455 nm, 60 W) at rt under air, enabled
the conversion of indole-tethered ynone 13a into spirocyclic
indolenine®* 18a in reasonable yield via an overall oxidative
dearomative process (Scheme 3, a). Product 18a was synthesised
along with indoline 16a as minor side-product, with 16a
believed to be an intermediate on the route to indolenine 18a.*
Control experiments revealed that oxygen is required for the
efficient formation of 18a (indoline 16a is the major product in
the absence of oxygen, Scheme 3, d) and more intriguingly,
a mixture of both products 18a and 16a is formed even in the
absence of any photocatalyst (Scheme 3, e). In the absence of
light, no reaction occurs (Scheme 3, f). This indolenine-forming
reaction was also found to work on other ynone starting mate-
rials (5 examples, see ESIT page S8 for details).

The unexpected discovery that spirocyclisation can be ach-
ieved without Ru(bpy)s;(PFs), was intriguing, both from
a mechanistic standpoint, and in view of the clear practical and
environmental benefits of avoiding metal-based photocatalysts.
We therefore decided to explore this process in more detail and
started by establishing whether the photocatalyst-free reaction
conditions could be applied to other substrates. Additional
optimisation was performed at this point (see ESIT), and based
on this, the decision was made to prioritise the synthesis of
indoline products 16/19 (via overall redox neutral reactions, c.f.
Scheme 3, d) rather than indolenines 18 (overall oxidative
processes, c.f Scheme 3, a).** Thus, the reactions were per-
formed under argon rather than air; another change to the

PhSH (1.6 equiv), SPh S
\ Ru(bpy)s(PFe), (1 mol%) %,

A MeCN (0.1 M) Ph Ph
N Ph Blue LED N
H 13a 25-30 °C, 16 h, air H

Variation from above conditions yield 18a yield 16a

a) none 68% 8%

b) in the dark 0% 0%

¢) CFL bulb (23 W) 42% 4%

d) under argon 17% 63%

€) no Ru(bpy)s(PFg)s 54% 9%

f) no Ru(bpy)s(PFg); and dark 0% 0%

Scheme 3 Control reactions; all yields are based on comparison to an
internal standard in the 'H NMR spectrum of the unpurified reaction
mixture except for ‘a’ which is an isolated yield. CFL = compact
fluorescent lamp.
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conditions was to switch the solvent from acetonitrile to 1,2-
dichloroethane (see ESIf for further optimisation details).

The optimised conditions were then tested across a range of
indole-tethered ynones and thiols, and the results summarised
in Scheme 4 confirm that the reaction is broad in scope.
Changes to the substituent on the indole nitrogen (NH and
NMe), the indole 2-position and the ynone terminus (R*) were
all tolerated (16a-n, 15-99%), with bulky TIPS-substituted
ynone 130 (to form 160) the only unsuccessful example. In
cases where the indole C-2 position is substituted (16a-f) the
products were isolated as the single diastereoisomer shown,
with the assignment of relative stereochemistry based on X-ray
crystallographic data for 16a.>***

The reactions also work well with a range of thiols (20
examples, 19a-19t, 36-99%). Various electronically diverse,
substituted arylthiols were well-tolerated (19a-19j), with the
more electron-rich examples typically the highest yielding. We
were also pleased to observe that aliphatic thiols are compatible
with the standard procedure (19k-19p); the S-H bond dissoci-
ation energy (BDE) for alkyl thiols (~87 keal mol ') is usually
higher than related aryl thiols (72-82 kcal mol '), which can
adversely affect their reactivity in radical reactions." More

o et

R*SH (1.1-1.6 equiv)
e %, 3

N Rz\ 5 DCE(0.1M), 16h R?

N R® " Argon, 2530 °C N

R! blue LEDs R
[o}
H H H
16g, R = H, 69% 16h, R = 34,5-OMe, 79% 16j, R=H, 68%

(CCDC 1945660) 16i, R = 4-Br, 65% (CCDC 1945618)

19a, R = 4-OH, 85% Q S.

Ph

19h, R = 4-NO,, 42%
\ 19219 | 4gi 'R =3.0Me, 90%
19j, R = 2-naphthyl, 99%

o R 19k, R = C3Hy, 90%
S 191, R = Cyclohexyl, 74%
/ 19m, R = Bu, 37%
%, 19n, R = TIPS, 36% (24 h)
Ph 190, R = CHy(2-Me-CgHs), 87%
N 19p, R = (CH,),CO,Me, 51%
\ 19k-19t

View Article Online
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complex thiols have also been shown to work well using the
standard procedure, including 1,3-propanedithiol (to make
dimeric product 19r), a protected cysteine derivative and a
peptide-like thiol (to make 19q and 19s) and an a-tocopherol-
derived thiol (to make 19t).

Having established the synthetic method, attention then
turned to understanding how the reactions operate in the
absence of photocatalyst. We reasoned that visible-light acti-
vation of one of the starting materials must play a key role.
Based on precedent, several possibilities could be envisaged:***”
(1) light-induced homolytic cleavage of the thiol S-H bond to
generate a thiyl radical would account for the observed reac-
tivity, as this could start a radical chain reaction, as outlined
earlier in Scheme 2; (2) similar reactivity could also originate
from homolytic S-S bond cleavage of trace disulfides present in
the thiol reagent; (3) photoexcitation of the alkyne to its triplet
state could form an open-shell species theoretically capable of
initiating radical chemistry.

Although we considered all of these scenarios to be unlikely
under the influence of blue light (based on the energy typically
needed to homolyse S-H/S-S bonds or to electronically excite
alkynes),"**” control experiments were nonetheless designed to

SPh 16a, R=H, 84%
(CCDC 1945619) I

R Mg Ph ;
N -
16b, R = OMe, 55%
M 6c.R=F,68% n N
16d, R = NMe,, 45% 16e, 49% 16f, 54%
o]
(o}
A _sen SPh j i
< ph S e R
M Me o
& 16m, R = cyclopentyl, 54%
16k, 99% 161, 85% 16n, R = CH,CH,CH,Cl, 15%
................................... tlo el S
o o
0 COoMe ~
Ph
captopril methy! ester ;“
19q, 78%
dr.~1:1 NHAC
CO,Me
L-cysteine

Ph denvative

19s, 76%
dr.~11

19t 74% a-tocopherol-derived thiol

dr~11

Scheme 4 Light induced charge-transfer radical spirocyclisation. Isolated yields following column chromatography are given.
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examine these possibilities. The experiments were based on the
hydrothiolation of simple alkynes; thus, each of alkynes 20 and
22 were reacted with n-propane thiol under blue LED irradiation
at RT, but no conversion into vinyl sulfides 21 and 23 was
observed, with the alkynes fully recovered in each case (Schemes
5a and 5b). The lack of hydrothiolation in these experiments
supports the idea that the initiation mechanisms suggested
above are invalid; thiyl radicals seem not to be formed directly
from the thiol reagent (or trace amounts of disulfides) in the
presence of either of these alkynes, and the lack of reactivity
observed with ynone starting material 20, appears to rule out
simple triplet excitation of the ynone functionality under blue
light radiation. Instead, these results suggest that the indole-
tethered ynone moiety 13 itself is critical to the observed reac-
tivity. Indeed, compelling evidence that supports the involve-
ment of the ynone in initiating thiyl radical chemistry was
obtained when alkynes 20 and 22 were again reacted with n-
propane thiol, but this time with the addition of sub-
stoichiometric (20 mol%) ynone 13k; under these conditions,
hydrothiolation products 21 and 23 were obtained in 54% and
80% yields, respectively.

Normally, neither ynones nor 3-substituted indoles would be
expected to absorb visible light wavelength photons. However,
the ynones 13 used in this study tend to be yellow in colour, and
indeed, ynone 13g was found to absorb relatively strongly at

a) indole tethered ynone 13k initiating experiment - hydrothiolation of ynone

(\ ut 13k = 0%
with 13Il (20 mol%) =54%
§7)

o with and without 13k

N"sH (1.8 " sH (1.8 equiv).
A

T DCE 2530°C
20 M BluelED, 16h

View Article Online
Edge Article

around 455 nm (the A, Of the light source) when analysed
using UV-Vis spectroscopy (orange line, Scheme 5c; for the
emission spectra of 13g see the ESIT). In contrast, model ynone
20 (blue line), 3-substituted indole 24 (cyan line), and thio-
phenol 11a (black line) displayed little/no absorption in the
same region. Equimolar mixtures of these compounds (20 + 11a
in grey, 20 + 24 in pink and 24 + 11a in green) did absord in the
visible region when measured at 0.02 M, although interestingly,
when mixed at much higher concentration (>0.5 M) a significant
bathochromic shift was observed for a mixture of ynone 20 and
indole 24, indicating that the intermolecular interaction of
these components can influence their absorption properties,
albeit at concentrations well above those used in the synthetic
reactions (see ESI, Scheme S31). The addition of thiol 11a does
not appear to influence the absorbance, with near-identical UV-
Vis spectra obtained for both ynone 13k and a mixture of 20 and
24, with and without the inclusion of 11a (see ESI Scheme S47).

The ability of the indole ynone starting materials 13 to
absorb visible light around 455 nm appears to correlate well
with the success of the radical cascade processes, as illustrated
by the data presented in Scheme 5d. For example, alkynes 13p
and 13q, showed low absorption at 455 nm (purple and blue
lines respectively) and both the conversion and yields for these
reactions were much lower than those for the standard
substrates (c.f. Scheme 4).* In contrast, ynones 13g, 13k and

b) indole-tethered ynone 13k initiating experiment - hydrothiolation of alkyne

with and without 13k _/—
N\"sH (1.8 equiv) S without 13k =
Ph——=——pPh ——————— 1"=< with 13k (20 mol%) = 80%
DCE,25-30°C  pyf 'ph (EZ = 40:60)
2 Blue LED, 16 h 2

) UV-Vis spectroscopy for 13g and model reaction components d) substrate

oSN AL o o

effects on UV-Vis absorption (for 13g,k,1,p,q) and spirocylisation

of et e o

24 11a
e .. :
+ + +
o - N N

20+ 11a 20+24 24+ 11a

3
<
1
g
5
£
8
3
<

310 355 400 445 490
Wavelength (nm)

400 445 490 535 580
Wavelength {nm)

Scheme 5 (a) Hydrothiolation of ynone 20; (b) Hydrothiolation of alkyne 22; (c) UV-Vis spectroscopy studies of indole-tethered ynone 13g

compared with model reaction components; (d) UV-Vis spectroscopy of

indole-tethered ynones (13g, 13k, 131, 13p) and propargylic alcohol 13q.

All UV-Vis experiments were performed in anhydrous 1,2-dichloroethane (0.02 M).
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131, which all reacted efficiently to form 16g, 16k and 16l with
full conversion and in good yields, show a clear red-shift into
the visible region (orange, red and green lines respectively).>

We postulate that through-space interactions explain the
enhanced visible light absorption of the reactive ynone systems,
via formation of an intramolecular EDA complex of the form C
(Scheme 6a) that enables the ynone to absorb relatively long
wavelength visible light and initiate thiyl radical chemistry. A
through bond process (i.e. involving conjugation via enolate
formation)* was also considered as a possible explanation for
the red shift of typical ynone substrates, but was ruled out on
the basis of the UV-Vis data and successful reaction of non-
enolisable ynone 131. The formation of an intramolecular EDA
complex is also supported by time-dependent density func-
tional theory (TDDFT) calculations performed on ynone 13k,
which predicted a peak at 441 nm with an oscillator strength of
0.050 (Scheme 6b). This peak is composed entirely of a charge
transfer excitation between the 7 orbitals of the indole HOMO
and ynone LUMO (Scheme 6b).

Thus, a mechanism is proposed in which the formation of an
EDA complex C is followed by visible light absorption to form
a photoexcited state, loosely represented as charge transfer
complex 25. This species may simply relax to reform EDA
complex C via back electron transfer, or alternatively, the open
shell excited state 25 could abstract a hydrogen atom from the
thiol 11, thus generating the thiyl radical needed to start
a radical cascade (Scheme 6a).* At this point, a more typical

a) initiation

Quantum
Yield

Scheme 6 (a) Proposed mechanism for initiation; (b) TDDFT calcu-
lations; (c) proposed propagation cycle.

This journal is © The Royal Society of Chemistry 2020
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radical chain process can operate (Scheme 6¢), which likely
proceeds by the addition of thiyl radical to the ynone (10 — 26),
spirocyclisation (26 — 27) and hydrogen atom abstraction from
thiol 11 (27 — 12), thus enabling chain propagation. Quantum
yield measurements (¢ = 19.8)** support operation through
a chain process.*”*

Conclusions

In summary, a new dearomative method for the synthesis of
sulfur-containing spirocyclic indolines is described, based on
the reaction of indole-tethered ynones with thiyl radicals
generated in situ from thiols. The reactions are promoted by
visible light, operate at RT under mild reaction conditions and
need neither a transition metal catalyst nor added photocatalyst
to proceed efficiently across a wide range of substrates. The
reaction is thought to be self-initiated* with visible-light-
mediated photoexcitation of an intramolecular EDA complex
formed between the indole and ynone moieties in the starting
material leading to the formation an open shell excited charge-
transfer complex, capable of abstracting a hydrogen atom from
the thiol and initiating radical chain propagation.

To the best of our knowledge, this is only the second report
that details the use of intramolecular EDA complexes in
synthesis. This rare radical activation mode was uncovered
entirely by serendipity,* and this is a feature of the discovery
that we are keen to highlight, as we believe that intramolecular
EDA complexes likely play key roles in other synthetic methods,
but can go (or have gone) unnoticed.*™ As awareness of the
value of charge transfer processes in synthetic chemistry grows,
we believe that many important new methods of this type will be
discovered, both through design and by serendipity.
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by oxidation of the corresponding spiroindolines if
required (see ESIf).

24 CCDC 1945619 (16a), 1945618 (16j), 1945660 (16g), 1645620
(13g), and 1645621 (13k) contain the crystallographic data,
see ESL

25 When an analogous ynone substrate (13r) bearing a phenyl
group at the indole C-2 position was tested, an inseparable
mixture of indolenine product 18r and indoline 16r was
obtained, as well as other minor impurities (the yields
quoted below are based on NMR against an internal
standard). The increased stability of the doubly benzylic
radical that this reaction proceeds by, as well as the fact
that this radical would be expected to undergo oxidation
more easily, both account for the contrasting reactivity of
this substrate compared with its alkyl substituted
analogues. Although this reaction is not useful
synthetically, the small amount of 16r produced did
appear to be formed as a single diastereoisomer, most
likely with the same relative stereochemistry as that
obtained for products 16b-f.
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ESI mass spectrometry led to the detection of peak
representing a reduced version of the starting material
(ynone 131 + H, + H'), but no identifiable products could
be isolated from the reaction.

For more details on the method used to calculate quantum
yield, see ESI page $9,f and for important background on
such methods, see: (@) M. A. Cismesia and T. P. Yoon,
Chem. Sci., 2015, 6, 5426; (b) K. Liang, N. Li, Y. Zhang,
T. Li and C. Xia, Chem. Sci., 2019, 10, 3049.

The proposed mechanism is further supported by deuterium
labelling studies in which the reaction of ynone 131 with
PhSD was performed, with the expected deuterated
product (16I', see ESI, pages S12 and S13t) being obtained.
No significant difference in rate of reaction was observed
when comparing this reaction with the analogous reaction
with PhSH, suggesting that the HAT step is not rate
determining (also see ESI, pages S12 and S137).
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34 Attempts to provide additional evidence for the existence of

the EDA complex using cyclic voltammetry were inconclusive
(see ESI pages S15 and S167).

35 For useful perspective on catalysis of radical reactions,

including especially relevant discussion of the concept of
‘smart initiation’, see: A. Studer and D. P. Curran, Angew.
Chem., Int. Ed., 2016, 55, 58.

36 For examples and discussion of the importance of

serendipity for discovery in synthetic chemistry, see: (a)
S. Z. Zard, Chem. Commun., 2002, 1555; (b) R. N. Grimes, /.
Organomet. Chem., 2013, 747, 4; (¢) M. Kazim, M. A. Siegler
and T. Lectka, Org. Lett., 2019, 21, 2326. For useful
discussion on the discovery of unforeseen energy-transfer-
based transformations, see: (d) J. Ma, F. Strieth-Kalthoff,
C. Henkel, M. Teders, A. Kahnt, W. Knolle, A. Gomez-
Suarez, K. Dirian, W. Alex, K. Bergander, C. G. Daniliuc,
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Abstract: The outcome of ring-expansion reactions based
on amino/hydroxyacid side-chain insertion is strongly de-
pendent on ring size. This manuscript, which builds upon
our previous work on Successive Ring Expansion (SuRE)
methods, details efforts to better define the scope and limi-
tations of these reactions on lactam and [}-ketoester ring
systems with respect to ring size and additional functionality.
The synthetic results provide clear guidelines as to which
substrate classes are more likely to be successful and are

~

supported by computational results, using a density func-
tional theory (DFT) approach. Calculating the relative Gibbs
free energies of the three isomeric species that are formed
reversibly during ring expansion enables the viability of new
synthetic reactions to be correctly predicted in most cases.
The new synthetic and computational results are expected
to support the design of new lactam- and f-ketoester-based
ring-expansion reactions.

Introduction

Rearrangements that allow ring-enlarged products to be pre-
pared from smaller cyclic systems have much utility in synthet-
ic chemistry."? Ring expansions are particularly useful for the
synthesis of medium-sized rings (8- to 11-membered) and mac-
rocycles (124 membered), as alternatives to direct end-to-end
cyclisations.” End-to-end cyclisations can be difficult and un-
predictable processes due to competing intermolecular cou-
pling and other side reactions, and they often necessitate the
use of impractical high-dilution (or pseudo-high-dilution) con-
ditions.” In contrast, high dilution can often be avoided com-
pletely in well-designed ring-expansion systems."">*!

Side-chain insertion ring-expansion reactions (Scheme 1a)
are a useful sub-class of ring expansion, as the requisite pre-
cursors are generally straightforward to prepare. Various meth-
ods in which the ring expansion is accompanied by concomi-
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tant C—O, C—N and C—C bond formation are known, and this
topic has been recently reviewed."* Amongst this class of reac-
tion, our group has developed a series side-chain insertion ring
expansion processes that can be performed iteratively. These
methods, which we have termed “Successive Ring Expansion”

a) Side-chain insertion/ring expansion

H
® Y d
e cyclisation/ e
XH 6 YH D fragmentation
— X —
coupling

1 2 X
H

b) Successive Ring Expansion (SuRE) of cyclic f-ketoesters

SuRE
o 0
R?
COR & AL XFC e
R4, MgCly, pyridine
s CHCly RT,2h
then cleave PG

c) Successive Ring Expansion (SuRE) of lactams

2

SuRE o (o) X‘H/R{o

o] 0 4

AR xec )‘ X (ngsm riL X

HL [l v * 1 W, i}
NH —=—» R'- —“R? — LA
R'_h  DMAP, pyridine Nko —_— A5

" CH,Cl, 50°C,20h AT HN\ﬂl_ﬁx
then cleave PG 8 OR "9

R'-R* = various; X = NH, NR, O
PG =Fmoc, Cbz, Bn; n'=2-9;n"=12

Scheme 1. Side-chain insertion ring-expansion reactions and Successive Ring
Expansion (SuRE).
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(SURE) reactions,” enable the controlled, iterative insertion of
amino acid or hydroxyacid-derived linear sequences into cyclic
p-ketoesters (4—6, Scheme 1b)"™* or lactams (7—9, Sche-
me 1¢).ed

In our experience, the most important factor in determining
the outcome of new ring-expansion reactions of the types
summarised in Scheme 1b and c is ring size. This is well dem-
onstrated by the outcomes of our published lactone-forming
ring expansions of imides of the form 10 (Scheme 2).° Thus,
for both «- and [-hydroxyacid derived linear fragments (3- and
4-atom ring expansions, respectively), there is a clear point at
which ring expansion “switches on”; the reactions work for
starting materials with rings that are eight-membered or more
for three-atom expansions (m=1) and rings that are six-mem-
bered or more for four-atom expansions (m=2). The analo-
gous reactions fail for smaller ring variants. We have previously
postulated that these reactions are under thermodynamic con-
trol, and hence that the reaction outcomes depend on the rel-
ative Gibbs free energies of the three isomeric forms that the
substrate must pass through for ring expansion to occur. This
idea is supported by calculations performed at the DFT/B3LYP/
6-31G* level of theory;***® thus, five-membered ring-open
form imide 124, (RO=ring-opened) was calculated to be sig-
nificantly lower in Gibbs free energy than its isomeric ring-
closed (123, RC=ring-closed) and ring-expanded forms (12g,
RE=ring-expanded), and this was replicated in the synthetic
results, with imide 12, being isolated in 99% yield following
hydrogenolysis of the parent benzyl protected imide (10,
where n=2, m=1). Conversely, in the case of the analogous
eight-membered starting material (10, where n=5, m=1), the
ring-expanded form 13y was calculated to be the most stable
isomer, and upon testing the reaction, 13 was isolated in
89% yield, meaning that the calculations again were in line
with the synthetic results.

These calculations, which drew inspiration from a similar ap-
proach used by Yudin and co-workers,” were done primarily

Form=1
10 = <7-membered ring
0o 0 Hydrogenolysis = =8-membered ring \x/
N)LMMOB" then NEt; l Form=2
) CHCl; 18h, RT 10 = <5-membered ring 3
w = 26-membered ring

Rlng—opun form

Rlng-clmd form Ring expanded-form

o]

0,

o 0 Ho. 0
ol 30— )
p (] NA O

120, AG®rel = 12p¢, AG®rel = 134 12pe, AG" 1y = 10.3
(99% isolated)
o
0o o o
HO
I o : T
N — N_z JE— N
—
o

13pe, AG, = 0.0

13p0, AG"y = 6.3 13pc. MGy =89 Re. AG"
e ROF=S (89% isolated)

Scheme 2. Ring-size dependency on the outcome of the ring expansion of
imides into aza-lactones. AG, values are given in kcalmol .
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to validate our ideas about the reactions being under thermo-
dynamic control. In this work, we have explored the validity of
using calculations of this type predictively. As we continue to
develop this research programme, having a reliable predictive
tool to inform the likelihood of new SuRE variants working
before committing to labour-intensive synthetic efforts will be
of value. The utility of this approach is demonstrated herein; in
total, 52 new ring-expansion reactions have been attempted,
with 48 successfully furnishing the desired ring-expanded
product. Our DFT/B3LYP/6-31G* method correctly predicted
the reaction outcome in almost all cases, and compared fa-
vourably when benchmarked against other alternative meth-
ods, including those that model solvation and dispersion inter-
actions. Thus, we believe that this widely available DFT/B3LYP/
6-31G* approach will be useful to help assess the viability of
new ring-expansion reactions before committing to synthetic
efforts.

Results and Discussion

We started by examining the ring expansion of simple lactams
with sarcosine derivative 15. We had already shown that this
acid chloride is compatible with our standard lactam ring ex-
pansion method (14—16, Scheme 3a), but prior to this work,
13-membered lactam 14 was the smallest aliphatic lactam on

a) Previous work (see ref. [5c])

o o ILIFmoc | o
% [s] N
NH iyl Me 15 \)LNH
pyridine, DMAP

CH,Cl; 50°C, 18 h

ii) DBU, CH,Cl RT, 18 h
14 16, 94%

"(@’_1 — Me o

1Tne, aG“,,. =19
18pg, AG°y = 2.1
19pg, Ay = 0.7
20gg, AG%y =00

b) DFT calculations (AG‘,B‘ in keal/imol)

" & H e

17qe, AG® g = 165
18pe, AG' = 39
19p0, A’ = 6.4
20pc, AG® g = 14.1

1950, AG*y = 0.0
20go, MG = 7.3

3333
[
Bown -

c) Svmneuc resuits (usmg conditions in sex

a)

17ge. 0% 18gre. o% 18gg, 0% 20gg, 82%
i o
g NMe Nide s
NMe Kfo KFO e
I\(O nii NH NH
NH
21pg, 94% 22pg, 86% 23pg, 66% 24pg, 78%

Scheme 3. Ring-size dependency on the outcome of the ring expansion of
imides with N-methyl sarcosine derivatives. AG;, values are given in kcal
mol " with thermal corrections at 298 K.
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which we have reported a successful ring expansion with any
linear a-amino acid chloride.

Prior to doing the synthetic chemistry, we ran DFT calcula-
tions based on the method used in our earlier study. To sum-
marise this method, each of the three components of the equi-
libria deriving from five- to eight-membered ring imide precur-
sors 17g0-205, were optimised at the DFT/B3LYP/6-31G* level
of theory in vacuum.”® Conformational searches of the opti-
mised structures were performed at the Molecular Mechanics
Force Field level. All the generated structures were retained,
and their energies were calculated using DFT/B3LYP/6-31G*.
The lowest energy geometry in each case was selected, fully
optimised and determined to be minima by the absence of
negative vibrational modes, in vacuum using DFT/B3LYP/6-
31G*. In each case, the relative free energies of the imide
(1740-2040), ring-closed (173c-20gc), and ring-expanded (17~
20g) isomers were calculated, with AG,, values quoted in kcal
mol ' (Scheme 3b). More information about the choice of this
method and method effects are included later in the manu-
script;” until then, the discussion will focus on the synthetic
aspects and DFT/B3LYP/6-31G* calculations.

In the five- to seven-membered series, the imide isomers
17q0-1940 Were calculated to be the most stable, thus suggest-
ing that ring expansion is unlikely to proceed in these exam-
ples. This prediction was verified by synthetic results; thus,
none of the ring-expanded products 1735-193, were obtained
when attempts were made to prepare them using the stan-
dard conditions, with no tractable products isolated from
these reactions (1730-19g0 Scheme 3c). Conversely, the ring-
expanded isomer 20, was calculated to be the lowest in free
energy in the eight-membered ring series, and this again was
borne out in the synthetic results, with 20 isolated in 82%

¥

o 2 O Fmoc

—_—— -

] Q\)OL

3 R 0
w peNy 6 e - ot Ay ot Ay ogn Ay oAy,

yield. Thus, the use of an eight-membered ring starting materi-
al (or larger) appears to be the ‘switch on’ point for this series,
as it was for the analogous lactone systems in Scheme 2. This
is supported by the high yielding (66-94%) ring expansions of
9-12-membered lactam systems to form products 21ge—24ge
under the standard conditions.

Medicinal interest in medium-sized rings and macrocycles
has increased significantly in the last decade,” and the reac-
tion variant described in Scheme 3 appears to be well suited
for use in the preparation of peptoid-containing macrocy-
cles,"” as long as the starting lactam is an eight-membered
ring or larger. Thus, to better demonstrate its potential utility,
we went on to investigate the range of N-substituents that
can be tolerated on the linear unit 26, with these results sum-
marised in Scheme 4. In total, 24 new ring-expansion reactions
of this type have been performed, to make 27a-y (27k was
described previously)* using various functionalised amino
acid-derived linear fragments (26). Most of the reactions pro-
ceeded in high yield (the yield quoted is for the full N-acyla-
tion/protecting group cleavage/rearrangement sequence)
under the standard reaction conditions, significantly expanding
the range and diversity of amino acid derivatives that have
been demonstrated in the SuRE method to date.

All the new SuRE reactions presented in Scheme 4 worked
(at least to some degree), although there were a few outliers
that were lower yielding (e.g., furan-derivative 27v). In these
cases, we believe that the lower yield is not caused by an in-
herent difference in the thermodynamics of the ring expansion
equilibrium (i.e., the relative free energies of the analogous iso-
mers 27 Vgo, 27 Vge and 27 vy are in line with those for the
methyl analogue 20, see Sl for full details)""’ but can be ex-
plained by substrate-dependent side reactions or problems

"

>

) ) ) )

n pyridine, DMAP, ) n n n
CH,Cl, 50°C, 18 h A
28a-c  TDBU, CH;0l, RT, 18h 27a-x 27a:n=1,85% 27c:n =1,86% 27f:n=1,88%  27h:n=1,89%
27b:n=6,84% 27g: n=6, 90% 27i:n =86, 89%
CF P
o o o "9 By, 0 Maj o MeO 0
O N N
Nd\fo o 07 NH NH oAy o i Ay
NH
HN” S0 b h
27}, 86% 27k, 95% 271, 87% 27Tm:n=1,89% 270:n =1, 82% 279, 70%
27n:n=6,93% 27p:n=6,91%

N

Y
_<

A o
) N\)kNH o N\)LNH

o

27r, 66% 27s,87% 27t, 98%

o
N\)LNH oﬁ\_)\/mﬂ Y N\)LNH

27u, 55%

I X :
(o]

H
o
9 N\)LNH © N\/lLNH

27v: X =0, 48%
27w: X =8, 70%

27x, 1% 27y, 40%

Scheme 4. Scope of lactam ring-expansion reactions with N-functionalised amino acids.
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with the preceding N-acylation step. For example, in the case
of furan derivative 27, the lower yield is largely due to incom-
plete N-acylation (step i), which in turn is likely to be a conse-
quence of the relative instability of the acid-sensitive furan
motif. Unexpected side reactions/degradation also cannot be
ruled out during the ring-expansion reaction (step ii) in cases
where more reactive functional groups are involved.

Next, we examined the ring expansions of cyclic -ketoest-
ers. These reactions were the subject of our first two publica-
tions in this area,”*" which focused mainly on the insertion of
p-amino acid derived linear fragments; for example, five- to
eight- and 12-membered cyclic fi-ketoesters (28) were all
found to undergo smooth ring expansion (to form products of
the type 30) upon reaction under the reported conditions with
f-alanine derived acid chloride 29 (Scheme 5a).*’ DFT/B3LYP/
6-31G* calculations were performed to measure the energies
of the equilibrating isomers of the five-, six-, and 12-membered
ring systems 31-33 as before. Pleasingly, the calculations sug-
gest that the ring-expanded isomers are lowest in energy by a
clear margin, suggesting that there is a strong thermodynamic
driving force for ring expansion in this series (Scheme 5b). To
complete the synthetic series, we went on to perform the ring
expansion of nine- to 11-membered f3-ketoesters for the first
time, with these new synthetic reactions proceeding well, af-
fording lactams 34-36 (52-74%, Scheme 5c¢).

The hydroxyacid-based analogue of this cyclic B-ketoester
ring expansion was less well developed, with the expansion of
seven-membered 37 the only example of this type featured in
our previous publications to have been performed on a simple
cyclic p-ketoester (Scheme 6a). Given the importance of mac-
rocyclic lactones in medicinal chemistry,"” we decided to test
whether the scope of this variant could be expanded. As was

a) Previous work (see ref. [5a])

0 o
QA cogt B P nemos 29 il
e

"

o
MgCl,, pyridine, CH,Cl, RT )
M pyvicine, OOl BT
= COE
ii) piperidine, CH,Cl,, RT B
28:n=14,8 1 2Lz

b) DFT calculations (AG”  in kcal/mol) o

N
NH, = HO = M H
co,Et o
COEt CO,Et

n=1 31go, AG’ = 10.0
N=2 320, AG’y=8.1
n=8 33go, AGy =366

3Mge, AG g = 126
32¢, AG° = 9.7
33pc, AG"q = 45.4

3Mge, AG°ry = 0.0
32pg, A% = 0.0
33gg, A’ = 0.0

©) Symhe«ic results (using the conditions in section a)

N
CO,Et COEt

34,74% 36, 65%

Scheme 5. Ring-size dependency of the outcome of the ring expansion of fi-
ketoesters with f3-alanine-derived acid chloride 29. AG,, values are given in
kcalmol .
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a) Previous work (see ref. [5a])

o 9 0 0 o
COEt | m)j\/\oan s8
MgCl,, pyridine, CH,Cly, RT COEt
e
a7 ii) Hp, Pd(OH),/C, MeOH, RT 39, 59%
b) DFT calculations (AG®, in kcalimol) o
00
o (o]
; w OH ___ Ho 0 =—= "m
? COE o COEt o
CO4E
n=1 40go, AG’ =93 40gc, AG® = 11.8 40ge, A’ = 0.0

Mg, Ay =0.0
42gg, Ay = 0.0

n=2 41go, AG =108
N=8 42g0, AGg =352

41pc, AG"y =103
42p¢, AG"q =398

30: n=1-4, 8, 67-82%
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c) Synthesis resunsl'l
(o}
co,E« coza CO,Et
40ge, 59% 41ge, 56% 39, 53%

Scheme 6. Ring-size dependency of the outcome of the ring expansion of -
ketoesters with [i-hydroxy acid chloride 38. AG,, values are given in kcal
mol . ) B-ketoester, 38, MgCl,, pyridine, CH,Cl,, RT; ii) Pd/C H,, EtOAc, 3 h,
RT; NEt,, CHC,, RT, 18 h.

done for the analogous amino acid system, DFT/B3LYP/6-31G*
calculations were performed to measure the energies of the
equilibrating isomers of the five-, six-, and 12-membered ring
systems 40-42 (Scheme 6b), which again suggested that there
is a clear thermodynamic driving force for ring expansion.
Pleasingly, the corresponding synthetic experiments all worked
well, with five- to eight-membered f-ketoesters undergoing C-
acylation, hydrogenolysis and ring expansion to give ring-ex-
panded lactones 39, 40q¢, 414 and 43 all in comparable yields
(Scheme 6¢). In a small change to the published conditions
shown in Scheme 6a, we found that performing the hydroge-
nolysis in ethyl acetate (rather than methanol) and then stir-
ring with triethylamine in chloroform led to superior reaction
yields. The main reason the isolated yields are in the 50-60%
range (and not higher) is due to loss of material during the C-
acylation step (especially the work-up, during which the mag-
nesium salts can cause problems with phase separation) and
these results are in line with typical yields in our previous pa-
pers 520!

We then went on to test other lactam-based ring expansion
systems with additional functionality present in the starting
lactams. Hydroxyacid and amino acid derivatives 38 and 46
were used to exemplify the synthetic reactions, and in the cal-
culations for 46, a simplified N-methyl (rather than N-benzyl)
derivative was used (i.e., from 47) as this significantly reduced
the computational time but was found to have very little
impact on the calculations."* Thus, we started by examining
lactams containing «-heteroatoms (52, 55, 58 and 60) with
amino acid and hydroxyacid derivatives 38 and 46. The analo-
gous heteroatom-free variants of these reactions had been
tested in our earlier work (Scheme 7a) and were shown to be
high yielding. Therefore, based purely on our chemical intu-
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a) Previous work (see refs. [5c] and [5d]) 44:n=1 Fmoc 46:R=8Bn
aANosn 38 4B n=2 Cl)l\/\N °° 47,R=Me
i) W"“'“e DMAP o i) pyridine, DMAP =
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b) New synthetic results and DFT calculations
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N 0<2.5< 15.9 kcal/mol A g 0 < 5.9 < 24.2 kcal/mol
Bn « ring opened (imide) 7 = IZN ol ring expanded isoner
o N [¢] lowest in energy o lowest in energy
but similar to 63ge 66gg, 77% = high yield of 66ge
@H 63ge, 40% = modest yield of 63ge @H RE:
o o 64po < 64ge < 6dgc o 67ge < 67ro < 67pc
2 0<3.3 < 13.9 keal/mol 8§ & o 0<3.9 <17.7 kealimol
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— N0 lowest in energy
38 7 ;1 459, | = Modestyield of 72ge
'RE«

Scheme 7. Lactam ring-expansion reactions and DFT calculations. AG,,, values are given in kcalmol .

ition at this stage, we did not expect to see much variation
upon switching to these new systems. However, starting from
six-membered lactam 52, a much lower isolated yield (41%) of
the ring-expanded product 53z was obtained in the amino
acid series, while the ring-expanded lactone 54 was isolated
as an inseparable mixture with its ring-opened imide form
54;,. The calculations give clues as to why these reactions did
not proceed well; for example, the ring-opened and ring-ex-
panded isomers 535, and 53 were calculated to have very
similar Gibbs free energies, thus suggesting that both may be
formed in this reaction, although only the relatively non-polar
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product 53, was isolated after chromatography, in modest
yield. Compounds 54g, and 54; were also calculated to be
similar in free energy and in this case a mixture of products
was isolated. Conversely, upon moving to seven-membered
starting material 55, a clear preference for the ring-expanded
isomer was predicted by the calculations, which manifested in
much improved synthetic yields for the desired ring-expanded
isomers (70 and 75 % for 564 and 574 respectively).

In contrast to oxygen-containing 52 and 55, sulfur-contain-
ing lactams 58 and 60 both performed well in the synthetic
ring-expansion reactions with 46;'" ring-expanded products
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59 and 61, were each formed in good yield. This was again
mirrored in the calculations, with 59g and 61y calculated to
be the lowest energy isomers in each case by clear margins.
The difference in reactivity between 52 and 58, which is pre-
sumably a result of some relatively subtle stereoelectronic ef-
fects and/or differences in bond lengths, is not something that
we would have predicted without the calculations.

We also examined benzannulated, fluorinated and branched
lactam starting materials 62, 65, 68 and 70, and as before, the
predictive ability of the calculations was retained. Indeed, the
ability to predict when reactions will fail completely is also im-
portant; for example, the ring-opened imide isomer 64z, was
calculated to be the most stable isomer in this series, and this
was corroborated by the synthetic results.

In general, we have found that for systems in which the
ring-expanded isomer is calculated to be the lowest in energy
by more than 3 kcalmol~', then the reactions tend to work reli-
ably. In cases where the free energy difference is less than
3 kcalmol ', the reaction outcomes are less predictable, often
giving low yields of ring-expanded products and/or mixtures.
The reactions to form ring-expanded products 69g and 72g,
which were isolated in modest 30 and 45 % yields, respectively,
are outliers in terms of yield, but the lower yields in these
cases simply reflect the fact that the N-acylation step did not
proceed to completion in either case. Indeed, an important
caveat to keep in mind when using this DFT/B3LYP/6-31G*
method is that it only gives an indication of the chances of
achieving a favourable equilibrium. It does not account for the
efficiency of the synthetic steps that take place before the
equilibrium, the possibility of off-equilibrium side reactions or
other kinetic effects.

As all the ring-expanded products described in this manu-
script were made using SURE methods, they are all, in theory,
potential starting materials for further ring-expansion reactions.
Representative examples of products (73-77) that have been
expanded for a second time in our earlier work are shown in
Figure 1, with the second linear fragment inserted highlighted
in red. After undergoing one ring expansion, the rings should
all be large enough that they are beyond the “switch on”
point for any of the ring-expansion reaction types that we

0 0
N/\)J\O

oH
N H
Et0,C 2
CO,Et
73, 59%(% 74, 55%%%
Oy-0

_/_‘« /
BnN N
0 o=§_\ o
HN NH
[e] S—/_

77, 74%9 78,61%
Figure 1. Successive ring expansion products.
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have studied and calculated (not withstanding any effects re-
sulting from the additionally added functional groups) and
should therefore be thermodynamically favourable. This is cor-
roborated by our work to date in which several successful suc-
cessive ring-expansion reactions are reported. This does not
mean that performing additional iterations is always routine
(e.g., in some cases, the acylation reactions can be more diffi-
cult on these more functionalised systems, sometimes requir-
ing additional equivalents of acid chloride),*“ but once acyla-
tion has been achieved, ring expansion is typically straightfor-
ward. Three new examples of doubly ring-expanded products
(78-80, see the Supporting Information for reaction condi-
tions), based on new substrates made for the first time in this
manuscript, have been performed and are reported here for
completeness.

Computational chemistry: Method evaluation

The DFT/B3LYP/6-31G* methodology used has demonstrated,
in both this and previous work,“® good success in predicting
the outcome of SuRE reactions. Calculations at the B3LYP/6-
31G* level are relatively computationally efficient, but do not
take into consideration effects such as solvation and disper-
sion. These additions are typically used to improve the accura-
cy of such calculations, therefore, we decided to benchmark
their effects, along with a range of functionals, in order to de-
termine any potential method-effects in the calculations.

For this study general gradient approximation, GGA (BP86),
hybrid (B3LYP and PBEO) and meta-hybrid (M06 and M06-2X)
functionals were used. Solvation effects were applied using a
PCM model with either dichloromethane or chloroform as rele-
vant to simulate the reaction conditions. The effects of disper-
sion are inherently taken into consideration by the M06 and
M06-2X functionals."” They were also applied using the
Grimme’s D3 method with Becke-Johnson damping”® to a
PBEO/def2-TZVPP single-point calculation, using the geometry
and thermodynamic corrections from a BP86/SV(P) calculation;
this method has been used successfully by our groups in previ-
ous projects,"” and also tests the effect of a large triple zeta

basis set."®
o]
e
e} (o]
HN:\2
[0}

75, 85%15 76, 90% /%

o]
_/_< ﬂ /

BnN (o} BnN N

o=§_\ o oi\ o
NH NH

o/ o/

79, 47% 80, 70%
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Initially, a wide range of methods were benchmarked against
structures 17-20, by reoptimising the structures from the
B3LYP/6-31G* calculations and comparing the relative energies
with the experimental outcomes (Table 1). Structures with
which the ring-closed isomer has a larger energy than the
ring-opened or ring-expanded isomers (17, 19 and 20), pro-
duced the most comparable results, with there being little dif-
ference when using GGA or hybrid functionals with the 6-31G*
basis set.

Modelling the effects of solvation also had little effect on
the relative energy differences when using the hybrid B3LYP
functional. Comparable results are observed both with and
without solvent corrections. However, this does not extend to
the BP86/SV(P) calculations, with more significant relative
energy differences observed when compared to the standard
B3LYP/6-31G* calculations, which appears to come from great-
er stabilisation of the ring-closed and ring-expanded isomers
than the ring-opened when solvent is included.

The effects of dispersion had the greatest impact on the ex-
pected outcomes of the experiments, with the M06, M06-2X
and D3(BJ)-PBEO calculations showing lower relative energies
for the ring-closed and ring-expanded isomers, predicting that
ring expansion should be comparatively more thermodynami-
cally favourable in these examples, and in some cases contra-
dicting the experimental results. We believe that due to the
side chain present in the ring-opened structures being directed
away from the ring, there are fewer stabilising interactions
present than compared to the ring-closed or expanded iso-
mers. As a consequence of these different molecule geome-
tries, it appears that modelling the dispersion interactions may
result in the stability of the ring-expanded isomer being over-
predicted when compared to the ring-opened form. This alters
the expected reaction outcome where the B3LYP/6-31G* calcu-
lations predict these isomers to be similar in energy.

With dispersion effects having a large effect on the relative
energy differences and the predicted thermodynamic out-

Table 1. Relative difference of Gibbs gies at 298 K for 17-20 at different levels of theory. Solvent corrections were applied using a PCM
model. * Geometry from the BP86/SV(P) level.
]
o o Ho Me "
L[} )l\/NHMe - = o E e n( M:¥O
N N N
0 H
17-20g0 17-20g¢ 17-20e
Compound Functional Basis set Solvent correction Empirical dispersion correction RO [kcalmol '] RC [kcalmol '] RE [kcalmol™'] Yield RE [%]
B3LYP 6-31G* N N 0.0 16.5 1.9
B3LYP 6-31G* PCM 0.0 149 0.2
BP86 6-31G* N N 0.0 149 1.6
PBEO 6-31G* N N 0.0 14.1 12
1Z4o=0 Mo6 6-31G* PCM N 0.0 108 =21 9
M06-2X 6-31G* PCM N 0.0 87 -1.6
BP86 SV(P) PCM 0.0 1.5 =21
PBEO* def2-TZVPP PCM D3(BJ) 0.0 9.2 -33
B3LYP 6-31G* N N 0.0 39 21
B3LYP 6-31G* PCM N 0.0 22 -1.1
BP86 6-31G* N N 0.0 0.5 =14
PBEO 6-31G* N N 0.0 -0.6 -1.6
18(h=2) Mo6 6-31G* PCM N 0.0 -30 38 0
MO06-2X 6-31G* PCM N 0.0 -45 -4.1
BP86 SV(P) PCM N 0.0 -1.2 -3.0
PBEO* def2-TZVPP  PCM D3(BJ) 0.0 -3.0 -53
B3LYP 6-31G* N N 0.0 6.4 0.7
B3LYP 6-31G* PCM N 0.0 6.2 -0.3
BP86 6-31G* N N 0.0 55 ~04
PBEO 6-31G* N N 0.0 44 -13
19.0=3) M06 6-31G* PCM N 0.0 1.1 ~38 o
MO06-2X 6-31G* PCM N 0.0 -0.5 -34
BP86 SV(P) PC™M N 0.0 27 -18
PBEO* def2-TZVPP  PCM D3(BJ) 0.0 0.7 -5.0
B3LYP 6-31G* N N 7.3 14.1 0.0
B3LYP 6-31G* PCM N 9.9 16.1 0.0
BP86 6-31G* N N 83 138 0.0
PBEO 6-31G* N N 8.8 133 0.0
20n=4) Mo6 6-31G* PCM N 122 128 0.0 82
MO06-2X 6-31G* PCM N n4 105 0.0
BP86 SV(P) PCM N 1) 136 0.0
PBEO* def2-TZVPP PCM D3(BJ) 134 14.0 0.0

Chem. Eur. J. 2020, 26, 12674 - 12683 www.chemeurj.org

12680

© 2020 The Authors. Published by Wiley-VCH GmbH

419



Chemistry

Full Paper Europe
Chemistry-A European Journal doi.org/10.1002/chem.202002164 Soctosen Pustining

comes on these examples, the study was extended to include
P Y Table 2. Relative difference of Gibbs energies at 298 K. Solvent correc-

these effects to several other systems, using the M06-2X/6- tions ware applled, tiing a PCM modal with ither. dichloromethans or
31G* methodology. A comparison between this method and chloroform as relevant for the M06-2X/6-31G* calculations. See the Sup-
B3LYP/6-31G* is presented in Table 2. As observed with struc- porting for jies. Blue bers d the

tures 17-20 (Table 1), the main difference between the two most significant differences between the two methods >3 kcalmol '.
hods is th h d Ha i ded f A, is defined as the mean value of the energy at M06-2X/6-31G*—
methods is that, when compared to the ring-expanded form, energy at B3LYP/6-31G".

the relative energies of the ring-closed forms are lower at the

M06-2X/6-31G* level (A,,.= —5.2 kcalmol ), and ring-opened Compound Functional/ RO ] .- Yield

isomers increased (A,,.=3.1 kcalmol ). In most instances this bass, set Decalimiol™] kealinok™}: [kealmol™). RE 4}

doesn’t change the expected outcome of the reaction, howev- | 3, B3LYP/6-31G*  10.0 126 0.0 675
; X ' MO06-2X/6-31G* 12.5 102 0.0

er, where there is a smaller difference in the energy of the

ring-opened and ring-expanded isomers (see 53, 63 and 64), " BLYP/6-31G* 8.1 97 0.0 a2

this does result in ring expansion being predicted to be fa- MO6-2X/6-31G*  10.5 37 00

vourable. Notably in some examples the intermediate ring-

. . . B3LYP/6-31G* 366 454 0.0 -
closed lsomfer becomes lower in energy than the ring openefi, 33 MOG-2X/6.31GF 380 e o5 80
however, this does not seem to correlate to any observable dif-
ference in how well the reaction proceeds experimentally (see o B3LYP/6-31G* 93 ns 0.0 55
32, 40 and 69 for examples). MO6-2X/6-31G* 1.7 8.1 0.0

) Thus, for either me.thod, both the B3LYP ar\d M06-2X fun.c- BiveiesTey 08 55 &5
tionals correctly predicts the expected reaction outcomes in | 41 MO06-2X/6-31G* 103 37 00 56
the majority of cases, although on average, it is the B3LYP
method that more closely correlates with the experimental | 4, B3LYP/6-31G* 352 398 00 _
findings, despite the fact that the M06-2X functional usually MIG20/E316" 328 303 %
performs better for organic molecules due to the inclusion of " B3LYP/631G* 0.0 97 0.0 -
dispersion corrections.">'” Therefore, we believe that these re- M06-2X/6-31G* 6.9 7.1 0.0
sults clearly demonstrate that the B3LYP/6-31G* methodology
is suitable as an aid for predicting the outcome of SuRE reac- 54 :Ai;‘;_;f/';‘fl o g': 3‘2 g'g 67"
tions, balancing computational efficiency with good prediction ' ' '
of reaction outcome. The observation that a greater than 56 B3LYP/6-31G* 55 179 0.0 20
3 kcalmol™' energy difference between ring-opened and ring- M06-2X/6-31G* 1.7 138 00
expanded isomers |s.neefied to more conflfiently predict the BILYPIGITGE 104 195 g
outcome of the reaction, is based upon the inherent computa- | 57 MO6-2X/6-31G* 112 138 00 75
tional accuracy of these calculations
B3LYP/6-31G* 6.7 184 0.0
59 MO06-2X/6-31G*  12.0 131 0.0 %
Conclusions
& B3LYP/6-31G* 109 203 0.0 %
In summary, we have significantly expanded the scope of vari- M06-2X/6-31G* 14.5 151 00
ous classes of SuRE reaction, and have shown that the reaction
% » 3 B3LYP/6-31G*  —2.5 134 0.0
r I T
outcornes can be.p edlc.ted bésed. on tl?ej rflat ve Gll:.)bs free 63 MosxlEaG: BE iy 00 40
energies of three isomeric species in equilibrium by using DFT
calculations.”” Useful conclusions can also be drawn from the B3LYP/6-31G* 33 106 00
. o + . : 64 . 0
significantly expanded synthetic scoping reactions and a total M06-2X/6-31G* 0.5 68 0.0
of 48 new ring-expanded products are reported in this manu-
. 9-€Xp p' P ! ) o6 B3LYP/6-31G* 59 242 0.0 7
script. In most cases, the isomer calculated to be lowest in M06-2X/6-31G* 9.4 191 0.0
energy was the major product obtained in the corresponding
synthetic results. 7 B3LYP/6-31G* 39 177 0.0 74
Of course, any computational predictive method of this type Mis206:31G° 160 128 a9
will never be 100% accurate, especially given how difficult it is i BILYP/6-31G* 39 12 0.0 w
to model the properties and conformations of relatively flexi- M06-2X/6-31G* 9.2 57 0.0
ble systems like macrocycles.”" In view of this, the approxima-
" . . Lo x B3LYP/6-31G* 35 196 0.0
h s
FIOI‘IS |nvolv$ed in the calculat'lfzn? and t|.1e possblllty. that kinet 7 MOGIX/EIES 08 4E o0 84
ic effects might prevent equilibrium being reached in some re-
action systems, we do not recommend using the calculations 5 B3LYP/6-31G* 48 145 0.0 i
to make quantitative predictions on reaction yields or the M06-2X/6-31G* 6.6 9.2 0.0
Boltzmann distribution of the isomers in the presumed equili- A 3 &5 b

bria. The guideline that a free energy difference of more than
3 kcalmol ' in favour of the ring-expanded isomer when using

[a] Isolated as a mixture (544¢/5450 4:3).
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the B3LYP/6-31G* methodology usually leads to a successful
reaction is a qualitative observation, that this was true in all
such cases tested in which the preceding acylation step was
efficient. It should not be considered a hard rule. However, as
a guide to assessing the viability of new ring-expansion reac-
tions before embarking on synthetic effort, we do believe that
this DFT/B3LYP/6-31G* method, which is widely implemented
across the vast majority of computational chemistry packages,
has practical utility and will be useful in directing future syn-
thetic efforts, in our group and others.
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Synthesis of macrocyclic and medium-sized ring
thiolactones via the ring expansion of lactams¥

Kleopas Y. Palate, @ Ryan G. Epton, Adrian C. Whitwood, ©® Jason M. Lynam@ and
William P. Unsworth (& *

A side chain insertion method for the ring expansion of lactams into macrocyclic thiolactones is reported,
that can also be incorporated into Successive Ring Expansion (SURE) sequences. The reactions are less
thermodynamically favourable than the analogous lactam- and lactone-forming ring expansion processes
(with this notion supported by DFT data), but nonetheless, three complementary protecting group strat-

rsc.lifobc

Introduction

Thioesters are amongst the most important class of small
molecules in biology, with thioesters such as acetyl coenzyme
A playing central roles in countless biosynthetic processes."
The biochemistry of thioesters has also inspired the develop-
ment of methods in synthetic chemistry, for example in the
native chemical ligation of peptides and during protein spli-
cing.” Thiolactones (the cyclic analogues of thioesters, Fig. 1)
also have important biological functions; for example, homo-
cysteine thiolactone 1 is involved in the post translational
modification of proteins, acts as an allosteric Dopamine D2
receptor antagonist*” and may have played a role in the devel-
opment of life on Earth.* Thiolactones are also relevant in
medicinal chemistry; e.g. as antibiotics (thiolactomycin 2), or
as pro-drugs, where the relative ease with which they undergo
hydrolysis® is important in revealing the bioactive form in vivo
(e.g. 3 and 4)." Indeed, the ability of thiolactones to undergo
ring-opening via reaction with water, and other nucleophiles,
is often key to their use as reagents in synthetic chemistry®
and in polymer science.”

Macrocyclic and medium-sized ring thiolactones are rela-
tively rare in the literature. Of those that are known, most are
prepared via the condensation of an activated linear thiol-teth-
ered carboxylic acid derivative via an end-to-end cyclisation reac-
tion (5 — 6, Scheme 1a).” As is common for larger ring cyclisa-
tion processes of this type,”'’ these methods are often low
yielding and usually require high dilution conditions and/or
slow addition of reagents to afford the thiolactone products.®

Department of Chemistry, University of York, Heslington, York, YO10 5DD, UK.
E-mail: william.unsworth@york.ac.uk

1 Electronic supplementary information (ESI) available. CCDC 1921223, 2040346
and 2040347. For ESI and crystallographic data in CIF or other electronic format
see DOI: 10.1039/d00b02502§
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egies have been developed to enable this challenging transformation to be achieved.

Ring expansion represents an attractive alternative strategy
for macrocycle/medium sized ring synthesis, as the inefficient
end-to-end cyclisation step can be replaced with a more kineti-
cally favourable rearrangement reaction.'™'? However, pub-
lished ring expansion approaches to make macrocyclic and
medium-sized ring thiolactones are limited to only a handful
of examples.’*'* To the best of our knowledge, the first was
reported by Mahajan and Aradjo in 1978, and is based on the
oxidative cleavage of cyclic vinyl sulfides 7 to form ring
expanded thiolactones 8 (Scheme 1b)."**” In addition to two
papers on the synthesis of medium-sized thiolactones via sig-
matropic rearrangements,'*? the work most closely related to
the present study was reported by Zhang and co-workers in
2014 (Scheme 1c)."** This study was based on classical side
chain insertion of thiol-tethered cyclic nitro ketone 9a to form
thiolactone 10, using a method conceptually related to pre-
vious works by Hesse and co-workers.'”

Our main contribution to the ring expansion field is
through the development of an iterative ring expansion strat-
egy known as Successive Ring Expansion (SuRE).'® As is illus-
trated in Scheme 2d, a key aspect of SuRE reactions is that the
motif present in the starting material (e.g. the lactam in 11) is
regenerated upon ring expansion (11 — 13),'°*“ thus enabling
additional iterations of the same reaction to be performed to
expand the ring further (e.g. 2 more iterations enable the con-
version of 13 — 14). To date, our research has focused on

., O
0 is o *
2NN 0
HO' A
1 2 3 o 4

homocysteine  thiolactomycicn CGPI! Inhibitor ACE inhibitor
thiolactone antibiotic prodrug prodrug
Fig. 1 Biologi important thi es 1-4.
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Scheme 1 Strategies to make medium-sized and macrocyclic thiolac-
tones. (a) End-to-end cyclisation; (b) ring expansion via oxidative clea-
vage; (c) ring expansion via side-chain insertion; (d) successive ring
expansion (SuRE).

Rlngcpcmd Ring-closed Ring expanded
n=1,X=S [16go, AG°rel =0.0 15gc, AG'rel = 17.1 15pg, AGrel = 3.8
n=1,X=NH |16go, AG"rel=0.0 16gc, AGrel = 12.1 16gg, AG°rel = -8.1

n=1,X=NMe |17go, AGrel = 0.0 17gc, AG'rel = 15.0 17gg, AG"rel =-5.6

n=1,X=0 |18go, AGrel=00 18c, AG'rel=9.1 18ge, AG'rel =-6.9
n=0,X=S |19z0,AG’rel=0.0 19gc, AG'rel = 15.4 19pg, AG'rel =

n=2,X=S |20go, AG°rel=0.0 20pc, AG°rel =20.0 20gg, AG'rel =-1.8
n=3,X=S |21po, AGrel=0.0 21pc, AG°rel =17.5 21gg, AG'rel =-7.1

Scheme 2 Relative energies of isomeric species in SuRE-type
rearrangement of imides using a DFT/B3LYP/6-31G* approach. AG,,
values at 298 K are given in kcal mol ™.

rel

SuRE reactions based on the use of amino acid (12, where XPG
= NRFmoc or NRCbz)"* or hydroxy acid (12, where XPG =
OBn)"* derivatives, to form ring expanded lactams and lac-
tones respectively. In this manuscript, we describe our efforts
to extend this concept to include S-nucleophiles. For various
reasons outlined herein, these reactions were considerably
more challenging to develop than the analogous processes
involving N- and O-nucleophiles. Nonetheless, the successful
synthesis of macrocyclic and medium-sized thiolactones via

This journal is © The Royal Society of Chemistry 2021
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the ring expansion of lactams with thiol-tethered carboxylic
acid derivatives has been achieved and is described here for
the first time.

Results and discussion
Computational chemistry

In our earlier work, we shied away from using thiol derivatives
in SuRE, as we thought the reactions would be less thermo-
dynamically favourable than analogous reactions with amino/
hydroxy acids (and hence might be harder to develop). This
notion was based on a consideration of the ring expansion as
an equilibrium of the type depicted in Scheme 2; we reasoned
that there would be a lower thermodynamic driving force for
ring expansion based on the formation of a thioester (when X
= §) than there is for the formation of comparatively more
stable lactams/lactones (when X = NR or O), which benefit
from greater resonance stabilisation. Indeed, this idea is sup-
ported by DFT studies; using a computational method recently
established by our groups to assess the viability of SuRE-type
reactions,'”'® the relative free energies isomers 15go, 15gc,
15k were calculated at the DFT/B3LYP/6-31G* level for a
potential 7 — 11-membered ring expansion to form 15gg. The
calculations give a clear steer that this reaction is unlikely to
proceed, as the ring opened isomer 15go was calculated to be
lower in energy than the ring expanded isomer 15gg by a sig-
nificant margin (3.8 kcal mol™)." This is in contrast with cal-
culations for the analogous 7 — 11-membered ring expansion
reactions based on lactam and lactone formation (16-18),
where the ring expanded isomers were calculated to be lower
in energy in each case; indeed, these reactions have been
shown to work well in our previous synthetic work.'*¢

When compared to the S-containing system 15, the desired
ring expanded isomer is 9.4-11.9 kcal mol™" more stable in
the N/O-containing analogues 16-18. This clearly illustrates
the significant additional challenge of accessing thiolactones
using the SuRE method; for a more visual representation of
the stark difference in the S-containing system 15, see the sim-
plified potential energy surfaces depicted in Fig. 2.

Nonetheless, additional calculations on the higher homol-
ogues of sulfur-containing systems gave hope that the
approach may still be feasible; for example, S-containing
systems 19-21 were treated in the same way, and it was calcu-
lated that the ring expanded product is the lowest energy
isomer for 8- and 9-membered ring starting materials,
suggesting that these larger ringed variants are viable and
have a higher chance of success. Therefore, it was decided to
focus on larger ring starting materials, starting with readily
available 8- and 13-membered ring lactams.

Protecting group strategy selection

A key decision was the choice of protecting group for the thiol.
Three complementary strategies were explored, the first based
on S-acetate protection. Thus, 8- and 13-membered lactams
21a and 21b were both reacted with acid chloride 22 using our

Org. Biomol. Chemn., 2021, 19, 1404-1411 | 1405
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Fig. 2 Simplified potential energy surfaces for 15-18 calculated using a
DFT/B3LYP/6-31G* approach. AG,,, values at 298 K are given in kcal
mol ™%, Note that this diagram depicts the calculated relative Gibbs free
energies of the ground states of the three isomeric species in the ring
expansion equilibrium only. Transition state energies were not
calculated.

published N-acylation conditions to form imides 23a and 23b
(Scheme 3). We then explored cleavage of the acetyl protecting
group via the addition of various nucleophilic reagents, in the
hope that this would result in concomitant ring expansion to
form thiolactones. Of the conditions surveyed, stirring imides
23a and 23b with piperidine at RT in DCM were the most
effective, forming thiolactones 20gg; and 24b in 29% and 36%
yield respectively. However, chemoselectivity was a significant
challenge using this approach; in particular, we were unable
to fully discriminate between the three carbonyl groups of
23a. For example, unwanted reaction at the cyclic carbonyl C-3
(e.g. to form linear products 25-27) and/or unwanted C-2
attack (to form 28/29 and reform 21a) led to a reduction in
yield for the desired product in all cases (see ESI, Table S1t for
a full list of conditions trialled, reaction outcomes and syn-
thetic details).

o 0o 2 o o 0 o
J
NH ol )'\/\S)j\ NJK/\SJ\
—_—
21a,n=1 Pyridine, DMAP 23a,n=1,80%
™ 21b,n=6  DCM,50°C,16-18h 23b,n=6,33%
Side products deteteced/isolated piperidine
8 & ; o
o )
R‘OJLH:‘NJ\/\SRZ HoJk/\sAc
ol S 28 HN S
25,R'=Me, R?=H
27,R'=H,R?=Ac 0
i ) PN
N n
(\OJLHS’\NJ\/\S)_ O SAc s =R
26 2 2 24b,n =6, 36%

Scheme 3 SuRE using an S-Ac protecting group strategy.
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With the S-Ac method proving difficult, we instead turned
to an acid-labile trityl (Trt) protecting group strategy.”’
Exploratory studies focused on 13-membered ring lactam 21b,
which was converted into imide 31b via our standard method,
using acid chloride 30. Various combinations of acids and
trityl scavenger reagents were then trialled, to cleave the Trt
protecting group and promote ring expansion into 24b (see
ESI, Table S2t for a full list of conditions, reaction outcomes
and synthetic details). The best conditions found were those
summarised in Scheme 4, in which the Trt group was first
cleaved using excess TFA in the presence of a silane scavenger
reagent. This was then followed by aqueous workup and
finally, stirring the product mixture overnight with an excess
of DBU in DCM at RT, which promoted ring expansion to form
the desired thiolactone product 24b. The yield was much-
improved (56%) compared to the S-Ac strategy, but side
product formation was still not fully avoided, with a new con-
densation side product 33 observed under some of the con-
ditions tested (likely as a result of the switch to acidic con-
ditions), and thiol 32 was also isolated in some cases.”’

Finally, a third protecting group strategy based on the use
of the fluorenylmethyl (Fm) group was explored. The Fm pro-
tecting group is used relatively infrequently in organic syn-
thesis (certainly compared to the related Fmoc protecting
group) but it has attractive properties for the protections of
thiols.** The deprotection of Fm-protected thiols is typically
done under conditions similar to those used to cleave Fmoc
protecting groups from amines (e.g. using organic amine bases
at RT). Given that such conditions were effective in our earlier
work on SuRE using Fmoc-protected amino acid
derivatives,'**“ we reasoned that this approach might reduce
side product formation in the present study. Thus, the
N-acylation of lactam 21b with S-Fm-containing acid chloride
34 was performed to form imide 35b (Scheme 5), which was
taken directly onto the next step without purification. A non-
nucleophilic base (DBU) was chosen to cleave the Fm protect-
ing group, and pleasingly this promoted concomitant protect-
ing group cleavage/ring expansion to form 24b in 54% yield
over the overall 2 step telescoped sequence from 21b.
Frustratingly however, the product was accompanied by for-
mation of another side product not observed in using the

o O
o 30 J\/\ At
CIJK/\S’M N S

o
NH
® Pyridine, DMAP
DCM, 50°C, 18 h
21b

31b, 78%

_ i) TF_A (13 equiv), DCM then
osmo groduch llola:d " l*P@S-:*i }(,é;%?.év‘)i} E:?)w min
NJ'\/\SH Z N0 S/\)LNH ik -
@ Tes Nk
32 33 24b, 56%

Scheme 4 SuRE using an S-Trt protecting group strategy.
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(o] o o
9 4 J\/\
N SF
H C|J\/\srm =
—_—
@ Pyridine, DMAP
DCM, 50°C, 18 h
21b 35b DBU
DCM
RT,18h
o o
Jl\/ base promoted N'U\/\SH
elimination
(E1cB)
36 32
oonjugale addition l

JK/\ /\)’\ HNj\/\S
@)

37, 30% 24b, 54% over 2 steps

Scheme 5 SuRE using an S-Fm protecting group strategy.

other protecting group strategies, in this case dimer 37. We
presume that 37 is formed via base promoted elimination of
32 (or 35b) to form acrolein derivative 36, which then reacts
with another molecule of thiol 32 via conjugate addition.

Reaction scope

Despite not being able to fully suppress all side reactions, we
were satisfied with the overall yield of 24b (54% over 2 steps)
achievable using the S-Fm protocol. Therefore, this approach
was taken forward onto the reaction scoping phase of the
project. We started by examining the effect of varying the
lactam ring size, with 6-13-membered lactams all tested, using
S-Fm-tethered acid chloride 34 and the procedure in
Scheme 6. Pleasingly, the ring expanded thiolactone products
were obtained for all the 8-13-membered parent lactams (24b-
f and 20gg, 15-54%, Scheme 6a). Overall yields for the tele-
scoped acylation/Fm cleavage/ring expansion sequence were
generally modest, with the lowest yield obtained for the 8 —
12-membered ring transformation to form 20gg, which is not
surprising given that the DFT results discussed earlier
(Scheme 2) predicted this to be a borderline case thermo-
dynamically. Conversely, the 10- and 11-membered ring pro-
ducts 15g¢ and 19gg were not formed at all, which was
expected given that the ring opened imide isomers were calcu-
lated to be significantly lower in energy than the ring-
expanded products for these examples.

Branching is tolerated on the linear fragment, with thiolac-
tones 24g-j all being formed using the standard protocol
(Scheme 6b). The yields were comparatively low for the phenyl-
substituted systems, likely due to competing elimination reac-
tions; for example, in forming 24j, a significant quantity of a
cinnamyl side product (resulting from base-promoted

This journal is © The Royal Society of Chemistry 2021
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)I\,I’\ R R
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- SFm N ~grm _PBY i ANg

Pyridine, DMAP, DCM
n DCM, 50 °C, 18 h RT,18 h n °
) Ring size o
\\—? \k/\? HN_\j} q\f
24b, 54% 24c¢,37% 24d, 31% 24e,22%

s o

20pe, 15%

b) Thiol doﬂva!lvo

IRV,

249, 58% 24h, 58%
O Ph O

HN’U\)\S HNLS (o} OI(.LUSR
@ o7 nly 0

24k, 0%

O

o
S/\)LNH cu)LH’N *Fmoc
@ Pyndme DMAP,
DCM, 50 °C, 1822 h
then DBU, DCM, 18-20 h

24b (seeref16c) 241 n =1, 47% (over 2 steps)

24m, n =2, 14% (over 2 steps)

Scheme 6 Scope of the SURE method using thiol-tethered carboxylic
acid derivatives. ? Using our published method (ref. 16c). ® N-Acylation
step performed at RT (see ESI7 for full details).

S-elimination, c.f Scheme 5) was observed in the reaction mix-
tures, even upon reducing the temperature for the N-acylation
step.>’ Unfortunately, we were unable to form 16-membered
thiolactone 24k in the same way, using a shorter a-substituted
homologue of the S-Fm-tethered acid chloride, with substrate
degradation via a pathway known to lead to polymerisation
(Scheme 6b box) proposed to be the main problem in this
case.”*

We also confirmed that thiolactone-containing lactams are
able to undergo further ring expansion via SURE with amino
acid chloride derivatives, with doubly expanded macrocycles
241 and 24m both prepared from 24b using our published
method (Scheme 6¢). The yields were lower than those of
typical amino acid SuRE reactions, which is likely to be a con-
sequence of the relatively reactive thiolactone enabling side
reactions of the type already described, but nonetheless we
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were pleased to learn that thiolactones can be incorporated
into larger macrocycles as part of iterative ring expansion
sequences.

Other attempts to use the new method as part of longer
sequences were more challenging however; for example, we
were unable to form a doubly expanded product via the
sequential insertion of two thiolactones (e.g. 40, Scheme 7)
using the standard protocol. Thankfully, we were able to
develop a reasonable work-around by using the S-Trt protect-
ing group strategy and adding purification steps at intermedi-
ate points in the synthesis (Scheme 7). For example,

a)
24b
Pyrldlne DMAP TFA (13 eq)
DCM, 50 °C, 18 h i-PI’;SIH (1 2eq)
Oy S
;’ Lf 30 mm

0
Oy S HN TEA, CDCl; S/\)LN)K/\SH
55°C,8h
39,27%
S o R (O ... . I
b) 1 1 beg /\)OL )Ok/\
0/\)LNH c,)j\/\s-m o) N STrt
———
@) Pyridine, DMAP i
DCM, 50°C, 18 h
4 TFA (13 eq)
— -PrsSiH (1.2 eq)
DCM, RT
30 min
o o) o 0
OO0 @HN TEA, CDCly O/\)LN)I\/\SH
-
55°C,12h
44,17% 43,30%
(over 2 steps)
o o 0
@)k/\s
............................. L R
0 o] o 39

c)
g/\/lLNH ci ’tk/\srn

idine, DMAP
@ DCM, 50°C, 18 h 47,55%
46
TFA (13 eq)
i-PraSiH (1.2 eq)
Oy S DCM, RT
30 min
2 o o o

Ni
0, Bn HN DBU, DCM lél/\)LN)l\/\SH
-— n
RT,18h
49, 17% 48, not isolated
(over 2 steps)

Scheme 7 Successive ring expansion- special cases. ? Contains trace
impurities (see ESIt).
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s PPy ,
24b
(CCDC 2040347) >
>

20ge .
o (CCDC 1921223) J
/\/ﬁ\ B
o NH
241

(CCDC 2040346)

Fig. 3 X-ray crystal structures for 24b, 20ze and 241

N-acylation of thiolactone-containing lactam 24b with acid
chloride 30, followed by cleavage of the Trt protecting group
furnished imide thiol 39, with chromatographic purification
used after each step. Triethylamine was then used to promote
the ring expansion, which was done in CDCI; to aid reaction
monitoring, thus affording bis-thiolactone 40 in modest yield
(Scheme 7a).

Macrocycle 44, a product which contains a lactam, a
lactone, and a thiolactone group, was also prepared using a
similar strategy, starting from a previously reported lactone
SuRE product 41 (Scheme 7b)."* Another previously unob-
served side product was isolated in this case, disulfide 45, pre-
sumably as a result of oxidation of 43 by adventitious oxygen;
incidentally, we believe that disulfide formation may also be a
minor side reaction in other reactions featured in this manu-
script, although this was the only case where it was confirmed
via isolation of a pure product. Finally, macrocycle 49 was pre-
pared, starting from bis-lactam 46;'° in this case, the ring
expansion step was performed in DCM using DBU as the base
(Scheme 7c).

To add additional support to the structural assignments
made in this study, X-ray crystal structures were obtained for
macrocyclic lactones 24b, 20g; and 241 (Fig. 3).>

Conclusions

Ascertaining whether thiol-derivatives can be used in SuRE
reactions was a major reason for undertaking this study. In
this manuscript we have shown that they can, despite the
transformation being more challenging than previous SuRE
variants; while yields of >90% are common in our N- and
O-SuRE processes, we have been unable to replicate this

This journal is © The Royal Society of Chemistry 2021
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level of synthetic efficiency in the thiolactone-forming SuRE
variants. The reduced thermodynamic driving force (sup-
ported by the DFT studies, see Scheme 2 and Fig. 2) for ring
expansion is likely to be a significant factor that contributes
to this difference; the DFT calculations as performed do not
directly probe the reaction kinetics, but given the shift in cal-
culated Gibbs free energy change for ring expansion in the
S-containing cases, it is reasonable to predict that there
would also be an associated increase in transition state
energies (e.g. considering Hammond's postulate).”® A
reduced reaction rate is not necessarily a problem when
considered in isolation, but it is when kinetically accessible
side reactions compete with the desired transformation,
which we have clearly demonstrated to be the case for this
system.””

More positively, thiolactone-forming ring expansion pro-
cesses are rare in the literature,"”'* and we are pleased to
learn that thiolactones can be incorporated into ring-expanded
lactams using SuRE. Three complementary protecting group
strategies have been explored and 15 novel macrocyclic thiolac-
tones have been prepared using the new methods, which gen-
erally proceed in good overall yield (up to 58%) over the tele-
scoped N-acylation/protecting group cleavage/ring expansion
sequence (~83% per transformation). Although we are happy
to acknowledge that this study was frustrating at times, observ-
ing and appreciating the various unexpected side reactions
encountered will certainly help to inform future work on
SuRE, as well as related studies on side chain insertion ring
expansion reactions.

Experimental

Full synthetic details and spectroscopic data for all com-
pounds are provided in the ESL{ A general synthetic pro-
cedure for the S-fluorenylmethyl (S-Fm) method (including
N-acylation, S-Fm clevage and ring expansion) is provided
here: a mixture of lactam (0.5 mmol), DMAP (0.05 mmol) and
pyridine (3.0 mmol) in DCM (7 mL) under an argon atmo-
sphere was stirred at RT for 30 min. Next, a solution of acid
chloride 34 (1.5 mmol) in DCM (3 mL) was added and the
resulting mixture was heated at reflux (50 °C heating block
temperature) for 18 h. The mixture was then diluted with
DCM (10 mL) and washed with 10% aq. HCI (10 mL). The
aqueous layer was then extracted with DCM (3 x 10 mL) and
the combined organic extracts dried over MgSO, and concen-
trated in vacuo. The crude material was then re-dissolved in
DCM (10 mL) and DBU (5.00 mmol) was added, followed by
stirring at RT for 18 h, before the solvent was removed in
vacuo and the ring-expanded product purified by flash
column chromatography.
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the new computational chemistry results reported in this
paper.t

For computational chemistry studies on related ring expan-
sion processes, see ref. 12d and i.

A guideline established in our earlier work (ref. 17) is that
the ring expanded isomer should be the most stable by
>3keal mol™" for ring expansion to be the predicted
outcome,

P. Majer, P. F. Jackson, G. Delahanty, B. S. Grella, Y.-S. Ko,
W. Li, Q. Liu, K. M. Maclin, J. Polakova, K. A. Shaffer,
D. Stoermer, D. Vitharana, E. Y. Wang, A. Zakrzewski,
C. Rojas, B. S. Slusher, K. M. Wozniak, E. Burak,
T. Limsakun and T. Tsukamoto, J. Med. Chem., 2003, 46,
1989.

Another important consideration when using this approach
is that in our hands, the N-acylation step (i.e. 21b — 31b
was somewhat capricious, which we think is a consequence
of the requirement to form an acid chloride in the presence
of an acid labile protecting group. Efficient N-acylation can
still be achieved by forming and reacting acid chloride 30
quickly, but compared with other SuRE variants, this is an
additional complication.

(@) M. Ruiz-Gayo, F. Albericio, E. Pedroso and E. J. Giralt,
Chem. Soc., Chem. Commun., 1986, 1501; (b) E. J. Corey,
D. Y. Gin and R. S. Kania, J. Am. Chem. Soc., 1996, 118,
9202; (c) B. Ponsati, E. Giralt and D. Andreu, Tetrahedron,
1990, 46, 8255.

This journal is © The Royal Society of Chemistry 2021
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Under the standard conditions, the following cinnamyl
imide product was obtained and isolated in 70% yield (see
ESI compound $6):+

o o
N’U\/\Ph

(@) D. R. Moore and L. J. Mathias, J. Org. Chem., 1987, 52,
1599; (b) L. J. Mathias and D. R. Moore, J. Am. Chem. Soc.,
1985, 107, 5817.

CCDC 2040347 (24b), 1921223 (20gg) and 2040346 (24l)
contain the crystallographic data for these macrocyclic
thiolactones, see: T .

This journal is © The Royal Society of Chemistry 2021
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This is also supported qualitatively by the observation
that free-thiol containing imides (e.g., 20go, 32, 39, and
43) were found to be isolable, kinetically stable species,
while the analogous amine containing systems cannot be
isolated as they ring expand spontaneously at RT (see ref.
16¢).

In total, six mechanistically distinct side reactions were
observed during this study: (1) nucleophilic attack at the
C-3 carbonyl leading to lactam opening (e.g., 25-27); (2)
nucleophilic attack at the C-2 carbonyl leading to clea-
vage of the external imide C-N bond (e.g. 28, 29); (3)
condensation (e.g. 33); (4) p-elimination of S (e.g
Scheme 5 and 24j); (5) dimerisation via conjugate
addition (e.g. Scheme 5); (6) disulfide formation (e.g. 45,
Scheme 7).

Org. Biomol. Chem,, 2021,19, 1404-1411 | 1411
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ABSTRACT: Indole-y have been established as general substrates for radical dearomatizing spirocyclization cascade reactions.

1.

Five distinct and varied synthetic protocols have been di P hylation, sulfonylation, trifluoromethylation,
stannylation and borylation—using a variety of radical generation modes, ranging from photoredox catalysis to traditional AIBN
methods. The simple and easily prepared indole-ynones can be used to rapidly generate diverse, densely functionalized spirocycles
and have the potential to become routinely used to explore radical reactivity. Experimental and computational investigations support

d—
=y

the proposed radical cascade mechanism and suggest that other new methods are now primed for development.

ompound classes that expedite access to privileged

biologically active scaffolds are highly prized in synthetic
chemistry." For example, N-arylacrylamides 1 are prominent
precursors for the synthesis of biologically important 3,3-
disubstituted oxindoles,” with a number of elegant (and
asymmetric) metal-catalyzed strategies known (1 — 2 — 3,
Scheme 1A).* Complementary radical-based strategies (1 — 4
— 5, Z = various, Scheme 1A) have also been developed."
Indeed, these methods are so well established that N-
arylacrylamide-based radical addition—cyclization cascades
have become a “go-to” system with which to probe radical
mechanisms and benchmark new (and old) methods for the
reactions of radicals.”

The identification of new scaffolds with the utility of N-
arylacrylamides therefore has great potential in synthetic and
medicinal chemistry—both for their ability to facilitate the
exploration of novel biologically relevant chemical space and as
testing grounds for new methodologies. Indole-ynones (6) are
an emerging class of compounds that rival the versatile
reactivity of N-arylacrylamides, most notably for the synthesis
of spirocyclic indolenines.”” A number of synthetic methods
have been reported, by our groups and others, based on the
reaction of the electron-rich indole moieties with a tethered
ynone group, promoted by alkyne activation with various
reagent classes, including 7-acids,” Bronsted acids,” palladium-
(11) comkalexes,m electrophilic halogenation reagents,'' and
others'”"” (6 = 7 — 8, Scheme 1B).

These previous studies focused on two-electron processes,
but in 2020, our group published the first radical-based
spirocyclization of an indole-ynone. In this work, thiyl radicals
generated in situ were shown to promote dearomatizing

© 2022 American Chemical Society

< ACS Publications

668

spirocyclization with concomitant C—S bond formation (6 —
9 — 10, Scheme 1B) via a hydrogen atom transfer based
radical chain process.'”'® Interestingly, the thiyl radical
formation that initiates this process was shown to be promoted
by visible-light-mediated photoexcitation of an intramolecular
electron donor—acceptor (EDA) complex, formed between the
indole and alkyne moieties in the indole-ynone 6.''” Soon
afterward, related radical spirocyclization methods began to
emerge from other groups. For example, Liu, Han and co-
workers reported an efficient Cu(I)-catalyzed trifluoromethy-
lation protocol, which proceeds via the formation of
trifluoromethyl radicals from Togni's reagent (Z = CF,).'"
A similar cascade was also reported by Xu, Pan, Ma and co-
workers; in this case, dearomatizing spirocyclization was
promoted by selenyl radicals, formed via the homolysis of
diselenides (Z = SeR).'*"

We postulated that in addition to being versatile precursors
for two-electron processes,”'*'? indole-ynones 6 may be
similarly privileged substrates for radical cascade reactions.””
Thus, herein we describe efforts to fully establish indole-
ynones as general precursors for radical dearomatizing
spirocyclization reactions. In total, five efficient, novel synthetic
protocols have been established for dearomative cyanomethy-

Received: December 6, 2021
Published: January 5, 2022
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Scheme 1. Privileged Substrates in Synthetic Chemistry
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lation, sulfonylation, trifluoromethylation, stannylation, and
borylation. Demonstrating that spirocyclization can be
achieved using a range of radical generation methods was
also an important goal, and the new methods developed rely
on various radical reaction modes ranging from traditional
AIBN homolysis to more modern photoredox catalysis and
EDA complex activation.

The first radical class utilized were cyanomethyl radicals.”’
Cyanomethyl radicals can be generated from bromoacetonitrile
11 via known photoredox catalysis methods.””** Optimization
results for the conversion of indole-ynone 6a into spirocyclic
indolenine 12a are included in Table 1. Optimal conditions
(entry 1) were identified based on the use of catalytic Ir(p-F-
ppy); (1 mol %) and 2,6-lutidine in DCE with blue light
irradiation (25-30 °C, fan cooling). Light is essential for
reactivity (entry 2), and the reaction is shut down by the
addition of TEMPO (entry 3), which taken together strongly
indicates that a light-promoted radical process operates.
Changes to the quantity and identity of base led to inferior
conversion (entries 4—7). Other photocatalysts were trialed
(entries 8—11), but only Ir(IlI) catalysts resulted in
satisfactory conversion into 12a, with the relatively reducing
catalyst Ir(p-F-ppy); being the most effective. Interestingly,
modest conversion into 12a was also observed in the absence
of an added photocatalyst (entry 12), indicating that electron-
donor—acceptor (EDA) complexes may also be photoexcited
to initiate dearomative spirocyclization,'* albeit with lower
efficiency than the reaction with Ir(p-F-ppy);.

Next, the genera]xty of the cyanomethylation reaction was
explored (Scheme 2A).** A selection of indole-tethered ynones
6a—g were prepared and tested using the optimized
conditions, and all were converted into spirocyclic indolenines

12a—g in 44—75% yield; this series includes 2-halo substituted
systems, which furmshed synthetically useful spirocyclic
indoleninyl halides 12e—g.* Attempts to perform the reaction

Table 1. Cyanomethylation Optimization”

1 B CN (2 equiv)

{ \\ Ir(p-F- DDV):; (1 mol%) .@P\h
Me “pp, 2 6-lutidine (2 equiv) @ >me

N - DCE, blue LEDs

25-30°C,24h

entry  deviation from standard conditions” 12 (%)  6a (%)"

1 none 75° 12
2 without light 0 99
3 with TEMPO (2 equiv) 0 99
4 without 2,6-lutidine 13 52
s 2,6-lutidine (1 equiv) 40 42
6 2,4,6-collidine (2 equiv) 60 15
7 K,CO; (2 equiv) 40 42
8 Ir(ppy); (1 mol %) 60 6
9 Ru(bpy),(PFg), (1 mol %) 0 74
10 Eosin Y (1 mol %) 0 80
11 10-phenyl phenothiazine (1 mol %) 7 93

12 without photocatalyst 31 56

“Standard conditions: Ir(p-F-ppy); (1 mol %), 2,6-lutidine (2 equiv),
DCE (0.1 M), rt, blue LED, on 0.2 mmol scale. bYlelds based on 'H
NMR analysis of the unpurified reaction mixture using CH,Br, as an
internal standard unless stated. “Isolated yield following column

chromatography.

on indole-ynones without a 2-substitutent (i.e., R' = H in the
general scheme) were not successful however, with these
reactions complicated by competing radical addition to the
indole ring.

Attention then turned toward the development of reactions
based on other radical types. In total, four additional distinct
reaction classes have been developed (Scheme 2B—E), with
additional synthetic and optimization details included in the
Supporting Information. First, known photoredox-catalyzed
methods for the generation of sulfonyl radicals using sulfonyl
chlorides™ were adapted and used to prepare sulfonylated
spirocycles 13—16 in §ood to excellent yields (9 examples,
43—98%, Scheme 2B).” This series confirms that switching to
other reactive radical species can be achieved remarkably
easily, with high yields obtained.”” A transition-metal-free
method for the synthesis of trifluoromethylated spirocycles was
also developed that complements the copper-catalyzed
reaction reported by Liu, Han and co-workers featured in
Scheme 1B.'"™ Here, Togni’s reagent was used with the
photoredox catalyst Eosin Y to form trifluoromethylated
spirocycles 17a,c—d in 42—65% yield (Scheme 2C). Note
that, in this system, control reactions show that product 17a
could be obtained in reduced yield in the absence of an added
photocatalyst, or in the dark, indicating that EDA complex
activation'"* may also enable trifluoromethyl radical for-
mation alongside the Eosin Y catalyzed pathway.

In addition, a remarkable additive-free stannylative dear-
omatizing spirocyclization reaction was developed, which can
be performed simply by irradiating a mixture of the indole-
ynone and tributyltin hydride in DCE with blue LEDs
(Scheme 2D). Using these mild conditions, stannylated
spirocyclic indolenines 18a,c—d were formed in 45-51%
yield. In line with our previous work with thiols,'* we propose
that these reactions were initiated either via a hydrogen atom
transfer or an electron transfer event between the photoexcited
indole-ynone and tributyltin hydride to generate a tributyltin

https://doi.org/10.1021/acs. orglett.1c04098
Org. Lett. 2022, 24, 668674
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Scheme 2. Radical Spirocyclization Cascades with Diverse Radicals Generated via a Range of Methods
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radical. The potential to develop other unconventional
additive-free dearomatizing spirocyclization reactions of this
type highlights the still relatively untapped synthetic utility of
this substrate class. Finally, we have also shown that similar
reactivity can be promoted using classical thermal radical
generation conditions. AIBN in refluxing benzene was used to
generate N-heterocyclic carbene (NHC) boryl radicals™ that
go on to form borylated spirocycles 19a—e in 44—81% yield
(Scheme 2E). Diversification of these products was also briefly
explored, in which we confirmed that borylated spirocycle 19a
could be converted into a pinacol ester and undergo
subsequent Suzuki—Miyaura cross-coupling (see Supporting
Information).

A proposed mechanism, exemplified on the initial
cyanomethylation system, is presented in Scheme 3A. First,
it is known that photoexcited Ir(III) complexes such as Ir(p-F-
ppy); are able to reduce bromoacetonitrile 11 to form
cyanomethyl radical A,”* which we presume initiates the

670

radical cascade.’” This is supported by Stern—Volmer

luminescence quenching studies, which show that the photo-
catalyst Ir(p-F-ppy); excited state is quenched by bromoace-
tonitrile (see Supporting Information). Next, we propose that
cyanomethyl radical A reacts with the ynone moiety of 6a to
form vinylic radical B, which cyclizes quickly to form @-amino
alkyl radical C. Intermediate C may then either (i) be oxidized
by an Ir(IV) species to regenerate the Ir(III) photoredox
catalyst and form the spirocyclic product D (which is
deprotonated in the presence of 2,6-lutidine) or (ii) propagate
a radical chain by reactmg with 11 via halogen-atom transfer”’
or electron transfer’”” to form cyanomethyl radical A and
spirocyclic product D.

To gauge whether steps subsequent to radical formation
could be limiting the reaction, DFT calculations of the
individual steps were undertaken (Scheme 3B). Of these steps,
the addition of the cyanomethyl radical is the slowest step
(TS,) and the calculated AG* of 57 kJ/mol is accessible for a

https:/doi.org/10.1021/acs.orglett.1c04098
Org. Lett. 2022, 24, 668-674
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“Energies are Gibbs energies in kJ/mol and were calculated using the D3-B3LYP/def2-TZVPP//B3LYP/def2-SVP level of theory at 298 K with

COSMO solvent correction in DCE.

room temperature reaction. The analogous energy barrier was
also calculated for each of the other four radical classes
featured in this manuscript (ie., sulfonyl, trifluoromethyl,
stannyl, and boryl radical addition to indole-ynone 6a as well
as for the previously reported thiyl'* and selenyl'™ radical
systems (Table 2; see the Supponing Information for further

Table 2. Calculated Activation Barriers” for the Addition of
Radicals (*Z) to Indole-ynone 6a

[o} 2
‘z \
{ AN 3 .—Ph
N Me “pp radical N Me
H 6a addition N
i Z AGH
*—CN 57 kJ/imol
*Ts 42 kJimol
°CF3 44 kJ/mol
“SnMe; 34 kJ/mol
e @
H,B—NHC 35 kJ/mol
“SPh 15 kJ/mol
“SePh 17 kd/mol

“Gibbs energies calculated using the D3-B3LYP/def2-TZVPP//
B3LYP/def2-SVP level of theory at 298 K with appropriate
COSMO solvent corrections.

details). In all cases, this barrier was calculated to be lower in
energy than that of the cyanomethyl system, strongly
indicating that the radical addition step is not only viable,
but likely to be facile across a range of radical species. For
cyanomethylation, the subsequent radical spirocyclization
through TS, and bromine abstraction leading to chain
propagation via TS; have low free energies of activation and
are therefore probably not rate controlling.

671

Based on the above, we consider it likely that all reaction
series developed herein operate via the same general
mechanism; the exact nature of the oxidative step (C — D
in Scheme 3A) will vary depending on the reagents used and
reaction conditions on a case-by-case basis, and of course the
radical initiation modes differ in each series. For clarity, full
proposed mechanisms for each of the reactions in Scheme 2B—
E are included in the Supporting Information. Having
demonstrated the feasibility of the radical cascades using
diverse reagents and conditions, both experimentally and
computationally, it is likely that variants based on various other
radical intermediates will also be feasible, and new methods
will emerge in time. The development of any new radical
spriocyclization of these types could be facilitated by virtual
screening of the radical addition step for proposed radical
species, using the DFT method established in this study. Of
course, the ability of indole-ynones to undergo facile two-
electron cyclization reactions means that it will be important to
test for this possibility when developing new methods. Further,
the opportunity to develop novel catalyst-free activation modes
should also be possible based on photoexcitation of the indole-
ynone itself.

In closing, we have demonstrated that indole-ynones are
general precursors for radical dearomatizing spirocyclization
cascades through the development of five different synthetic
protocols. These easily prepared reagents can be used to
provide expedient access to libraries of densely functionalized
spirocycles with rich biological potential. Our mechanistic
studies indicate that many other cascade protocols of
comparable/higher efficiency should be feasible using other
radical classes and/or initiation modes. Moreover, we
anticipate that these findings will facilitate the development
and identification of other privileged substrate systems based
on other heterocycle-ynone frameworks.

https:/doi.org/10.1021/acs.orglett.1c04098
Org. Lett. 2022, 24, 668-674
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g ABSTRACT: A convenient and mild protocol for the gold- Catalyst spaciation o
ol 3 3 B H B (o] A affects Au)
b= catalyzed intermolecular coupling of substituted indoles with A T reactivity N
3 car!:onyl-functionalized alkynes to give vinyl indoles is reported. R'T_ AL RT 7 RN !
5 This reaction affords 3-substituted indoles in high yield, and in H R? H R
%) = contrast to the analogous reactions with simple alkynes which give R?
5 5 bisindolemethanes, only a single indole is added to the alkyne. The Cs ¥ A Carbo‘nzl inhibit:
- .; protocol is robust and tolerates substitution at a range of positions e \ R o s
2 = of the indole and the use of ester-, amide-, and ketone-substituted N
3 alkynes. The use of 3-substituted indoles as substrates results in the H

25 30-100%
introduction of the vinyl substituent at the 2-position of the ring. A oxaarples

combined experimental and computational mechanistic study has revealed that the gold catalyst has a greater affinity to the indole
than the alkyne, despite the carbon—carbon bond formation step proceeding through an 5*(x)-alkyne complex, which helps to
explain the stark differences between the intra- and intermolecular variants of the reaction. This study also demonstrated that the
addition of a second indole to the carbonyl-containing vinyl indole products is both kinetically and thermodynamically less favored
than in the case of more simple alkynes, providing an explanation for the observed selectivity. Finally, a highly unusual gold-
promoted alkyne dimerization reaction to form a substituted gold pyrylium salt has been identified and studied in detail.

B INTRODUCTION enable the facile C—H alkenylation of simple, unfunctionalized
indoles.'"™*' 3-Vinyl indoles (e.g, 7, Scheme 1B) are highly

Gold-catalyzed carbon—carbon and carbon—heteroatom bond
important molecules, both as synthetic building blocks for

formation reactions are powerful and synthetically versatile

Downloaded via UNTV OF YORK on July 12, 2022 a

See https://pubs.acs.org/sharingguidelines for options on how to |

transformations. Coordination of an unsaturated substrate, such biologically significant indole-based drugs and natural products,
as an alkene or alkyne to an electrophilic Au(I) or Au(1II) and in their own right, with various biologica.ll),"asgive 3-vinyl
center, results in activation toward nucleophilic attack, and this indoles and methods to synthesize them known.”™ " However,
has been exploited in a wide range of intra- and intermolecular making 3-vinyl indoles via the gold-catalyzed coupling of indoles
coupling reactions.'” and alkynes is challenging; while the required coupling reaction

We have recently demonstrated how gold(I) catalysts (6 — 7, Scheme 1B) can be promoted using gold catalysis, the
promote intramolecular C—C bond formation in ynone- vinyl indole products 7 undergo rapid reaction with a second
tethered indoles 1 to afford carbazoles 3 (Scheme 1A).° molecule of indole to form bisindolemethanes 87" 1t is
Alternative catalysts such as AgOTf result in the formation of possible to inhibit the second indole addition by designing
spirocycles 4.7 DFT calculations suggest that carbon—carbon systems in which the monofunctionalized intermediate is
bond formation proceeds by nucleophilic attack onto a gold- or trapped in situ (e.g, in a cyclization with a tethered
silver-bound alkyne (1 — 2).*" The calculations indicate that nucleophile),”*" but this approach does not allow access to
the spirocycle 4 is a kinetic product, formed though indole C;- vinyl indoles like 7. Recently, Lee and co-workers have shown
attack onto the activated alkyne, and carbazole 3 is the that vinyl indoles can be prepared in excellent yield from the
thermodynamic product, formed through the corresponding reaction of 2-substituted indoles with an excess of alkyne at low

C,-addition when the spif'c.cyclization step is reversible. In all gold catalyst loadings, although with indole itself, bisindole-
cases the calculated transition states for carbon—carbon bond methanes were still generated.>> While this could be circum-

formation are located at low energy (<41 kJ mol™" with respect
to the reference state) and the C—C bond formation (1 — 2)
step was calculated to be almost barrierless. These results, and
others,'”™"” demonstrate the synthetic versatility of 1 as a
framework to access a range of important structural motifs.
The ease with which ynone-tethered indoles 1 can be
converted into scaffolds 3 and 4 provided encouragement that
hitherto unknown intermolecular variants could be developed to
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Scheme 1. Intra- and Intermolecular Reactions of Indoles
with Alkynes Catalyzed by Au(I) and Ag(I)
(A)
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. Idenlmca(m of a remarkable new Au-pyrylium complex 12.

vented through the use of a 2-boryl-substituted indole and
subsequent deprotection, the selective monoalkenylation of
bstituted indole an unsolved challenge.

The formation of the bisindolemethanes follows an mterestm§
mechanistic pathway. Both experimental®* and computational®
data with indole and pyrrole nucleophiles indicate that the initial
coupling with the alkyne is gold-catalyzed, whereas the
subsequent addition of the second heterocycle to vinyl 7 is
Bronsted acid-catalyzed. Protonation occurs at the alkene group
of the vinyl indole to give a carbocation which is then attacked by
another molecule of indole; even in cases where no Bronsted
acidic reagents are used, trace acid formed in situ is usually
sufficient to promote this transformation.”* Avoiding bisindole-
methane formation is therefore a significant challenge, but one
we were confident could be overcome by harnessing the unique
reactivity of ynones.”>*”'"'* In our previous work, we have
shown that the electron-withdrawing carbonyl group of the
ynone moiety can significantly enhance the reactivity of the
alkyne when treated with a Au(I) catalyst. This enables ynones
to be coupled with indoles under very mild conditions.
Furthermore, the same carbonyl group has been shown to
suppress Bronsted acid-catalyzed migration reactions in the
resulting products—both features were postulated to promote
the selective formation of the desired vinylindoles 11 in this
study (Scheme 1C).

The successful realization of this strategy is reported herein. A
simple method for the synthesis of a range of vinyl indoles 11 has
been established, using a cationic gold(I) catalyst to promote the
coupling of indoles and ynones, as well as other electron

498

deficient ester- and amide-based alkyne derivatives (Scheme
1C). Our theory that the carbonyl group can enhance the first
vinylation reaction but suppress subsequent reactions appears to
be valid, given that reactions proceed under mild conditions and
bisindolemethane formation is completely avoided. A series of
mechanistic and computational experiments have also been
performed that enable a deeper understanding of the nature of
the states involved in C—C bond formation, and help to explain
how the site of Au-coordination both influences the
regioselectivity of the vinylindole formation and accounts for
the stark difference in reactivity between the intermolecular and
intramolecular variants. An investigation into the speciation of
the gold catalyst is also presented, which enabled the
identification of a novel gold pyrylium complex 12, arising
from the dimerization of two ynones.

B RESULTS AND DISCUSSION

Catalyst Optimization and Synthetic Scope. Our initial
experiments focused on assessing the intermolecular addition of
indole § to ynone 13, as a like-for-like comparison with the
intramolecular cyclization of 1: the results are summarized in
Table 1. First, AgOTf, Cu(OTf), and SnCl,.2H,0 were tested,

Table 1. Intermolecular Reaction of Indole 5 with Ynone 13
and Alkyne 15

=Ph R R
NH
13(R Ac) N\ _ph A
©j> 15 (R = H) Ph
+
Catalyst O
Toluene (0.1 M) D O D
N N
148,R=A " t6a.R=A
a,R= ,R=
Au-t: [AUNTE)PPL Tol | 14p Rop- 1eb.R=H.
temp time product” (E/
entry alkyne” catalyst (°C§ (h) z)
1 13 AgOTf (10 mol %) RT 24 -
2 13 Cu(OTH), (10 mol %) RT 24 -
3 13 SnClL,2H,0 (10 mol %) RT 24 —
4 13 Au-l (5 mol %) RT 24 14a,90%
(73:27)
5 13 Au-l (S mol %) 40 2 14a, 100%
(71:29)
6 157 Au-1 (5 mol %) 40 2 16b,81%
7 157 Au-l (5 mol %) C,CO; 40 16 16b trace
10 mol %)
8 15 Au-1 (5 mol %) NEt, 40 6 -
(10 mol %)

“1.0 equiv unless stated. “Conversion determined by the ratio of
remaining indole to both geometrical 1sumers of 14 by 'H NMR
spectroscopy. “1.5 equiv of 13 was used. “1.5 equiv of 15 was used.

as these reagents were found to be excellent catalysts for the
intramolecular spirocyclization of indoles 1 into 4 in our
previous work (Scheme 1A). However, all were ineffective in
this reaction; no consumption of either $ or 13 was observed
when analyzed using '"H NMR spectroscopy. A more reactive
catalyst was therefore sought, and the Gagosz catalyst [Au-
(NTf,)(PPh,)],'Tol (Au-1) was chosen for its well-known
activity and ready availability.”® Pleasingly, Au-1 effectively
catalyzed the coupling, promoting 90% conversion into vinyl
indole 14a at room temperature (entry 4) at S mol % catalyst
loading, with further optimization enabling complete conversion
into 14a at 40 °C over 2 h (entry S; for additional optimization
experiments see the Supporting Information). The vinyl indole

https//doi.org/10.1021/acs.organomet.2c00035
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Scheme 2. Selective Gold-Catalyzed M ylation of Indoles with Electron Deficient Alkynes
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product 14 was formed as a mixture of E- and Z- isomers, which
are believed to equilibrate in solution. The formal electrophilic
addition occurred at the C;-position of the indole as expected,
and pleasingly, no evidence for the formation bisindolemethane
product 16a was obtained. This contrasts starkly to the reaction
outcome when indole 5 was reacted with phenyl acetylene 15
under the same conditions; in this case the only product
observed was bisindolemethane 16b.

Attempts to suppress the formation of 16b by adding basic
additives to quench trace Bronsted acid formation were
unsuccessful with the basic additives inhibiting the reaction
(entries 7—8).

With conditions for intermolecular indole-ynone coupling
established, attention next moved to exploring the scope of the
reaction. Variation of the indole coupling partner was first
examined, with a range of indoles bearing electronically diverse
substituents around the benzenoid portion tested, and all
performed well under the standard conditions (14—25 Scheme
2A). Pleasingly, functionalization on the pyrrole ring of the
indole is also tolerated, with indoles bearing C,- and N,-
substituents formed in good yields (26a, 26b, 27, Scheme 2A).
The ynone coupling partner can also be varied, which is
noteworthy given that the electronic properties of the ynone can
have a major influence on reaction efficiencies in related
processes (28—30, Scheme 2B).
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We were also keen to examine the reactivity of an indole
substrate in which the more reactive C;-position is blocked, and
therefore ynone 13 was reacted with skatole 31 (Scheme 2C).
Either C,-vinylation or dearomative C;-difunctionalisation were
considered to be the two most likely outcomes in this case, but
neither of these products were isolated; instead, the dominant
component of the reaction mixture was the three-component
reaction product 32. This product presumably formed via an
initial C,-vinylation, followed by a cascade process, analogous to
that previously observed by Tian and co-workers for a related
system treated under Bronsted acid-catalyzed conditions.”” The
formation of 32 was encouraging nonetheless, as it demon-
strated that C,-addition to skatole was occurring, but a
subsequent condensation reaction did not allow isolation of
the desired vinylindole product. Pleasingly, the introduction of
an N-substituent prevented the three-component coupling, with
indoles 33—35 all being converted into vinylindoles 36—38 in
good yields, with selective vinylation at the indole C,-position.
Finally, we tested whether other electron deficient alkynes may
react similarly to ynones, and pleasingly, ester- (40—42, Scheme
2D) and amide-based (44—46, Scheme 2E) products were
formed in good to excellent yields in the same way. These
reactions are practically very simple to perform, and across all
reaction series, the only change needed to the standard method
was to vary the reaction time (based on TLC analysis). Most
products were isolated as mixtures of geometrical isomers, with

ps://doi.0rg/10.1021/ac 2¢00035
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the observed E/Z ratios believed to be thermodynamic
outcomes, resulting from facile alkene isomerism enabled by
conjugation of the electron-rich indole into the carbonyl. For
products formed via vinylation at the indole C;-position, the E
isomer tends to predominate, based on chemical shift trends,
nOe studies, and comparisons to literature NMR data (see
Supporting Information).*® In C,-vinylation examples (36—38,
42, 46) the Z isomer is formed as the major geometrical isomer,
with the assignment of product 37 based on X-ray crystallo-
graphic data™ and the others by analogy.

Experimental and Computational Mechanistic Stud-
ies. The results from the synthetic studies raised a number of
mechanistic questions about the pathways underpinning the
formation of the substituted indole compounds. These were as
follows:

® What is the origin of the selectively for a 1:1 coupling in
these reactions, compared to the more conventional
addition of two molecules of indole to the alkyne to give a
bisindolemethane?

® What factors influence the stark difference in the relative
ease of the intra- and intermolecular variants of the
coupling between an indole and ynone?

® What controls the C, versus C; regioselectivity addition to
the indole, especially when the C; position is substituted?

A combined experimental and computational mechanistic
study was undertaken to address these questions. In the first
instance, the interactions between the gold catalyst [Au(NTf,)-
(PPh,)],-Tol and the individual alkyne and heterocyclic
substrates were investigated; the idea here was that a better
understanding of gold speciation with respect to both reaction
components would shed light on the observed reactivity, both in
the intra- and intermolecular variants. *'P{'"H} NMR spectros-
copy was therefore used to study the speciation, and these
experimental data were compared to calculations using density
functional theory (DFT). Full details of the computational
methods are provided in the Supporting Information, and all
energies quoted are Gibbs energies in k] mol™" at 298.15 K. In
the calculations the gold catalyst was treated as [Au(PPh;)]*.
Experimentally, there is evidence of solvent-dependent ion-
pairing in these systems,’™** and we have investigated the
potential effects computationally (see Supporting Information).

The interaction between a range of substituted alkynes and
[Au(PPh,)]* was studied first. As shown in Figure la, the gold
has the potential to exhibit either #'(O)-binding, A, or »*(x)
binding, B, to the alkynes. It was reasoned that the energy
balance between these different binding modes would be
influenced by changes to the substituents on the phenyl-ring of
the alkyne, and whether a ketone, amide, or ester substituent was
present.

The energy balance between states A and B was evaluated by
DFT for a range of substituted alkynes (Figure 1a). Two
important trends were evident in the data. First, using an amide-
substituted alkyne (see 48 and 49) is predicted to increase the
relative stability of the O-bound form, A. Second, the
introduction of an electron-donating NMe,-group into the 4-
position of the alkyne should have the opposite effect and
increase the affinity of the 1*(7)-bound form, C (see 47, 49, and
51).

These predictions were supported by experimental data which
used *'P{'"H} NMR spectroscopy to probe the speciation of the
gold complex in solution. Experiments performed with DMF
and PhC,C¢H,-4-NMe, provided reference spectra for 5'(O)
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Figure 1. (a) Isodesmic reaction used to compare 7'(0) and #*(7)-
bound forms of substituted alkynes. Energies are Gibbs energies at
298.15 K at the D3(BJ)-PBE0/def2-TZVPP//BP86/SV(P) level with
COSMO solvation in CH,Cl,. (b) *'P{'"H} NMR spectra in CD,Cl,
solution showing the interaction between [Au(NTf,)(PPh;)],-Tol and
different substrates performed at a 1:2 gold:substrate (c) proposed
7'(0) and #*() binding for DMF and PhC,C4H,-4-NMe,.

(Apme) and n*() binding (B,yyp,e), respectively (Figure 1b,
spectra (2) and (3), Figure Ic). Spectrum (4), obtained after
treatment of a CH,Cl, solution of [Au(NTf,)(PPh,)],-Tol with
51, exhibited a sharp r e at & 35.8, consi with the
1*(m)-alkyne coordination mode, B, being the dominant form. A
resonance at 5, 41.0 was assigned to the formation of a product
arising from alkyne dimerization which will be discussed in detail
later. An analogous reaction with 50, which lacks the NMe,-
group on the aryl ring, did not show any change when compared
with [Au(NTf,)(PPh;)],-Tol, spectrum (S). However, spec-
trum (7), obtained from a reaction with amide 48, was
dominated by a sharp single resonance at §, 29.7, consistent

ps://doi.0rg/10.1021/ac 2¢00035
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with binding mode A. Using amide 49, which also possessed a
NMe, substituent on the aryl group, showed evidence for both
7'(0) and #*(x) binding, spectrum (6). Several spectra
exhibited a resonance at §, 45.5, which is likely due to
[Au(PPh;),]* on the basis ofa comparison with an authentic
sample.

Next, the relative affinity of the gold cation toward the triple
bonds of a range of alkynes was evaluated through a series of
calculated isodesmic reactions (Figure 2). The change in free

o) 0 (o} 0
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Figure 2. Isodesmic reaction used to calculate affinity of alkynes for
gold. Energies are Gibbs energies at 298.15 K at the D3(BJ)-PBE0/
def2-TZVPP//BP86/SV(P) level with COSMO solvation in CH,Cl,
(top). Linear free energy relationship between the calculated change in
free energy against Hammett parameter o, (bottom). Dashed line
shows fit to a least mean squares linear regression (R? = 0.92).
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Figure 3. *'P{'"H} NMR spectra of a mixture of [Au(NTf,)(PPh;)],-
Tol and ynones in a 1:10 gold:substrate ratio in CD,Cl, solution.

[AU(NTE;)(PPhy)], Tol

(PPh;)],-Tol was still present (spectrum (5)). In contrast, in
spectrum (3) when the 4-OMe-substitued alkyne, 52, was used
almost all of the starting material was consumed and again a
series of new resonances between & 40 and 45 were observed. A
resonance at § 37.0 was also present which, by analogy of the
results in Figure 2, may represent a complex with an #*(x)-
bound alkyne. Reaction between [Au(NTf,)(PPh;)],-Tol and
10 equiv of NMe,-substituted 47 resulted in a single new
resonance at &, 41.9. The chemical shift of this resonance is
markedly different from those assigned to the #'(O) and
n*(x)alkyne (Figure 2), which typically appear at 5, 29 and 35,
respectively. The species responsible for the resonance at 5, 41.9
was identified as a gold-substituted pyrylium salt and is discussed
later.

These results demonstrate that the gold cation may readily
coordinate to the alkyne and that electronic effects have a
significant influence on the binding mode (i.e,, #'(O) versus
n*()alkyne), with electron-donating substituents on the aryl
substituent favoring the required 5*()alkyne binding.

Next, potential gold coordination to the indole component
was examined. Although the carbon—carbon bond formation
step in the vinylation reaction was expected to occur through
nucleophilic attack of the indole onto a gold-coordinated alkyne,

energy for alkyne substitution of the parent complex B,; by
alkynes with various substituents in the 4-position of the phenyl
ring was calculated using DFT. These data demonstrate the
presence of a linear free energy relationship between the relative
energy change on binding to the gold and the Hammett (,)
parameter of the aryl substituent. The positive slope indicates
that electron-donating groups favor #”(rr)-alkyne coordination
to the gold cation. This is consistent with alkyne binding being a
net donor to the gold with z-backdonation to the vacant 7*-
orbitals on the ligand (a key factor affecting the stability of
midtransition metal alkyne complexes) not being a dominant
effect.***

The predicted enhanced affinity for the gold cation by
electron-rich alkynes was supported by *'P{'H} NMR spec-
troscopy. Reaction of [Au(NTf,)(PPh;)],-Tol with 10 equiv of
bromine-substituted alkyne $3 resulted in little change to the
3'P{'"H} NMR spectrum (Figure 3, spectrum (4)) with only a
small amount of starting material consumed.** The correspond-
ing reaction with 13 resulted in a complex series of resonances in
the region between 5 40 and 4S: the resonance for [Au(NTf,)-
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we r d that the indoles could also be suitable ligands for
the Au(I) cations themselves, and thus compete for the catalyst
with the ynone. Experimental evidence for this interaction
between the gold and heterocycle was obtained through a series
of titrations between [Au(NTf,)(PPh;)],-Tol and indole, §, or
skatole, 31, in CD,Cl, solution, monitored by *'P{'"H} NMR
spectroscopy. In both cases, the appearance of the spectra was
concentration-dependent (Figure 4). For indole, a broad
resonance was observed at all [Au(NTf,)(PPh;)], Tol:$ ratios,
with a shift to lower field of ca. 4.3 ppm when moving from a 1:1
to a 1:10 ratio. For skatole, a single sharp resonance was
observed, which exhibited a smaller concentration-dependent
change in chemical shift.

These 3'P{"H} NMR studies support the suggestion that the
heterocycles may indeed bind to the gold cation. DFT
calculations allowed for the relative binding affinity of
[Au(PPh;)]* toward indole § and skatole 31 when compared
to the alkyne 13 to be evaluated (Scheme 3). Binding of the
[Au(PPh;)]* to the five-membered ring of § and 31 was
successfully modeled as states Cg and C;, respectively. These
were taken as the reference states for the calculations with the
addition of one molecule of ynone 13. Coordination of the

ps://doi.0rg/10.1021/ac 2¢00035
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Figure 4. *'P{'"H} NMR spectra of [Au(NTf,)(PPh;)],-Tol with
different ratios of 5 (top) and 31 (bottom) in CD,Cl,.

Scheme 3. Relative Changes in Free Energy on Coordination
of Indole, 5, Skatole, 31, and 13 to [Au(PPh;)]*
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Scheme 4. DFT-Calculated Changes in Energy for Products
Arising from C,- and C;-Addition to Indole and Skatole”
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by —111 kJ mol™": the thermodynamic driving force for C,-
addition to produce $5 is essentially identical (—110 kJ mol™).
The Cj-regioselectivy of the reaction between $ and 13 is
therefore predicted to be kinetic in nature. In the skatole case,
Cj-addition will produce $7, which is the intermolecular
analogue of the spirocycle 4 (Scheme 1). As a consequence of
the methyl group at the site of substitution, §7 is not able to
rearomatize, which is reflected in the fact it lies at only —6 kJ
mol™" with respect to 31 and 13. The C,-addition product, 56,
which has rearomatized following a formal proton migration, is
exergonic by —117 kJ mol ™", broadly in line with the addition to
indole §.

With these data strongly indicating that the C;-selectivity for
the reaction is kinetic in nature, transition states for C—C bond
formation were sought to support this using DFT. States for the
addition of the indole to a gold-coordinated alkyne, B, could be
readily located; however, the corresponding pathways asso-
ciated with the addition of the ynone to a coordinated indole
(Cs) could not be found. A pathway for the addition of indole to
the O-coordinated alkyne, A, was located, but at much higher
energy than the pathway via B (see Supporting Information).
These data support the supposition that the reaction proceeds
via addition of indole to an 7*(x) gold-coordinated ynone,

[Au(PPh;)]* to the carbonyl group of the ynone is endergonic
(+12 and +8 kJ mol™" for indole and skatole, respectively),
whereas 1*(1r)-coordination of the alkyne lies at +18 and +14 kJ
mol ™" for indole and skatole, respectively. This is a remarkable
prediction as the prevailing mechanistic view of gold-catalyzed
reactions of this type is that the metal activates the alkyne toward
nucleophilic addition via #*()-coordination of the alkyne.
The pathways controlling the formation of the vinyl indoles
were investigated next. In the first instance, the thermodynamic
preference for C,- and C;-addition of the alkyne to indole and
skatole were calculated. (Scheme 4). For indole, the
experimentally observed C;-addition to produce 14 is exergonic
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despite the heterocycle being a better ligand for the metal.

Transition states for C;- and C,-addition of § to B were
located (TSgp.y and TSyey) at +59 and +67 kJ mol™’,
respectively (Figure 5). Although the difference in energy is
small, C;-addition through TScp.y was found to be the lower
energy pathway at all levels of theory employed (see Supporting
Information). A Dynamic Reaction Coordinate (DRC) analysis
indicated that TSpp,. connected state By with Wheland-type
intermediate Dy;. Attempts to optimize the geometry of Dy
resulted in Ey in which a hydrogen atom had migrated to the
oxygen of the ynone, resulting in rearomatization of the indole.
This may indicate that Dy sits in a shallow minimum and,
similarly, attempts to optimize Fy (which DRC predicts
connects to B via TSgg.y) resulted in Gy.

ps://doi.0rg/10.1021/ac 2¢00035
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For skatole 31 the kinetic preference for the site of attack was
reversed. Here, C,-addition via TSpp.y lies at +60 kJ mol™,
whereas TSpg. . was located at +81 kJ mol ™. Again, attempts to
optimize Fy, resulted in Gy, However, in the case of C;-
addition via TSpp.ye it was possible to optimize the
corresponding states Dy, (+10 kJ mol™"), presumably as
hydrogen migration is not possible in this Wheland
intermediate. Instead, a transition state for vinyl migration was
located (TSpp.p) at +54 kJ mol™". This leads to Gy, again
presumably via Fy,. A transition state for methyl migration was
also obtained, but this was at higher energy (see Supporting
Information). These data therefore indicate that both C,- and
C;- addition pathways for addition to skatole will lead to 32,
although the former route is kinetically preferred.

The data also provide an explanation for the difference in
reactivity between the intra- and intermolecular systems. There
is clearly a greater entropic penalty in the case of the
intermolecular coupling reaction; however, the stronger binding
of the gold cation to the indole when compared to the alkyne will
also inhibit access to the product-forming pathways. Binding to
the indole is still possible in the case of the intramolecular
pathway; however, the preorganized structure of the substrate
may enable low energy 7-slippage events'*™** leading to alkyne
coordination without the necessity for loss of the metal. In the
intermolecular case, this is not possible and decoordination of
the gold followed by re-coordination in the thermodynamically
less preferred binding mode is required.

With the origin of the site-selectivity of the reaction
established, the factors controlling single versus double addition
of the indole to alkynes were then investigated. In the case of the
system derived from the ynone substrate, the relative
thermodynamic free energy change for the formation of 16a
from 14a and 5 (Scheme 5a) was calculated to be —3 kJ mol™".
In the case of the corresponding system based on phenyl-
acetylene, the formation of 16b from 15b and 5 was found to
have much greater change in free energy (AG,gs = —25 k] mol ™,
Scheme Sb). These data indicate that in the case of the ynone
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system there is, at best, only a very small thermodynamic driving
force for the addition of a second indole to 14a.

The kinetic factors controlling this difference in reactivity
between the two systems were also investigated. As previous
experimental and computational work had established that the
addition of a second indole molecule to vinyl indoles was acid-
catalyzed,”* analogous processes were calculated for the
addition of a second molecule of indole to vinyl indole 14
(Scheme Sc). Protonation of 14 could be envisaged to occur at
either the carbonyl groups to give H or the alkene to give I.
Cation H, which was taken as the reference state for this series of
calculations, was found to be 20 kJ mol™" more stable than L.
Transition states for the addition of indole to both Hand I (TSHJ
and TS;g) were located at +114 and +87 kJ mol™" respectively.
The transition state for the analogous phenylacetylene-derived
product (TS, Scheme $d) lies at +67 kJ mol™ with respect to
the cation precursor and the coupled product M lies at lower
energy than those derived from 14 (+101 and +68 k] mol™ for J
and K, respectively)

The precise putative pathway for the addition of the second
indole in the ynone system will depend on the relative rate of
proton transfer between H and I (if this is rapid and an
equilibrium concentration of I is present, then the energic span
will be 87 kJ mol ™!, otherwise it will be 114 k] mol ™). However,
it is evident the addition of a second indole to either cation of the
ynone-derived system has a higher barrier than for the phenyl-
acetylene derivative. In the ynone case, the resulting cationic
intermediates J and K lie at a significantly higher relative energy
than in the phenylacetylene case, M.

At the start of this study, we postulated that the introduction
of the carbonyl group on the alkynes might reduce the proclivity
of the vinylindole product to undergo additional reactions with
indole, and this notion was borne out in the synthetic reactions
featured in Scheme 2. Further, it is supported by the DFT data,
with the carbonyl-based system facing significantly higher
kinetic barriers for the addition of a second indole compared
to the analogous simple alkyne system, and there is a negligible
thermodynamic driving force for this process.

ps://doi.0rg/10.1021/ac 2¢00035
Organometallics 2022, 41, 497-507
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Scheme 5. DFT-Calculated Pathways for the Acid Catalyst
Addition to Vinylindole 14 (a) and the Corresponding
Species Derived from Phenylacetylene (b)“
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“Energies are Gibbs energies at 298.15 K (in kJ mol™ for (c) and
(d)) at the D3(BJ)-PBE0/def2-TZVPP//BP86/SV(P) level with
COSMO solvation in CH,Cl,.

Identification of a Novel Gold-Coordinated Pyrylium
Salt from Alkyne Coupling. The NMR studies designed to
investigate the interaction of substituted ynones with [Au-
(NTf,)(PPh;)],-Tol had demonstrated that a selective reaction
occurred when 47 was employed. Specifically, the addition of 2
equiv of 47 to a CD,Cl, solution of Au' complex [Au(NTE)-

504

(PPh;)],-Tol resulted in an immediate change in color to deep
red and the formation of 12, as shown by the resonance in the
*'P{'"H} NMR spectrum at §, 41.9. Although all attempts to
isolate 12 from the reaction mixture were unsuccessful, a
combination of spectroscopic methods demonstrated that the
product was a gold-substituted pyrylium salt,*” arising from the
dimerization of two ynones (Scheme 6).

Scheme 6. Formation of Pyrylium Salt 12
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“Ar = C¢H,-4-NMe,.

The ESI mass spectrum of the solution exhibited a peak at m/z
= 833.2579 consistent with 12 having the composition
[Au(47),(PPh;)]*; that is, 2 equiv of the alkyne had been
incorporated into the coordination sphere of the metal. The
BC{'H} NMR spectrum (Figure 6) exhibited a series of
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Figure 6. Expansion of a *C{'H} NMR spectrum of 12 in CD,Cl,
solution. Ar = C¢Hy-4-NMe,.

resonances consistent with the formulation of 12 as a pyrylium
complex. For example, a doublet resonance at § 161.4 (*Jpc =
111.2 Hz) is consistent with a gold-bound carbon atom and
compares favorably with the corresponding resonance in
[Au(C4H,-2,4,6-Me;) (PPh,)] (5 169.8, Ypc = 111.2 Hz).* A
doublet resonance at § 175.5 (*Jpc = 5.4 Hz) and singlets at &
171.8 and 165.2 were observed whose chemical shifts are
characteristic of carbon atoms in the 2, 4, and 6 positions of a
pyrylium salt. Two resonances for the NMe, groups were
observed, indicating that two ynones had been incorporated into
12 but in different environments. Moreover, only a single
resonance was observed in the carbonyl region at § 202.0,
indicating that one acyl group had been modified significantly
during the reaction, which is again consistent with pyrylium
formation.

The gold-mediated intramolecular coupling of alkynes is a
common reaction pathway. However, corresponding intermo-
lecular routes are scarce.”' ™’ Establishing the mechanistic
pathways that lead to 12 is therefore important in understanding

https//doi.org/10.1021/acs.organomet.2c00035
Organometallics 2022, 41, 497-507
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this unusual product formation. The initial dimerization step
was anticipated to occur through nucleophilic attack at an 7*(7)-
coordinated complex of ynone 47, by either the carbonyl (O-
attack) or C=C group (C-attack) of another molecule of ynone
47.

DFT calculations were used to distinguish between these
possibilities and the results are shown in Figure 7. The alkyne
complex By, and a molecule of ynone 47 was taken as the
reference state for the calculations, collectively referred to as N.
Considering first C-attack, transition state TSy, (located at +71
kJ mol™") involves addition of the carbonyl-substituted carbon
of 47 onto the aryl-substituted carbon (CI) of the gold-

O-attack
Ar.

C-attack

+32 7 +69 N Ar
" TSna

R + Ar.

+27 A\

Q

Ar

AuL
Ar = CgHy-4-NMe;
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C¢Hs-4-OMe PPh; +69 +61 +20 | —220
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C¢Hs-4-NMe, | JohnPhos | +70 +75 +37 | =199

Figure 7. DFT-calculated pathways for the gold-mediated dimerization
of alkynes. All energies are Gibbs energies at 298.15 K in kJ mol ™" at the
D3(B]J)-PBEO/def2-TZVPP//BP86/SV(P) level with COSMO sol-
vation in CH,Cl,.

coordinated alkyne. Attempts to optimize structure O (the
expected state arising from TSy,,) were unsuccessful: in all
cases, pyrylium complex 12 was obtained. This may indicate that
O either sits in a very shallow minimum or that TSy, is a
bifurcated transition state proceeding directly to 12. The
transition state for C-attack at C2 proceeds through TSyp, which
is at much higher energy (+111 kJ mol™) than TSy, so is
uncompetitive.

The alternative O-attack by 47 onto CI of By, proceeds to
give alkenyl complex Q through TSyq (+69 k] mol ™), which lies
at a similar energy to TSy, (+71 k] mol™). As with the C-attack
pathway, addition to C2 lies at considerably higher energy in the
O-attack case (TSyg + 93 kJ mol™) and therefore can be
discounted. On the basis of the energies of TSyq and TSy, it is
likely that both O- and C-attack pathways operate, but it appears
that pyrylium complex formation can only take place via C-
attack, as all attempts to find a pathway by which Q migh