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Abstract

This thesis is divided into seven chapters. Chapter 1 gives an introduction to intermolecular
interactions, the discovery and development of n-n* interactions and explores the use of various
aromatic backbones (in particular naphthalene) as the scaffold for generating
nucleophile/electrophile interactions.

Chapters 2-7 form the results and discussion of the thesis. Chapter 2 reports the first peri-
interactions between naphtholate oxyanions and electrophilic double bonds in the form of
tetramethylguanidine crystalline salts with O---C contacts in the range: 2.558(2)-2.618(2) A.

Chapters 3-7 are concerned with nitrogen---carbon interactions. Chapter 3 explores the
widening of an interaction distance between a dimethylamino nucleophile and a range
electrophilic groups, via the use of acenaphthene and fluorene scaffolds. The increase in the
contact distance between the two groups allows for cyclisation through an N-methyl group via
a tert-amino effect reaction in a number of cases. This generates a range of azepine and azocine
fused ring systems.

Chapter 4 explores the reduction of an interaction distance between a dimethylamino
nucleophile and a range of electrophilic alkenes, via peri-repulsion between groups at the
opposite peri-positions. This repulsion in all cases led to a reduction in the N---C distance,
resulting in a short contact of 2.359(2) A in the ethenedinitrile derivative and the formation of
a long N-C bond of 1.672(1) A when one nitrile was replaced by an ester group.

Chapter 5 introduces a symmetrical system with a set of N---C(alkene) peri-interactions at both
positions. Generally, the N---C distances increased throughout the series compared to the
corresponding systems with just one set of interactions and no second set of peri groups. When
the alkene terminated in a cyclic diester (from Meldrum’s acid) a long N-C bond (1.676(4) A)
formed at one peri site and a N---C contact of 2.615(4) A remained at the other. Further
systems demonstrating a peri MezN*H---H repulsion were also generated, leading to
compounds with N-C bonds in the range of 1.7-2.1 A. Of particular importance is the
ethenedintrile derivative, which undergoes a reversible structural change in the solid-state
under cooling, which was carefully mapped by X-ray diffraction. Preliminary variable
temperature SSNMR and charge density studies on this system are also reported.

Chapter 6 reports the four structures which demonstrate the Felkin-Anh model for nucleophilic
attack of a carbon centre adjacent to a chiral centre. Combining the approaches demonstrated
in Chapters 2-4.

Chapter 7 reports structures where a dimethylamino group reacted with a range of stabilised
carbocation centres across the peri-positions on naphthalene to form long N-C bonds (1.653(2)-
1.673(2) A), and in some cases some interesting fused multi-ringed systems were produced.
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Chapter 1

Introduction



Intermolecular Interactions

The number of non-covalent intermolecular interactions within the chemical world is vast and
their importance in dictating molecular conformation, reactivity and function within
supramolecular chemistry and biology cannot be overstated.’ Intermolecular interactions
provide stability to the molecules they are associated with. Despite the strongest of these
interactions having a stabilisation energy of 60+ kJ mol? (a near ionic hydrogen bond),’
interactions are easily formed and broken unlike that of covalent bonds, for example C-C bonds
which have a bond dissociation constant of 346 kJ mol™. An example of this is shown in
Scheme 1.1 where the folding of a protein, caused by intermolecular interactions, is reversed

by heat, causing the proteins secondary structure to decompose but not the peptide chain itself.

Heat

Y

Scheme 1.1. Denaturing of a secondary protein structure by heat, causing the intermolecular interactions to break.

Intermolecular interactions are divided into isotropic and anisotropic forces. Isotropic forces
such as van der Waals and n-x interactions are medium range and define the shape, size and
close packing of the molecules involved in them. Typically, these are C---C, C---H, and H---H
interactions. Anisotropic forces such as hydrogen bonds, halogen bonds and n-n* interactions
are directional and electrostatic in nature, involving heteroatoms for example, O-H---O and N-
H---O in strong and C-H---O, C-H---N and C-H---X (where X = halogen) in weak hydrogen

bonds, causing them to be stronger and therefore referred to as long-range forces.



Isotropic Forces

Van der Waals Interactions

Van der Waals interactions are attractive, dispersive forces, caused by the interaction of a
molecule possessing a fluctuating multipole. This subsequently induces a multipole on an
adjacent molecule (Figure 1.1). The magnitude of the dispersive forces is proportional to the
inverse sixth power of the interatomic separation (r®) and approximately proportional to the
size of the molecule. Consequently, van der Waals forces are only achievable over a short

contact distance but are observed between all molecules.52

%/
o o— &+  o- o+ o8- o+

Figure 1.1. Van der Waals induced dipoles represented in idealised non-symmetrical molecules

Van der Waals forces are among the weakest of all of the intermolecular interactions, typically
displaying interaction energies of between 0.4-4 kJ mol™.8 Despite this, their omnipresence
means that their combined effect can outweigh the effect of stronger, less abundant forces. Key
to their stabilisation capabilities is therefore how easily they can form between molecules,
therefore maximising contacts, so that interactions occur. This can be seen in the three
empirically equivalent hydrocarbons, pentane 1.1 (36.0 °C), 2-methyl butane 1.2 (27.9 °C) and
2, 2-dimethyl propane 1.3 (9.5 °C) in Figure 1.2, where their boiling points differ significantly.
This is caused by the branching in 2-methyl butane and 2, 2-dimethyl propane, which disrupts

the packing of the molecules in solution, reducing the number of van der Waals contacts that



can occur. As the branching becomes greater from 1.1 to 1.3 the energy needed to break the
contacts and cause the compound to boil reduces. Furthermore, the maximisation of contacts
is demonstrated in crystal packing where molecules will attempt to pack such that they dovetail
into the hollows of a neighbouring molecule, increasing the energy of the subsequent lattice.®
Desiraju and Gavezzotti explain this using a selection of aromatic hydrocarbons, showing that
more carbon-rich molecules prefer to adopt ‘graphitic’ stacking whilst more hydrogen-rich
molecules display ‘herringbone’ geometries. The carbon-hydrogen stoichiometric ratio is

therefore a key parameter in how molecules of this type arrange themselves.

CsHyz CsHqz CsHqz
Pentane 2-Methyl butane 2, 2-Dimethyl propane
Bp: 36.0°C Bp: 27.9°C Bp: 9.5°C
1.1 1.2 1.3

Figure 1.2. Structures of pentane (1.1) and its two structural isomers (1.2 and 1.3).

Van der Waals radii are an expression of the size of bonded atoms, or just atoms for the noble
gases. The most commonly used values are those from Bondi,'° which are derived from the
minimum contacts between like atoms in the solid state. These values have been confirmed
more recently by Gavezzotti'! and by Rowland and Taylor'? using the much greater amount of
data available in the Cambridge Structural Database. The sum of van der Waals radii for two
atoms indicates their approximate minimum separation unless there are some additional
attractive interactions, and this is the context they will be used here. Within this thesis, the
following values quantified by Bondi'® will be used; C: 1.70 A, H: 1.20 A, N: 1.55 A, 0: 1.52

Aandl:1.98 A.

It is of note that for the elements beyond the first row e.g. S and Cl, bonded atoms do not
behave as spheres and for atoms with just one or two bonds may have two radii for distances
in line with and perpendicular to the bond(s).*® Furthermore, there might be some small

4



variation even for carbon given its many different bonding arrangements, e.g. carbonyl, alkene,
alkyne, though these have not been clearly distinguished. More recently van der Waals radii
for elements not dealt with by Bondi have been calculated by Truhlar** and an alternative
approach to determination of such radii have been devised by Alvarez,'® calculated from
contacts from oxygen, and Rahm and Hoffmann'® have taken an alternative approach based on

calculations of the radius at which electron density falls to 0.001 electrons per Bohr.

7t-7 interactions

The precise nature of the interactions between two 7 systems (n- interaction) and between a
n-system and another functional group (n-X interaction) have been the subject of significant
research. Often these interactions are considered weak, but their extensive occurrence and
importance in supramolecular chemistry and biology is well documented and of significant
importance.t” 19

Burley and Petsko?° first characterised these interactions via a study of the interactions between
aromatic side chains in the crystal structures of 33 proteins. They examined the straight-line
distance between the centres of the aromatic residues (r), the angle between this line and the
normal to the aromatic plane of one of the residues (0) and the angle between the two aromatic
planes (¢) as shown in Figure 1.3. This identified 580 interactions which demonstrated a
separation between the two centroids by less than 10.0 A from which they plotted a histogram
of frequency of occurrence as a function of the separation distance. When the centroid
separation was less than 3.4 A, no interaction was observed, due to van der Waals repulsions.
Between 3.4 and 6.5 A the distribution was observed to vary with the separation distance,

whilst above 6.5 A the distribution remained virtually constant.



An analysis of the contacts between 3.4 and 6.5 A revealed a relationship between the angles
0 and ¢. When the residues were directly above one another (6 = 0°) or side-by-side (6 = 90°),
edge-to-edge or T-shaped geometries were observed respectively. Half-way between these two
extremes, the residues were found to be either coplanar or only slightly tilted with respect to

each other.

Figure 1.3. Distances and angles examined by Burley and Petsko? in their survey of aromatic interactions in proteins; (r)
denotes the straight line distance between the centres of the aromatic residues, () denotes the angle between this line and
the normal (n) to the aromatic plane of one of the residues and (¢) denotes the angle between the two aromatic planes.
Continuing from the work of Burley and Petsko, Hunter et al.*® demonstrated how a simplistic
electrostatic model of a w system could be utilised to explain these interactions (Figure 1.4).

The model, likened to a simple n-bond, sandwiched a positively charged c-core between two

negatively charged m-clouds, which can be further simplified to a point charge diagram.

E > (22)
= —)— = =)=
T > ©

Figure 1.4. Simplification of a m-bond, applying Hunter’s point charge system.

Considerable attractive interactions between porphyrins allows them to aggregate in solution
and the solid phase. They adopt a co-facial arrangement with their centres offset from each
other as shown in Figure 1.5. Geometrically, it can be summarised as the following: (a) the =-

systems of two neighbouring porphyrins are parallel, with a 3.4-3.6 A interplanar separation.



(b) neither of the two porphyrins involved in the & stacking are rotated relative to each other,
for example the position of two equivalent nitrogen atoms are parallel to each other or (c) the
offset of one porphyrin to the other falls in the range of 3.0-4.0 A along the same nitrogen-
nitrogen axis. Hunter et al.!® used the point charge model to show that by adopting this
geometry, the porphyrins maximise the overlap between the attractive o-core of one ring with

the m cloud of a pyrrole ring of another, whilst also minimising the t-n repulsions.

H N— NH N— NH N—
\// \// \//

Side:

Figure 1.5. Perspectives from both above and the side of two neutral porphyrin rings (left), the same two rings with a
chelated metal atom (blue) in the lower ring (middle) and the same chelated system with an electron withdrawing ligand
bound to the metal atom (right).

Applying the point charge model again explained why complexation of a metal atom (e.g. zinc)
further strengthened the n-m interaction, as the positively charged atom sat directly beneath a
negatively charged n-cloud. Whilst the addition of a competing ligand reduced and, in some

cases, destroyed the interaction due to the lowering of the stabilisation energy which had

resulted from the initial metalation.
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Figure 1.6. Three geometries for -z stacking.

Hunter et al. continued with the point charge system, using it to calculate the energy of a
generic interaction between two n-Systems for a variety of rotations and displacements relative
to each other. From this, the results were simplified to three scenarios that the n-r systems can
adopt shown in Figure 1.6. The first is face-to-face stacking (a) whereby the interaction is
dominated by n-x repulsions, making it unfavourable. The second (b) is caused by an offsetting
of one of the two m-systems by several Angstroms, this allows a m-c interactions to occur,
previously shown between the porphyrins in Figure 1.5. Thirdly (c) the rotation of one of the
n-systems by 90° forms an edge-to-face geometry (T-shaped), also dominated by =n-c
interactions. The least favoured interaction of the three is found to be (a) face-to-face stacking

due to the two overall negative charges of the systems repelling each other.



Anisotropic Interactions

Hydrogen bonds

Following its discovery over 100 years ago, research surrounding hydrogen bonds is vast. This
long lasting interest is a result of the sheer importance of hydrogen bonds in the structure,
function and dynamics of a vast number of chemical systems, be that in organic, inorganic or
biological chemistry. The precise definition of a hydrogen bond has continued to evolve from
Pauling?! describing a hydrogen bond as largely ionic in character and formed only to the most
electronegative atoms, with Atkins?? defining the hydrogen bond as a link formed by a proton
lying between two electronegative atoms.

However, it seems only very general and flexible definitions of the term ‘hydrogen bond’ can
do justice to the complex and chemically variable nature of the interaction, including within it
the strongest as well as the weakest interactions. An early more inclusive definition was
proposed by Pimentel and McClellan?® who stated that hydrogen bonds exist when there is
evidence of a bond and also evidence that this bond sterically involves a hydrogen which is
already bound to another atom. This definition leaves the chemical nature of the participants
unspecified, allowing for weaker interactions such as C-H---O, C-H---N, O-H---x and C-H---
7 to be considered. But it also includes pure van der Waals contacts in its definition, which can
be involved in the bonding with energies of several tenths of a kcal/mol. It also includes agostic
interactions by which electrons of an X-H bond are donated sideways to an electron deficient
centre by three-centre two-electron interactions. Thus Steiner® states ‘An X-H---A interaction
is called a “hydrogen bond” if; (1) It constitutes a local bond, and (2) X-H acts as proton donor
to A.”.1"18 The inclusion of point (2) means that pure van der Waals contacts and agostic
interactions are excluded, but if taken liberally can also include symmetric hydrogen bonds X-
H-X, where donor and acceptor cannot be distinguished. But fundamentally it includes both

the classic model of electron density being donated from a lone pair of electrons to a hydrogen

9



bound to an electronegative atom whilst allowing weaker interactions where m-orbitals can

behave as the hydrogen bond acceptor.

Table 1.1. Strong, moderate, and weak hydrogen bonds following the classification of Jeffrey.?*

Strong Moderate Weak
Interaction type Strongly covalent  Mostly electrostatic  Electrostatic/dispersive
H---A (A) 1.2-15 1.5-2.2 >22
Lengthening of X-H (A) 0.08-0.25 0.02-0.08 <0.02
X-H versus H---A X-H=H---A X-H < H---A X-H << H---A
X---A (A) 2.2-2.5 2.5-3.2 >3.2
Directionality Strong Moderate Weak
Bond angle (°) 170-180 > 130 >90
Bond energy (kcal/mol) 15-40 4-15 <4
'H downfield shift 14-22 <14 -

Hydrogen bonds have a large range of interaction energies depending on their chemical
composition. According to the classification of Jeffery?* (Table 1.1) hydrogen bonds can range
from <4 kJ mol™? in weak bonds associated with a n-system acceptor, to 4-15 kJ mol* for
moderate bonds involving electronegative atoms in both cases (e.g. O-H---O) and to 15+ kJ
mol for strong bonds where the donor and acceptor atoms may be ionic in nature (e.g. -CO--
--H-0-N").>? The interaction distance (X---A) of the hydrogen bonds follows a logical trend
of decreasing in size as the interaction energy increases; 2.2-2.5 A (strong interactions), 2.5-
3.2 A (moderate interactions) and >3.2 A (weak interactions). Furthermore, notable *H NMR
shifts downfield are observed in strong and moderate bonds of 14-22 ppm and <14 ppm

respectively.

A
dq d!”A d1:" d,
X——H-"-A X—H’ X—H--"A
dy A d3
A

Figure 1.7. Different types of hydrogen bonds; conventional (left), bifurcated (middle), trifurcated (right).
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The geometry of the interaction angle X-H---A shifts from almost linear (170-180°) in strong
hydrogen bonds to >130° in moderate bonds to >90° in weak hydrogen bonds. As a result, bi-
and tri-furcated interactions can arise if the H---A separations are distinctly different, with the
shorter of the interactions called the major component and the longest being the minor
component (Figure 1.7). This is demonstrated in the work of Anslyn?® and Grossel 2’ in Figure
1.8 for the binding of phosphate by 2, 6-bis(methylguanidinium) pyridine (1.4) and sulphate

by bis-acylguanidiniums?° (1.5).

Ph

| X
y 7
N N N o o
N N
o A
N H--_g---H N HN @ N\H H/N @_NH,
@\H }ljl /@ \( | / \(
e NN _.---H N o N
-0 o-- PN O O — '~
\O H H\\ ‘S:\ //H H
{ o~ o
1.4 1.5

Figure 1.8. Examples of furcated hydrogen bonds by Anslyn and Grossel.?6:27

Steiner continues to discuss how hydrogen bonds can be tuned depending on the environment
of the donor and/or acceptor atoms. This can be justified by considering that hydrogen bonds
are made up of several components, including electrostatic, repulsive and dispersive forces.
For example, if the polarity of either the donor or the acceptor atom is reduced, the electrostatic
contributions to the overall energy in the bond is equally reduced, thus the interaction becomes

more van der Waals in nature.
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Halogen and Chalcogen Bonds

By IUPAC definition®® ‘A halogen bond occurs when there is evidence of a net attractive
interaction between an electrophilic region associated with a halogen atom in a molecular
entity and a nucleophilic region in another, or the same, molecular entity’. In other words, like
hydrogen, halogens can accept electrons from electronegative atoms such as N, O and S and
thus form directional intermolecular interactions. These interactions occur due to the electron

density around a covalently bound halogen atom being anisotropic.*3!

o -

— N N |

F F

Figure 1.9. The anisotropic distribution of electron density around a halogen atom (X) generating a positive o-hole, which is
shown in green (left) and a structural example of a halogen bond (right).

Clark et al.*? used molecular modelling to suggest that in the R-X bond (X = halogen), the
unpaired valence electrons of the halogen form an electron belt around the halogen
perpendicular to the axis of the R-X bond. Consequently, the end of the halogen atom furthest
from the adjoining atom becomes an electropositive ‘c-hole’ (Figure 1.9). This electropositive
site now on the end of an R-X bond can therefore accept electrons from an acceptor atom, such
as N, O, and S. The magnitude and size of the o-hole is not uniform and depends on the nature
of the halogen; iodine, for example, has notably polarisable valence electrons and the resultant
o-hole is larger and more electropositive than fluorine, which has less polarisable valence
electrons. Polarisation due to the group bound to the halogen also plays a role in its halogen
bonding capabilities, with more electron withdrawing groups (NO2, CF3) being found to induce

o-holes.3
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F F F F
NN
_ - N Br Br | I HOOOH
N\ /
F F F F

1.6 1.7 1.8 1.9

Figure 1.10. Compounds used by Metrangolo et al. in their co-crystallisation experiments

The work of Metrangolo et al.3* ranks the halogens in order of strength as halogen bond donors
| > Br > Cl > F, with fluorine not being observed forming halogen bonds.®? A series of co-
crystallisation experiments (Figure 1.10) with 1.6, with either 1.7 or 1.8 revealed that the
melting point of 1.6:1.8 had a higher melting point than 1.6:1.7. Furthermore, a competition
co-crystallisation experiment revealed that a 1:1:1 mixture of 1.6, 1.7 and 1.8 in acetone, gave
pure crystals of 1.6:1.8, showing that iodine is a stronger donor than bromine. Due to the
strength of halogen bonds being in the range of 10-200 kJ mol™, there is experimental evidence
of competition with hydrogen bonds. Metrangolo et al. demonstrated with a competitive
experiment® in which 1.6, 1.8 and 1.9 were dissolved in equimolar amounts in excess acetone
and left to crystallise. Co-crystals of 1.6:1.8 were isolated, with TLC and NMR analysis

confirming the presence of 1.9 remaining in solution.
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The chalcogen atoms of group 16 (O, S, Se, Te etc.) when covalently bonded to electronegative
atoms or groups, undergo the same polarisations as discussed for halogen bonds, developing
c-holes at the surface of the atom opposite the binding site.>*8 These bonds are known are
chalcogen bonds. As shown in Figure 1.11, due to the bonding geometry of the chalcogen

atoms, two electropositive holes form on the surface of the atom, enabling the formation of two

39,40

chalcogen bonds with two incoming nucleophiles.

Figure 1.11. Generalised structure of a chalcogen atom (Ch) bound to two electronegative atoms (R), resulting in the
formation of two J* holes.

The strength of a chalcogen bond depends on the following: (a) the Lewis basicity of the
interacting partner, (b) the nature of the chalcogen atom (Te>Se>0>S), (c) the polarisation of
the chalcogen atom (can be dependent on the backbones chosen)*#? and (d) the interaction
angle between the incoming nucleophile and the R-Ch bond, ideally 180°.434 Despite being
known for several decades, chalcogen bonds remain largely un-utilised.3®454¢ An early
example of chalcogen bonding was identified in the complex between diphenyl diselenide and
iodine (Figure 1.12).#” The complex formed a rectangular motif which was held together by
two strong halogen bonds (di.se 2.99 A) along with two chalcogen bonds (di.se 3.59 A). The
chalcogen bonds are shorter than the sum of the van der Waals radii for the two atoms (3.88
A).1° This structural example demonstrates the amphiphilic nature of both the halogen and

chalcogen atoms.
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Figure 1.12. Molecular structure the diphenyl diselenide iodine complex, demonstrating both halogen and chalcogen bonds.

A general feature of the interaction between nucleophiles and the positive c-holes in both
halogen and chalcogen bonds is that as the electron withdrawing ability of the residue bound
to the chalcogen atom is increased, the interaction between it and the nucleophiles is made
more likely.* This leads to a decrease in the contact distance as the electrostatic potential at
the c-hole becomes more positive. A combination of 1, 8-disubstituted naphthalenes from a
range of studies*®° demonstrates this in the distances observed between the dimethylamino
nucleophile and a chalcogen atom (Se or Te) substituted with a range of electron withdrawing

substituents (Table 1.2).

Table 1.2. Selection of peri-naphthalenes 1.10-1.14 demonstrating a range of nucleophile-chalcogen interactions (d).

ompoun

\ R C d R Ch d (A)

Ny 1.10% Cl Se 2.174
1.11% Br Se 2.181
1.12% | Se 2.241
1.13% Br Te 2.395
1.14% Ph Te 2.713

From the examples, a clear trend in both series is shown that as the electron withdrawing
capability of the chalcogen substituent (R) is increased, the N---Ch-R contact distance is
reduced. The shorter contacts of the selenium atom versus the tellurium atom maybe be a result
of either the increase in atom size from Se to Te or the C-Te bond being longer than that of the

C-Se bond (2.116 A (Te) vs. 1.930 A (Se)).>*
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Quantification of Non-Covalent Interactions

Complex biological molecules allow for the study of non-covalent interactions within a
dynamic environment, whereby interactions of multiple molecular contacts and solvent
molecules can be observed. The precise geometry of these interactions however is hard to
accurately determine, based on the dynamic environment in which they occur. By stripping
these complex systems back, synthetic chemistry can be employed to design specific targets
which allow for the systematic study of these non-covalent interaction.>? One approach for this
is in the design and synthesis of folding molecules. The conformations of these types of
molecules are usually controlled by intramolecular contacts or by interactions with solvent
molecules, which when removed generate an alternate conformation of the initial compound.
It is in compounds like this that thermodynamic information (AG) can be extracted from these
conformational changes and the interactions can be quantified. In order to obtain a AG
measurement, the molecule of interest must have quantifiable populations of each of the
distinct conformers; i.e. when using NMR spectroscopy to assess the conformers, a distinct set
of signals must be observed in each case. If the signals on the NMR timescale rapidly exchange

to give average signals, then quantifiable measurements cannot be achieved.

Scheme 1.2. A molecular hinge developed by Sankararaman et al. where the exact position of the equilibrium between the
two conformers could not be calculated.
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Not all folding molecules are suited to a quantitative study, the molecule shown in Scheme 1.2
is an example of this. The system, designed to investigate aromatic interactions, allows for
qualitative information about the preferred geometries to be obtained from spectroscopic
studies indicating that at room temperature, the open and closed conformers are in equilibrium,
with the data suggesting a closed structure. However, the exact position of the equilibrium
cannot be accurately established. Both the open and closed conformers can be observed in the

solid-state.>®

Unfolded Folded

Scheme 1.3. Equilibrium (K) between the two conformations of Wilcox’s ‘molecular torsion balance’.5*5

The first group to coin the phrase ‘molecular torsion balance’ was that of Wilcox and co-
workers based on their investigation into alkyl---arene interactions on the folded molecules
shown in Scheme 1.3.%*% The folded and unfolded conformations in Wilcox’s study displayed
visible, distinct signals in the *H NMR spectrum, with the two conformations stemming from
the hindered rotation around the biaryl bond. In the *H NMR spectrum, a deviation from a 1:1
ratio of the two states indicates the presence of a non-covalent interaction or solvent based
effect. Functionalisation of the ester group (R) was pivotal to the interaction taking place. When
R= Me, the ester group is too far from the aryl ring for a contact to occur and as a result very
little preference for either state in the *H NMR spectrum is observed.> Functionalisation of the

ester with R=Pr or Ph, resulted in a distinct favourability of the folded conformation in both
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CDClI; and D0 solutions. The greatest overall degree of folding was shown for the R= 'Pr

derivative in D,0O.

The molecular balance shown in Scheme 1.3 was used to further explore aromatic edge-to-face
interactions. In order to achieve this, the R-group was varied with a selection of substituted
phenyl rings and the X-group altered on the bare aromatic ring. These modifications enabled
the effects of substituents on the folding energy to be explored. They found that the introduction
of electron-withdrawing groups (NO2 and CN) in the R-group, shifted the equilibrium towards
the folded conformation, as a consequence of the increased strength of the interaction between
the more electropositive edge face with the = electron density of the aromatic ring. Substitution
at the X group on the base ring surprisingly revealed that folding energies were insensitive to
variation. This led to Wilcox et al. to propose that dispersion forces, not electrostatic forces,

dominate edge-to-face interactions in the system.>

Table 1.3. Peri-disubstituted naphthalenes 1.15-1.20 studied by Cozzi et al.® and their respective rotational energy barriers
AG (keal/mol) about the aryl-naphthalene bond.

Compound X AG / kecal/mol

X
1.15 OMe 13.9
O O 1.16 Me 14.4
Me " Me 1.17 H 147
1.18 cl 155
OO 119  CO.Me 16.9
1.20 NO; 17.3

Based upon the repulsive interaction in face-to-face - interactions Hunter et al.!® theorised
that polarising atoms may have an effect on the geometry of the interaction and suggested that
this may even lead to an ability to stabilise the face-to-face stacking if the m-system becomes
electron deficient. Cozzi et al.>® confirmed this theory with a series of molecular balance NMR
experiments carried out on 1,8-diphenylnaphthalenes. Steric repulsions, which cause the two
peri-phenyl groups to arrange themselves perpendicular to the idealised naphthalene plane

result in a face-to-face, n-m interaction (Table 1.3). The two competing forces, steric repulsion
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and the face-to-face stacking repulsion, have a rotational energy barrier, which if satisfied
allows for a 180° rotation of one of the aryl groups. Applying the theory of Hunter et al. the
strength of the n-7 interaction was altered via the introduction of electron donating (1.15 and
1.16) and withdrawing groups (1.18-1.20) on one of the aryl substituents. *H NMR spectra of
compounds 1.15-1.20 all display clearly resolved signals for the ortho/ortho’ and meta/meta’
hydrogens respectively, consistent with the expected perpendicular and restricted rotation aryl
groups geometries. Heating of 1.15-1.20 in DMSO-ds caused coalescence of both the
ortho/ortho’ and meta/meta’ hydrogens indicating a rotation of the aryl groups. Line shape
analysis allowed for the barrier to rotation for the aryl group of each compound to be
determined shown in Table 1.3. From the series, the lowest energy barrier was found to be 1.15
(X = OMe) with AG = 13.9 kcal/mol (where the electron donation to the & system is highest)
with an increase across the series to 1.20 (X = NO2) with an energy barrier of AG = 17.3

kcal/mol.
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n-n* Interactions: Precursors of Bond Formation

Initial Observations, Interpretation and Theories

In 1916, amongst a 213-page article in The Journal of the Chemical Society,>” W. H. Perkin Jr
reported that in order to methylate the tertiary amino group of cryptopine 1.22 (an opium
alkaloid, shown in Figure 1.13), the compound had to be treated with methyl iodide in methanol
and heated in a sealed tube for two days in a water bath. Similarly, the expected reactions of
the keto-carbonyl oxygen with hydroxylamine, semicarbazide or amyl nitrite and ethoxide did
not proceed. Perkin justified these two groups’ sluggish reactions by both being incorporated
in the same ten-membered ring, until that point, unknown in natural alkaloids. Sir Robert
Robinson®  proposed the novel concept that through-space partial  bond
nucleophile/electrophile interactions between the ring-bound nitrogen and carbonyl carbon,
were providing the decrease in reactivity. Roughly three decades later, infrared and ultraviolet
spectroscopies provided evidence for this interaction across the nine-membered ring of

vomicine.>:%0

. v
(e} OMe
0 H
o]
o) NH
o O OH o N
T+ | MeO o)
1.24 1.25 1.26

Figure 1.13. The six alkaloid structures (1.21-1.26) which provided the basis for the work by Biirgi, Dunitz and Shefter.%!
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Continued interest in compounds displaying such groups led to several X-ray crystallographic
structures in 1971 of related natural products 1.21-1.26 (Figure 1.13).52%" Structural
determination of these compounds confirmed the idea that the nucleophilic nitrogen lone pair
was involved in an interaction with the electrophilic carbon of the opposite carbonyl group.
The distance between the two interacting atoms was well below the sum of the van der Waals
radii for both atoms.'° Furthermore, the planarity of the carbonyl carbon was removed, with
the carbon displaced from the relative plane of its three substituents (pyramidalisation) towards
the nitrogen atom (Table 1.4). For example, the 5-azacyclooctanone ring of clivorine 1.24
displays a short 1.993(3) A N---C=0 contact distance, an elongated C=0 bond length of
1.258(3) A and a pyramidalisation of the carbonyl carbon by 0.213 A from the plane of its
pendant atoms. However, in some cases the two groups had instead formed a bond, as in the 5-
azabicyclooctanone ring of retusamine 1.25. In this example the single ring is transformed by
protonation into a bicyclic amino alcohol, giving a 1.64 A C-N bond length which is still
significantly longer than standard C-N bonds (1.47 A).5! The information gathered on these
structures became fully appreciated following the detailed analysis of methadone in its free
base form by Biirgi, Dunitz and Shefter in 1973.8* They proposed that the data of the six
structures shown in Figure 1.13, provided an experimental basis for mapping the reaction co-
ordinates (minimum energy pathway) for nucleophilic addition to a carbonyl group.%%° They
believed that each of the structures provided an example of where the reaction had proceeded
to a greater or lesser extent and a snap-shot had been captured by the intra- and/or

intermolecular constraints imposed by the crystal environment.
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Table 1.4. Selected structural parameters for six alkaloids 1.21-1.26.

Compound da/ A eb/ A 0c/° AT A

1.21% 2.910 1.214 105.0 0.064
1.22%7 2.581 1.209 102.2 0.102
1.23% 2.555 1.218 101.6 0.115
1.24% 1.993 1.258 110.2 0.213
1.25% 1.640 1.380 110.9 0.360
1.26% 1.490 1.370 113.7 0.420

d? N---C interaction distance; e°: C=0 bond lengths; 8°: Biirgi-Dunitz angle of approach;
AY: pyramidalisation of the electrophilic carbon of the carbonyl.

Analysis of the structural data for compounds 1.21-1.26 (Table 1.4) reveals a significant
relationship between the N---C=0 contact distance (d) and the pyramidalisation of the carbonyl
carbon (A). As the nitrogen’s approach further penetrates the van der Waals radii of the two
atoms (3.2 A'9), the carbonyl carbon is pulled further from its trigonal plane. The lone pair of
the nitrogen overlaps with the carbonyl n* orbital and the former © bond moves to become an
sp? type oxygen lone pair (Figure 1.14). Consequently, an increase in the C=0 bond length is
observed as the N---C=0 contact distance reduces, indicating the carbonyl group is expressing

a higher degree of C-O bond functionality.

RI
Figure 1.14. Angle of approach (#) of a nucleophile (R2N) to an electrophile (C=X), demonstrating the consequential
pyramidalisation (4) of the electrophile carbon.

Very similar deformations are observed for a nucleophilic neutral oxygen atom’s approach to
carbonyl groups though not at such short separations as for nitrogen.® The library of structures
analysed involved oxygen nucleophiles from a range of functionalities (ester, ethers,

anhydrides, nitro groups) in a 1, 5 contact with an electrophilic carbon atom. Two examples
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(cis-1,2-di-p-chlorobenzoyl-ethylene  1.27°° or 1,3,5,7-tetraoxa-9-azacyclodecanon-(10)
1.28™) from this comprehensive study are shown in Figure 1.15 demonstrating oxygen
carbonyl (1.27) and ether (1.28) centres interacting with carbonyl groups. As the O---C contact
distance reduces, the pyramidalisation of the electrophilic carbon increases, however, the mean
displacement of the carbonyl carbon is found to be three times larger in the nitrogen series over
the oxygen series, for similar separations, suggesting that the O---C=O interaction is

approximately ten times weaker than that of an N---C=0 interaction.®®

)

Figure 1.15. Molecular structures of two O---C=0 examples 1.27 (left) and 1.28 (right).®®

One of the most influential ideas to stem from these work is that in these
nucleophile/electrophile type interactions, the nucleophile approaches the carbonyl group from
an angle roughly equal to the tetrahedral valence angle, which stays almost constant along the
reaction co-ordinate during the reaction. This optimises the overlap of the incoming lone pair
with the «* orbital. This feature has become widely known as the Burgi-Dunitz trajectory or
‘angle of attack on a carbonyl’ which is quoted at approximately 109°.% The combination of
Bilrgi and Dunitz’s ideas on the stereoelectronic requirements of reactions inspired the
significant works such as ‘Baldwin’s rules’’?, Liotta’s and Burgess’s trajectory analysis’?,

Seebach’s and Eschenmoser’s diastereoselection in aldol condensation.”* 7
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Do Carbonyl Groups Interact by n-m* Interactions?

C=0---C=0 interactions between two carbonyl groups in the solid state have been recognised
for a long time, but their character has been debated. Are these just a result of electrostatic
interactions between the polar carbonyl groups, or should they be considered as n-m*
interactions? This is of particular importance given that such interactions can occur in proteins
and polymers and thus can contribute towards their conformation and stability. Maccallum in
1995 was the first to investigate the role of amide/amide inter-carbonyl interactions in protein
structure and favoured optimisation of the Coulombic attraction between the groups to explain
the structures of a number of protein motifs, for example the preference for the right handed
twisted beta-strand conformation. His calculations suggested stabilisations could be up to -8
kJ mol2.”"™ Allen et al. in 1998 used the Cambridge Structural Database to examine
carbonyl/carbonyl interactions in crystals of small molecules.” Interestingly he identified three
main structural motifs: an antiparallel motif, a perpendicular motif and a sheared parallel motif,
of which only the latter aligns the molecules close to a Burgi-Dunitz trajectory for approach of
a carbonyl lone pair on the other carbonyl bond. The perpendicular motif orients the oxygen
atom, but not its lone pair, into a reasonable approach. Their calculations support the dipolar

model of interaction.

However, more recently Raines has made a substantial case in favour of these interactions
being n-m* and not electrostatic in nature.®’ Of course, they may be one or the other depending
on the relative orientation of groups. Nevertheless, he makes the case for optimisation of the
n-m* interaction has a significant role in protein 3D structures as well as in the properties of
small molecules. Of note, is that for proteins he shows that the large number of these weak
interactions (typically at least 1.1 kJ mol™) may be as important as hydrogen bonding in
determining the conformation. Furthermore, he points to a synergy between the two effects.8:82

This is because on approach of an oxygen the pyramidalisation of the carbonyl carbon alters
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the electron density such that its own oxygen atom becomes more electron rich, increasing its
capability as a hydrogen bond acceptor. Alternatively, such a hydrogen bond would make the
carbonyl group more susceptible to the n-n* interaction. This leads to the idea that the
occurrence of one interaction could potentially generate the existence of the other.
Additionally, the “attacking” oxygen in the n-n* interaction could also be involved in a

hydrogen bond which would moderate its nucleophilicity.

Raines demonstrated the stabilising effects of these n-m* interactions in the structure of
collagen®® and Wennemers® has shown their existence in a crystalline oligo-proline, which
contains no hydrogen bonding, where pyramidalisations of carbonyl carbons are observed. a-
Helices are also stabilised by 1,5 C=0---C=0 interactions, and the attacking O atom is
additionally involved in a hydrogen bond also holding the helix together, while similar
interactions support the helical conformation of poly(lactic acid) which cannot form hydrogen
bonds.®® In summary Raines has identified several signatures of n-n* interactions in proteins:
short O---C contacts oriented at close to the Biirgi-Dunitz angle, lengthening of the carbonyl
groups and pyramidalization of attacked carbon along with observed red shifts of the carbonyl
stretching frequency, all of which have been observed in high quality measurements. It is now
clear that these n-n* interactions have a very important role in the stabilisation and control of

protein and polymer structures.
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Scheme 1.4. Equilibrium between the “trans” and “cis” conformations of the N-acetyl proline methyl ester 1.29.

Raines used studies on several series of small molecules to support the case for these
carbonyl/carbonyl interactions being considered as n-r"interactions, and not to be due to either
electrostatic or dipolar interactions. N-Acetyl proline methyl ester 1.29 has two conformations
which interconvert slowly and can be seen in NMR spectra.®®8” They differ in the orientation
of the acetyl group, directing its carbonyl group at or away from the ester group (so called trans
and cis conformations (Scheme 1.4)). The equilibrium constant is 4.6 in D20 at 25 °C in favour
of the “trans” form. When the acetyl is replaced by thioacetyl, where the S atom carries a lower
partial negative charge to oxygen, the equilibrium shifts further in favour of the “trans”
conformation (K = 7.6), the opposite of what would be expected if the interaction were driven
by charge. The driving force is more likely due the better match in energies between the sulphur
lone pair and the carbonyl anti-bonding n” orbital. Similarly, if the acetyl is retained but the
ester replaced by the more polar amide group, the equilibrium shifts towards the cis form (K ~
3.5), again suggesting charge is not the driving force. Interestingly, if oxygens of both the
carbonyl groups of the last compound are both exchanged for sulphur, so that the interaction is
between thioamides, which have lower dipoles than amides, then the equilibrium moves further
in favour of the “trans” form (K ~ 6.2), contrary to what would be expected for an interaction
driven by dipoles. The interaction between the thioamides is calculated to be 3.7 kJmol™

compared with that of 1.1 kmol™ between the corresponding amides.

26



1.30

Figure 1.16. Structure of 1.30, where the centre ester carbonyl carbon is pyramidalised towards one of the available amide
oxygen atoms.
Another interesting molecule is 1.30, in which two equivalent amide carbonyl groups each
impinge on an opposite face of an ester group (Figure 1.16).8 In this case, X-ray
crystallography shows that there is an interaction between one pair of groups leading to a
pyramidalization of the ester carbonyl carbon atom, changing its chemistry, so that it does not
interact from the other side with the waiting amide carbonyl group. The first interaction is
shorter than the other (O---C: 2.84 v 3.26 A), and calculations suggest that the interaction
energies are ca 3.0 kJ and 0.04 kJmol™ respectively. If the interactions were driven only by

electrostatics then the interactions from either side of the ester plane should have been

(6] OH o Oe
OY OY
o o
1.32

1.31

equivalent.

Figure 1.17. Structures of aspirin 1.31 (left) and the acetylsalicylate anion 1.32 (right).

Raines has also demonstrated further aspects of this type of n-z* interaction in the common
pharmaceutical aspirin (Figure 1.17). Both crystallographic® and spectroscopic®
investigations revealed n-n* interactions in low energy conformations of both aspirin 1.31 and
its acetylsalicylate anion 1.32, with the latter demonstrating a shorter O---C contact (2.71 A)

and a closer to optimal Biirgi-Dunitz trajectory (104.6°) than the former (2.83 A and 96.3°).
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This is a result of the more potent oxyanion donor atom in 1.32. The electron donation from
this carboxylate oxyanion into the ester is predicted to shield and disperse the molecules
negative charge and thus improve the drugs transportation to its active site through hydrophobic
channels. Furthermore, non-planarity of the carboxylate group with respect to the aromatic
ring, brought about by the n-n* interaction and not the ‘ortho effect’, aids in the justification
of its anomalously low pKa (3.48) compared to the similar benzoic acid (4.20) or o-

methoxybenzoic acid (4.09).%
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The Peri-Naphthalene Skeleton

Why Use the Peri-Naphthalene Skeleton for Investigating Interactions?

Naphthalene®? is the simplest polycyclic aromatic hydrocarbon, possessing three planes of
symmetry through the two rings. Unlike benzene, the C-C bond lengths are not identical with
C1-C2, C3-C4, C5-C6 and C7-C8 bonds of ~1.37 A in length and the remaining bonds ~1.42
A in length. The exo-cyclic angle at the point of ring fusion between the two peri-hydrogens is

found to be 121.7(1)° and results in a H---H peri-separation of 2.45 A (Figure 1.18).%%%

Figure 1.18. Structure of naphthalene labelled with the IUPAC numbering system, bond lengths and angles.®>-4

Substituents in the peri-positions of naphthalene are forced into a close contact, so close in fact
that the distance is less than the sums of their non-bonded van der Waals radii.° This presents
the opportunity to observe interactions between two groups which are locked into close
proximity to one another, with the distances maintained by the naphthalene scaffold.
Depending on the substituents that are chosen, the interactions at these positions can lead to (a)
a distortion of the naphthalene skeleton and its exocyclic angles, (b) bond formation between
the two peri-substituents if the attractive interaction of the groups is strong enough, or (c)

possibly unusual chemical and spectroscopic properties as a result of both (a) and (b).
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Figure 1.19. Range of peri-disubstituted naphthalenes 1.33-1.38 displaying varying degrees of 1,8-repulsions.

The 1, 8-disubstituted naphthalenes (1.33-1.38)**1% shown in Figure 1.19 demonstrate
repulsions between the two peri-substituents generating distances in the range of 2.79-3.86 A
between the two peri-atoms, significantly increased from that of unsubstituted naphthalene (H-
--H: 2.45 A). These repulsions result in the peri-groups being displaced in opposite directions
to one another along the naphthalene plane, increasing both the contact distance and the exo-
angle at the point of ring fusion between them. Moreover, the groups are further distanced via
displacement to opposite sides of the best naphthalene plane, often causing the naphthalene
scaffold itself to twist, clearly demonstrated in the bulkiest examples of 1.37 and 1.38 as shown

in Figure 1.20.

Figure 1.20. Structures of peri-substituted naphthalenes with two adamantly groups (left) and two t-butyl groups (right).
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Study of n-a* Interactions with Peri-Naphthalenes

Peri-substituted naphthalenes were first utilised as probes for nucleophile-electrophile
interactions by Dunitz et al.2%! With naphthalene as the scaffold, the two interacting groups are
forced into close contact, well within the sum of their van der Waals radii and thus it was
expected that the interactions between the two groups would be strong. The electrophilic
groups in all cases were carbonyl groups, present as either carboxylic acids, esters, ketones or
amides. The nucleophiles employed were either a hydroxyl or methoxy oxygen group or

dimethylamino nitrogen. In total seven molecules were analysed in the series (Table 1.5).

Table 1.5. Summary of nucleophiles and electrophiles in the first peri-naphthalene Dunitz et al. study.'

Compound Nu R
1.39 NMe; Me
@) R 1.40 NMe; OH
Nu
1.41 NMe; OMe
1.42 OMe Me
1.43 OMe OH
1.44 OMe NMe;
1.45 OH NMe,

In each of the molecules across the series, the nucleophilic group was displaced in the
naphthalene plane toward the electrophilic group which retreated by an almost similar amount.
The two displaced groups were also displaced to opposite sides of the best naphthalene plane
by small amounts. Overall, the Nu---C=0 contact distances were consistent (2.56-2.62 A)
throughout the seven compounds indicating very little change in either the strength of the
nucleophile or in the electrophilicity of the carbonyl group. Nevertheless, the contacts all fell
well within the sum of the van der Waals radii for the Nu---C=0 interaction.® The relative
strengths of the nucleophiles used is reflected in the degree of pyramidalisation of the carbonyl
carbon. In the series, the largest displacements (0.06-0.09 A) are observed for the stronger

dimethylamino group, whilst smaller displacements for the weaker hydroxyl/methoxy group
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(0.02-0.05 A) are seen. The pyramidalisation of the carbonyl carbon also increases as expected
with respect to its a-substituent (i.e. COR > COOH~COOR > CONR3). The Burgi-Dunitz
approach angles range from 94-108° across the series positioning the nucleophile optimally for
addition to the electrophile. The dimethylamino groups in 1.39-1.41, orientate the N-methyl
groups to either side of the naphthalene plane, allowing for the nitrogen lone pair to be

positioned optimally for overlap with the =* orbital of the carbonyl group.

Figure 1.21. Molecular structures of dimethylamino methyl ketone 1.41 (left) and the hydroxy amide 1.45 (right).

Since this initial series, significant work has focused on interactions of this type, where a
dimethylamino nucleophile is maintained. Peri-interactions between a dimethylamino group
and elements such as Al 102 Sj 103104 g 105 p 106 Te and Se*® have been investigated with the
functional groups analysed involving these elements including - AlEty, -Si(SiMe3)=C(SiMe3)z,
-SiFs, -SnPhs, -P(O)(OEt)2 and -Se-I. However, the extensive work of primarily Wallis et al.
has generated a large series of peri-naphthalenes which showcase interactions between the
dimethylamino nucleophile and a range of electrophilic carbon centres, especially various
ketones and electron deficient alkenes (Table 1.6). Collectively these examples provide
coordinates at varying points along the reaction pathway for nucleophilic attack of an
electrophile. In the most electrophilic of examples, formation of a long, partially formed N-C

bond occurs.
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Table 1.6. Selected molecular geometry for a series of peri-naphthalenes 1.46-1.57 in order of increasing MezN---C distance and y angle.

€€

Compound d/A 0/° al® p/° 8/° NE vy l° T/°
1.46197 2.413(3) 112.5(1) 124.3(2) 115.9(2) 120.2(1) 120.3(2) 120.1(4)/122.7(2) -13.7(1)
1.47108 2.422(2) 107.3(1) 124.3(2) 115.3(1) 121.5(1) 118.1(2) 121.2(1)/123.1(2) 1.3(1)
1.48109 2.489(6) 113.5(3) 124.3(3) 116.0(4) 122.2(4) 118.5(4) 120.6(3)/121.5(4) 13.4(3)
1.49110 2.531(3) 114.4(1) 123.3(2) 116.8(2) 121.7(2) 118.6(2) 122.4(1)/121.3(2) -6.3(2)
1.501%8 2.538(2) 107.1(2) 123.8(1) 116.3(1) 123.1(1) 117.2(1) 122.1(1)/122.1(1) -6.7(2)
1.51108 2.613(1) 106.1(2) 123.5(2) 117.0(3) 123.8(3) 116.0(3) 122.3(2)/121.3(3) -8.7(2)
1.5211 2.632(2) 117.7(1) 122.7(2) 117.4(1) 122.0(2) 118.5(2) 123.1(1)/120.9(1) 15.4(1)
1.5312 2.642(2) 119.4(1) 123.4(1) 117.3(1) 122.3(1) 118.4(1) 122.9(1)/121.1(2) -16.0(2)
1.54112 2.642(2) 98.9(1) 123.6(1) 116.9(1) 123.2(1) 116.6(1) 123.1(1)/121.5(2) 13.6(1)
1.55112 2.674(2) 116.7(1) 122.9(1) 117.5(1) 122.0(1) 118.1(1) 123.5(1)/120.8(1) 18.3(1)
1.5617 2.679(2) 118.0(1) 122.3(2) 118.3(2) 122.5(1) 117.6(1) 123.4(2)/121.0(2) 14.8(1)
1.57118 2.764(4) 96.7(2) 121.2(3) 118.5(3) 125.4(3) 114.1(3) 125.0(3)/120.3(3) -0.7(2)

12 = torsion angle :C(Ar)-N---C-C(Ar).
NHPh
CO,Et COMe NO, COPh
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1.46
2413 A

1.47
2422 A

1.48
2.489 A

1.49
2531 A

1.50
2.538 A

1.51
2613 A

1.52
2.632 A

1.53
2.642 A

1.54
2.642 A

1.55
2.674 A

1.56
2679 A

1.57
2.764 A



The data summarised in Table 1.6 consists of results from several studies over a number of
years!®~113 demonstrating the nature of peri-interactions in examples where nucleophilic
addition by the dimethylamino group to the electrophile did not occur. Compared to the initial
series presented by Dunitz et al.’®* Table 1.6 displays a much wider spread of electrophilic
centres helping to further develop the understanding of several key features of how
nucleophile/electrophile interactions of this type proceed along the early stages of the reaction
pathway. However, in a situation akin to the chicken and the egg, knowing the order in which
these occur is difficult to determine. The first is through the before-mentioned in-plane angular
displacements (a, B, 6, €) of the peri-groups. These displacements allow for the nucleophile to
approach the electrophilic centre, which on the whole, is displaced in the same direction. Here,
the nucleophile is displaced to a higher degree in the most electrophilic examples, with the
extent of this displacement reducing as the electrophilicity of the peri-group decreases.
Similarly, the more electrophilic the peri-carbon centre is, the less it is displaced away from
the incoming nucleophile due to their greater affinity for the nitrogen lone pair. This is reflected
for the shorter contact distances in the most electrophilic alkenes and ketones. Secondly, there
is a widening or narrowing of the exo-angle (y) at the point of naphthalene ring fusion between
the two peri-groups. This angle has a significant influence on the interaction as it can dictate
the general direction in which the C(peri)-N/C(peri)-C bonds are orientated. Looking at the
data in Table 1.6, a pattern between the two exo-angles (y and y’) and the interaction distance
is observed. The exo-angle between the interacting peri-groups (y) is smaller than opposite
angle (y’) when the interaction distance is in the region of (or shorter) than the C(peri)---C(peri)
contact distance in unsubstituted naphthalene (2.474(1) A). Once the contact distance begins
to increase above this distance, the difference between the two exo-angles begins to decrease,
with the two angles even becoming equal in the phenyl ketone derivative 1.50. As the

interaction distance continues to increase, the size of the angles reverse, with the exo-angle (y)
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widened with respected to the opposite angle (y’). Finally, out of plane displacements of the
C(peri)-N or C(peri)-C bonds to either side of the idealised naphthalene plane occur. These
displacements typically reduce the steric hinderance between the peri-substituents with either
each other or the naphthalene ring itself and as a result cause a widening of the contact distance.
This displacement is expressed as the torsion angle (t) between the following atoms C(peri)-
N((CHa)2)---C-C(peri) in Table 1.6. Overall, as the contact distance between the interacting
groups increases upward of 2.6 A, the groups are more susceptible to larger out of plane
displacements. Furthermore, as a consequence of the larger displacements, the Burgi-Dunitz
angles for the nucleophile’s approach towards the electrophilic centre become significantly
worse. Some examples deviate from this slightly, such as the dinitrile 1.46. In this case, the
larger displacements may be a result of an attempt to reduce the steric repulsions between the
two peri-groups as a result of their closer proximity or a consequence of crystal packing forces.
Crystal packing forces within structural investigations cannot be overlooked, especially when
the alterations in a parameter of interest between different structures is small. Although it is
not always viable, obtaining several different crystallographic polymorphs of a compound of

interest can aid in negating these concerns.

Figure 1.22. Molecular structure of 1.46 which demonstrate the shortest N---C contact (left) and one of the largest N---C
contacts in 1.56 (right).

35



Beyond a certain contact distance, the nucleophile/electrophile interaction across the peri-
positions becomes unfavourable. An example of this can be seen in the dibenzoyl derivative
1.56 (Figure 1.22) which demonstrates an N---C=C distance of 2.679(2) A. In this example,
the nucleophile is still displaced towards the retreating electrophile; however, the N-methyl
groups of the nucleophile are no longer evenly distributed to either side of the naphthalene
plane. Instead, they are orientated such that the axis of the nitrogen lone pair lies at 30° from
the N---C vector, thus poorly overlapping with the n* orbital of the alkene. The nitrogen lone
pair is alternatively conjugated into the aromatic naphthalene system. In this derivative
specifically, the electrophilicity of the peri-carbon is greatly reduced due to the free rotation of
the two benzoyl groups, which reduces the conjugation of the carbonyl groups to the double
bond. If the two carbonyl groups of derivatives such as dibenzoyl 1.56 are locked into the same
plane, via incorporation into a ringed system, conjugation between them both and the double
bond of the alkene is ensured, increasing the electrophilicity of the peri-carbon centre greatly.
The data summarised in Table 1.7 demonstrates a series of such peri-naphthalene derivatives
where the nucleophilic dimethylamino group has added to the alkene to give a range of
zwitterionic compounds. The carbanionic centre in all case is stabilised by the two cyclic

carbonyl groups.
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Table 1.7. Selected molecular geometry for a series of peri-naphthalenes 1.58-1.63 where an N-C bond has formed between

the interacting peri-groups.

Compound d/A el A N-CHs/ A vy 1° T2 /0°
15811 1.654(1) 1.464(2)  1.493(2)/1.498(2) 113.5(1)/127.6(1) 9.6(1)
1.59107 1.651(3) 1471(3)  1.495(3)/1.508(2) 113.3(2)/128.1(2) 17.1(2)
1.6011 1.636(4) 1.479(4)  1.500(4)/1.504(3) 113.7(3)/128.7(3) 5.9(2)
1.6111 1.631(2) 1.486(2)  1.500(2)/1.502(2) 113.2(1)/128.3(1) 12.1(1)
162111114 1.627(2) 1477(2)  1.496(2)/1.504(2) 113.1(1)/128.2(1) 18.9(2)
Leatt 1.626(2) 1471(3)  1.499(2)/1.502(2) 113.3(2)/128.4(2) 9.7(1)
' 1.612(2) 1478(2)  1.496(2)/1.503(3) 113.0(1)/128.5(2) 23.1(2)

12 = torsion angle :C(Ar)-N-C-C(Ar).
|
e o o\{_ o o o N\fo 0
g zimo % zjvﬁ; zim“\ aj%
o) o) o) o) o) o
1.58 1.59 1.60 1.61 1.62 1.63

The nature of the cyclic dicarbonyl system has scope for variation i.e. diones'! (1.58, 1.60,
1.61, and 1.63), di-esters'%’ (1.59) or diamide derivatives''>!** (1.62). In each structure, the N-
C bonds lengths (1.612(2)-1.654(1) A) indicate incomplete bond formation, with the former
alkene bond almost broken to give an alkane type bond (1.464(2)-1.486(2) A).5* One of the
longest N-C bonds occurs in the Meldrum’s acid derivative 1.59, whereby the newly formed
five-membered ring adopts a half chair conformation (Figure 1.23). The bis enolate group of
the cyclic diester is found to be asymmetrical. One fragment of the ring shows a greater degree
of enolate character, with a longer C=0 bond of 1.236 A expected as the C=0 becomes more
C-O" in nature, and a shorter C-C bond of 1.409 A, whilst the remaining group displays less
enolate character (C=0: 1.224(3) A and C-C: 1.428(3) A). In all cases, the N-methyl groups
display N-C bond lengths (1.493(2)-1.508(2) A) consistent with that of a positively charged

dimethylammonium group (1.503 A), as opposed to those observed in a neutral dimethylamino
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group (1.469 A).* The formation of the 5-membered ring across the peri-positions causes a
significant narrowing of the nearby exo-angle (y), with the opposite exo-angle (y’) similarly
widened. The two peri-atoms are displaced by varying degrees from the idealised naphthalene

plane.

Figure 1.23. Molecular structure of Meldrum’s acid derivative 1.59.

Schiemenz et al. has proposed two methods for determining the degree of bonding between a
—NMe: group and a peri substituent. These are based on (a) the bond angles at the nitrogen

atom'*® and (b) the **C-H coupling constant of the methyl groups of the NMe; nucleophile.**’

38



Nucleophiles other than the dimethylamino group have also been studied. Table 1.8

summarises the interactions of the methoxy nucleophile, with a variety of electrophilic double

bonds (carbonyls and alkenes).10%:113.118-121

Table 1.8. Selected structural details in a series of methoxy naphthalenes 1.64-1.75.

1.64 R=H, A=D=H, B=OMe, C=0Ts
1.65 R=H, A=B=D=H, C=0Ts

1.66 R=Me, A=B=C=D=H

1.67 R=Me, A=D=H, B=OMe, C=0Ts
1.68 R=OH, A=B=C=D=H

1.69 R=OH, A=B=D=H, C=OMe

1.70 R=OH, A=B=H, C=OMe, D=CO,H
1.71 R=OMe, A=B=D=H, C=OMe

1.72 R=NMe,, A=B=C=D=H

1.73 R=N'Pr,, A=B=C=D=H

Compound d/A al® B/° 5/° g/° A*TA
1.6412 2.628(4) 123.4(2) 115.1(2) 126.4(2) 114.9(2) 0.089(4)
1.651 2.644(4) 123.5(3) 115.3(2) 124.7(3) 115.8(3) 0.072(4)
1.66101 2.606(9) 124.4(9) 115.9(8) 125.5(8) 115.3(8) 0.044(10)
1.6712 2.579(3) 124.0(2) 114.1(2) 125.5(2) 115.3(2) 0.070(3)
1.68101 2.559(4) 124.7(3) 113.2(3) 123.4(3) 115.8(3) 0.022(5)
1.69118 2.566(2) 124.7(2) 114.1(2) 124.0(2) 115.0(2) 0.042(2)
1.701% 2.526(3) 124.7(2) 114.1(2) 122.1(2) 117.4(2) 0.036(2)
1.71118 2.588(3) 125.6(3) 114.3(2) 124.2(2) 115.6(2) 0.037(2)
1.72101 2.597(5) 122.7(4) 114.4(4) 124.0(3) 115.1(4) 0.039(4)
1,731 2.623(2) 124.2(2) 114.8(2) 124.2(2) 116.0(2) 0.049(1)

A®: pyramidalisation of the electrophilic carbon.
1.74 X=(C(=0)0,)CMe,
1.75 X=CN

Compound d/A al° p/o 8/° g/° A2 A
1.741%0 2.550(2) 123.6(2) 115.0(2) 123.2(2) 117.3(2) 0.077(2)
1.751% 2.611(1) 124.3(1) 114.9(1) 123.5(1) 117.0(1) 0.029(1)

A?: pyramidalisation of the electrophilic carbon.

In contrast to the —NMe; series, the O---C interaction distances have a much lower range

(2.526-2.623 A), than in the ~NMe; series (1.651-2.764 A). This data is consistent with the

much lower nucleophilicity of -OMe, compared to —~NMe;, as a result of the oxygen atom

conjugating with the naphthalene ring and lowering its nucleophilicity further. An example of
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this is observed in the two methoxy aldehyde derivatives 1.64 and 1.65 whereby the aldehyde
group is sufficiently small enough to orientate itself close to the naphthalene plane. The two
aldehyde groups lie at 30.8° (1.64) and 38.5° (1.65) to the naphthalene plane, with the methoxy
oxygen atom not directed at the face of the carbonyl group. The dimethylamino aldehyde
derivative 1.48, on the other hand, positions the aldehyde at 65.8° to the naphthalene plane,
with a short N---C=0 contact of 2.489(6) A observed between the groups. Throughout the
methoxy derivatives, hallmarks of the nucleophile/electrophile peri-interactions are observed.
In all cases the nucleophile is displaced towards the retreating electrophile, with the peri-carbon
atoms showing varying degrees of pyramidalisation. However, direct comparison between this
methoxy series and the parallel dimethylamino series may not be suitable, due to some of the
differences observed in the methoxy series being of the same order as those produced by the
adoption of different packing arrangements or by different temperatures. In order to accurately
compare the two series of results, a greater number of peri-methoxy derivatives and
polymorphs would need to be investigated to average out the effects of crystal packing. The
MeO---C interactions observed in compounds 1.64-1.75 present early stage n-n* interactions.
Substitution of the methoxy nucleophile for the more potent dimethylamino nucleophile allows

the interaction to develop into bond formation in the most electrophilic examples.

CO,Et

W’—- CN NO, NO,
o) :\ :\ :\ :\
s Z~ SCN Ns ~~ CN s Z" s =
1.78 1.79 1.80

1.77

g =
1.76
Figure 1.24. The five peri-naphthalenes in the methylthio study.

The Wallis group further extended the scope of nucleophile/electrophile interactions in a study
which investigated the interaction of a nucleophilic methylthio group with a range electron

deficient alkenes in peri-naphthalenes.*?> New considerations are the increased nucleophilicity
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of the larger sulphur atom, issues arising as to which sulphur lone pair is involved in the
interaction and the asymmetric effective shape of the bonded sulphur atom. Furthermore, the
notably longer C-S bond (vs. C-O or C-N bonds)®! results in a poorer alignment of the two
interaction atoms. In the series, five derivatives (1.76-1.80) were synthesised via Knoevenagel
condensation of 8-(methylthio)-1-naphthaldehyde with a range of active methylene compounds
(Figure 1.24). The structures of the five compounds were determined and selected geometric

data is summarised in Table 1.9.

Table 1.9. Selected structural parameters in the methylthio peri-naphthalene series 1.76-1.80.

Compound d/A el A 0/° al® p/° 8/° g/° AA
1.76 2.787(2)  1.339(3)  1146(1) 121.4(2) 119.4(2) 123.9(2) 115.9(2) 0.049(9)
1.77 2.850(3)  1.338(4)  1182(2) 120.9(2) 119.7(2) 123.5(2) 115.9(2) 0.037(11)
1.78 2.923(1)  1.349(2) 115.9(1) 117.0(1) 122.9(1) 121.7(1) 117.9(2) 0.036(6)
1.79 2.8095(2)  1.326(3)  125.9(1) 119.6(2) 120.5(1) 123.0(2) 116.7(2) 0.014(8)
1.80 2.830(2)  1.332(3)  1156(1) 120.1(2) 1202(1) 123.4(2) 117.2(2) 0.030(8)

A% pyramidalisation of the electrophilic carbon.

The five compounds analysed fall into three groups defined by their participation in the
expected interactions: the solid-state structures and the orientations of the two peri-groups are
controlled by (a) nucleophile/electrophile interactions alone, (b) a combination of this
interaction and the optimisation of conjugation between the alkene and the aromatic system or
(c) by optimisation of the conjugation alone. The behaviour of Meldrum’s acid derivative 1.76,
is dictated solely by nucleophile/electrophile interactions, demonstrating the smallest S---C
contact distance (2.787(2) A). An ortho-hydrogen steric interaction (H---H(CH2S-) aids in the
displacement of the methylthio group of 1° towards the alkene, which is in turn displaced by

4° in the same direction. The alkene lies at 57.2(3)° to the mean naphthalene plane, presenting
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an interactive face for the methylthio group, resulting in the largest pyramidalisation (A =
0.049(9) A) of the sp>-C atom in this series (Figure 1.25). The sulphur atom approaches the

alkene bond at a Biirgi-Dunitz angle of 114.2(1)°.

“of

Figure 1.25. Molecular structures of the Meldrum’s acid derivative 1.76 (left) and a bird s-eye view showing the minimal
displacement of the peri-groups from the naphthalene plane (right).
The dinitrile, cyanoester and methylnitro derivatives 1.77, 1.78 and 1.80 demonstrate a
combination of nucleophile/electrophile interactions alongside the optimisation of the sulphur
lone pair with both the alkene and the aromatic systems (Figure 1.26). Each of the compounds
demonstrates a reduced pyramidalisation of the peri-carbon atom and in all cases the alkene
moiety lies closer to mean naphthalene plane in order to increase conjugation. Uniquely, the
methylthio group of cyanoester 1.78 lies at 109.2(1)° to the naphthalene plane, removing the
ortho-hydrogen steric repulsion. This allows the methylthio group to be displaced by 2.9° away
from the electrophile, which is displaced by only half the distance compared with the similar
dinitrile and methylnitro derivatives 1.77 and 1.80. This additional displacement away from
the cyanoester electrophile generates the largest contact distance observed in the series of

2.923(1) A.
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Figure 1.26. Molecular structures of the dinitrile 1.77 (left), methyl cyanoester 1.78 (middle) and nitromethyl 1.80 (right).

The final structure in the series is the nitroethenyl derivative 1.79, which possesses a terminal
hydrogen atom on the alkene which lie cis to the naphthalene ring (Figure 1.27). The minimum
angular orientation between the aromatic system and the alkene in the three derivatives shown
in Figure 1.26 is dictated by a steric interaction between the ortho-naphthalene proton and the
alkene substituent, whereas in the nitro derivative 1.79, this contact is replaced by a H---H
contact. This allows for the alkene group of nitroethenyl derivative 1.79 (36.4(3)°) to lie closer
to the naphthalene plane than that of 1.77, 1.78 and 1.80 (46.7(2)-53.6(3)°). The two peri-
groups are displaced strongly to either side of the naphthalene plane, with the methylthio group
orientated slightly away from the electrophile, which is displaced in the opposite direction. The
result of this is the second longest S---C=C contact of the series (2.895(2) A and the lowest

degree of peri-carbon pyramidalisation (0.014(8) A).

"

- -

Figure 1.27. Molecular structure of 1.79 (left) and a view down the naphthalene plane indicating the displacement of each
peri-group to either side of the naphthalene plane (right).
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Other Applications for the Peri-Naphthalene Scaffold

Peri-naphthalenes have been found to be useful for applications in sulphur chemistry. The work
of Grainger et al.!® utilised the peri-naphthalene scaffold in the generation of two novel
diastereomeric vic-disulfoxides, displaying a significantly higher barrier to thermal
rearrangement and the shortest (0)S-S(0) bond (2.19 A) reported for this elusive functionality.
The naphthalene scaffold incorporated two t-butyl groups in the 2- and 7-positions, causing
steric repulsions, which influence the strength of the S-S peri-bond (1.81). Examples
synthesised without the t-butyl ‘bolsters’ did not yield the desired vic-disulfoxide with the only
isolable product being thio-sulfone 1.82, shown in Scheme 1.5.

sS——s s—s \s—s
mCPBA mCPBA

tBu 80% 86%
—_— _—
or DMDO or DMDO
68% 81%

S——S S—S (0]
9% 5%
or DMDO or DMDO
72% 95%

Scheme 1.5. Two synthetic approaches in the oxidation of 1,8-dithianaphthalenes.

Grainger et al.*?* further utilised the peri-naphthalene scaffold as a means for the generation
and transfer of sulphur monoxide to dienes. This is achieved via the synthesis of a strained 1,
2, 3-trithiane-2-oxide ring across the peri-positions of naphthalene (Scheme 1.6), which in the
solid state adopts a sofa conformation and is evidently strained. Upon heating in the presence
of dienes, this ring decomposes, liberating sulphur monoxide which reacts with the diene to

give the desired unsaturated cyclic sulfoxides whilst recycling the starting material, 1, 8-
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naphthalene disulphide. Similarly, Grainger applied the presence of ortho substituents on the
naphthalene ring, this time to lower the thermal input required for the degradation of the system

by the further destabilisation of the 1, 2, 3-trithiane-2-oxide ring.

| Time
S Solvent R R
PN 1 2
S S R R Ratio s s
R R \ 2 Temperature - R R
+ — +
All varied S
[l
(e}
R =H, t-Bu, OMe R4y =R, =Me Recycled
R1 = H, Rz = Me
R1 = R2 =Ph

R1=H, Ry = (CH2)2CH=C(CH3)>

Scheme 1.6. Generalised reaction of the 1, 2, 3-trithiane-2-oxide ring with a variety of dienes, in a range of conditions,
giving a variety of sulfoxides, regenerating the 1, 8-dithianaphthalene scaffold.
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Peri-Naphthalenes for the Study of Very Long C-C Bonds

sol e

1.83 1.84 1.85

Figure 1.28. The three target structures in Ishigaki’s study of long C-C bonds.*?

The generation of highly elongated and exaggerated C-C bonds has always been an academic
challenge. Previous attempts, including the works of Mislow,'? Herges'?® and Toda'?’ have
used the molecular skeleton of hexaphenylethane (HPE) in designing their systems. Recently,
Suzuki and Ishigaki*?® have employed the peri-substituted naphthalene (1.83), acenaphthene
(1.84) and acenaphthylene (1.85) scaffolds with dispiro(dibenzocycloheptatriene) groups in the
peri positions to elongate this bond even further (Figure 1.28). Starting from the respective
dihalogenated naphthyl core, the peri-substituents were inserted via lithiation and addition of
5-dibenzosuberenone, to give the respective bis-alcohol products. Exposure of the diols to
acidic conditions in the presence of 1, 1, 1, 3, 3, 3,-hexafluoro-2-propanol (HFIP) gave the
dication species, which were reduced with zinc powder to give the desired C-C bonds across
the peri positions. The two carbon tethers of the acenaphthene and acenaphthylene derivatives
pull the base of the fused rings toward each other. This reduction of the exocyclic angle around
the 8a-C carbon atom in turn causes the two peri-substituents to splay apart slightly broadening
the 4a-C exocyclic angle. The exceptionally long C-C bond lengths for the three target
compounds thus increase from 1.720(2)-1.742(2) A (1.83) to 1.773 A (1.84) to 1.798(2) A
(1.85). It is worth noting that due to the system employed in the generation of the long C-C

bonds in 1.83-1.85, if the groups were in fact dissociated, the system could maintain the
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appearance of a bond. Despite the C-C bond in 1.85 once holding the title of the longest C-C
bond reported, it has since been beaten by the discovery of an even longer 1.93 A bond in the

series of 1,2-diamino-o-carboranes developed by Xiao et al.*?°
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Alternative Skeletons for the Study of Molecular Interactions

MeO, OMe
43

ITI
OMe C® OMe Br  Br Br OMe OTf OMe OMe C OMe
e
OOO - OOO OOO OOO
1.86 1.87 1.88 1.89

Figure 1.29. The pentacoordinate carbon structure 1.86 and the three comparison structures 1.87-1.89.

Naphthalene is not the only skeleton that has been utilised for the study of n-n* interactions.
Akiba et al. 13132 have used an anthracene backbone to design and synthesise pentacoordinate
(Figure 1.29) and hexacoordinate carbon atoms, stabilised by O---C interactions. The central
carbons of the former stabilised systems are trigonal bipyramid (TBP) in nature and are
therefore models for the transition state (TS) in Sn2 type reactions. Akiba et al.*° first reported
in 1999 carbocation 1.86, with the unusual counter ion of B2F7". The 1, 8-methoxy groups along
with the pentacoordinate C9 carbon are not displaced from the mean plane of the anthracene
scaffold, with the pentacoordinate carbon’s substituent angles adding up to 360°, confirming
no pyramidalisation of the central carbon and that it is sp? hybridised. This is in contrast to the
findings of Raines et al.® (Figure 1.16), where the central electrophilic carbon atom of 1.30
displayed pyramidalisation towards one of the two impinging oxygen atoms. Furthermore, the
methoxy groups lie entirely in the mean plane of the anthracene scaffold, ensuring the lone pair
is directed at the central ester carbon and thus supporting a TBP geometry. The two C---O
interaction distances with the 1- and 8-methoxy groups are 2.43(1) and 2.45(1) A, a distance
that is well above the normal covalent C-O bond length (1.43 A) and below that the sum of the
two atoms van der Waals radii (3.25 A).1% % The group synthesised a selection of comparison
compounds (Figure 1.29) to elucidate the properties and the degree of interaction between the
central carbon atom and the two oxygen atoms in 1.86, selected interaction distances are found

in Table 1.10.
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Figure 1.30. Molecular structure of pentacoordinate carbon structure 1.86 (left) and the tri-bromo anthracene 1.87 (right)
showing the displacement of the bromides to opposite sides of the anthracene plane.
The three bromine or oxygen substituents in the 1-, 8- and 9-positions of anthracenes 1.87 and
1.88, result in significant steric repulsions between the groups. In order to minimalise these
effects, the bulky groups are displaced relative to one another to either side of the idealised
anthracene plane (Figure 1.30). These repulsions are not observed in the salt of 1.86.
Furthermore, compound 1.89 with methoxy groups flanking a nitrile group, demonstrates a
similar arrangement to 1.86 in that the three groups in the 1-, 8- and 9-positions all remained
in the anthracene plane, indicating that the interaction between the two oxygen atoms in 1.86
with the central carbon are attractive and not repulsive in nature. Comparison of the distances
between the 1- or 8-substituents (a and a’) and the 9-substituent and the distances between the
corresponding ipso carbons (b and b”) also proved useful. In 1.87 and 1.88, the average a and
a’ distances (3.2698(6) A in 1.87, 2.572(2) A in 1.88) are longer than the average of b and b’
(2.566(6) A in 1.87, 2.550(3) A in 1.88). However, in 1.89 the average a and a’ and b and b’
are comparable with each other (2.531(3) and 2.540(5) A respectively). In contrast, the same
comparison in salt 1.86 finds the averaged a and a’ values to be shorter than the averaged b and
b’ values (2.44(1) and 2.51(2) A respectively) thus indicating an attractive interaction between

the two oxygen atoms and the central carbon.
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Table 1.10. Selected structural parameters for the anthracene derivatives 1.86-1.89.

Compound alA a’ /A b/A b’/ A
1.86 3.2658(6) 3.2738(6) 2.564(6) 2.567(6)
1.87 2.572(2) 2.571(2) 2.554(3) 2.545(3)
1.88 2.530(3) 2.531(3) 2.538(6) 2.542(4)
1.89 2.45(1) 2.43(1) 2.49(2) 2.52(2)

Akiba et al. continued their work and in 2008 reported the synthesis and structure of a
hexacoordinate carbon with ‘arguable hypervalence’.3! To do this they twice exploited the
anthracene motif previously used in their work regarding the pentacoordinate carbon. The
target dication (1.91a/1.91b) was prepared via a demethylation of allene 1.90 affording single

crystals of the cation 1.91b as a borate salt (Figure 1.31).

N
OMe OMe MeO C OMe

OMe ¢  OMe MeO OMe
‘ t I

1.90 1.91a

Figure 1.31. Structures of allene 1.90 (left) and the two resonance structures, 1.91a and 1.91b, of the cationic form.

X-ray data of the neutral and dication structures revealed a significant change in the C---O
interaction distances. In the neutral compound 1.90, the four interactions are split into two
larger (2.815 and 2.770 A) and two smaller contact distances (2.663 and 2.689 A). However,
in the dication 1.91b the distance between the four distances has reduced (2.641, 2.673, 2.706,
2.750 A), although a lower degree of variation is observed in the pentacoordinate case. The
variations in the C---O distances could be influenced by the severe steric crowding of 1.91b.

Nevertheless, each of the C---O distances fall between the expected covalent C-O bond length
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and the sum of the two atom’s van der Waals radii. High intensity precision/high resolution X-
ray diffraction data of 1.91b with an alternative borate counter ion was collected using
synchrotron radiation. Determination of the charge density distribution data revealed bond
paths (of low intensity) between each of the four interacting atoms and the central carbon,
indicating that the central carbon may be described as hexacoordinate. Each of the attractive
C---O interactions, due to their weakness, is likely to be electrostatic in character, with this data

matching that of the pentacoordinate carbon previously described by the team.

1.92

Figure 1.32. Structure of the nitrile substituted 2, 2 -bipyridine system 1.92.

Wallis et al.?*3 utilised the 3, 3’-disubstituted 2, 2’-bipyridine system as another useful scaffold
for investigating the n-* interaction between the nucleophilic nitrogen of the pyridine ring and
an electrophilic group on the corresponding ring, another potential interaction that can provide
information on the early stages corresponding to chemical reactions. A dinitrile group was used
as the electrophilic substituent and was prepared via an Ullmann coupling of 2-bromopyridine-
3-carbonitrile (Figure 1.32). Structural analysis revealed that the angle between the two
pyridine rings of 1.92 is 23.6°, with short N---C attractive interactions occurring between the
two pyridine nitrogen’s and the two nitrile carbons (Figure 1.33). The contact distances
(2.695(2) and 2.740(3) A) are well within the expected van der Waals for these two atoms (3.2
A). Both of the nitrile groups (C-C=N) deviate from linearity by 8.5° such that the spC deviates

from the vector through its neighbours towards the adjacent pyridine N atom. Both of the angles
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of approach of the pyridine nitrogen’s have been optimised rather than the N---C separations,

giving two angles (107.6 and 108.0°) which fully adhere to the Birgi-Dunitz trajectory.

Yy

w

Figure 1.33. Molecular structure of 2,2"-bipyridine-3,3’-dicarbonitrile 1.92.

In a similar vein, biphenyls have been explored by Wallis et al. for studying
nucleophile/electrophile interactions between the ortho-groups of each phenyl ring.1*#1% Using
a 2-dimethylaminobiphenyl core, the 2’-position was varied with groups of differing
electrophilicities. The biphenyl system has rotational freedom in that the inter-ring bond can

allow or deny functional group interaction, as in 1.93, 1.94, 1.95 and 1.96 in Figure 1.34.

/ g /_<< X X Y
Y Y Y
1.93 1.94 1.95 1.96

Figure 1.34. Four of the possible orientations of the biphenyl system, preventing the interaction (1.93-1.95) and promoting
the interactions (1.96).

Solid-state molecular structures of compounds 1.97-1.101 (Figure 1.35) were obtained and the
results are easily divided into two groups. The first, in compounds 1.97-1.99 where the long
Me;N---sp?C interactions are in the range 2.941(2)-2.981(2) A, are similar to that of methadone
(2.912(3) A).5! The second group in compounds 1.100 and 1.101 have formed N-C bonds
between the two phenyls, giving zwitterionic structures. Despite the free rotation around the 1,
1’-bond there is no example which displays no interaction between the functional groups. The
uncyclised biphenyl examples 1.97-1.99 adopt similar conformations, with the pyramidal
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dimethylamino group oriented with N-Me bonds, at ca. 112° and 19° to the neighbouring
phenyl ring, whilst the carbonyl or alkene lies between 6.2-14.6° to its phenyl ring. In
comparison to their peri-naphthalene equivalents (where the groups have been forced into
closer proximity), a much lower sensitivity in N---C separations is observed, with only a 0.1 A
difference in 1.97-1.99 whilst the aldehyde, cyanoester and nitroalkene display N---C
separations of 2.489(5), 2.531(2) and 2.642(2) A respectively in peri-naphthalenes.
Furthermore, unlike the peri-naphthalene series, the sp? carbon involved in these interactions
is not significantly pyramidalised. The carbonyl and alkene bond lengths are also shown to be
of the expected lengths, thus leading to a reasoning that the interaction between the two groups
is either ‘open’ or ‘closed’, unlike the peri-naphthalenes which demonstrates a range of

interactions as electrophilicity is altered.

NG CO,Et
CHO MezN Me,N Me,N
N---C: 2.989(2) A N---C: 2.941(2 N---C: 2.943(4) A
C=0:1.209(1) A Cc=C: 1350(2) C=C: 1.332(4) A
1.97 1.98 1.99
CN
NC-Q Q o]
® 0 @
NMe, NMe,

N---C: 1.604(3)/1.586(3) A N---C: 1.586(1) A
C=C: 1.493(3)/11.487(3) A C=0: 1.504(2) A
1.100 1.101

Figure 1.35. The five biphenyls studied in the Wallis study 1.97-1.101 N---C interaction distances and C=0 bond lengths are
shown.

The formation of a long N-C bond in the zwitterionic structures 1.100 and 1.101 generates a

new ring which adopts a twisted half chair conformation, similar to 9, 10-
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dihydrophenanthrene.*®® In each case, the N-C bond (1.586(1)-1.604(3) A) is considerably
longer than the N-Me bonds already present (1.499(2)-1.513(2) A). In each case, the negative
charge is delocalised through the relevant groups. In 1.101, the carbonyl bonds are lengthened
to 1.254(1) and 1.258(1) A, while the intervening C-C bonds are shortened to 1.422(2) and
1.427(2) A displaying some double bond character. In the zwitterion of 1.100, the
delocalisation into the cyano group causes a similar lengthening of the nitrile bonds and a
subsequent shortening of the intervening C-C bond. Overall, zwitterions 1.100 and 1.101
provide long N-C bonds formed between a nucleophile and an electrophile (Figure 1.36), whilst
the uncyclised structures of 1.97-1.99, give an insight into molecular interactions between pairs
of functional groups more akin to intermolecular interactions, showing attractive forces are

utilised in systems where free rotation could easily keep the groups apart.

Figure 1.36. Molecular structures of the dinitrile 1.100 (left) and dimedone 1.101 (right) zwitterionic biphenyl derivatives.
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OH CHO OMe CHO
1.102 1.103

Figure 1.37. The two triptycene targets, displaying —OH 1.102 (left) and -OMe 1.103 (right) nucleophiles.

Another interesting scaffold for the analysis of O---C=0 interactions is in triptycenes reported
by Wallis et al.™*” Two triptycene molecules were synthesised to allow for the measurement of
1, 5 interactions between aldehyde groups positioned at sp® centres and hydroxyl or methoxy
groups, placed at the respective ortho positions on the benzene ring as shown in Figure 1.37.
Positioning the electrophilic aldehyde at an sp® carbon removes the possibility of conjugation

to an aromatic system as seen in some previous peri-naphthalene examples.

Figure 1.38. Hydrogen bonding pattern in the crystal structure of 1.102:CH3CN, in ball and stick model (left) showing the
HO---CHO interactions and the crystal packing of 1.102:CH3CN (right).

For compound 1.102, two solvates were isolated with acetonitrile and ethyl acetate and their
structures determined via X-ray crystallography at 120 K and 150 K respectively. The
acetonitrile solvate was well ordered, however the ethyl acetate solvate contained channels
running through the structure, in which the solvent molecules are not well ordered, compared

to the rest of the structure. However, the solid-state structure of 1.102:CH3CN showed that the
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OH groups lie in the plane of the benzene ring they are attached too, with their lone pairs
pointing in the direction of the aldehyde carbonyl on the bridgehead carbon (Figure 1.38).
These contacts lead to O---C interactions of 2.621(2) and 2.679(2) A, distances that fall below
the sum of the two atoms van der Waals radii (3.2 A).1° The O---C=0 angles of approach for
both interactions are 120.1(1)° and 124.7(2)°, which fall close to the expected Birgi-Dunitz
range. Furthermore, both of the hydroxyl groups in each molecule are involved in hydrogen

bonds with either a carbonyl group of another molecule or to an acetonitrile molecule.

Figure 1.39. Structures of the two independent molecules of 1.103 (top) and the crystal packing arrangement of 1.103
showing packing of the two independent molecules (blue and green) in layers perpendicular to the ¢ axis (right).

Structural analysis of the corresponding methoxy compound 1.103, reveals similar information
to 1.102, however due to two unique molecules in the asymmetric unit, four
crystallographically unique O---C=0 interactions have been obtained (Figure 1.39). The
methoxy groups like the hydroxyl groups lie in the benzene plane and orient their lone pairs

toward the carbonyls of the two aldehydes. This allows for angles of approach in the range of
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105.2°-114.6°, firmly on the Biirgi-Dunitz trajectory for nucleophilic attack of carbonyls.
Furthermore, shorter contacts in the range of 2.528(9)-2.584(9) A are observed between the
methoxy and aldehyde groups. The shorter O---C=0 contact distances are a result of the
displacement of the methoxy group towards the carbonyl ((aryl)-OMe bond displaced by 3.7-
4.5°), due to a steric repulsion between the methyl group and an ortho hydrogen. Similarly,
each of the carbonyls is involved in an interaction with an ortho hydrogen of an unsubstituted
benzene ring and the two independent molecules pack in separate layers perpendicular to the ¢

axis.
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Aims of This Work

The structural data for the compounds summarised in Tables 1.5-1.9, demonstrate a vast range
of interactions between nucleophiles and electrophiles of varying degrees of strength. When
the structural data is combined, a series of snap-shot images at different co-ordinates along the
reaction pathway for nucleophilic attack of an electrophile are formed. However, the images
obtained are heavily focused at either end of the reaction pathway, showing either the moments
well before or well after bond formation. For example, using a dimethylamino nucleophile,
interactions in peri-substituted naphthalenes of short N---C contacts of 2.413(3) A in dinitrile
derivative 1.46 and long N-C bonds of 1.654(1) A in indandione derivative 1.58 have been
observed, with the distances in between remaining inaccessible. Within this thesis, we aim to
study new systems based on peri-naphthalene to gain structural information on systems with
Me;N---C contacts in the range of 1.65-2.41 A, in particular by installing substituents at the
opposite, unsubstituted second set of peri-positions. Furthermore, the first systems with O as

a nucleophile will be described.
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Chapter 2

Structural Models for the Study of Hydroxy/Oxyanion Nucleophiles

in Peri-Naphthalene Interactions



Single Crystal X-ray Diffraction Overview

X-ray crystallography is a standard technique for determining the molecular structure of
materials available as a single crystal. Monochromatic MoKa or CuKa radiation is diffracted
by the crystal according to Bragg’s law and data collected on an automated diffractometer. This
is usually carried out with the crystal cooled to 150 K or 100 K by a stream of cold dry nitrogen
gas. The low temperature reduces the thermal motion of the molecules, leads to an
improvement in the measurement of bond lengths, and also leads to stronger diffraction so that
the weaker diffractions are more accurately measured. After applications of various corrections
including absorption by the atoms in the crystal, equivalent reflections are merged, dependant
on the crystal system. The electron density is given by the Fourier Transform of the amplitudes
of the diffracted waves along with their relative phases. The former is available as the square
root of the intensities, but the phases have to be generated by “direct methods”, easier for a
centrosymmetric structures where there are just two values (0° or 180°). Such programs depend
in part on relations between the phases of certain sets of reflections. Given a crude electron
density map, the user assigns the main peaks of electron density as particular atoms.
Refinement involves minimising the difference between the observed and calculated structure
factors for all the reflections. This optimises the positions of the assigned atoms, and new atoms
are revealed in difference Fourier maps. For organic molecules hydrogen atoms are typically
placed in expected positions, unless their location is of particular interest. Initially non-
hydrogen atoms are treated as having spherical electron density distributions, but in the later
stages of refinement these are changed to anisotropic ellipsoidal shapes to allow for thermal
motion of the atoms and, to some degree, the actual distribution of electron density. The
intensity of scattering by a particular atom is attenuated by the increased atom motion. A
refinement is finalised by applying a weighting scheme which aims to give more weight to the

more accurately measured reflections. The final degree of agreement is expressed by two “R-
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factors” for unweighted and weighted data. The SHELX suite of programs is commonly used
for this'? and is implemented through the XSEED or OLEX? software packages.>* Thus for a
standard X-ray crystal structure determination, the molecule is really represented by a set of

isolated atoms.

Within this thesis, crystals were grown primarily via slow evaporation of solutions in volatile
organic solvents. Once crystals were obtained, a general procedure was performed where the
crystals were placed onto a microscope slide, an oil (typically silicone) was added and the
crystals rotated between crossed polar lenses. Crystals which extinguish the light universally
were selected as potential candidates for structure determination. For each structure, several
crystals were screened, using shortened exposure times to give an initial assessment of their
diffraction and to obtain a preliminary unit cell. Depending on the outcome of this either; the
data was collected for that crystal, a new crystal was selected from the existing batch, or the
crystals were regrown in order to obtain better quality crystals. If necessary, the crystals were
cut to size (typically 0.2-0.3 mm) and the X-ray crystal structures were determined at low
temperatures (< 150 K). This methodology applies for each crystal structure obtained within

this thesis unless stated otherwise.
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Introduction

The peri-naphthalene scaffold’s unique structure has been ideal for studying the interaction
between a nucleophile and an electrophile across the peri-positions. Several investigative 1, 8-
disubstituted naphthalene series have been constructed which employ different nucleophiles
(such as —NMe>18 -OMeb111920 and —SMe?!) and electrophiles (such as carbonyls and
alkenes). The structural analysis of some of these compounds has revealed ‘snap-shot’ images,
which represent different points along the reaction pathway for nucleophilic addition to an
electrophile, expanding the understanding of how bond formation proceeds. Further to this,
these 1,8-peri naphthalenes give a greater knowledge and understanding of how such
interactions in small organic molecules occur, and how they may influence the surround
chemical environment. By further developing the understanding of these interactions within
small molecules, their contribution toward supramolecular biology and chemistry can be better

understood.

Herein lies the investigation into the interactions of the 1-naphthol group and subsequently the
expectantly more reactive 1-naphtholate anion, with a variety of adjacent peri-electrophilic
ketones and alkenes. We aim to assess whether a peri-interaction is observed and if so, whether
that interaction (in the most electron deficient examples) can lead to bond formation, such as
those demonstrated in the series involving the dimethylamino nucleophile.®*® An important
factor to consider is that the oxygen atom of both the hydroxyl and naphtholate anion can
conjugate with the aromatic naphthalene system, which in turn reduces the potency of the
oxygen atom as a nucleophile. Deprotonation to generate the oxyanion should dominate this
tendency, leading to an increase in the strength of the interaction and a reduction in the contact

distance between the peri-atoms.
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Study of O©---C=0 interactions

The synthetic work centred on reactions of 1, 8-naphtholactone 2.1 which was prepared
according to the literature procedure described by Cammidge et al.?? in two steps from 1, 8-
naphthalic anhydride, via the respective lactam. This lactone provided a starting material that
could be ring opened with a range of organo-lithium reagents, to give the desired hydroxyl
ketone derivatives (Scheme 2.1). In each case, the organo-lithium of choice was added to a
solution of 1, 8-naphtholactone in anhydrous THF at -78 °C, with the reaction being allowed
to warm to room temperature or held at -78 °C before quenching with water. Extraction and
further washing with organic solvent gave the crude material, which was purified by flash
column chromatography. Ring opening of the lactone 2.1 with phenyl lithium gave the desired
peri-hydroxyl phenyl ketone 2.2% in a 32% yield. There was a notable change in the *C NMR
shift of the lactone carbonyl from 174.4 ppm to 201.7 ppm in 2.2. Furthermore, the carbonyl
stretching frequency in the infrared spectrum shifted from 1774 cm™ for the lactone 2.1 to 1638
cm for the ketone 2.2. As expected, the dipheny! tertiary alcohol 2.3 was also isolated from
the reaction along with a small amount of dehydrated diphenyl 1, 8-cyclic naphthalene 2.4

(Scheme 2.1).

Ph
0 Ho Fh
OH Ph OH Ph o Ph
o o o o
2.2 2.3 2.4

(0]
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= Ol Mo Ho M®
c OH OH Me
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25 2.6

Scheme 2.7. (a) Hydroxylamine hydrochloride, pyridine, reflux followed by p-toluene sulfonyl chloride 2 (b) NaOH, reflux
(c) 0 °C, sodium nitrite, H2SO4, 0 °C to 70 °C (d) PhLi (1.8M), THF, -78 °C; (e) MeLi (1.6M), THF, -78 °C.
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Addition of methyl lithium to lactone 2.1 resulted in the expected peri-hydroxyl methyl ketone
2.5 in a 42% yield, with the only other product of note being the di-methyl tertiary alcohol 2.6,
formed by the addition of a further equivalent of methyl lithium to the ketone 2.5 (Scheme 2.1).
Synthesis of the methyl ketone 2.5 is supported by the addition of signal in the *H NMR
spectrum at 2.78 ppm for the methyl peak, with the ketone carbonyl signal shifted to 207.3 ppm

in the 3C NMR spectrum (lactone carbonyl: 174.4 ppm).

OH
O (6] Me
(6] (0] O
21 2.8 29

a
0
a _
7

Scheme 2.8. (a) t-BuLi (1.6M), THF, -78 °C; (b) MeLi (1.2M), THF, -78 °C.

O o
I
N

Looking to increase the steric bulk of the substituted ketone, tert-butyl lithium was employed
in the ring opening of lactone 2.1, but the expected peri-hydroxyl tert-butyl ketone 2.7 was not
isolated (Scheme 2.2). Instead, a tert-butyl group had added to the ring carbon ortho to the
carbonyl group, which after oxidation in the air gave the hindered lactone 2.8 in 14% yield as
the only isolable product. Analysis of 2.8 by *H NMR revealed the loss of one of the aromatic
protons, with four doublets and one triplet being observed, and with the tert-butyl group signal
residing at 1.60 ppm. Signals in the 3C NMR and infrared spectra of 167.1 ppm and 1768 cm-
! respectively for the ester carbonyl group represent a retention of the lactone functionality.
Crystals of the hindered lactone 2.8 were grown via slow evaporation of a DCM solution, with

the X-ray structure of one of these crystals determined at 150 K. As shown in Figure 2.1, the
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structure of the hindered lactone 2.8 was confirmed, with the tert-butyl group placing two of
its methyl groups to either side of the naphthalene plane. The carbonyl and tert-butyl groups
are splayed apart to reduce steric hindrance. The C-C=0 exo-cyclic angle between the groups

is widened to 136.2(2)°.

Figure 2.40. Molecular structures of the hindered lactone 2.8.

This hindered lactone 2.8 was ring opened with methyl lithium, resulting in the lactol 2.9,
which was isolated in 75% yield, rather than the ring opened peri-hydroxyl methyl ketone. A
13C NMR peak at 114.5 ppm akin to that of a hemi-ketal was observed, with no carbonyl *C
resonance present. This confirms that in a CDCl3 solution, the two peri-groups are adopting a
lactol structure, likely due to a repulsion between the peri-ketone and tert-butyl groups in the
ring open structure, which allows for a closer contact between the hydroxy and carbonyl

moieties and thus addition takes place.

0 0 0
(6] OH O
a l l
21 210 2.11

Scheme 2.9. (a) sec-BuLi (1.4M), THF, -78 °C.

Due to its reduced steric bulk when compared to tert-butyl lithium, sec-butyl lithium was

reacted with lactone 2.1, to give the desired peri-hydroxyl sec-butyl ketone 2.10 in 24% vyield
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(Scheme 2.3). The structure of 2.10 was confirmed by the presence of four *H NMR peaks in
the region of 0.97-3.51 ppm, corresponding to a sec-butyl moiety. Furthermore, a carbonyl
stretching frequency of 1668 cm™ in the infrared spectrum is significantly shifted from that of
lactone 2.1 (1774 cm™) indicating the desired addition. The ortho-substituted hindered lactone
2.11 was also isolated in 18% yield. The reduction in steric bulk from a tert-butyl to a sec-butyl
group is significant enough to allow for reaction at the lactone carbonyl. The structure of 2.11
is confirmed by removal of an aromatic proton from the *H NMR spectrum, with the expected
shifts for the sec-butyl group observed. A carbonyl signal at 167.3 ppm in the 3C NMR

spectrum evidences the retention of the lactone ring.

Table 2.11. Selected geometric data for naphthols 2.2 and 2.5.

Compound alA b/A c/A ¢/° d/A el A 0/° Pyr2/ A
2.2 1.346(2) 1.379(2) 1432(2) 120.5(2) 2.607(3) 1.228(2) 115.8(1) 0.051(2)
25 1367(3) 1.367(3) 1422(3) 120.8(2) 2.621(3) 1.219(3) 108.3(2) 0.058(2)

1.364(3) 1.367(3) 1.423(3) 121.3(2) 2.623(3) 1.219(3) 111.9(2) 0.063(2)

Compound al° p/o y/° 8/° g/° /0 A (O,C) /A
2.2 123.7(2) 1158(2) 1226(2) 1248(2) 1154(2) 62.6(2) 0.059(3), -0.073(3)
25 1231(2) 116.1(2) 122.8(2) 1235(2) 116.3(2) 65.2(3)  0.153(3), -0.342(3)

122.7(2) 116.0(2) 1235(2) 124.0(2) 115.8(2) 67.7(3)  0.104(3), -0.157(3)
2 pyr = pyramidality, deviation of carbonyl carbon from the plane of the three neighbouring atoms towards the peri O atom; ° = torsion
angle :C8-C9-C=0; A° = deviation from best plane of the naphthalene skeleton.

The sec-butyl ketone 2.10, despite exhaustive attempts, remained an oil under ambient
conditions, whereas crystals of the peri-hydroxyl ketones 2.2 and 2.5 were grown via slow
evaporation of CH2Cl> and EtOAc solutions respectively. The structures of the two ketones 2.2

and 2.5 were determined at 150 K, with selected geometric data summarised in Table 2.1.
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Figure 2.41. Molecular structures of the peri-hydroxy ketones 2.2 (left) and 2.5 (right).

The structures of 2.2 and 2.5 as shown in Figure 2.2, demonstrate the expected angular
displacements of the two peri-groups, with the C-O bond of the nucleophile approaching the
retreating carbonyl, in a ‘windscreen wiper’ type fashion. These displacements result in O---C
separations of 2.607(3) A for the phenyl ketone and 2.621(3) and 2.623(3) A for the two
independent molecules of the methyl ketone. They display O---C=0 Burgi-Dunitz angles of
115.82(14)° for the former and 108.3(2) and 111.9(2)° for the latter. Each of the three molecules
displace their peri-groups to opposite sides of the naphthalene plane, with the larger
displacements observed in the two unique molecules of the methyl ketone 2.5. Small
pyramidalisations of the carbonyl carbons the approaching hydroxyl group of 0.051(2)-
0.053(2) A are observed in each case. Intermolecular hydrogen bonding between the hydroxyl

and carbonyl groups link together the molecules in the crystal structures of both 2.2 and 2.5.

Crystals of the ortho-substituted lactol 2.9 were obtained via slow evaporation of a CH.Cl>
solution, and the structural analysis confirmed the presence of the lactol functionality in the
solid state as well as in solution. The analysis revealed two crystallographically unique
molecules of 2.9 are present in the asymmetric unit, with one of the molecules possessing a

disordered tert-butyl group. Other than this, the two molecules have very similar geometries.
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Figure 2.42. Molecular structure of one of the two crystallographically unique molecules the lactol 2.9 (left) and the crystal
packing arrangement for lactol 2.9 (right) in which four molecules are linked together by hydrogen bonds.

The molecule of 2.9 which displays an ordered tert-butyl group orients one of its methyl groups
almost perpendicular to the best naphthalene plane, with a torsion angle of 85.6(2)° to the peri-
naphthalene ring carbon. The remaining two methyl groups are therefore positioned at torsion
angles of -36.1(3) and -155.9(2)° to the same ring carbon. The tert-butyl groups as a whole are
bent away in-plane from the lactol by 4.9 and 5.1°, whilst the lactol is compressed so that the
exocyclic angles at the naphthalene skeleton are widened to 136.0 and 136.2°. An anomeric
effect between the exocyclic OH group and the ring C-O bond is observed. This results in a
shortening of the C-OH bond to 1.394-1.399 A, whilst the ring O-C bond is lengthened to
1.480-1.485 A. Furthermore, the C(naphthalene)-C-CHs angles at the anomeric centres are
widened to 119.4 and 116.3° to reduce the steric interaction between tert-butyl and methyl
groups. Hydrogen bonding between the lactol hydroxyl groups organises four molecules of 2.9

in the crystal structure into square motifs as shown in Figure 2.3.
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The utilisation of a hydroxyl group as the nucleophilic moiety allows for deprotonation to give
the oxyanion. Formation of the oxyanion increases the group’s nucleophilic potency and should
increase the extent to which an interaction occurs between the peri-groups. The hydroxyl
groups in compounds 2.2, 2.5, 2.9 and 2.10 were reacted with a series of bases, ranging in
pKa’s which would allow for the deprotonation of the hydroxyl group (estimated to be similar
to that of a phenolic proton (pKa of 10)). As shown in Figure 2.4 the bases used included:
tetramethylguanidine 2.12 (TMG) (pKa 13.6 in DMSO), phosphazine base Pi-tBu 2.13
(PKBH™ 26.9 in H20), 4-dimethylaminopyridine 2.14 (DMAP) (pKa 9.2 in H.0), 1,4-
diazabicyclo[2.2.2]octane 2.15 (DABCO) (pKa 882 in HO0) and 1, 8-

diazabicyclo[5.4.0Jundec-7-ene 2.16 (DBU) (pKa 12 in DMSO).

NH N
)‘k \N—L!—N/ | = " N
ST /N @] <
| | N N N N
212 213 214 2.15 2.16

Figure 2.43. A selection of organic bases used for the deprotonation of the hydroxy-ketones.

Left to right: TMG (2.12), P1-tBu (2.13), DMAP (2.14), DABCO (2.15) and DBU (2.16).
Typically, the bases were added to a solution of the target compound in an anhydrous organic
solvent (DCM, THF or Et,0) under nitrogen, stirred for a short period of time and then either
left to evaporate in the atmosphere under a slow nitrogen flow. Attempts to obtain crystals from
P1-tBu, DABCO and DBU all yielded oils and thus pursuit of these salts was ceased. Reactions
of ketones 2.5 and 2.10 and lactol 2.9 with DMAP vyielded crystalline products, with suitable
crystals obtained via slow evaporation of DCM (2.5) or acetone (2.9/2.10) solutions. The X-
ray structures were all determined at 150 K with selected geometric data summarised in Table
2.2. The initial solutions of the three collected structures indicated the formation of salts in

each case with a DMAPH" counter cation, however examination of the difference Fourier
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maps, showed that the hydrogen atom was not located on the nitrogen of pyridine but was
instead still bound to the oxygen of the hydroxyl group. Compounds 2.5, 2.9 and 2.10,
therefore, all formed DMAP complexes in which the two molecules were linked by a hydrogen

bond (Figure 2.5).

Table 2.12. Selected geometric details of hydroxy ketone 2.5 and DMAP complexes of 2.5, 2.9 and 2.10.

N |
2.5: X =H
2.9: X = tBu
210: X=H
Compound N---O alA b/A c/A o/° d/A elA 0/°
25 - 1367(3) 1.367(3) 1422(3) 1208(2) 2621(3) 1219(3) 108.3(2)

- 1.364(3) 1.367(3) 1.423(3) 121.3(2) 2.623(3) 1.219(3) 111.9(2)
25.DMAP  2.616(2) 1.356(3) 1.367(3) 1.430(3) 120.1(2) 2577(3) 1.218(2) 107.5(1)
2.10DMAP  2.627(3) 1.352(3) 1.376(3) 1.425(3) 120.5(2) 2.603(3) 1.221(3) 112.0(2)
29DMAP  2580(2) 1.342(2) 1.366(3) 1.432(3) 120.02) 2.508(3) 1.206(3) 100.3(2)

Compound al/° p/o y/° 8/° g/° T2 /0 AP (O,C)/ A

2.5 123.1(2) 116.1(2) 122.8(2) 1235(2) 116.3(2) 65.2(3) 0.153(3), -0.073(3)
122.7(2) 116.0Q2) 1235(2) 124.0(2) 1158(2) 67.7(3)  0.104(3), -0.157(3)

25DMAP  123.7(2) 116.2(2) 1225(2) 123.9(2) 116.6(2) 71.7(3)  0.067(3), -0.032(3)
210.DMAP  123.6(2) 1159(2) 123.0(2) 1232(2) 116.9(2) 62.7(3) 0.160(3), -0.263(3)
29DMAP  1225(2) 1175(2) 122.9(2) 117.4(2) 121.7(2) 73.2(3)  0.260(2), -0.236(3)

7 = torsion angle :C8-C9-C=0; A® = deviation from best plane of the naphthalene skeleton.

In the case of lactol 2.9 the complexation with DMAP resulted in an interesting result in that a
13C NMR peak of 115.7 ppm was observed similar to that of the parent lactol (114.5 ppm) for
the hemi-ketal, indicating a retention of the lactol structure. However, in the crystal structure
of 2.9.DMAP, the lactol has undergone a ring opening reaction to give the hydroxyl methyl

ketone (Figure 2.5), and the DMAP is hydrogen bonded to the hydroxyl proton.
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Figure 2.44. Molecular structures of the hydrogen bonded DMAP complexes of peri-hydroxy methyl ketone 2.5.DMAP (top
left), its ortho-t-butyl substituted derivative 2.9.DMAP (top right) and the DMAP complex of peri-hydroxy ketone
2.10.DMAP (bottom).

The O---C interaction distances for the three DMAP complexes lie in the range of 2.508(3)—
2.603(3) A, all of which are shorter than the non-complexed ketones 2.2 and 2.5 (2.607(3) A
and 2.621(3)/2.623(3) A respectively). The shortest of the O---C interaction distances occurs
in 2.9.DMAP where a steric interaction with the ortho tert-butyl group alters the usual
displacement of the peri-ketone group. Consequently, the ketone group is now displaced ca
2.1° towards the naphthol OH group, not away from it as is typically observed in peri-
interactions of this type. In response, the hydroxyl group’s displacement towards the ketone is
reduced to 2.5° (from 3.8° in 2.5) leading to a Birgi-Dunitz trajectory of 100.3°. In contrast,
the other two DMAP complexes display more idealised Burgi-Dunitz angles of 107.5 and
112.0°, despite the slightly elongated interaction distances compared to 2.9.DMAP. The O---
N distances between the pyridine nitrogen and hydroxyl group in the three complexes lie in the

range of 2.580(2)-2.627(3) A, with the hydrogen bond lying close to a linear geometry. The
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assignment 2.5.DMAP, 2.9.DMAP and 2.10.DMAP as hydrogen-bonded complexes is
supported by the lengths of the naphthol O-C bonds (1.342(2)-1.356(3) A) and the size of the
corresponding ipso angles (120.0(2)-120.5(2)°), which are similar to these in the parent
naphthols. Furthermore, the endocyclic angle at the pyridine N atom in DMAP (115.3-115.8°)
is consistent with the neutral molecule and not the cation (ca. 120.2°).2* Despite not forming
the desired oxyanion, the DMAP complexes demonstrate that even a small increase in the
oxygen atom’s electron density (via the participation of its hydrogen atom in the hydrogen
bond) can result in an increased nucleophilic effect, generating a stronger interaction across the

peri-positions.

Figure 2.45. Structures of the TMG-H™* salts of the phenyl ketone 2.2 (left) and methyl ketone 2.5 (right).

Treatment of compounds 2.2 and 2.5 with TMG in CH2Cl», followed by slow evaporation under
a positive nitrogen flow, initially yielded two very thick oils. After several weeks under positive
nitrogen pressure crystalline products formed. Despite both of the crystalline products
degrading under non-nitrogen atmospheres (TMG can react with carbon dioxide to give
TMGH™ HCOgz), X-ray structures of the two salts 2.17 and 2.18 (Figure 2.6 and 2.7) were
determined at 110 K and 100 K respectively. Selected structural data of the hydroxyl ketone
2.2 and 2.5 along with the TMG salts 2.17 and 2.18 are compared and summarised in Table

2.3.
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Table 2.13. Selected geometric data for naphthols 2.2 and 2.5 and in the TMG salts 2.17 and 2.18.

08

Compound alA b/A c/A o/° d/A el A 0/° Pyr2/ A
2.2 1.346(2) 1.379(2) 1.432(2) 120.5(2) 2.607(3) 1.228(2) 115.8(1) 0.051(2)
25 1.367(3) 1.367(3) 1.422(3) 120.8(2) 2.621(3) 1.219(3) 108.3(2) 0.058(2)
1.364(3) 1.367(3) 1.423(3) 121.3(2) 2.623(3) 1.219(3) 111.9(2) 0.063(2)
2.17 1.306(2) 1.385(3) 1.451(3) 117.2(2) 2.571(2) 1.224(2) 109.3(1) 0.056(2)
1.299(2) 1.399(3) 1.445(3) 116.8(2) 2.558(2) 1.222(2) 105.6(1) 0.060(2)
218 1.306(2) 1.392(3) 1.449(3) 117.2(2) 2.574(3) 1.221(2) 108.4(2) 0.076(3)
1.304(2) 1.395(3) 1.444(3) 117.0(2) 2.592(2) 1.218(3) 106.9(1) 0.070(2)
1.293(3) 1.404(3) 1.454(3) 116.0(2) 2.618(2) 1.226(2) 112.5(2) 0.075(2)
1.307(2) 1.392(3) 1.442(3) 117.2(2) 2.597(2) 1.211(3) 104.3(1) 0.068(2)
Compound al/° p/o y/° 8/° g/° /0 A°(O,C)/ A
2.2 123.7(2) 115.8(2) 122.6(2) 124.8(2) 115.4(2) 62.6(2) 0.059(3).- 0.073(3)
2.5 123.1(2) 116.1(2) 122.8(2) 123.5(2) 116.3(2) 65.2(3) 0.153(3), -0.342(3)
122.7(2) 116.0(2) 123.5(2) 124.0(2) 115.8(2) 67.7(3) 0.104(3), -0.157(3)
217 124.1(2) 118.7(2) 120.7(2) 123.2(2) 116.2(2) 73.4(2) 0.083(2), -0.161(3)
124.1(2) 119.1(2) 120.4(2) 122.3(2) 116.8(2) 80.6(2) 0.099(2), -0.236(3)
218 123.5(2) 119.4(2) 121.0(2) 122.4(2) 117.2(2) 75.3(3) 0.075(2), -0.030(3)
123.6(2) 119.5(2) 121.3(2) 121.9(2) 117.2(2) 79.5(2) 0.202(2), -0.145(3)
123.7(2) 120.3(2) 120.5(2) 123.3(2) 116.9(2) 69.7(3) 0.084(2), -0.041(3)
123.4(2) 119.3(2) 121.6(2) 121.0(2) 118.0(2) 86.0(2) 0.298(2), -0.246(3)

3pyr = pyramidality, deviation of carbonyl carbon from the plane of the three neighbouring atoms towards the peri O atom; t° = torsion angle :C8-C9-C=0; A°® = deviation from best plane of the naphthalene skeleton.



There are two crystallographically unique cations and anions for the TMG salt of the phenyl
ketone 2.17, and four unique cations and anions for the salt of the methyl ketone 2.18, resulting
in a total of six examples of naphtholate salt peri-interactions. Deprotonation of the hydroxyl
group in the phenyl ketone salt 2.17, opposed to the hydrogen bonding shown in 2.5.DMAP,
2.9.DMAP and 2.10.DMAP, is strongly supported by the shortening of the C-O bond from
1.346(2) to 1.299(2) and 1.306(2) A. In addition, lengthening of the two nearest aromatic C-C
bonds from 1.379(3) and 1.432(2) A to 1.385(3)/1.399(3) and 1.451(3)/1.445(3) A, and the
compression of the ispo bond angle from 120.5(2)° down to 116.8(2) and 117.2(2)° demonstrate
a response to the presence of a more electron rich-substituent in the ispo position.?>%® For
comparison, the crystal structures of 2-dimethylamino and 2,6-bis(dimethylamino)phenolate
show O©)-C bonds in the range of 1.300(5)—1.334(7) A (average 1.312 A) and ipso bond angles
in the range 116.1(4)-117.8(5)° (average 116.8°). Each of the two NH2-group hydrogen atoms
of the TMG-H" cation were located in difference Fourier maps and refined with reasonable
positions, isotropic displacement parameters (0.020-0.044 A?) and showed hydrogen bond
distances to oxyanions of 1.78-1.99 A. Hydrogen bonding between TMG-H* cations and two
anions of 2.2 adopts a square motif as shown in Figure 2.7. Similar features are seen in the four
anions of the TMG salt of the methyl ketone, for example the C-O bond and ipso angles lie in
the ranges 1.293(3)-1.307(2) A and 116.0(2)-117.2(2)° opposed to 1.367(3)/1.364(3) A and

120.8(2)/121.3(2)° in the parent ketone.
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Figure 2.46. Molecular structures of the anions of 2.17 (top left) and 2.18 (top right), one example of the twisted TMG-H*
cation (bottom left) and the hydrogen bonding arrangement of two TMG-H™ cations and two anions of 2.2 in a square motif
(bottom right).

The O---C interaction distance in the salt 2.17 is decreased on deprotonation from 2.607(3) in
naphthol 2.2 to 2.571(2)/2.558(2) A. The pattern of the in-plane displacements of the peri-
groups in this naphtholate anion are the same as observed in the parent naphthol 2.2. Yet the
extent of the in-plane displacements are reduced in the anion, resulting in smaller, more
favourable Birgi-Dunitz trajectory angles between the oxyanion and the ketone carbonyl group
of 109.3(1) and 105.6(1)° compared to 115.8(1)° in parent ketone 2.2. Small increases in the
pyramidalisation of the ketone carbonyls in the anions (average: 0.062(2) A) are also observed

compared to that of the neutral species (0.051(2) A). Similar trends are followed too for the

82



four unique anions in the TMG salt of the methyl ketone 2.5, with O---C interaction distances
of 2.574(3)-2.618(2) A, Birgi-Dunitz trajectory angles of 104.3(1)-108.4(2)° and small
increases in pyramidalisation at the carbonyl carbon (average: 0.072(2) A) from that of the
neutral species (average: 0.058(2) A). Interestingly, unlike the dimethylamino and methoxy
nucleophiles, the oxyanion does not possess a steric contact with the ortho-naphthalene ring
carbon. This provides structural freedom to the oxyanion which could move in the opposite
direction, away from the corresponding peri-ketone. However, the group does not and the
oxyanion is still displaced towards the peri-ketone which supports that a stereoelectronic effect

aids in the generation of the optimised Birgi-Dunitz angle.

Comparison of the solution *H and **C NMR spectra of the phenyl ketone 2.2 with those of its
TMG-H" and sodium salts in DMSO-ds indicate a contrasting structure for the TMG-H" salt
compared to that of the solid state, whereby only partial deprotonation of the naphthol is
observed. The sodium salt of the phenyl ketone 2.2 was prepared by the addition of an excess
of sodium hydride (NaH) to a solution of 2.2 in anhydrous THF and stirring until gas evolution
ceased. The reaction was then filtered, the solvent was removed and the resultant product was
dissolved in DMSO-de. Utilisation of NaH as the base results in complete irreversible
deprotonation as the liberated proton escapes as hydrogen gas. In the fully deprotonated sodium
salt, the carbon ipso to the naphtholate oxygen resonates at 168.1 ppm, whilst the same carbon
in the neutral compound has a resonance of 152.3 ppm. The ipso carbon of the TMG-H" salt
2.17 however resonates at 161.4 ppm, midway between these two values. Furthermore, the
central carbon of the TMG-H" cation in 2.17 is found at 163.6 ppm, again lying between that
of the neutral species (166.3 ppm) and the salt (161.0 — 162.3 ppm in a series of triflate salts?).
This suggests a rapid exchange of a proton between the TMG-H" and the anion. The TMG salt

of the methyl ketone 2.5 also shows similar -*3C NMR data. NMR studies of the sodium and
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TMG salts of 1-naphthol in THF-ds strongly suggest that the equilibrium with TMG lies

towards the deprotonated state.

The introduction of an electron-donating oxygen atom para to the hydroxyl group on the
naphthalene ring could increase the electron density of the peri-hydroxyl group. This could
result in the more potent nucleophilic oxygen becoming involved in a stronger interaction
with the opposite peri-electrophile, due to the decreased need for electron donation of an
oxygen lone pair into the naphthalene ring. The hydroxy/methoxy substituted derivative

2.21/2.22 was thus thought to be an interesting target.
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Scheme 2.10. (a) acrylaldehyde, pyridine, 50 °C;?8 (b) 1,4-benzoquinone, 2.19, Toluene, 80 °C;% (c) Toluene, p-
toluenesulfonic acid, Pd/C, reflux;? (d) K2COs3, DMSO, CHzl; (€) PhLi (1.9M), THF, -78 °C.

Following the works of Ferrari et al. freshly prepared 2, 4-pentadienoic acid 2.19%8 was reacted
via a Diels-Alder reaction with p-benzoquinone to give the bicyclic compound 2.20 (Scheme
2.4).2° Compound 2.20 was subsequently reacted on with p-toluenesulfonic acid and activated
palladium on charcoal (10%), to give the desired 5-hydroxy-1,8-naphtholactone 2.21.%° Ring

opening of lactone 2.21 with phenyl lithium (according to the procedure described for phenyl
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ketone 2.2) allowed for the effects of the hydroxy group to be assessed, via a comparison with
the ketone 2.2. Unfortunately, structural analysis of the product revealed that despite the ring
opening of the lactone being successful, the 1,4-dihydroxynaphthalene portion of the molecule
had undergone oxidation, resulting in the corresponding naphthoquinone. To avoid this, the
para-hydroxyl group was O-methylated by the reaction of 2.21 with potassium carbonate in
dimethyl sulfoxide (DMSO) followed by the addition of methyl iodide This gave the desired
methoxy-lactone 2.22 as a yellow solid in a 37% yield. A signal at 3.27 ppm in the *H NMR
spectrum corresponding to the O-methyl protons confirmed the structure of 2.22. Ring opening
of 2.22 with phenyl lithium this time yielded the desired para-methoxy substituted hydroxy
phenyl ketone 2.23 as a yellow solid in a 43% yield. Successful addition to the lactone was
evidenced by the expected carbonyl 3C NMR shift from 167.7 ppm in the lactone 2.22 to 201.4
ppm in 2.23. Furthermore, the addition of five aromatic protons is observed in the *H NMR

spectrum.

Table 2.14. Selected geometric data for naphthols 2.2 and 2.23.

Compound alA b/A c/A ¢/° d/A elA 0/° Pyra/ A
22(X=H)  1346(2) 1.379(2) 1.432(2) 1205(2) 2.607(3) 1.228(2) 115.8(1) 0.051(2)
223 (X=OMe) 1.357(3) 1.361(4) 1.421(4) 120.2(3) 2.566(3) 1.226(3) 108.7(2) 0.050(3)

Compound al° p/o yl° 8/° g/° ™ /° A°(O,C) /A
2.2 (X=H) 123.7(2) 1158(2) 1226(2) 124.8(2) 1154(2) 62.6(2) 0.059(3),-0.073(3)
223(X=OMe)  1238(2) 116.0(2) 122.3(2) 123.4(2) 1159(2) 75.6(2) 0.247(4),-0.066(3)

3pyr = pyramidality, deviation of carbonyl carbon from the plane of the three neighbouring atoms towards the peri O atom; t° = torsion
angle :C8-C9-C=0; A° = deviation from best plane of the naphthalene skeleton.

Crystals of the methoxy-substituted phenyl ketone 2.23 were obtained via slow evaporation of

a DCM solution and the crystal structure of one of these was determined at 150 K. Important
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geometric data is summarised in Table 2.4 alongside the unsubstituted phenyl ketone 2.2 for
comparison. The addition of the para-methoxy group (Figure 2.8) in 2.23 results in a small
decrease in the HO---C=0 interaction distance to 2.566(3) A compared to 2.607(3) A in 2.2.
The peri-groups of 2.23 display similar displacements to those demonstrated in phenyl ketone
2.2, except for the ketone moiety itself which is displaced away from the approaching hydroxyl
group by 1.4° less than in 2.2. Furthermore, the carbonyl of the ketone is orientated further
from the ortho-naphthalene ring carbon, with a torsion angle of 75.6(2)°, larger than those
observed in 2.2 and 2.5 (62.6(2)-67.7(3)°). This generates a more favourable Birgi-Dunitz
angle of 108.7(2)°. Despite this, the pyramidalisation of the carbonyl carbon is almost identical

to that of the unsubstituted phenyl ketone 2.2.

Figure 2.47. Molecular structure of the para-methoxy peri-hydroxy phenyl ketone 2.23.

Crystals of the TMG salt of 2.23, were obtained via the same method as described for the
phenyl and methyl TMG salts 2.17 and 2.18 but with THF as the crystallisation solvent. The
crystals of 2.24 (Figure 2.9) were even more susceptible to decomposition in a non-nitrogen
atmosphere. Despite managing to isolate, mount and collect X-ray diffraction data for several

crystals of 2.24, it was revealed that the crystals were a THF solvate, which was
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incommensurate in nature. This meant that there were channels running parallel to the a axis
filled with THF molecules that are not ordered with respect to the main crystal lattice. The
incommensurate structure is evidenced by the random disorder of the diffraction pattern in the
Ewald reciprocal space. The cation and anion of the structure appear well ordered,
demonstrating an O©---C=0 distance shortening to 2.527(11) A from that of 2.570(4) A in the
neutral ketone, consistent with the increase in the nucleophilicity of the oxygen atom. The
observed decrease in the O©---C=0 distance upon deprotonation in 2.24 appears to be of
roughly the same magnitude as that observed for 2.17 and 2.18. The data related to this structure
is unfortunately not completely reliable as a result of the disordered nature of the THF solvate.
Therefore, even though it can be concluded that the deprotonation has caused a significant
reduction in the contact distance between the peri-groups and that the para-methoxy group has
further aided this, an alternate solvate of the structure, free from the incommensurate THF

molecules is required for accurate analysis.

Figure 2.48. Structure of the TMG-H™* salt of the para-methoxy peri-hydroxy phenyl ketone 2.23.

Overall, the substitution of a para-electron donating methoxy group has increased the
nucleophilicity of the interaction hydroxyl group, reduced the contact distance between the
peri-groups and optimised the Burgi-Dunitz angle of approach. The study could be continued
by the introduction of a stronger electron donating group (e.g. dimethylamino) to increase this

effect further and potentially result in the formation of a long peri O-C bond.
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Study of OV---C=C interactions

The study was extended to investigate interactions of peri-hydroxy groups, and their anions
with polarised alkenes. This began with the reduction of naphtholactone 2.1 with tri-tert-
butoxyaluminium hydride according to Cammidge et al.? to give the peri-hydroxy aldehyde
2.25. Condensation of hydroxy aldehyde 2.25 with active methylene compounds ethyl
cyanoacetate, malononitrile®® and Meldrum’s acid gave the expected Knoevenagel

condensation products, with polarised alkene groups 2.26-2.28, in good yields of 72-86%

(Scheme 2.5).
CN
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Scheme 2.11. (a) NCCH2CO2Me, CH3OH, (*NH3CH2-)2("OAc): (cat.), 65 °C; (b) CH2(CN)2, CH30H, 65 °C; (c) Meldrum’s
acid, DMSO, 20 °C.

The structure of cyanoester 2.26 is confirmed by peaks in the *H NMR spectrum at 1.35 and
4.36 ppm for the ethyl ester group and a peak at 115.8 ppm in the *3C NMR spectrum for the
adjacent nitrile group. Similarly, the two nitrile groups of the malononitrile derivative 2.27 are
evidenced with peaks in the 1*C NMR and infrared spectra at 112.5/113.9 ppm and 2237 cm™.
The structure of the Meldrum’s acid derivative 2.28 was confirmed by the 3C NMR peak at
162.9 ppm for the two lactone carbonyls, with the *H NMR spectrum possessing a singlet at
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1.77 ppm for the two methyl groups. In each of the three Knoevenagel products, the *H NMR
peak at 11.66 ppm for the aldehyde of 2.25 is replaced with peaks at 9.61 ppm (2.26), 9.21 ppm

(2.27) and 9.27 ppm (2.28) corresponding to the newly formed vinylic proton.

HO
o o] \
(o)

H (¢} 2.29 2.30
(solid state and solution*) (solution only*)

OO *Solvent dependant

Ph
Ph
2.25
o) HO
HO
b N -
—_— (o) ~ [e)
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2.31 2.32
(solid state) (solution)

Scheme 2.12. (a) cyclohexa-1,3-dione, CHsOH, (*NHsCHz-)2(-OAC): (cat.), 65 °C; (b) 5-phenylcyclohexa-1,3-dione, DMSO,
20°C.
Condensations of aldehyde 2.25 with active methylene compounds cyclohexa-1, 3-dione and
5-phenylcyclohexa-1, 3-dione, on the other hand, did not yield the expected Knoevenagel
products (Scheme 2.6). The desired alkenes, which are the most electron deficient of the series,
each underwent a further reaction, with the peri-hydroxyl group of the naphthalene adding to
either the electron deficient peri-carbon or to one of the cyclic diketone carbonyl groups (2.29-
2.32). NMR analysis of the product of the condensation with cyclohexane-1, 3-dione revealed
that in solution, the cyclised structure 2.29 is present as the major species alongside the minor
oxepine species 2.30. The ratio of the two species differs depending on the solvent, with a 2:1
ratio in acetone-de and a 17:3 ratio in CDCls. The methine group of the closed form 2.29

resonates in CDClz at 7.16 ppm and 87.8 ppm in the *H and **C NMR spectra respectively and
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at 7.08 ppm and 82.0 ppm in acetone-ds. The minor isomer is not consistent with that of the
un-cyclised form 2.33 despite this being the expected minor species, as is demonstrated by the
lack of correlation between the methine *H and 3C NMR peaks with that of the open chain

methylthio analogue 2.34 (*H: 9.11 ppm and *3C: 154.8 ppm) as shown in Figure 2.10.

Figure 2.49. Structures of the uncyclised hydroxy alkene 2.33 (left) and the methylthio analogue 2.34 (right).

NMR analysis of the product of the 5-phenylcyclohexa-1, 3-dione condensation product in
DMSO-ds, show that only one product is present, unlike that of the cyclohexa-1, 3-dione
derivative. The data is consistent with the peri-cyclised structure 2.32, analogous to the solid-
state structure of 2.29, whereby the hydroxyl group has added to the alkene to yield the B-
hydroxy unsaturated ketone. The methine CH peaks occur at 7.02 ppm and 81.9 ppm in the H

and *C NMR spectra respectively.

90



]

Ay
Figure 2.50. Molecular structures of Knoevenagel product 2.26, 2.27 and 2.28 (left to right).

Crystals of the three standard Knoevenagel products 2.26-2.28 were obtained via slow
evaporation from a range of solvents. The X-ray structures for compounds 2.26 and 2.27 were
determined at 150 K with the Meldrum’s acid derivative 2.28 being collected at 100 K (Figure
2.11). Selected geometric data is summarised in Table 2.5. The hydroxyl group of the three
examples is involved in intermolecular hydrogen bonding with either a nitrile group in 2.26
and 2.27 or a carbonyl oxygen in 2.28. The O---C(=C) distances lie in the narrow region
2.615(2)-2.624(2) A, despite the notable difference in the through-space electron-attracting
power of the electrophilic peri-substituents. Furthermore, the interaction distances are similar
to those observed in the methyl and phenyl ketones 2.2 and 2.3. Each of the compounds 2.26-
2.28 demonstrates the expected in-plane angular displacements of the peri-groups, with the
hydroxyl group approaching the retreating alkene carbon. The peri-alkene groups in each
compound are rotated from the best naphthalene plane by less than those of the peri-ketone
derivative 2.2 and 2.5, which generates unfavoured Birgi-Dunitz trajectories (124.7(2)-
127.3(2)°). Despite this, the alkene C=C bond demonstrates a slight elongation in 2.26-2.28,
expressing a prearrangement for nucleophilic attack and subsequent transformation to a C-C

bond. Overall, a lower degree of sensitivity is observed for the O---C separations than the

corresponding N---C separations in the MeaN---C series (2.531(2) to 1.651(3) A for the three
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equivalent compounds), and a major difference being the lack of peri-bond formation in
compound 2.28 across the two peri-groups, where the dimethylamino analogue is found to

form a long bond of 1.651(3) A.

Table 2.15. Selected geometry of Knoevenagel product 2.26-2.28 and the ring closed product 2.29

Compound  d/A elA 0/° a/° B/° y/° 5/° g/° T/

2.26 2.615(2) 1.343(2) 124.7(2) 122.4(2) 116.8(1) 123.4(1) 122.9(1) 117.7(1) 48.8(2)
2.27 2.624(2) 1.351(2) 127.3(2) 122.4(2) 116.8(1) 123.4(2) 122.0(1) 118.7(1) 41.1(2)
2.28 2.623(2) 1.350(3) 125.1(2) 121.3(2) 117.4(2) 124.2(2) 120.7(2) 119.4(2) 45.6(1)
2.29 1.521(3) 1.500(3) - 130.6(3) 110.7(2) 109.5(2) 108.2(2) 134.7(2) 60.6(4)
1.508(3) 1.496(3) - 128.7(3) 110.9(2) 110.0(2) 107.3(2) 134.0(2) 53.3(4)

12 = torsion angle :C12-C11-C9-C8.

Crystals of the equilibrating cyclohexa-1, 3-dione derivative 2.29/2.30 were obtained via slow
evaporation of an ethyl acetate solution. X-ray structure determination at 100 K revealed that
in the crystals obtained, the compound resided purely as the peri-cyclised form 2.29 (Figure
2.12), in which the hydroxyl group has added to the polarised alkene, forming a

hydroxycyclohexanone group. Selected geometric data can be found in Table 2.5.

Figure 2.51. The cyclised molecular structure of one molecule of Knoevenagel product 2.29.
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Two crystallographically unique molecules of 2.29 are found in the asymmetric unit which
display surprisingly long (aryl)O-CHC; bonds of 1.508(3) and 1.521(3) A, considerably larger
than that of the average (1.447 A) for this type of bond.3* These bonds can be viewed as
representing two points in the later stages of formation of an O-C bond. The shorter peri O-C
bond in this pair is associated with a longer bond from peri-oxygen to the aromatic ring,
1.364(3) cf. 1.350(3) A, and consequentially a longer bond from the peri-carbon to the aromatic
ring, 1.506(4) cf. 1.493(4) A. The bonding peri-atoms in each molecule lie in the best
naphthalene plane, with little to no strain placed on the naphthalene scaffold itself. In the
cyclohexenone ring, the bond lengths along the chain HO-C=C-C=0 indicate the strong
conjugation from the hydroxyl group into the carbonyl group: (H)O-C: 1.325(3)/1.322(3),

C=C: 1.368(3)/1.373(3), C-C(=0) 1.439(3)/1.436(3) and C=0 1.249(3)/1.248(3) A.

Figure 2.52. The cyclised molecular structure of the Knoevenagel product 2.31.

Crystals of the 5-phenylcyclohexadione derivative 2.31/2.32 were grown via slow evaporation
of an ethyl acetate solution. The structure, determined at 150 K, revealed that the hydroxyl
group had added to a carbonyl ring carbon, adopting the lactol form and forming a seven-
membered oxepine ring, which is fused to both the naphthalene and cyclohexyl rings to give

the tetracyclic structure 2.31 as shown in Figure 2.13. The two peri-atoms bound into the
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oxepine ring are displaced very slightly to either side of the idealised naphthalene plane (C:
0.020 A, 0: 0.157 A), with the two cyclohexane carbons displaced to the same side of the
naphthalene plane. The naphthalene scaffold itself remains planar, unaffected by the oxepine
ring formation. The widest bond angle in the oxepine ring is at the alkene methine carbon atom
(131.0(2)°) and the smallest at the lactol carbon (108.6(2)°). To form the ring the bonds from
naphthalene to the peri atoms are necessarily splayed apart, widening the naphthalene exo-
angle between the benzene rings to 125.0(2)°. The lactol group shows the expected anomeric
interaction with a short HO-C bond of 1.399(2) A and the ring C-O bond lengthened to 1.457(2)

A

In the same fashion as the hydroxy ketones, the Knoevenagel products 2.27-2.29 and 2.31 were
reacted with either two organic bases DMAP and DABCO or sodium hydride in order to form
the desired oxyanion nucleophile. Despite exhaustive attempts, isolation of any crystalline

materials from these reactions was not possible, instead a series of ‘crispy foams’ or gels were

obtained.
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Scheme 2.13. Anions 2.35-2.38 produced by deprotonation of Knoevenagel products 2.27-2.29 and 2.31.
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The Knoevenagel products 2.28, 2.29 and 2.31, which have the most electrophilic alkenes
activated by two in-plane carbonyl groups, were deprotonated with mild organic bases DMAP
and DABCO, giving stable anions 2.36-2.38 (Scheme 2.7). Upon deprotonation, each oxyanion
has added to the adjacent peri-alkene forming an O-C bond, with the negative charge stabilised
by the two carbonyl groups (similar to the reaction shown in the structural analysis of 2.29).
The structure of each anion is strongly evidenced by the methine CH peaks in the *H and *3C
NMR spectra. On the other hand, the less electrophilic ethenedinitrile group of 2.27, like
ketones 2.2 and 2.3, could not be deprotonated to give the desired oxyanion with DMAP and
DABCO. However, the use of the stronger guanidine base TMG or sodium hydride did result
in the deprotonation of the hydroxyl group. The resultant deep purple anion 2.35 possessed
poor stability, decomposing after only several hours at room temperature in a range of solvents.
The behaviour of these anions follows the alkene reactivity found in the corresponding series

of peri-dimethylamino derivatives.

An example of a stable anion is seen when Meldrum’s derivative 2.28 is treated with DABCO,
to give the cyclic anion 2.36. NMR analysis reveals that the methine group of the anion 2.36 is
found with peaks at 7.00 ppm and 89.7 ppm in the *H and *C NMR spectra respectively,
compared to 9.27 ppm and 163.5 ppm in neutral compound 2.28. The carbanionic centre has a
13C NMR shift of 75.6 ppm, with only one carbonyl peak at 167.1 ppm being observed, since
the 1, 3-dioxanedione ring now has rotational freedom. Despite the formation of the peri-bond,
the naphthyl hydrogen ortho to the oxygen is shifted up field by 0.38 ppm to 6.50 ppm. Equally,
in the 13C spectra the ortho carbon is also shifted up field by 10.8 ppm to 100.1 ppm and the
ipso carbon is shifted downfield by 8.5 ppm to 162.8 ppm. Together these shifts suggest some
degree of delocalisation of charge into the naphthalene ring. The closely related anions 2.37
and 2.38 show similar characteristics in their NMR spectra. Despite great difficulty due to the

rate of decomposition of the anion 2.35 from the dinitrile derivative, NMR spectra of the TMG
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and sodium salt were collected. The sodium salt of 2.35 shows a methine group at 101.8 and a
©)C(CN) carbanion at 23.2 ppm.* In contrast, the TMG salt of 2.35 shows an equilibrium
between the neutral dinitrile and its anion with two broad peaks in the 3C NMR at 158.4 and

69.2 ppm for the alkene carbons.
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Scheme 2.14. Open and closed forms for the anions of naphthols 2.27 and 2.28 explored in the DFT calculations.

In view of the lack of experimental structural data, the structures of the anions formed from
peri-naphthols 2.27 and 2.28 were calculated by density functional theory (DFT) by Dr. M. A.
Addicoat. 1D potential energy surfaces (PES), with different peri O---C separations were
calculated using B3LYP/6-31++glJd,p) in order to identify the relative energies and structures
of the open and closed forms: 2.39 vs. 2.35, and 2.40 vs. 2.36, for the two naphtholates (Scheme
2.8). For the anion of the Meldrum's acid derivative 2.28, the closed form 2.36, with a peri O—
C bond length of 1.540 A was the only minimum identified, consistent with NMR studies. In
contrast, for the anion of dinitrile 2.27 both the open form 2.39 (O(-)-+-C: 2.362 A) and the
closed form 2.35 (O---C: 1.622 A) were found to be of similar energy, AE = 0.33 kJ mol %, and
separated by a low energy barrier of 2.35 kJ mol ™. This is in contrast to the NMR studies of
the sodium salt which support the short-lived closed structure. However, the calculations refer
to the isolated anion in vacuo, and so do not include effects of cations or solvent. It is notable
that the O—C bond length predicted for the closed form 2.35 is comparable to the longest O-C
bond reported (1.622 A)% which was observed in a strained oxonium system embedded in an

oxatriquinane and so the low stability of this anion is not surprising.
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To conclude, a series of naphthols have been synthesised that demonstrate an interaction
between the nucleophilic hydroxyl group and a peri-electrophilic centre (ketone or alkene).
The neutral ketones 2.2 and 2.5 as well as the Knoevenagel products 2.26-2.28 demonstrate O-
--C contacts well within the Van der Waals radii for the interacting atoms, with the alkenes
2.26-2.28 demonstrating a reactivity series parallel to that of the dimethylamino series.
Substitution of the alkenes with the cyclic diketones in examples 2.29 and 2.31 generated two
interesting structures, whereby the solution and solid state structures differed. In the case of the
cyclohexadione derivative 2.29, long O-C bonds of 1.508(3) and 1.521(3) A were observed in
the cyclised neutral species. Complexation of the peri-hydroxy ketone derivatives with DMAP
results in a hydrogen bonded complex between the pyridine nitrogen and the hydroxyl proton.
This leads to a small increase in the nucleophilicity of the oxygen atom and in turn reduces the
O---C=0 contact distance. Further extending this, the first 1-naphtholates of peri-benzoyl-
(2.17) and acetyl-naphthols (2.18) as TMG salts were synthesised, showing O®---C=0
distances of 2.558(2)-2.618(2) A. A small increase in the pyramidalities of the carbonyl groups
compared to the neutral compounds are observed as a result of the increased nucleophilicity of
the oxyanion. The corresponding anions where a polarised alkene replaces the carbonyl (2.35-
2.38) could only be detected by NMR but showed in all cases addition of the oxyanion to the
alkene. Calculations on the anions of the malononitrile and Meldrum’s acid naphthol
derivatives 2.27 and 2.28 revealed remarkably long O-C bonds (1.622 and 1.540 A
respectively), suggesting that very long bonds could be found and studied in similar derivatives,
however adaptations would be required in order to increase the crystallinity of the products.
Modifications to the naphthalene scaffold were also performed in an attempt to increase the
potency of the oxygen nucleophile via installation of a para-methoxy group in the ketone 2.23.
This modification caused a decrease of 0.041(3) A in the O---C=0 contact distance in the

neutral species compared to its unsubstituted analogue, with a more favourable Birgi-Dunitz
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angle of approach (108.7(2)°) being observed. Deprotonation of oxyanion 2.23 with TMG
results in the oxyanion salt 2.24, however the structure was found to incommensurate.
Nevertheless, preliminary structural data suggested a further decrease in the O©---C=0 contact
distance when compared to the neutral species 2.23 or the equivalent unsubstituted analogue

2.17.
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Experimental

General. Solution NMR spectra were measured on a Jeol ECLIPSE ECX or ECZ 400
spectrometer at 400 MHz for *H and at 100.6 MHz for 3C using CDCl; as solvent and
tetramethylsilane (TMS) as standard unless otherwise stated, and measured in p.p.m. downfield
from TMS with coupling constants reported in Hz. IR spectra were recorded on a Perkin Elmer
Spectrum 100 FT-IR Spectrometer using Attenuated Total Reflection sampling on solids or
oils and are reported in cm™. Mass spectra were recorded at the EPSRC Mass Spectrometry
Centre at the University of Swansea. Chemical analysis data were obtained from Mr Stephen

Boyer, London Metropolitan University.

Preparation of 1,8-Naphtholactam.

1,8-Naphthalic anhydride 1 (10.00 g, 0.05 mol) and hydroxylamine hydrochloride (3.51 g,
0.05 mol) were heated under reflux in dry pyridine (50 mL) for 1 h. p-Toluene sulfonyl
chloride (20.90g, 0.11 mol) was carefully added in portions to cause controlled boiling.
Reflux was continued for a further 1 h. The mixture was poured onto water (300 mL) and

the crystalline precipitate collected by filtration and washed with 0.5N NaOH and water

to remove N-hydroxynaphthalimide. The crystals were stirred in refluxing water (150

mL) and ethanol (50 mL) containing NaOH (10 g) for 2 h. After this time ethanol was
removed in vacuo. The resulting mixture was cooled to room temperature, acidified

with concentrated HCI (30 mL) and the crude product allowed to precipitate overnight.

The solid was collected by filtration, washed with water and dried at under reduced pressure.
The crude yellow solid was purified by flash column chromatography (4:1 EtOAc/petrol 40-
60), to give 1,8-naphtholactam as a yellow solid (6.65 g, 79%). Data for the product obtained

was consistent with the literature sources.??
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Preparation of 1,8-Naphtholactone, 2.1.

1,8-Naphtholactam (1.50 g, 18 mmol) was added to 0.5 N NaOH (150 mL) and the mixture
was heated until complete solubility was achieved. This mixture was cooled to 0 °C and sodium
nitrite (0.84 g, 20 mmol) added. This solution was then added (over 15 min) to sulfuric acid
(10 mL conc. H2SO4 in 200 mL ice/water). The mixture was warmed slowly and when the
temperature reached 40 °C crystals started to appear. Heating was stopped when the
temperature reached 70 °C. The mixture was then cooled to 0 °C and the solid collected. The
crude yellow solid was purified by flash column chromatography (2:3 EtOAc/petrol 40-60), to
give 1,8-naphtholactone as a pale yellow solid (0.98 g, 64%). Data for the product obtained

was consistent with the literature sources 22

NMR of Naphth-1-ol and its Sodium Salt.

Naphth-1-ol: $H (400 MHz, THF-ds, 24 °C): 8.98 (1H, s, OH), 8.27 (1H, m, 8-H), 7.77 (1H,
m, 5-H), 7.39-7.46 (2H, m, 6-,7-H), 7.34 (1H, d, J = 7.3 Hz, 4-H), 7.27 (1H, t, J = 7.3 Hz, 3-
H), 6.77 (1H, dd, J = 7.3, 0.9 Hz, 2-H); 5C (100 MHz, THF-ds, 24 °C): 154.9 (1-C), 136.5 (4a-
C), 128.6 (5-C), 127.3 (3-C), 127.2 (6-C), 126.6 (8a-C), 125.5 (7-C), 123.6 (8-C), 120.1 (4-C),
109.1 (2-C). Naphth-1-ol, dissolved in THF-dg, was treated with excess sodium hydride, stirred
for 10 min and filtered. 6H (400 MHz, THF-ds, 24 °C): 8.48 (1H, d, J = 8.2 Hz, 8-H), 7.63 (1H,
d, J = 8.2 Hz, 5-H), 7.22 (1H, t, J = 8.0 Hz, 6-H), 7.18 (1H, t, J = 8.0 Hz, 3-H), 7.09 (1H, t, J =
6.9 Hz, 7-H), 6.81 (1H, d, J = 7.8 Hz, 4-H), 6.61 (1H, d, J = 8.2 Hz, J = 7.8 Hz, 2-H); 5C (100
MHz, THF-ds, 24 °C): 168.8 (1-C), 138.0 (4a-C), 132.0 (8a-C), 129.4 (3-C), 128.8 (5-C), 125.8

(6-C), 124.2 (8-C), 123.2 (7-C), 111.7 (4-C), 110.9 (2-C).
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Reaction of Naphth-1-ol with 1,1,3,3-Tetramethylguanidine.

Naphth-1-ol (35 mg), dissolved in THF-ds, was treated with TMG (28 mg), 6H (400 MHz,
THF-ds, 24 °C): 8.40 (2H, br, 1-OH, TMG: NH), 8.29 (1H, d, J = 7.2 Hz, 8-H), 7.66 (1H, d, J
= 7.3 Hz, 5-H), 7.26-7.34 (2H, m, 6-,7-H), 7.11-7.18 (2H, m, 3-,4-H), 6.85 (1H, dd, J = 6.9,
1.4 Hz, 2-H), 2.69 (12H, s, TMG: 4 x CHz); 5C (100 MHz, THF-ds, 24 °C): 167.4 (TMG: -
C=NH), 157.5 (1-C), 136.2 (4a-C), 127.9 (5-C), 127.5 (8a-C), 127.2 (3-C), 126.1 (6-C), 124.0
(7-C), 123.9 (8-C), 117.1 (4-C), 108.8 (2-C), 39.4 (TMG-H": 4 x CH3), corresponds to ca. 20%

deprotonation of naphthol by TMG.

Preparation of 8-Benzoylnaphth-1-ol, 2.2.

Lactone 2.1 (1.00 g, 5.88 mmol) was dissolved in anhydrous THF (15 mL) under nitrogen and
cooled to -78°C. Phenyl lithium (1.8M in dibutyl ether, 2.61 mL, 4.71 mmol) was steadily
added and the bright orange solution was allowed to warm to room temperature overnight.
After 16 h. the resulting dark yellow solution was quenched with EtOAc (10 mL) and H.O
added. The aqueous solution was washed with DCM (3 x 40 mL) and the combined organic
layers washed with H,O (2 x 40 mL), brine (1 x 40 mL) and dried over MgSQOs. The solvent
was removed in vacuo to give a crude oil which was purified by flash column chromatography
(1:4 EtOAc/petrol 40-60), to give 2.2 as a brown solid (370 mg, 32%) m.p. 183-185°C (lit.3
184-187 °C). 8H (400 MHz, CDCls, 24 °C): 8.01 (1H, d, J = 7.8 Hz, 7-H), 7.81 (2H, d, J = 8.2
Hz, 2’-,6>-H), 7.58 (1H, t, ] = 8.7 Hz, 4°-H), 7.50 - 7.55 (2H, m, 4- 5-H), 7.38 - 7.49 (4H, m,
3-,6-,3’-,5°-H), 7.12 (1H, br s, OH), 6.99 (1H, d, J = 7.8 Hz, 2-H); 8C (100 MHz, CDCls, 24

°C): 201.7 (C=0), 152.3 (1-C), 138.5 (1°-C), 135.6, 134.6 (Ar-Cy), 133.1 (4°-C), 132.4 (Ar-

101



C1), 130.5 (2°-,6°-C), 129.9 (Ar-Cy), 128.3 (3>-,5°-C), 127.4, 124.2, 122.0, 121.5 (Ar-Cs), 113.7
(2-C); vmax/cmt 3050 (OH), 1638 (C=0), 1574, 1432, 1345, 1270; HRMS (ESI) calcd for

Ci7H130; ([M+H]*): 249.0910, found: 249.0912.

Preparation of Sodium 8-benzoylnaphth-1-olate.

8-Benzoylnaphth-1-ol (25 mg) was dissolved in THF (3 mL) and the solution treated with
sodium hydride (60% dispersion in oil, ca. 4 mg) until there was no more effervescence. After
stirring for a further 5 min. the solution was evaporated in vacuo, DMSO-ds (1 ml) was added,
and the solution was filtered, and the NMR spectra were recorded. H (400 MHz, DMSO-ds,
24 °C): 7.49 (1H, d, J = 7.3 Hz, 5-H), 7.45 (2H, d, J = 7.6 Hz, 2’-, 6’-H), 7.35 (1H, t, J = 6.0
Hz, 4’-H), 7.28 (2H, t, ] = 7.3 Hz, 3’-,5>-H), 7.14 (1H, t, J = 7.0 Hz, 6-H), 6.99 (1H, t, J = 8.0
Hz, 3-H), 6.65 (1H, dd, J = 6.9, 0.9 Hz, 7-H), 6.39 (1H, d, J = 7.3 Hz, 4-H), 5.79 (1H, dd, J =
7.8, 0.9 Hz, 2-H); 5C (100 MHz, DMSO-ds, 24 °C): 197.8 (C=0), 168.3 (1-C), 140.6 (1°-C),
139.5 (8-C), 136.3(4a-C), 130.1 (4’-C), 129.7 (3-C), 129.5 (8a-C), 127.5 & 127.4 (2°-,3’-,5-

,6’-C), 126.7 (5-C), 123.8 (6-C), 118.1 (7-C), 108.1 (2-C), 103.7 (4-C).

Preparation of 1,1,3,3-Tetramethylguanidium 8-benzoylnaphth-1-olate, 2.17.

8-Benzoylnaphth-1-o0l 2.2 (100 mg, 0.42 mmol) was dissolved in chloroform (2 mL) and TMG
(0.05 mL, 0.42 mmol) was added. The solvent was removed in vacuo and the solid was
dissolved in DCM. Nitrogen was passed over the surface of the solution, yielding yellow

crystals of the salt 2.17, m.p. 100-103°C. 6H (400 MHz, DMSO-ds 24 °C): 7.53 (1H, d, J=8.2
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Hz, 5-H), 7.38 (2H, d, J = 7.8 Hz, 2>-,6>-H), 7.30 (1H, t, J = 6.8 Hz, 4’-H), 7.20 (2H, t, = 6.
Hz, 3°-,5°-H), 7.15 (1H, t, J = 7.8 Hz, 6-H), 6.81 (1H, t, J = 7.8 Hz, 3-H), 6.77 (1H, d, J = 6.9
Hz, 7-H), 6.70 (1H, d, J = 8.2 Hz, 4-H), 5.67 (1H, d, J = 7.3 Hz, 2-H), 2.66 (12H, s, TMG-H*:
4 X CHs); 8C (100 MHz, CDCls, 24 °C): 197.9 (C=0), 163.6 (TMG-H*: C=NH;"), 161.4 (1-
C), 139.8 (1°-C), 138.3 (8-C), 135.4 (4a-C), 131.5 (4’-C), 128.6 (3-C), 128.4 (2’-,6°-C), 128.1
(3°-,5’-C), 128.0 (5-C), 125.6 (8a-C), 124.4 (6-C), 120.9 (7-C), 111.3 (4-C), 108.7 (2-C), 39.3
(TMG-H*: 4 x CH3); vmad/cm™ 3083, 3083, 2891, 1654 (C=0), 1594, 1568, 1491, 1442, 1385,

1318, 1270, 1106; HRMS (ESI): calcd for C17H1102 ([M-H]"): 247.0765, found: 247.0771.

Preparation of 8-(3’-Methylbutanoyl)naphth-1-ol, 2.10.

Lactone 2.1 (1.00 g, 5.88 mmol) was dissolved in anhydrous THF (15 mL) under nitrogen and
cooled to -78°C. Sec-BuLi (1.4M in cyclohexane, 4.20 mL, 5.88 mmol) was steadily added,
and the bright orange solution was allowed to warm to room temperature overnight. After 16
h. the resulting dark yellow solution was quenched with EtOAc (10 mL) and H>O was added.
The aqueous solution was washed with DCM (3 x 40 mL) and the combined organic layers
were washed with H20 (2 x 40 mL), brine (1 x 40 mL) and dried over MgSQOa. The solvent was
removed in vacuo to give a crude oil which was purified by flash column chromatography (1:19
EtOAc/petrol 40-60), to give 2.10 as a yellow solid (320 mg, 24%), m.p. 71-74°C. 6H (400
MHz, CDCls, 24 °C): 8.19 (1H, s, OH), 8.00 (1H, dd, J = 8.2, 1.4 Hz, 7-H), 7.83 (1H, dd, J =
7.3,0.9 Hz, 5-H), 7.42 - 7.52 (3H, m, 3-,4-,6-H), 7.11 (1H, dd, J = 7.3, 1.8 Hz, 2-H), 3.51 (1H,
sxt, J = 6.9 Hz, 2°-H), 1.89 (1H, m, 3’-Hy), 1.56 (1H, m, 3°-Hy), 1.28 (3H, d, J = 6.9 Hz, 2’-
CHa), 0.97 (3H, t, J = 7.3 Hz, 4°-H3); C (100 MHz, CDCls, 24 °C): 215.0 (C=0), 152.9 (1-C),

136.0, 135.7 (Ar-Cy), 134.0 (7-C), 129.1, 127.6, 124.0, 121.5, 121.4 (Ar-Cs), 114.9 (2-C), 47.0
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(2>-C), 27.1 (3°-C), 17.1 (2°-CHg), 11.8 (4’-C); vmax/cm™ 3131 (OH), 3047, 2967, 2931, 1668
(C=0), 1620, 1577, 1523, 1439, 1346, 1239; HRMS (ESI): calcd for CisHi702 ([M+H]*):
229.1223, found: 229.1223. A preceding fraction yielded a small amount (120 mg, 18%) of 3-
(sec-butyl)-2H-naphtho[1,8-bc]furan-2-one 2.11, 6H (400 MHz, CDCls, 24 °C): 8.02 (1H, d,
J=8.5Hz, Ar-H), 7.62 (1H, d, J = 8.4 Hz, Ar-H), 7.56 (1H, d, J = 8.4 Hz, Ar-H), 7.43 (1H, dd,
J=8.4,7.2 Hz, 7-H), 7.06 (1H, d, J = 7.3 Hz, 8-H), 3.74 (1H, sxt, J = 7.2 Hz, 2’-H), 1.72 (1H,
quin, J = 7.4 Hz 3"-Hy), 1.32 (3H, d, J = 7.0 Hz, 2°-CH3), 0.79 (3H, t, J = 7.3 Hz, 4’-H3); &C
(100 MHz, CDCl3s, 24 °C): 167.3 (C=0), 151.8 (8a-C), 149.5,132.4,129.1, 128.2, 128.1, 128.0,

120.5, 117.3, 105.8 (Ar-Cs), 36.3 (2°-C), 30.2 (3°-C), 20.8 (2°-CHs), 12.1 (4’-C).

Preparation of 8-(3’-Methylbutanoyl)naphth-1-ol . 4-Dimethylaminopyridine Molecular

Complex, 2.10.DMAP.

Ketone 2.10 (63 mg, 0.28 mmol) was dissolved in THF (5 mL), DMAP (33 mg, 0.28 mmol)
was added and the reaction was stirred for 30 min. at room temperature. The solvent was
removed in vacuo and the solid was dissolved in acetone. The solution was left to evaporate
slowly, yielding 2.10.DMAP as a brown crystalline solid, m.p. 83-86°C. 6H (400 MHz, CDCl3,
24 °C): 8.17 (2H, dd, J = 5.0, 1.4 Hz, DMAP: 2-,6-H), 7.80 (1H, d, J = 8.2 Hz, 7-H), 7.40 (1H,
t, J = 6.9 Hz, 6-H), 7.22 - 7.36 (3H, m, 3-,4-,5-H), 6.91 (1H, dd, J = 6.9, 1.8 Hz, 2-H), 6.49
(2H, dd, J = 5.5, 1.4 Hz, DMAP: 3-,5-H), 3.11 - 3.21 (1H, m, 2’-H), 2.99 (6H, s, DMAP:
N(CHa)2), 1.77 - 1.90 (1H, m, 3°-Hy), 1.38 - 1.53 (1H, m, 3’-Hp), 1.21 (3H, d, J = 6.9 Hz, 2’-
Hs), 0.90 (3H, t, J = 7.3 Hz, 4’-Ha); C (100 MHz, CDCls, 24 °C): 212.3 (C=0), 154.7 & 154.4
(1-C, DMAP: 4-C) 148.3 (DMAP: 2-,6-C), 138.5, 135.5 (Ar-Cy), 129.5 (7-C), 127.2, 124.9,

124.1, 122.5, 118.8 (Ar-Cs), 110.4 (2-C), 106.7 (DMAP: 3-5-C), 48.4 (2-C), 39.2 (DMAP,
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N(CHa)2), 25.8 (3°-C), 15.6 (2°-CHs), 11.6 (4’-C); vma/cm’t 2913, 2450, 1681 (C=0), 1602,

1526, 1445, 1343, 1223.

Preparation of 8-Acetylnaphth-1-ol, 2.5.

Lactone 2.1 (1.00 g, 5.88 mmol) was dissolved in anhydrous THF (15 mL) under nitrogen and
cooled to -78°C. MeL.i (1.6M in diethyl ether, 2.94 mL, 4.71 mmol) was steadily added, and
the bright orange solution was kept at -78 °C for 1 h. The resulting yellow solution was
qguenched with saturated ammonium chloride (10 mL) and acidified with 1M aqueous
hydrochloric acid. The aqueous solution was washed with ethyl acetate (3 x 40 mL) and the
combined organic layers were washed with H20 (2 x 40 mL), brine (1 x 40 mL) and dried over
MgSOa. The solvent was removed in vacuo to give a crude oil which was purified by flash
column chromatography (1:9 EtOAc/petrol 40-60), to give 2.5 as a yellow solid (460 mg, 42%),
%), m.p. 82-84 °C (lit.2 81-83 °C). 5H (400 MHz, CDCls, 24 °C): 9.67 (1H, s, OH), 8.00 (1H,
dd, J =8.2, 0.9 Hz, 5-H) 7.96 (1H, dd, J = 7.3, 0.9 Hz, 7-H), 7.41 - 7.45 (3H, m, 3-,4-,6-H),
7.10 (1H, dd, J = 6.0, 2.7 Hz, 2-H), 2.78 (3H, s, CH3); 5C (100 MHz, CDCls, 24 °C): 207.3
(C=0), 153.3 (1-C), 136.1 (4a-C), 135.4 (5-C), 135.0 (8-C), 131.3 (7-C), 127.9 & 124.0 (3-,6-
C), 121.3 (8a-C), 121.1 (4-C), 115.0 (2-C), 30.5 (CH3); vma/cm™® 3114 br, 3056, 2959, 1671
(C=0), 1620, 1577, 1522, 1438, 1346, 1292, 1257, 1189, 1165, 1142, 1091, 946, 821, 790.

Found: C, 77.48; H, 5.47. Calc. for C12H1002: C, 77.40; H, 5.41%.
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Preparation of Sodium 8-acetylnaphth-1-olate.

8-Acetylnaphth-1-ol 2.5 (20 mg) was dissolved in THF (4 ml) and the solution treated with
sodium hydride (60% dispersion in oil, ca. 4.5 mg) until there was no more effervescence.
After stirring for a further 5 min. the solution was evaporated in vacuo, THF-dg (1 ml) added,
and the solution filtered, and the NMR spectra recorded. 6H (400 MHz, THF-ds, 24 °C): 7.49
(1H, d, J = 8.2 Hz, 5-H), 7.06 (1H, t, J = 7.8 Hz, 3-H), 7.09 (1H, t, J = 7.3 Hz, 6-H), 6.71 (1H,
d, J = 6.9 Hz, 7-H), 6.63 (1H, d, J = 8.2 Hz, 4-H), 6.29 (1H, d, J = 7.8 Hz, 2-H), 2.54 (3H, s,
CHs); 8C (100 MHz, THF-dg, 24 °C): 213.5 (C=0), 168.2 (1-C), 142.7 (8-C), 137.6 (4a-C),
129.9 (3-C), 128.3 (5-C), 128.2 (8a-C), 124.2 (6-C), 117.1 (7-C), 110.7 (2-C), 109.0 (4-C),

33.6 (CHa).

Preparation of 8-Acetylnaphth-1-ol . 4-Dimethylaminopyridine Molecular Complex,

2.5.DMAP.

8-Acetylnaphth-1-ol 2.5 (32 mg, 0.17 mmol) was dissolved in THF (3 mL), DMAP (22 mg,
0.17 mmol) was added and the reaction was stirred for 30 min. at room temperature. The
solvent was removed in vacuo and the solid was dissolved in DCM. The solution was left to
evaporate slowly, yielding 2.5.DMAP as a brown crystalline solid, m.p. 110-112°C. 6H (400
MHz, CDCls, 24 °C): 8.08 (2H, dd, J =5.0, 1.4 Hz, DMAP: 2-,6-H), 7.75 (1H, m, 7-H), 7.29-
7.34 (2H, m, 5-,6-H), 7.22 - 7.27 (2H, m, 3-,4-H), 7.17 (1H, br s, 0), 6.87 (1H, dd, J=5.5, 2.7
Hz, 2-H), 6.40 (2H, dd, J = 5.0, 1.4 Hz, DMAP: 3-,5-H), 2.90 (6H, s, DMAP: N(CHs),), 2.58
(3H, s, CHs); 5C (100 MHz, CDCls, 24 °C): 206.0 (C=0), 154.6 & 154.2 (1-C, DMAP-H*: 4-

C), 148.0 (DMAP: 2-,6-C), 135.4, 138.6 (Ar-Cy), 130.6 (7-C), 127.4,124.8, 124.2, 121.8, 118.9
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(Ar-Cs), 111.1 (2-C), 106.6 (DMAP: 3-5-C), 39.0 (DMAP: N(CHs)y), 31.8 (CHs); vmad/cm
12921, 2345 br, 1687 (C=0), 1604, 1567, 1528, 1437, 1345, 1255, 1223, 1186, 1062, 1001,

808, 781, 750.

Preparation of 1,1,3,3-Tetramethylguanidinium 8-acetylnaphth-1-olate, 2.18.

8-Acetylnaphth-1-ol 2.5 (250 mg, 1.34 mmol) was dissolved in THF (5 mL) and 1, 1, 3, 3-
tetramethylguanidine (0.17 mL, 1.34 mmol) was added. Nitrogen was passed over the surface
of the solution, yielding a bright yellow oil. Maintenance of the oil under nitrogen eventually
yielded yellow crystals of the salt, 2.18, m.p. 88-90 °C. 6H (400 MHz, CDCl3, 24 °C): 7.64-
7.74 (3H, m (d + br s), 7-H, TMG-H*: NHy), 7.25-7.31 (2H, m, 3-,6-H), 7.08 (1H, d, J = 7.3
Hz), & 7.00 (1H, dd, J = 6.9, 1.4 Hz) (4-,5-H), 6.80 (1H, dd, J = 7.3, 0.9 Hz, 2-H), 2.70 (12H,
s, TMG-H*: 4 x CH3), 2.57 (3H, s, CH3); C (100 MHz, CDCls, 24 °C): 208.6 (C=0), 166.1
(TMG-H*: C=N), 158.8 (1-C), 140.6, 135.5 (Ar-C2), 128.5 (7-C), 128.1, 128.0, 124.5, 120.0,
114.4 (Ar-Cs), 110.2 (2-C), 39.2 (TMG-H": 4 x CH3), 32.9 (-CH3); vmax/cm™® 3319, 3020, 2940
br, 2906, 1676 (C=0), 1594, 1560, 1445, 1407, 1379, 1348, 1315, 1259, 1093, 1061, 1033,

944, 821, 760.

Preparation of 3-(t-Butyl)-2H-naphtho[1,8-bc]furan-2-one, 2.8.

Lactone 2.1 (0.75 g, 4.41 mmol) was dissolved in anhydrous THF (15 mL) under nitrogen and
cooled to -78°C (COo/acetone bath). t-BuLi (1.6M in pentane, 2.75 mL, 4.41 mmol) was

steadily added, and the bright orange solution was allowed to warm to room temperature. After
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72 h. the resulting dark brown solution was quenched with EtOAc (10 mL) and H20 (5 mL)
added. The aqueous solution was washed with DCM (3 x 40 mL) and the combined organic
layers were washed with H2O (2 x 40 mL), brine (1 x 40 mL) and dried over MgSOa. The
solvent was removed in vacuo to give a crude oil which was purified by flash column
chromatography (1:49 EtOAc/petrol 40-60), to give 2.8 as a light brown solid (140 mg, 14%)
m.p. 106-109°C. 8H (400 MHz, CDCls, 24 °C): 8.08 (1H, d, J = 8.6 Hz, 4-H), 7.83 (1H, d, J =
8.6 Hz, 5-H), 7.61 (1H, d, J = 8.4 Hz, 6-H), 7.49 (1H, dd, J = 8.4, 7.3 Hz, 7-H), 7.12 (1H, d, J
= 7.3 Hz, 8-H), 1.60 (9H, s, 3 x CH3); C (100 MHz, CDCls, 24 °C): 167.1 (C=0), 155.8 (8a-
C), 149.7 (Ar-Cy), 132.7 (4-C), 130.4, 128.5 (Ar-Cy), 127.9 (5-,7-C), 120.5 (6-C), 117.8 (Ar-
C1), 105.4 (8-C), 36.3 (C(CHs)s), 29.6 (C(CHs)3); vma/cm™ 2958, 2870, 1768 (C=0), 1748,

1461, 1361. Found: C, 79.84; H, 6.33. Calc. for C1sH1402: C, 79.62; H, 6.24%.

Preparation of 3-(tert-Butyl)-2-methyl-2H-naphtho[1,8-bc]furan-2-ol, 2.9.

Ortho-substituted lactone 2.8 (75 mg, 0.33 mmol) was dissolved in anhydrous THF (5 mL)
under nitrogen and cooled to -78°C. MeL.i (1.2M in diethyl ether, 0.33 mL, 0.39 mmol) was
steadily added, and the reaction was allowed to warm to room temperature overnight. After 24
h. the resulting solution was quenched with EtOAc (10 mL) and H2O (5 mL) added. The
aqueous solution was washed with DCM (3 x 40 mL) and the combined organic layers were
then washed with H2O (2 x 40 mL), brine (1 x 40 mL) and dried over MgSOa. The solvent was
removed in vacuo to give a crude oil which was purified by flash column chromatography (1:19
EtOAc/petrol 40-60) to give a pink oil. The oil was heated to 50°C under a high vacuum for 4
h. and cooled to -20°C to give 2.9 as a pink solid (60 mg, 75%), m.p. 108-110°C. 6H (400 MHz,

CDCls, 24 °C): 7.67 - 7.75 (2H, m, 4-,5-H), 7.36 (1H, t,J = 7.8 Hz, 7-H), 7.25 (1H, d, J = 8.2
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Hz, 6-H), 6.67 (1H, d, J = 7.3 Hz, 8-H), 3.65 (1H, br s, OH), 2.12 (3H, s, CHs), 1.55 (9H, s,
(CHa)s); 6C (100 MHz, CDCls, 24 °C): 156.4 (8a-C), 144.2, 136.2, 130.2 (Ar-Cs), 129.4 (4- or
5-C), 128.6 (7-C), 127.2 (Ar-C1), 126.3 (4- or 5-C), 115.5 (6-C), 114.5 (2-C), 101.1 (8-C), 36.8
(3-C(CHa)s), 33.0 (3-C(CHa)s), 28.4 (2-CHa); vmax/cmt 3350 (OH), 2957, 2919, 1688 (w),
1571, 1457, 1364, 1215, 1197, 1161, 1139, 1051, 939, 821, 749; Found: C, 79.16; H, 7.54.

Calc. for C16H180>: C, 79.31; H, 7.49%.

Preparation of 3-(tert-Butyl)-2-methyl-2H-naphtho[1,8-bc]furan-2-ol. 4-Dimethylamino-

pyridine Molecular Complex, 2.9.DMAP.

Lactol 2.9 (28 mg, 0.12 mmol) was dissolved in DCM (3 mL), DMAP (14 mg, 0.12 mmol)
was added and the reaction stirred for 30 min. at room temperature. The solvent was removed
in vacuo and the residual oil was dissolved in acetone. The solution was cooled to -78°C in a
COo/acetone bath and a stream of nitrogen blown over it, resulting in 2.9.DMAP a pink
crystalline solid, m.p. 93-96°C. This material exists as the DMAP complex with the hindered
lactol in CDCls solution, but as the DMAP complex of the hydroxyl ketone in the crystalline
state. SH (400 MHz, CDCls, 24 °C): 7.86 - 7.99 (2H, m, DMAP: 2-,6-H), 7.62 - 7.71 (2H, AB
system, J = 8.7 Hz, 4-5-H), 7.31 (1H, t, J = 8.2 Hz, 7-H), 7.21 (1H, d, J = 7.8 Hz, 6-H), 6.69
(1H, d, J = 6.9 Hz, 8-H), 6.38 (2H, d, J = 6.4 Hz, DMAP: 3-5-H), 2.95 (6H, s, DMAP:
N(CHa)2), 2.23 (3H, s, CHz3), 1.50 (9H, s, 3-C(CHj3)3); 8C (100 MHz, CDCls, 24 °C): 156.3
(8a-C), 154.5 (DMAP: 4-C), 148.6 (DMAP: 2-,6-C), 143.4, 136.9, 130.9 (Ar-Cs), 128.7 (4- or
5-C), 128.1 (7-C), 126.5 (Ar-C1), 126.3 (4- or 5-C), 115.7 (2-,6-C), 106.5 (DMAP: 3-,5-C),
102.6 (8-C), 39.1 (DMAP: N(CHa).), 36.8 (3-C(CHj3)3), 32.9 (3-C(CHBa)s), 30.0 (2-CHj);

vma/cm™ (solid state) 2962, 2410, 1700 (C=0), 1604, 1536, 1380, 1362, 1216.
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Preparation of 6-Methoxy-2H-naphtho[1,8-bc]furan-2-one, 2.22.

6-Hydroxy-2H-naphtho[1,8-bc]furan-2-one 2.21 (265 mg, 1.42 mmol) was dissolved in
anhydrous DMSO (10 mL) and stirred whilst anhydrous K>COs (393 mg, 2.85 mmol) was
added, resulting in a colour change from orange to dark purple. After 2 h, iodomethane (0.27
mL, 4.26 mmol) was added and stirring continued for a further 3 h. The reaction was quenched
with H>O (20 mL) and the reaction was extracted with EtOAc (3 x 20 mL). The combined
organics were washed with brine (20 mL), dried over MgSOs, filtered and concentrated in
vacuo to give a dark oil residue. The residue was purified by flash column chromatography
(1:9 EtOAc/petrol 40-60), to give the methoxy-lactone 2.22 as a yellow solid (100 mg, 35%)
m.p. 142-145°C (lit. 3146-147 °C). $H (400 MHz, CDCls, 24 °C): 8.26 (1H, d, J = 8.2 Hz, 4-
H), 8.07 (1H, d, J = 7 Hz, 2-H), 7.71 (1H, dd, J = 8.1, 1.0 Hz, 3-H), 6.97 (1H, d, J = 7.9 Hz, 7-
H), 6.67 (1H, d, J = 8.0 Hz, 6-H), 3.27 (1H, s, CHs); C (100 MHz, CDCls, 24 °C): 167.7
(C=0), 152.1 (5-C), 143.4 (8-C), 129.9 (1-C), 128.6 (3-C), 128.2 (4-C), 126.7 (2-C), 122.8 (4a-
C), 121.1 (8a-C), 106.3 (7-C), 105.2 (6-C), 55.9 (CHs); vmax/cm™ 3096, 2935, 2835, 2111,
1890, 1765, 1730, 1634, 1600, 1458, 1431, 1367, 1251, 1220, 1130, 1070, 1013, 942, 852, 814,

737,674, 634, 598.

Preparation of 8-Benzoyl-4-methoxynaphth-1-ol, 2.23.

6-Methoxy-2H-naphtho[1,8-bc]furan-2-one 2.22 (150 mg, 0.75 mmol) was dissolved in
anhydrous THF (10 mL) under nitrogen and cooled to -78°C (CO-/acetone bath). Phenyl
lithium (1.9M in dibutyl ether, 0.43 mL, 0.83 mmol) was steadily added and the bright yellow

solution slowly became orange and then brown. After 2 h at -78°C the solution was quenched
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with saturated NH3.HCI (10 mL) and stirred for 10 mins before 1M HCI (10 mL) was added.
The solution was extracted with EtOAc (3 x 20 mL) and the combined organics were washed
with H20 (20 mL) and brine (20 mL). The organics were subsequently dried over MgSOs,
filtered and concentrated in vacuo to give an orange oil, which crystallised when left in the
freezer overnight. The orange solid was purified by flash column chromatography (1:9
EtOAc/hexane), to give 2.23 as a yellow solid (90 mg, 43%) m.p. decomp >130°C. 6H (400
MHz, CDCls, 24 °C): 8.47 (1H, dd, J = 8.2, 1.8 Hz, 4-H), 7.77-7.83 (2H, m, 2°, 6’-H), 7.37-
7.60 (5H, m, 2-,3-,3°-,4’-,5>-H), 6.91 (1H, d, J = 8.7 Hz, 7-H), 6.77 (1H, d, J = 8.2 Hz, 6-H),
3.98 (1H, s, CHs); 8C (100 MHz, CDCls, 24 °C): 201.4 (C=0), 150.0 (Ar-Cs), 145.3, 138.4,
134.4, 133.1, 130.5 (2°,6°-C), 129.8 (Ar-Cy), 128.3, 128.0, 126.8, 126.1 (4-C), 123.7 (Ar-Cy),
113.3 (7-C), 105.2 (6-C), 55.9 (CHs); vmax/cm™ 3247, 2927, 1655, 1620, 1587, 1474, 1447,

1405, 1375, 1339, 1317, 1262, 1134, 1032, 946, 810, 767, 732, 713, 684, 661, 451;

Preparation of Ethyl (E)-2-cyano-3-(8’-hydroxynaphthalen-1’-yl)propenoate, 2.26.

1-Hydroxy-8-naphthaldehyde 2.25 (250 mg, 1.45 mmol) was dissolved in anhydrous MeOH
(20 mL) under nitrogen. Ethyl cyanoacetate (197 mg, 1.74 mmol) and ethylenediamine
diacetate (39 mg, 0.22 mmol) were added and the reaction was heated to reflux for 6h. The
solvent was removed in vacuo to give 2.26 as a crude yellow solid which was purified by flash
column chromatography (1:9 EtOAc:petrol 40-60), to give a yellow solid (224 mg, 72%) m.p.
189-192 °C; SH (400 MHz, (CD3)2CO, 24 °C): 9.61 (1H, s, OH), 9.55 (1H, s, 1-H), 8.03 (1H,
d, J=8.2 Hz, 7-H), 7.80 (1H, d, J = 6.9 Hz, 5°-H), 7.58 (1H, t, ] = 7.3 Hz, 6’-H), 7.48 (1H, d,
J=8.2Hz, 4’-H), 7.40 (1H, d, J = 7.3 Hz, 3’-H), 7.06 (1H, dd, J = 7.8, 0.9 Hz, 2°-H), 4.36 (2H,

g, J = 7.3 Hz, CH2CHs), (3H, t, J = 7.3 Hz, CH2CHa); 5C (100 MHz, (CDs)2CO, 24 °C): 162.9

111



(C=0), 161.9 (1-C), 154.6 (1°-C), 136.7 (4a’-C), 132.8 (7-C), 130.2 (8’-C), 128.4 (5°-C),
128.0 (3°-C), 126.3 (6°-C), 123.1 (8a’-C), 121.1 (4’-C), 115.8 (C=N), 112.1 (2’-C), 104.6 (2-
C), 62.8 (CH2CHs), 14.4 (CH2CH3); vma/em™ 3251, 3071, 2253 (C =N), 1708, 1600, 1436,
1370, 1344, 1263, 1240, 1088, 1084, 1013, 830, 770, 748; Found: C, 71.67; N, 5.25; H, 4.95.

Calc. for C16H13NO3: C, 71.90; N, 5.24; H, 4.90%.

Preparation of 2-Cyano-3-(8’-hydroxynaphthalen-1’-yl)propenenitrile, 2.27.

1-Hydroxy-8-naphthaldehyde 2.25 (150 mg, 0.87 mmol) was dissolved in anhydrous MeOH
(10 mL) under nitrogen and malononitrile (70 mg, 1.05 mmol) was added, and the deep orange
solution was heated to reflux. After 2 h. the solvent was removed in vacuo to give a crude
yellow solid which was purified by flash column chromatography (1:9 EtOAc:petrol 40-60),
to give 2.27°° as a yellow solid (140 mg, 73%), m.p. 145-148°C. §H (400 MHz, CDCls, 24 °C):
9.21 (1H, s, 3-H), 7.98 (1H, d, J = 7.9 Hz, 2°-H), 7.81 (1H, d, ] = 7.3 Hz, 4’-H), 7.49-7.58 (2H,
m, 3’-,5°-H), 7.41 (1H, t, ] = 7.6 Hz, 6°-H), 6.92 (1H, dd, J = 7.4, 0.8 Hz, 7°-H), 5.85 (1H, br
s, OH); 5C (100 MHz, CDCls, 24 °C): 166.0 (3-C), 151.8 (8°-C), 135.7 (4a’-C), 133.5 (2°-C),
128.5 (4’-C), 127.8 (1°-C), 127.1 (6°-C), 125.7 (3°-C), 121.9 (8a’-C), 121.4 (5°-C), 113.9 &
1125 (2 x C=N), 112.1 (7°-C), 83.3 (2-C); vmax/cm’t 3374, 3068, 2237 (C=N), 1582, 1562,
1368, 1244; Found: C, 76.31; N, 12.54; H, 3.53. Calc. for C14HgN2O: C, 76.35; N, 12.72; H,

3.66%.
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Preparation of Sodium Dicyano-(2-(2H-naphtho(1,8-bc)furan-2’-yl)methanide, 2.35.Na*.

Dinitrile 2.27 (35 mg, 0.05 mmol) was dissolved in THF (4 mL) under nitrogen and excess
sodium hydride (10 mg, 60% dispersion in oil) was added to give an immediate red-brown
colour. The mixture was stirred for 5 min, the solvent was evaporated in vacuo and THF-ds
(ca. 0.4 ml) added to the purple residue followed by sufficient DMSO-ds to completely dissolve
the product. 6H (400 MHz, THF-dg and DMSO-de, 24 °C): 7.54 (1H, d, J = 8.2 Hz, 3°-H), 7.44
(1H, t, J = 7.8 Hz, 4°-H), 7.25 (1H, t, J = 7.8 Hz, 7’-H), 7.15 (1H, d, J = 6.9 Hz, 5°-H), 7.04
(1H, d, J = 8.2 Hz, 6’-H), 6.67 (1H, s, 2°-H), 6.41 (1H, d, J = 7.3 Hz, 8’-H); 8C (100 MHz,
THF-ds and DMSO-ds, 24 °C): 162.3 (8a’-C), 141.6 (2a’-C), 132.8 (5a’-C), 131.6 (8b’-C),
130.3 (7°-C), 129.1 (4°-C), 128.0 (2 x C=N), 123.9 (3°-C), 118.3 (5°-C), 114.0 (6>-C), 101.8

(2°-C), 100.7 (8°-C), 23.2 (2-C).

Reaction of 21 with 1-,1°-,3°-,3’-Tetramethylguanidine, 2.35.TMG.

Dinitrile 2.27 (35 mg) dissolved in THF-ds (0.6 ml) was treated with TMG (18 mg) to give an
instant dark brown solution whose NMR spectra were recorded immediately and indicated a
dynamic partial deprotonation of the naphthol with the equilibrium strongly towards the
naphthol form. 8H (400 MHz, THF-dg, 24 °C): 9.31 (1H, s, 3-H), 7.73 (1H, d, ] = 7.8 Hz, 4’-
H), 7.37 (1H, d, J = 7.3 Hz, 2°-H), 7.30 (1H, t, ] = 7.6 Hz, 3’-H), 7.20 (1H, t, ] = 7.8 Hz, 6’-
H), 6.91 (1H, d, J = 8.2 Hz, 5°-H), 6.68 (1H, d, J = 7.8 Hz, 7>-H), 2.74 (6H, s, TMG: 4 x CHa);
oC (100 MHz, THF-ds, 24 °C): 164.3 (8°-C), 164.0 (TMG: C=N), 158.4 (br, 3-C), 136.7 (4a’-
C), 133.1 (2°-C), 131.7 (4’-C), 129.7 (6°-C), 127.9 (8a’-C), 125.4 (3°-C), 124.0 (2°-C), 117.4

(2 x CN), 113.2 (5°-C), 110.8 (7°-C), 68.9 (br, 2-C), 39.7 (TMG: 4 x CHs).
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Preparation of 5-((8’-Hydroxynaphthalen-1’-yl)methylidene)-2,2-dimethyl-1,3-dioxane-

4.6-dione, 2.28.

1-Hydroxy-8-naphthaldehyde 2.25 (800 mg, 4.65 mmol) was dissolved in anhydrous DMSO
(25 mL) under nitrogen and Meldrum’s acid (804 mg, 5.58 mmol) added and the deep orange
solution was stirred at room temperature. After 7 days, H.O (100 mL) was added producing an
orange precipitate. The precipitate was dissolved by the addition of DCM (30 mL) and the
organic layer was separated. The aqueous solution was extracted further with DCM (3 x 30
mL) and the combined organic fractions were washed with H,O (30 mL) and brine (30 mL),
dried over MgSO4 and filtered. The solvent was removed in vacuo to give a crude orange solid
which was purified by flash column chromatography (1:9 EtOAc:petrol 40-60), to give 2.28 as
an orange solid (1.19 g, 86%), m.p. 169-172°C. 6H (400 MHz, DMSO-ds, 24 °C): 10.58 (1H,
s, OH), 9.27 (1H, s, 5-=CH), 7.89 (1H, d, ] = 8.2 Hz, 2°-H), 7.28 - 7.47 (4H, m, 3’-, 4’-,5°-,6 -
H), 6.88 (1H, d, J = 8.7 Hz, 7°-H), 1.77 (6H, s, 2 X -CH3); C (100 MHz, DMSO-ds, 24 °C):
163.5 (5-=CH), 162.9, 159.9 (2 x C=0), 154.3 (8’-C), 135.5 (Ar-Cy), 131.1 (2°-C), 130.3,
127.5,127.4, 125.6, 122.5, 119.8 (Ar-Ce), 114.4 (5-C), 110.9 (7°-C), 105.2 (C(CHa)2), 27.7 (2
X CHs); vmax/cm™ 3276 (OH), 1697 (C=0), 1594, 1372, 1292, 1200; Found: C, 68.50; H, 4.64.

Calc. for C17H140s: C, 68.45; H, 4.73%.

Preparation of Sodium 2,2-dimethyl-5-(2H-naphtho[1,8-bc]furan-2’-yl)-4,6-dioxo-1,3-

dioxan-5-ide, 2.36.Na".

Knoevenagel product 2.28 (30 mg) was dissolved in THF (4 ml) and the solution was treated

with sodium hydride (60% dispersion in oil, ca. 4 mg) until the solution turned from yellow to
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colourless. After stirring for a further 5 min., the solution was evaporated in vacuo. CD3CN (1
ml) was added, the solution filtered, and the NMR spectra recorded. dH (400 MHz, CD3CN,
24 °C): 7.51 (1H, d, J = 8.2 Hz, 3°-H), 7.41 (1H, t, ] = 7.6 Hz, 4’-H), 7.30 (1H, t, J = 7.8 Hz,
7°-H), 7.13 (1H, d, ] = 8.2 Hz, 6’-H), 7.04 (1H, d, partially obscured, 5’-H), 7.00 (1H, s, 2’-
H), 6.48 (1H, d, J = 7.3 Hz, 8’-H), 1.59 (6H, s, 2 x 2-CHz); C (100 MHz, CDsCN, 24 °C):
166.8 (2 x C=0), 162.8 (8a-C), 145.4, 132.6, 130.4 (Ar-Cs), 130.1 (7°-C), 129.4 (4’-C), 122.3
(3°-C), 115.5 (5°-C), 114.7 (6°-C), 101.6 (2-C), 99.9 (8°-C), 89.6 (2°-C), 74.7 (5-C"), 26.2 (2 X

2-CHj3).

Preparation of 1,4-Diazabicyclo[2.2.2]octan-1-ium 2,2-Dimethyl-5-(2H-naphthol[1,8-

bc]furan-2-yl)-4,6-dioxo-1,3-dioxan-5-ide, 2.36.DABCO.

Knoevenagel product 2.28 (20 mg, 0.067 mmol) was dissolved in CD3sCN (2 mL), 1,4-
diazabicyclo- [2.2.2]octane (7.5 mg, 0.067 mmol) was added and the reaction was stirred for
30 min. at room temperature. The yellow solution became paler upon addition. Removal of the
solvent resulted in the formation of a solidified foam, 6H (400 MHz, CD3CN, 24 °C): 7.53 (1H,
d,J=7.7Hz, 3’-H), 7.42 (1H, t, ] = 6.8 Hz, 4’-H), 7.30 (1H, t, ] = 8.2 Hz, 7°-H ), 7.13 (1H, d,
J=8.2 Hz, 6>-H), 7.04 (1H, d, J = 8.2 Hz, 5’-H), 7.00 (1H, s, 2’-H), 6.50 (1H, d, J = 7.3 Hz,
8°-H), 6.14 (1H, br s, DABCO-H* NH), 2.88 (12H, s, DABCO-H*: 6 x NCH>), 1.63 (6H, s, 2
X 2-CHa); 8C (100 MHz, CD:CN, 24 °C): 167.1 (2 x C=0), 162.8 (8a’-C), 145.2, 132.7, 130.4
(Ar-C3), 130.2 (7°-C), 129.5 (4’-C), 122.5 (3°-C), 115.6 (5°-C), 114.8 (6°-C), 102.1 (2-C),
100.1 (8’-C), 89.7 (2°-C), 75.7 (5-C"),45.4 (DABCO-H": 6 x NCHy), 26.2 (2 X 2-CHa); Vmax/cm™
12943, 2881, 2258, 1765, 1709, 1615, 1591, 1369, 1054; HRMS (ESI): calcd for C17H130s
([M-H]): 297.0768, found: 297.0844.
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Preparation of 3-Hydroxy-2-(2°’H-naphtho[1,8-bc]furan-2’-yl)cyclohex-2-en-1-one, 2.29.

1-Hydroxy-8-naphthaldehyde 2.25 (250 mg, 1.45 mmol) was dissolved in anhydrous MeOH
(20 mL) under nitrogen. 1, 3-Cyclohexandione (195 mg, 1.74 mmol) and ethylenediamine
diacetate (26 mg, 0.15 mmol) were added and the reaction was heated to reflux for 6h. The
solvent was removed in vacuo to give a crude yellow solid which was purified by flash column
chromatography (3:1 EtOAc:Pet 40-60), to give 2.29 as a brown solid (200 mg, 52%), m.p.
186-189°C; in solution it exists in two forms: ring closed 2.29 and a minor component in ca.
17:3 ratio. 6H (400 MHz, (CDCls, 24 °C): main component (ring closed) 85%: 9.11 (1H, br,
OH), 7.62 (1H, d, J = 7.8 Hz, 3°-H), 7.49 (1H, t, ] = 7.8 Hz, 4’-H), 7.33-7.41 (2H, m, 6’-,7’-
H), 7.29 (1H, dd, J = 6.9, 1.4 Hz, 5°-H), 7.16 (1H, s, 2°-H), 6.82 (1H, d, ] = 6.9 Hz, 8’-H), 2.25-
2.52 (4H, m, 4-, 6-H), 1.85-2.00 (2H, m, 5-Hz), minor component, 15%, spectrum obscured
apart from: 7.96 (1H, s), 7.91 (1H, d, J = 7.7 Hz), 7.72 (1H, d, J = 7.3 Hz); 6C (100 MHz,
(CDCls, 24 °C): 197.5 br (C=0), 174.2 br (3-C), 158.4 (8a’-C), 140.5, 131.6 (Ar-Cy), 129.4
(4°-C), 128.9 (7-C), 127.6 (Ar-C1), 123.4 (3°-C), 117.9 (5>-C), 117.2 (6°-C), 112.2 (2-C),
101.8 (8°-C), 87.8 (2°-C), 36.8 br (6-C), 29.5 br (4-C), 20.3 (5-C); vmax/cm™® 2917 (OH), 2849,
1622 (C=0), 1574, 1465, 1414, 1360, 1282. Found: C, 76.47; H, 5.37. Calc. for C17H140z3: C,

76.68; H, 5.30%.

116



Preparation of 4-(Dimethylamino)pyridin-1-ium 1-(2H-naphtho[1,8-bc]furan-2-yl)-2,6-

dioxocyclohexan-1-ide, 2.37.DMAP.

Cyclohexenone derivative 2.29 (40 mg, 0.16 mmol) was dissolved in CD3sCN (2 mL), DMAP
(18 mg, 0.16 mmol) was added and the reaction was stirred for 30 min. at room temperature.
The brown solution became paler upon addition. Removal of the solvent resulted in the
formation of a solidified foam, §H (400 MHz, CD3sCN, 24 °C): 10.61 (1H, br s, DMAP-H":
NH), 7.80 (2H, d, J = 6.9 Hz, DMAP-H*: 2-,6-H), 7.45 (1H, d, J = 8.2 Hz, 3°-H), 7.34 (1H, t,
J=6.9 Hz, 4-H), 7.27 (1H, t, ] = 7.8 Hz, 7’-H), 7.13 (1H, s, 2’-H), 7.09 (1H, d, ] = 8.2 Hz, 6°-
H), 6.86 (1H, dd, J =8.2, 1.4 Hz, 5°-H), 6.56 (2H, d, J = 7.3 Hz, DMAP-H"*: 3- 5-H), 6.46 (1H,
d, ] =7.3 Hz, 8-H), 2.98 (6H, s, DMAP-H*: N(CH3)2), 2.12 (4H, t, J = 6.0, 1.4 Hz, 3-5-Hy),
1.89 - 1.94 (2H, m, 4-Hy); 8C (100 MHz, CD3CN, 24 °C): 192.0 (2 x C=0), 163.3 (82’-C),
156.8 (DMAP-H*: 4-C), 146.2 (Ar-Cy), 144.8 (DMAP-H*: 2-6-C), 132.6, 130.6 (Ar-C),
130.1 (7>-C), 129.4 (4’-C), 122.0 (3°-C), 114.8 (5°-C), 114.7 (6’-C), 111.1 (1-C), 107.5
(DMAP-H*: 3-,5-C), 100.0 (8'-C), 85.7 (2’-C), 39.8 (DMAP-H*: N(CHz)2), 35.9 (3-,5-C), 22.0
(4-C); vmax/cm™® 2930, 1644, 1598, 1557, 1471, 1401, 1342, 1219, 1182, 1129; HRMS (ESI):

calcd for C17H1303 ([M-H]"): 265.0870, found: 265.0869.

Preparation of 1,4-Diazabicyclo[2.2.2]octan-1-ium 1-(2H-naphtho[1,8-bc]furan-2-yl)-2,6-

dioxocyclohexan-1-ide, 2.37.DABCO.

Cyclohexenone derivative 2.29 (40 mg, 0.16 mmol) was dissolved in CD3CN (2 mL), 1,4-
diazabicyclo-[2.2.2]octane (17 mg, 0.16 mmol) was added and the reaction was stirred for 30
min. at room temperature. The brown solution became paler upon addition. Removal of the
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solvent resulted in the formation of a solidified foam, 6H (400 MHz, CD3CN, 24 °C): 9.25 (1H,
brs, DABCO-H": NH), 7.54 (1H, d, J = 8.2 Hz, 3’-H), 7.42 (1H, t, ] = 6.9 Hz, 4’-H), 7.35 (1H,
t,J =8.2 Hz, 7°-H), 7.17 (1H, d, partially obscured, 6’-H), 7.19 (1H, s, 2’-H), 6.93 (1H, dd, J
=6.8, 1.4 Hz, 5°-H), 6.53 (1H, d, J = 7.3 Hz, 8’-H), 2.71 (12H, s, DABCO-H": 6 x NCH>), 2.18
(4H, t,J = 6.3 Hz, 3-,5-H), 1.84 - 1.92 (2H, quin, J = 6.3 Hz, 4-CH); 6C (100 MHz, CD3CN,
24 °C): 192.4 (2 x C=0), 163.5 (8a-C), 146.7, 132.6, 130.8 (Ar-Cs), 130.1 (7°-C), 129.4 (4’-
C), 121.8 (3°-C), 114.6 (5°-,6°-C), 110.8 (1-C), 99.9 (8’-C), 86.1 (2°-C), 45.8 (DABCO-H": 6
X NCHy), 36.8 (3-,5-C), 22.2 (4-C); vmax/cm™ 3044, 2938, 2882, 2471, 1619, 1593, 1488, 1460,

1372; HRMS (ESI): calcd for C17H1303 ([M-H]): 265.0870, found: 265.0863.

Preparation of 7a-Hydroxy-9-phenyl-7a,8,9,10-tetrahydro-11H-benzo[f]naphtho[1,8-
bc]oxepin-11-one, 2.31 (solid form) /3-Hydroxy- 2-(2’H-naphtho[1,8-bc]furan-2°-yl)-5-

phenyl-cyclohex-2-en-1-one, 2.32 (solution form).

1-Hydroxy-8-naphthaldehyde 2.25 (100 mg, 0.58 mmol) was dissolved in anhydrous DMSO
(25 mL) under nitrogen and 5-phenyl-1,3-cyclohexandione (120 mg, 0.64 mmol) was then
added. The deep orange solution was stirred at room temperature. After 5 days, H.O (100 mL)
was added to produce a yellow precipitate. The precipitate was dissolved by the addition of
DCM (30 mL) and the organic layer was separated. The aqueous solution was extracted further
with DCM (3 x 30 mL). The combined organics were washed with H>O (30 mL) and brine (30
mL), dried over MgSO4 and filtered. The solvent was removed in vacuo to give a crude yellow
solid which was purified by flash column chromatography (1:4 EtOAc:petrol 40-60), to give
2.31 as a yellow solid (150 mg, 75%), m.p. 172-175°C. This compound exists as the fused

oxepine 2.31 in the solid state but as the naphthofuran 2.32 in solution in DMSO-de. 6H (400
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MHz, DMSO-ds, 24 °C): 7.57 (1H, d, J = 8.2 Hz, 3°-H), 7.41 (1H, t, ] = 6.9 Hz, 4’-H), 7.28 -
7.35 (5H, m, 7°-H, 2 x ortho-Ph-H, 2 x meta-Ph-H), 7.15 - 7.24 (2H, m, 6’-H, para-Ph-H), 7.02
(1H, s, 2°-H), 6.98 (2H, br d, ] = 6.4 Hz, 5°-H), 6.56 (1H, br d, ] = 6.9 Hz, 8°-H), 3.16 - 3.51
(1H, m, 5-H), 2.65 - 2.85 (2H, m, 6-H,), 2.48 - 2.57 (1H, m, 4-H2); §C (100 MHz, DMSO, 24
°C): 197.1 (C=0), 162.0 (3-C), 151.8 (8a’-C), 143.7 & 143.3 (ipso-Ph-C, Ar-C1), 131.6 (Ar-
C1), 129.8 (7°-C), 129.1 (4’-C), 129.1 (2 x meta-Ph-C), 127.5 (2 x ortho-Ph-C), 127.2 (para-
Ph-C), 122.4 (3>-C), 115.0 (6’-C), 114.9 (5°-C), 112.3 (Ar-C1), 101.1 (2-C), 100.2 (8°-C), 81.9
(2°-C), 47.0 (6-C), 40.2 (4-C), 38.4 (5-C); vmax/cm® 3395 (OH), 3067, 3040, 2950, 1676 (C=0),

1592, 1581, 1388, 1227; Found: C, 80.63; H, 5.16. Calc. for C17H140s: C, 80.68; H, 5.30%.

Preparation of Sodium 1-(2H-naphtho[1,8-bc]furan-2-yl)-2,6-dioxo-4-phenylcyclohexan-

1-ide, 2.38.Na*.

The fused oxepine 2.31 (20 mg) was dissolved in THF (4 ml) and the solution was treated with
sodium hydride (60% dispersion in oil, ca. 4 mg) until the solution turned from yellow to
colourless. After stirring for a further 5 min., the solution was evaporated in vacuo. THF-ds (1
ml) was added, the solution was filtered, and the NMR spectra recorded. 6H (400 MHz, THF-
ds, 24 °C): 7.27 (1H, d, ] = 8.2 Hz, 3°-H), 7.01 - 7.20 (7H, m, 4°-,7’-H, -CeHs), 7.20 (1H, s, 2’
H), 6.91 (1H, d, J = 8.2 Hz, 6>-H), 6.74 (1H, dd, ] = 8.2, 1.5 Hz, 5°-H), 6.31 (1H, d, J = 6.8 Hz,
8°-H), 3.06 - 3.26 (1H, m, 4-H), 2.14 - 2.34 (4H, m, 3-,5-H2); 5C (100 MHz, THF-ds, 24 °C):
191.7 (C=0), 163.7 (8a’-C), 147.3 (ipso-Ph-C and Ar-C1), 146.8, 132.7 (Ar-Cy), 131.0, 129.5
(4’- or 7°-C), 129.0 (2 x meta-Ph-C), 128.8 (4’- or 7°-C), 127.7 (2 x ortho-Ph-C), 126.5 (para-
Ph-C), 121.1 (3’-C), 114.4 (5>-C), 114.0 (6>-C), 108.4 (1-C"),99.5 (8°-C), 87.6 (2’-C), 44.6 (3-

55-C), 40.6 (4-C).
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Preparation of 4-(Dimethylamino)pyridin-1-ium 1-(2H-naphtho[1,8-bc]furan-2-yl)-2,6-

dioxo-4-phenylcyclohexan-1-ide, 2.38.DMAP.

The fused oxepine 2.31 (10 mg, 0.029 mmol) was dissolved in CD3:CN (2 mL), 4-
dimethylaminopyridine (3.6 mg, 0.029 mmol) was added and the reaction was stirred for 30
min. at room temperature. The yellow solution became paler upon addition. Removal of the
solvent resulted in the formation of a solidified foam, 6H (400 MHz, CD3CN, 24 °C): 7.71 (2
H, d, J =7.3 Hz, DMAP-H": 2-,6-H), 7.38 (1 H, d, J = 8.2 Hz, 3°-H), 7.16-7.34 (7H, m, CeHs,
4-7°-H), 7.15 (1H, s, 2°-H), 7.05 (1H, d, J = 8.2 Hz, 6°-H), 6.83 (1H, dd, ] = 6.9, 1.8 Hz, 5’
H), 6.53 (2H, d, J = 7.3 Hz, DMAP-H*: 3-5-H), 6.42 (1H, d, J = 7.3 Hz, 8’-H), 3.25 - 3.33
(1H, m, 4-H), 2.97 (6H, s, DMAP-H*: N(CHa)2), 2.49 (2H, dd, J = 16.5, 11.4 Hz , 3-H,, 5-H.),
2.37 (2H, dd, J = 16.5, 4.6 Hz, 3-Hp, 5-Hp); 8C (100 MHz, CDsCN, 24 °C): 190.8 (2 x C=0),
163.3 (82’-C), 157.0 (DMAP-H*: 4-C), 146.1 and 145.8 (ipso-Ph-C, Ar-C1), 143.7 (DMAP-
H*: 2-,6-C), 132.5, 130.6, 130.1, 129.4 (2 x meta-Ph-C & Ar-C1), 128.0 (2 x ortho-Ph-C), 127.3
(para-Ph-C), 122.0 (3°-C), 114.8 (6°-C), 114.7 (5°-C), 110.6 (1-C), 107.5 (DMAP-H"*: 3- 5-C),
100.0 (8°-C), 85.7 (2°-C), 43.4 (3-,5-C), 40.0 (DMAP-H*: N(CH3)2), 39.9 (4-C); vmax/cm’
13394, 3067, 3040, 2950, 1679, 1617, 1593, 1581, 1388, 1267, 1202; HRMS (ESI): calcd for

CasH1703 ([M-H]): 341.1183, found: 341.1180.

Preparation of 1,4-Diazabicyclo[2.2.2]octan-1-ium 1-(2H-naphtho[1,8-bc]furan-2-yl)-2,6-

dioxo-4-phenylcyclohexan-1-ide, 2.38.DABCO.

The fused oxepine 2.31 (20 mg, 0.058 mmol) was dissolved in CD3CN (2 mL), 1,4-

diazabicyclo- [2.2.2]octane (6.5 mg, 0.058 mmol) was added and the reaction was stirred for
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30 min. at room temperature. The yellow solution became paler upon addition. Removal of the
solvent resulted in the formation of a solidified foam, 6H (400 MHz, CD3CN, 24 °C): 7.36 (1H,
d,J=8.7Hz, 3’-H), 7.14 - 7.29 (6H, m, 4°-,7’-H, 2 x ortho-Ph-H, 2 x meta-Ph-H), 7.08 - 7.14
(1H, m, para-Ph-H), 7.05 (1H, s, 2°-H), 7.01 (1H, d, J = 8.2 Hz, 6’-H), 6.77 (1H, dd, J = 8.2,
1.5 Hz, 5°-H), 6.37 (1H, d, J = 7.3 Hz, 8’-H), 3.16 - 3.27 (1H, m, 4-H), 2.55 (12H, s, DABCO-
H*: 6 x NCHy), 2.18 - 2.45 (4H, m, 3-,5-Hz); C (100 MHz, CD3CN, 24 °C): 191.2 (C=0),
163.3 (8a’-C), 146.7 and 146.1 (ipso-Ph-C, Ar-C1), 132.7, 130.8 (Ar-Cy), 130.1 (4°-C), 129.5
(7°-C), 129.4 (2 x meta-Ph-C), 128.0 (2 x ortho-Ph-C), 127.3 (para-Ph-C), 121.8 (3°-C), 114.6
(5’-,6’-C), 110.3 (1-C), 99.9 (8°-C), 86.1 (2°-C), 45.6 (DABCO-H"*: 6 x NCHy), 44.2 (3-,5-C),
40.2 (4-C); vmax/cm™ 3300 (NH), 3028 , 2939, 2887, 2479, 1620 (C=0), 1593, 1489, 1372,

1247; HRMS (ESI): calcd for C23H1703 ([M-H]): 341.1183, found: 341.1176.

Preparation of 2-((8-(methylthio)naphthalen-1-yl)methylene)cyclohexane-1,3-dione,

2.34.

1-methylthio-8-naphthaldehyde (250 mg, 1.21 mmol) was dissolved in anhydrous MeOH (15
mL) under nitrogen. 1, 3-Cyclohexandione (166 mg, 1.45 mmol) and ethylenediamine
diacetate (26 mg, 0.15 mmol) were added and the reaction was heated to reflux for 24h. The
reaction was quenched with H>O (30 mL) and the solution was extracted with EtOAc (3 x 20
mL). The combined organics were washed with H.O (20 mL) and brine (20 mL) and the
organics were subsequently dried over MgSOsa, filtered and concentrated in vacuo to give a
dark brown oil which was purified by flash column chromatography (EtOAc), to give 2.34 as

an orange oil (200 mg, 66%), 6H (400 MHz, (CDCls, 24 °C): 9.11 (1H, s, 3-H), 7.82 (1H, d, J
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= 8.2 Hz, 4-H), 7.79 (1H, dd, J=8.2, 1.0 Hz, 5°-H), 7.71 (1H, dd, ] = 7.2, 1.3 Hz, 7°-H), 7.36-
7.43 (2H, m, 3", 6>-H), 7.25 (1H, m, 2°-H), 2.60-2.70 (4H, br m, 4-, 6-H,), 2.28 (3H, s, S(CH3)),
2.04-2.13 (2H, m, 5-Hz); 5C (100 MHz, (CDCls, 24 °C): 198.0 (C=0), 154.8 (3-C), 134.8,
134.5, 133.7 (Ar-Cs), 133.3 (82°-C), 132.3 (7-C), 130.2 (4°-C), 129.1 (5°-C), 127.2 (2’-C),
125.9 & 125.4 (3-, 6>-C), 39.7 (4-, 6-C), 21.8 (S(CHa)), 18.2 (5-C); vmax/cmt 3052, 2919,
1658, 1616, 1561, 1496, 1453, 1423, 1363, 1330, 1188, 1168, 1075, 907, 820, 764, 724, 646,

555, 532; HRMS (ESI): calcd for C1sH17SO05 ([M+H]"): 297.0949, found: 297.0967.
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Crystal data

Table 2.16. Crystallographic data for ketones, 2.2, 2.5 and 2.23, salts 2.17 and 2.18, lactone 2.8 and lactol 2.9.

2.2 2.5 2.23 2.17 2.18 2.8 2.9
Formula C17H1202 C12H1002 C18H1403 CsH14Ns. CsH14Ns. C15H1402 C16H1802
Cl7H1102, 0.05 H20 ClZHQOZ
Formula weight 248.27 186.20 278.29 364.35 301.38 226.26 242.30
Crystal system Orthorhombic Orthorhombic Orthorhombic Triclinic Triclinic Orthorhombic Monoclinic
Space group Iba2 P21212; Pna2; P-1 P-1 Pnma P2./c
a[A] 17.3065(5) 9.9122(2) 19.0379(13) 8.2578(4) 15.1117(6) 14.0730(6) 12.4248(5)
b[A] 17.6303(4) 13.8433(3) 9.4268(4) 10.5748(5) 15.6707(7) 6.8273(4) 22.9673(7)
c[A] 8.0817(2) 13.9018(3) 7.7089(3) 23.1819(12) 16.4672(7) 12.0491(7) 9.8566(4)
al’] 90 90 90 99.596(4) 80.552(4) 90 90
B [°] 90 90 90 91.720(4) 69.591(4) 90 112.446(5)
7[°] 90 90 90 104.122(4) 61.179(4) 90 90
V [AT] 2465.88(11) 1907.57(7) 1383.49(12) 1930.40(17) 3202.1(3) 1157.68(11) 2599.63(19)
z 4 8 4 4 8 4 8
p [gem?] 1.34 1.297 1.336 1.25 1.250 1.298 1.238
TIK] 110(2) 150.01(10) 150.01(10) 110(2) 100.01(10) 150(2) 110(2)
A(A) 0.71073 0.71073 0.71073 0.71073 0.71073 0.71073 0.71073
g (mm?) 0.087 0.088 0.091 0.082 0.083 0.085 0.080
unique refl. 3039 