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Abstract

This thesis is divided intseven chapters. Chaptegives an introduction tantermolecular
interactions, theiscovery and development of i interactions an@xplores the use of various
aromatic backbones (in particular naphthalene) as thecaffold for generating
nucleophile/electrophile interactions.

Chapters Z/ form the results and discussion of the thesis. Chaptep@ts the firsperi-
interactions between naphtholate oxyanions and electrophilicleltmandsin the form of
tetramethylguanidine crystalline saltith O---C contacts in the rang2:5582)i 2.6182) A.

Chapters & are concerned with nitrogercarbon interactions.Chapter 3exploresthe
widening of an interactiondistancebetween adimetylamino nucleophile and a range
electrophilicgroups via the use oacenaphthene and fluorene scaffolfise increase in the
contact distance betweéme two groups allows for cyclisatisghrough an Nmethyl group via
atert-amino effect reactiom anumber of cases. This generates a range of azepine and azocine
fused ring systems.

Chapter 4explores the reduction of an interaction distance between a dimethylamino
nucleophile and a range of electrophilic alkenes, pag-repulsion between groups ateth
oppositeperi-positions. This repulsion in all cases led to a reduction in theCNlistance,
resulting in a short contact of 2.359(2) A in the ethenedinitrile derivative and the formation of
a long NC bond of 1.672(1) A when one nitrile was replacedb ester group.

Chapter 5 introduces a symmetrical system with a set-e€fhlkene)peri-interactions at both
positions. Generally, the -NC distances increased throughout the series compared to the
corresponding systems with just one set of intesastand no second setp#ri groups. When
the alkene terminated in a cyeCbond(1676@d%A) er
formed at oneperi site and a N-C contact of 2.615(4) A remained at the other. Further
systems demonstrating peri Me:N"H---H repulsion were also generated, leading to
compounds with NC bonds in the range of 1Z1 A. Of particular importance is the
ethenedintrile derivative, which undergoes a reversible structural change in thetatelid
under cooling, which wagarefully mapped by Xay diffraction. Preliminary variable
temperature SSNMR and charge density studies on this system are also reported.

Chapter Geports the four structures which demonstrate the Fé&lkimmodelfor nucleophilic
attack of a carbon cée adjacent to a chiral cent@ombining the approaches demonstrated
in Chapters 24.

Chapter 7 reports structures where a dimethylamino group reacted with a range of stabilised
carbocation centres across fegi-positions on naphthalene to form longd\oonds (1.653(2)
1.673(2) A), and in some cases some interesting fusedmmgiéd systems were produced.
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Chapter 1

Introduction



Intermolecular Interactions

The number of noigcovalent intermolecular interactions within the chemical world is vast and
their importance in dictating moleculazonformation, reactivity and function within
supramolecular chemistry and biology cannot be overstdtddtermolecular interactions
provide stability to the molecules they are associated with. Despite the strongest of these
interactions having a stabilisation energy6®+ kJ moft (a near ionic hydrogen bond),
interactions are easily formed and broken unlike that of covalent bonds, for exa@bers

which have a bond dissociation constant of 346 kJ'mah example of this is shawin
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

Schemd..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 i nt eareamediumaange and define the shape, size and
close packing of the molecules involved in them. Typically, thes€-a+€, G--H, and H--H
interactions. Anisotropic forces such as hydrogen bonds, halogen bonds andn nt er ac
are directional and electrostatic in nature, involving heteroatoms for examble;@and N

H---O in strong and @4---O, GH---N and GH---X (where X = halogen) in weak hydrogen

bonds, causing them to be stronger and therefore referred to asuhgegforces.



Isotropic Forces

Van der Waals Interactions

Van der Waals interactions are attractive, dispersive forces, caused by the onevdci
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 separatiof) énd appreimately 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 moletéles.

%/
o o— &+  o- o+ o8- o+

Figure 1.1. Van der Waals induced dipoles represented in idealiseesyiometrical molecules

Van der Waals forces are among the weakest of all of the intermolecular interactions, typically
displaying interaction energies of betweeni@.4J mof'.2 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, sbat interactions occur. This can be seen in the three
empirically equivalent hydrocarbons, pentdnt(36.0°C), 22methyl butand..2(27.9°C) and

2, 2dimethyl propand..3(9.5°C) in Figure 1.2, where their boiling points differ significantly.

This is @used by the branching inn2ethyl butane and 2;@methyl 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 ftdnto 1.3 the energy needed 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 dovetalil
into the hollows of a neighbouring molecule, increashegenergy of the subsequent latfice.
Desiraju and Gaventti explain this using a selection of aromatic hydrocarbons, showing that
more carbor i ch mol ecul es prefer to adopt-richgr ap
mol ecul es display 0her r i-hydidgen rseiéhionipiio nate tisr i e

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 pentar(@.l) and its twostructuralisomerg(1.2and1.3).

Van der Waals radii are axpression of # size of bonded atoms, or just atoms for the noble
gases. The most commonly used values are those from Bamhlich are derived from the
minimum contacts between like atoms in the solid state. These values have been confirmed
more recently by Gavezzditiand by Rowland and Tayfgusing 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 thereoraee axlditional
attractive interactions, and this is the context they will be used here. Within this thesis, the
following values quantified by Bontfiwill be used; C: 1.70 A, H: 1.20 A, N: 1.55 A, O: 1.52

Aandl;1.98 A.

It is of note that for the elements beyond the first row e.g. S and CI, bonded atoms do not
behave as spheres and formasowith just one or two bonds may have two radii for distances
in line with and perpendicular to the bond&)-urthermore, 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 Ttfilalad an alternative
approach to determination of such radii have been devised by AWacalgulated from
contacts from oxygen, and Rahm and Hoffnméhave taken an alternative approach based on

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

i nteractions

The precise nature of the interactions between'twos y s t éntaractian) and between a
"system and anot h«interfaaian)chave beerathe subjecb af gignificant
research. Often these interactions are considered weak, but their extensive occurrence anc
importance in supramolecular chemistry andlday is well documented and of significant
importance-"19

Burley and PetsK8first characterised these interactions via a study of the interactions between
aromatic side chains in the crystal structures of 33 proteins. They examined the-btight
distance between the centres of thenaatic residues (r), the angle between this line and the
nor mal to the aromatic plane of one of the
pl anes (0) as shown in Figure 1. 3. Thi s i
separation betaen 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 sepulsion
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 andd6rBvealed a relationship between the angles

d c&ani. When the residues wefersidebyrse adtel §, da b=o
edgeto-edge or Tshaped geometries were observed respectively-wikaifbetween these two
extremes, the residues were found to be either coplanar or only slijatywith respect to

each other.

Figure 1.3. Distances and angles examined by Burley and P&tsktheir survey of aromatic interactions in proteirgs)
denotes the straight line distance between the centres of the aromatic re@jidesptes the angle between this line and
the normal(n) to the aromatic plane of one of the residues @ndlenotes the angle between the two aromatic planes.

Continuing from the work of Burley and Petsko, Hureeal 1° demonstrated how a simplistic

el ectrostatic model of a ~ syst asnfFigore L4).d b ¢
The model , | i kbeanredd, tsoa nmad wsiicnhpel de -are petwean two v e |

negat i v e l-gouds, wkich gas loe further simplified to a point charge diagram.

E > (22)
= —)— = =)=
T > ©

Figurel4. Si mpl i f-boatljoappfyang Hunterds point cha

Considerable attractive interactions between porphyrins allows them to aggregate in solution
and the solid phase. They adopt afacial arrangement with their centres offsetni each
other as shown in Figure 1.5. Geometrically, it can be summarised as the following:" (@) the

systems of two neighbouring porphyrins are parallel, with 88%4A interplanar separation.



(b) neither of the two mare piatgdrelatve toeachvothéry e d
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 0f4300A along the same nitrogen
nitrogen axis. Hunteet all® used the point charge model to show that by adopting this
geometry,thepgrhy ri ns maxi mi se t he o-coeerofloaegingwdht we e

the °~ c¢cloud of a pyrrole ring rdpuauhoitdres .,

H N— NH N— NH N—
\// \// \//

Side:

Figure 1.5. Perspectives frornoth above and the side of two neutral porphyrin rings (left), the same two rings with a
chelated metal atorgblue)in the lower ring (middle) and the same chelated system with an electron withdrawing ligand
bound to the metal atofnight).
Applying the pint charge model again explained why complexation of a metal atom (e.g. zinc)
further str-enignthemadt itdhre, "as the positivel
negat i v e l-gloudc Whalst thesaddition of a competing ligand reduced andome

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

resulted from the initial metalation.



a) b)

o o dc
——  —G— —~—
S S S
S e

—~— ——  O®0O
S S

Figure 1.6. Three geometries for" stacking.

Hunter et al. continued with the point charge system, using it to calculate the energy of a
generi c i nt er asystams for abaedtywfaatations andalisplacements relative

to each other. From this, the results were simplified to three scenaribshthét sy st e ms
adopt shown in Figure 1.6. The first is faoeface stacking (a) whereby the interaction is
dominatedby-- r epul si ons, making it unfavourabl e
of one o fsystenisdy sewaral Arigstrem t hi s-lalilndves a@ti ons
previously shown between the porphyrins in Figure 1.5. Thirdly (c) the rotation of one of the
"-systems by 90forms an edgé¢o-face geometry (B haped) , al so-0 do mi
interactions. The least favouredaraction of the three is found to be (a) fa@éace 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 leydbogds 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 definitiohahydrogen 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 Atkiffglefining the hydrogen bond as a link formed by a proton
lying between two electronegative atoms.
However,itseemsonyer y gener al and flexible defini
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 McClelfdnwho 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, allomg for weaker interactions such asHz-O, GH---N, O-H---" and GH---

to be considered. But it also includes p
be involved in the bonding with energies of several tenths of a kcal/mol. It ellsdas agostic
interactions by which electrons of ankXbond are donated sideways to an electron deficient
centre by threeentre tweelectron interactions. Thus Steifstae s 6-H-rA interaction
i's call ed a i hlacmstituges alocdl bonddand ¢ gcts ds prpton donor
t o .!A®Tée 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 distinguisBatifundamentallyit includesboth

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

9



bound to an electronegative atomnh i | st al | owi ng we aokiitalscannt e |

behave as the hydrogen bond acceptor

Tablel1.1. Strong, moderate, and weak hydrogen bonds following the classification of 3&ffrey

Strong Moderate Weak
Interaction type Strongly covalent Mostly electrostatic Electrostatic/dispersive
H---A (A) 1215 1522 >2.2
Lengthening of X-H (A) 0.080.25 0.020.08 <0.02
X-H versus H--A X-HaH---A X-H < H---A X-H << H--A
X---A (A) 2.22.5 2.53.2 >3.2
Directionality Strong Moderate Weak
Bond angle f) 170180 > 130 >90
Bond energy (kcal/mol) 1540 4-15 <4
H downfield shift 14-22 <14 -

Hydrogen bondshave a large range of interaction energies depending on their chemical
compositionAccording to the classification of JefféfyTable 1.1) hydrogen bondsan range

from <4 kJ mol! in weak bonds associated with” esystem acceptotp 4-15 kJ mol* for
moderate bonds involving electronegative atoms in both cases (elg-@ andto 15+ kJ

mol? for strong bonds whetthe donor and acceptor atoms ntayjonic in nature(e.g.-COy-
--H-O-N").>% The interaction distance ¢(xA) of the hydrogen bonds follows a logical trend

of decreasingn sizeas the interaction energy increase&-25 A (strong interactions), 2.5

3.2 A (moderate interactions) and >3.2le@kinteractions) FurthermorenotabletH NMR

shifts downfield are obserdein strong and moderate bonds of22 ppm and <14 ppm

respectively.
A
dq d!”A d :" d,
X——H-"-A X—H’ X—H--"A
d, A ds}
A

Figure 1.7. Different types of hydrogen bonds; conventional (left), bifurcated (middle), trifurcated (right).

10



The geometryf the interaction angle -¥I---A shifts from almost linear (1708() in strong
hydrogen bonds to >130in moderatdonds to 9(° in weak hydrogen bondss a result bi-

and trifurcated interactions can arigehe H---A separations are digttly different, with the
shorter of the interactions called the major component and the longest being the minor
component (Figure 1.7). Thisdemonstrated in the work gislyr?® andGrossef’ in Figure

1.8 for the binding 6 phosphate by 2,-Bis(methylguanidiniumpyridine (1.4) andsulphate

by bis-acylguanidinium&'2° (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 bondsAmglyn and Grossép:2”

Steiner continue® discuss how hydrogen boncin 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, repafsivdispersive 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

morevan der Waals in nature.

11



Halogen and Chalcogen Bonds

By IUPAC definitior?® 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 éntity | n ordstlikee r w
hydrogen, halogens can accept electrons from electronegative atoms such as N, O and S an
thus form directional intermolecular interactions. These interactions occur due to the electron

density around a covalently bound halogen atom being amisot®3!

S -
S + K F
NN —
C — \ /N--------I I
F F

Figure 1.9. The anisotropic distribution of electron density around a halogen atom (X) generating a pekibleewhich is
shown in greerfleft) and a structural example of a halogen bond (right)

Clark et al®? used molecular modelling to suggest that in th¥ Bond (X = halogen), the
unpaired valence electrons of the halogen form an electronabelind the halogen
perpendicular to the axis of the)Rbond. Consequently, the end of the halogen atom furthest
from the adjoining atadimobedomd&Es gameelle®f)r o
site now on the end of an’Rbond can thereforaccept electrons from an acceptor atom, such

as N, O, and S. The magnitude and size ofithele is not uniform and depends on the nature

of the halogen; iodine, for example, has notably polarisable valence electrons and the resultant
U-hole is larger ath 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 groupsANiBs) being found to iduce

G-holes?3

12



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 Metrangeloal. in their cecrystallisation experiments

The work of Metrangolet al3* ranks the halogens in order of strength as halogen bond donors
| > Br > Cl > F, with fluorine not being observed forming halogen béhdsseries of ce
crystallisation experiments (Figure 1.10) witt6, with either1.7 or 1.8 revealed that the
melting point of1.6:1.8had a higher melting point thdn6:1.7. Furthermore, a competition
co-crystallisation experimemevealed that a 1:1:1 mixture bf6, 1.7 and1.8in acetone, gave
pure crystals ofl.6:1.8 showing that iodine is a stronger donor than bromine. Due to the
strength of halogen bonds being in the range 62a®kJ mof, there is experimental evidence

of competition with hydrogen bonds. Metrangat al. demonstrated with a competitive
experiment® in which 1.6, 1.8and1.9were dissolvedh equimolar amounts in excess acetone
and left to crystallise. Corystals of1.6:1.8 were isolated, with TLC and NMR analysis

confirming the presence @f9remaining in solution.
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The chalcogen atoms of group 16 (O, S, Se, Te etc.) when covalemdigcoto electronegative

atoms or groups, undergo the same polarisations as discussed for halogen bonds, developin
d-holes at the surface of the atom opposite the binding®siterhese 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, endidifayrhation of two

chalcogen bonds with two incoming nucleophfie®,

Figure 111. Generalised structure of a chalcogen atom (Ch) bound to two electronegative atoms (R), resulting in the
formation of twad" holes.

The strength of a chalcogen bond depends on the following: (a) the Lewis basicity of the
interacting partner, (b) the tuae of the chalcogen atom (Te>Se>0>S), (c) the polarisation of
the chalcogen atom (can be dependent on the backbones ¢htysam) (d) the interaction
angle between the incoming nucleophile and th@hRbond,ideally 180.4344 Despite being
known for several decades, chalcogen bonds remain largeltilised3%454 An early
example of chalcogen bonding was identified in the complex between diphenyl diselenide and
iodine (Figure 1.12j” The complex formed a rectangular motif which was held together by
two strong halogen bonds&32.99 A) along with two chalcogen bonds.463.59 A). The
chalcogen bonds are shorter thha sum of the van der Waals radii for the two atoms (3.88
A).1% This structural exampldemonstrates the amphiphilic nature of both the halogen and

chalcogen atoms.
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Figure 112. Molecular structure the diphenyl diselenide iodine complex, demonstrating both halogen and chalcogen bonds.

A general feature of the interaction between nucleophiles and the pdshioies 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 anddeephiles is made

more likely3* This leads to a decrease in the contact distance as the electrostatic potential at
the U-hole becomes more positive. A combination of -Hisibstituted naphthalenes from a
range of studi¢§°° 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 (Tabl&.2).

Table 12. Selection of penhaphthalened4.10-1.14demonstrating a range of nucleophidbalcogen interactions (d).

Compound R Ch d (A)
\ R
Ny 1.10% Cl Se 2.174
1.11%° Br Se 2.181
1.128 | 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)insreased, the N-Ch-R contact distance is
reduced. The shorter contacts of the selenium atom versus the tellurium atom maybe be a resul
of either the increase in atom size from Se to Te or tfie Gond being longer than that of the

C-Se bond (2.116 ATe) vs. 1.930 A (Seft
15



Quantification of Non-Covalent Interactions

Complex biological molecules allow for the study of rmmvalent interactions within a
dynamic environment, whereby interactions of multiple molecular contacts and solvent
molecules can be observed. The precise geometry of these interactvegehis 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 toralentinteraction2? One approach for this

is in the design and synthesis of folding molecules. The conformations of these types of
moleculesare 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 informatiq®) can be extracteddm these
conformational changes and the interactions can be quantified. In order to olg@n a
measurement, the molecule of interest must have quantifiable populations of each of the
distinct conformers; i.e. when using NMR spectroscopy to assess floencers, 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 2. A molecular hinge developed by Sankararaman et al. where the exact position of the equilibrium between the
two conformers could not be calculat&d.
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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 geometriebdoobtained 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 establishedtiBihe open and closed conformers can be observed in the

solid-state®

Unfolded Folded

Scheme B.Equilibr i um ( K) between the two confor ma&® i ons of W,

The first group to coin the phrase Omol ec
workers based on their investigation iratilkyl---arene interactions on the folded molecules
shown in Scheme 13>*The f ol ded and unfol ded confor me
visible, distinct signals in thH NMR spectrum, with the two conformations stemming from

the hindered rotation around the biaryl bond. In'théIMR spectrum, a deviation from a 1:1

ratio of the two states indicates the presence of acowalent interaction or solvent based
effect. Funtionalisation 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 thé NMR spectrum is observédFunctionalisation of the

ester with R=Pr or Ph, resulted in a distinct favourability of fokled conformation in both
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CDCl; and DO solutions. The greatest overall degree of folding was shown for thErR=

derivative in DO.

The molecular balance shown in Scheme 1.3 was used to further explore aromatiefadge
interactions. In order tachieve this, the fgroup was varied with a selection of substituted
phenyl rings and the Xgroup altered on the bare aromatic ring. These modifications enabled
the effects of substituents on the folding energy to be explored. They found that the iltnoduct

of electronwithdrawing groups (N@and CN) in the Ryroup, shifted the equilibrium towards

the folded conformation, as a consequence of the increased strength of the interaction betweer
the more electropositive edge face with tredectron density ahe aromatic ring. Substitution

at the X group on the base ring surprisingly revealed that folding energies were insensitive to
variation. This led to Wilcoxet al.to propose that dispersion forces, not electrostatic forces,

dominate edgéo-face interations in the systertr.

Table1.3. Peri-disubstituted naphthahesl.151.20studied by Cozzi et &f.and their respective rotational energy barriers
@G ( k c abbut theaatyaphthalene bond.

Compound X G / kec

X
1.15 OMe 13.9
O O 1.16 Me 14.4
Me " Me 1.17 H 147
1.18 cl 15.5
OO 119  COMe 16.9
1.20 NO; 17.3

Based upon the repulsive interaction in famdace - interactions Hunteet all® theorised

that polarising atoms may have an effect on the geometry of the interaction gadtedghat

this may even lead to an ability to stabilise thefimek a c e st a c-ystemdueconfes t h e
electron deficient. Cozat al>® confirmed this theory with a series of molecular balance NMR
expeiments carried out on I @phenylnaphthalenes. Steric repulsions, which cause the two
peri-phenyl groups to arrange themselves perpendicular to the idealised naphthalene plane

resultinafaceof ac-e, i ht eraction (Tabl e , fkteri@depulsidnh e t
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and the faceo-face stacking repulsion, have a rotational energy barrier, which if satisfied
allows for a 180rotation of one of the aryl groups. Applying the theory of Hueteal. the
strengt-h bDht € hact i otheinvaasctioa ¢f electroe donatind. g5and

1.16 and withdrawing groupsl(18-1.20 on one of the aryl substituentsi NMR spectra of
compounddl.151.20all display clearly resolved signals forther t h o /amdmé ha b me t a
hydrogens respectivelgpnsistent with the expected perpendicular and restricted rotation aryl
groups geometries. Heating 4f151.20 in DMSO-ds caused coalescence of both the
ort ho/amdme h a 6 mydragené indicating a rotation of the aryl groups. Line shape
analysis Howed 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 fouhd o be
X=OMe)wi th @G = 13.9 kcal/ mol (wher e ghestle el
with an increase across the seried#0(X = NO)wi t h an energy barr

kcal/mol.
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n-"- * | nt e PracarsorsofBend Formation

Initial Observations, Interpretation and Theories

In 1916, amongst a 24@age article in Thdournal of the Chemical SocietyW. H. Perkin Jr
reported that in order to methylate the tertiary amino group of cryptdp##(an opium
alkaloid, shown in Figure 1.13), the compound had to be treated with methyl iodide in rhethano
and heated in a sealed tube for two days in a water bath. Similarly, the expected reactions of
the ketecarbonyl oxygen with hydroxylamine, semicarbazide or amyl nitrite and ethoxide did
not proceed. Perkin justifibyHdothtbding marparated g-r
in the same temembered ring, until that point, unknown in natural alkaloids. Sir Robert
RobinsoR® proposed the novel concept that throwsglace partial bond
nucleophile/electrophile interactions between the-bognd nitrogen and cashyl carbon,

were providing the decrease in reactivity. Roughly three decades later, infrared and ultraviolet
spectroscopies provided evidence for this interaction across themeiméered ring of

vomicineg29.60

OMe
0 = b 0 Y 0
o]
o] o) NH

0 o) o O OH o N

Lo o

T T MeO o)

1.24 1.25 1.26

Figure 1.13. The six alkaloid structurgd.21-1.26) which provided théasis for the work by @Bgi, Dunitz and Shefte#
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Continued interest in compounds displaying such groups led to seveaglckystallographic
structures in 1971 of related natural produdt®1-1.26 (Figure 1.13P2%7 Structural
determination of these compounds confirmed the idea that the nucleophilic nitrogen lone pair
was involved in an interaction with the electrophilic carbon ofdyeosite 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 exale, the Sazacyclooctanone ring of clivorine24
displays a short 1.993(3 N---C=O 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, iarae cases the two groups had instead formed a bond, as in the 5
azabicyclooctanone ring of retusamih@5 In this example the single ring is transformed by
protonation into a bicyclic amino alcohol, giving a 1.64 ANGbond length which is still
significantly longer than standard-ig bonds (1.47 A§! The information gthered on these
structures became fully appreciated following the detailed analysis of methadone in its free
base form by Brgi, Dunitz and Shefter in 1973.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 additma carbonyl grouf$:%° They
believed that each of the structures provided an example of where the reactiproceeded

to a greater or lesser extent and a sstagt had been captured by the intend/or

intermolecular constraints imposed by the crystal environment.
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Tablel.4. Selected structural parameters for six alkaldld®l-1.26

Compound da/A e /A /e o /A
1.218¢ 2.910 1.214 105.0 0.064
1.2067 2.581 1.209 102.2 0.102
1.23% 2.555 1.218 101.6 0.115
1.24%5 1.993 1.258 110.2 0.213
1.258%8 1.640 1.380 110.9 0.360
1.26%2 1.490 1.370 113.7 0.420

d® N---C interaction distance?: C=0 bond lengthsf: Biirgi-Dunitz angle of approach;
o pyramidalisation of the electrophilic carbofithe carbonyl

Analysis of the structural data for compourid®1-1.26 (Table 1.4) reveals a significant

relationslip between the N-C=0 contact distance (d) and the pyramidalisation of the carbonyl

catbon¢p . As t he

nitrogenos

approach

further

atoms (3.2 A9, the carbonyl carbon is pulled further from its trigonal plane. The lone pair of

the nitrogen overlaps with the carbonyf

or bi

t al

a ndmoves te be€ome ane r

sp’ type oxygen lone pair (Figure 1.149onsequently, an increase in the C=0 bond length is

observed as the-NC=0 contact distance reduces, indicating the carbonyl group is expressing

a higher degree of-O bond functionality.

RI

Figure 1.14. Angle of approaclkid) of a nucleophildR:N) to an electrophiléC=X), demonstrating the consequential
pyramidalisation(q) of the electrophile carbon

Verysimilard e f or mati ons

a

re

observed

f

(0]

r

a

nucl

carbonyl groups though not at such short separations as for nitfofemlibrary 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-chlorobenzoylethylene 1.27° or 1,3,5,%tetraoxa9-azacyclodecana(il0)

1.28'Y) from this comprehensive study are shown in Figure d&Bonstrating oxygen
carbonyl (.27) and etherX.28 centres interacting with carbonyl groups. As the©contact
distance reduces, the pyramidalisation of the electrophilic carbon increases, howenearthe
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 th€=@ interaction is

approximately ten times weaker than that of ar@GEO interactio 5

Figure 115. Molecular structures of two-©C=0 exampled4.27(left) and1.28(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 tietrahedral valence angle, which stays almost constant along the
reaction ceordinate during the reaction. This optimises the overlap of the incoming lone pair
with the " * orbital. This feature has become widely known as thiegBDunitz trajectory or

6an e of attack on a car bonyl°®Thelkambimtions qu
Bar g i and Dunitzods i deas on the stereoel e

significant works <uwioht a8s 68ad dBungs&s s e

Seebachés and Eschenmoserds df9 stereosel ec
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Do Carbonyl Groups Interact by n-" * Interactions?

C=0---C=0 interactbns 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
interactions? This is of particular importance given that such interactions can occur in proteins
and polymersnd thus can contribute towards their conformation and stability. Maccallum in
1995 was the first to investigate the role of amide/amide-agadonyl 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 betastrand conformation. Hisatculations suggested stabilisations could be ugBto

kJ molt.’”7® Allen et al. in 1998 used the Cambridge Structural Database to examine
carbonyl/carbonyl interactits in crystals of small moleculé&Sinterestimgly 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 taigBDunitz trajectory for approach of

a carbonyl lone pair on the otherlganyl 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 thestidnte

being r” * and notelectrostatién nature®® Of course, they may be one or the othguesheling

on the relative orientation of groups. Nevertheless, he makes the case for optimisation of the
n-"* 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 shihas the large numbeaf these weak
interactions (typically at least 1.1 kJ mplmay be as important as hydrogen bonding in
determining the conformation. Furthermore, he points to a synergy between the twdeffects.

This is because on approach of an oxygen the pyramidalisation of the carbonyl carbon alters
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the dectron 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 thé i nteract i on .deaThhatite | e
occurrence of one interaction could potentially generate the existence of the other.
Additional l vy, t he fda%inteaaction aowdoalswbe yngodved inian t

hydrogen bond which would moderate its nucleophilicity.

Raines demonstrated the stabilising effects of thesg interactions in the structure of
collager®® and Wenneme?$ has shown their existence in a crystalline oligoline, which
contains no hydrogen bonding, where pyramidalisations of carbonyl carbons are olaserved.
Helices are also stabilised by 1,5 G=Q@=0 interactions, and the attacking O atom is
additionally involved in a hydrogen bond also holding the helix ttaagye while similar
interactions support the helical conformation of poly(lactic acid) which cannot form hydrogen
bonds®® In summary Raines has identified several signatures’ éfimeractions in proteins:
short O--C contacts oriented at close to thérdgd-Dunitz angle, lengthening of the carbonyl
groups and pyramidalizah 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* interactions have a very important role in the stabilisation and aaoftr

protein and polymer structures.
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Scheme 4. Equilibrium between the 0t-acetyhpmolne mathyl edidc20s 6 conf o

Raines used studies on several series ofllsmalecules to support the case for these
carbonyl/carbonyl interactions being considered-asnteractions, and not to be due to either
electrostatic or dipolar interactions:Atetyl proline methyl estet.29has two conformations

which interconvertlswly and can be seen in NMR spectt&’ They differ in the dentation

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 40iat25°C in favour

of the fAtrans o freptaced by iMbaeetyl, where thesSatm gafries & Iswer
parti al negative charge to oxygen, the eo
conformation (K = 7.6), the opposite of what would be expected if the interaction were driven
by charge. Thdriving force is more likely due the better match in energies between the sulphur
lone pair and the carbonyl aiitio n d i orhital. Similarly, if the acetyl is retained but the
ester replaced by the more polar amide group, the equilibrium shifts tavards 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 dipolesthmides, then the equilibrium moves further

in favour of the Atranso form (K ~ 6.2), Cc
driven by dipoles. The interaction between the thioamides is calculated to be 3.7 kJmol

compared with that of 1.4Jmof* between the corresponding amides.
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1.30

Figure 116. Structure ofL.3Q where the centre ester carbonyl carbon is pyramidalised towards one of the available amide
oxygen atoms.
Another interesng molecule is1.30, in which two equivalent amide carbonyl groups each
impinge on an opposite face of an ester group (Figure %81B).this case, Xay
crystallography shows that there is an interaction between one pair of groups leading to a
pyramidalization of the ester carbonyl carboonat 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 (@C: 2.84 v 3.26 A), and calculations suggest that the interaction
energies are ca 3.0 khd 0.04 kdmdl 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
1.31 1.32

Figure 117. Structure of aspirinl.31(left) and theacetylsalicylate aniod.32 (right).

equivalent.

Raines has also demonstrated further aspects of this typé*ahteraction in the common
pharmaceutical aspirin (Figure 1.17). Both crystallogr&dhiand spectroscopit
investigations revealad” * interactions in low energy conformations of both asplri®land
its acetylsalicylate anioh.32, with the latter demonstrating a shorter-G contact (2.71 A)

and a closer to optimaliBgi-Dunitz trajectory (104% than the former (2.83 A and 99).
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This is a result of the more potent oxyanion donor atoh3@ 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 taviessite through hydrophobic
channels. Furthermore, nqtanarity of the carboxylate group with respect to the aromatic
ring, brought about by ther® i nt eracti on and not the o6ort
of its anomalously low pK(3.48) compred to the similar benzoic acid (4.20) or

methoxybenzoic acid (4.09).
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The Peri-Naphthalene Skeleton

Why Use thePeri-Naphthalene Skeleton for Investigating Interactions?

Naphthalen& is the simplest polycyclic aromatic hydrocarbon, possessireg planes of
symmetry through the two rings. Unlike benzene, tHeé Rord lengths are not identical with
C1-C2, C3C4, C5C6 and C7C8 bonds of ~1.37 A in length and the remaining bonds ~1.42
A in length. Theexocyclic angle at the point of ring fusion between the ped-hydrogens is

found to be 121.7(2)and results in a HH peri-separation of 2.45 A (Figurk18).%3%

Figure 1.18. Structureof naphthaler labelled withthe IUPAC numbering system, bond lengths and afgRs.

Substituentsn theperi-positionsof naphthalene are forced into a close contact, so close in fact
that the distance is less than the sums of theibomaedvan der Waals radif This presents

the opportunity to observieteractions between two groupghich are locked into close
proximity to one another, with the distances maintained by the naphthalene scaffold.
Dependingon the substituents that are chosen, the interactions at these positieesi¢ar{a)
adistortion of the naphthalene skeleton and its exocwrigles (b) bondformation between

the two peri-substituents if thattractive interaction of thgroupsis strong enoughor (c)

possibly unusual chemical and spectroscopic propesiesresult of both (a) and (b)
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Figure 1.19. Range of perdisubstituted naphthalends331.38displaying varying degrees of 18pulsions.

The 1, 8-disubstitutél naphthaleneg1.331.38%1%° shown in Figure 1.19%emonstrate
repulsionsbetweerthe twoperi-substituentgeneratinglistancesn the range of 2.793.86 A
between the twperi-atoms, significantly increased from that of unsubstituted naphthalene (H
--H: 2.45 A). These repulsions result in fieri-groupsbeing displaced in opposite directions

to one another along the naphthalene planeeasing both the contact distance andethe

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 naphthalen
scaffold itself to twig clearly demonstrated in the bulkiest examplek ®fand1.38as shown

in Figure 1.20.

Figure 120. Structures of persubstitutechaphthalenes with two adamantly groups (left) and tvotyl groupgright).
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Study of n-" * Interactions with Peri-Naphthalenes

Peri-substituted naphthalenes were first utilised as probes for nucleeftleophile
interactions by Dunitet al1°* With naphthalene as the scaffold, the two interacting groups are
forced into close contact, well within the swhtheir 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 o
amides. The nucleophilesmployed were either a hydroxyl or methoxy oxygen group or

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

Table 15. Summary of nucleophiles and electrophiles in the firstpaphthalere Dunitzet al. study!t

Compound Nu R
1.39 NMe, Me
@) R 1.40 NMe; OH
N 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 plarteward the electrophilic group which retreated by an almost similar amount.
The two displaced groups were also displaced to opposite sides of the best naphthalene plant
by small amounts. Overall, the NeC=0 contact distances were consistent (282 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-ND=0 irteraction'® The relative
strengths of the nucleophiles used is reflected in the defjpgyeamidalisation of the carbonyl
carbon. In the series, the largest displacements-@@®BA) are observed for the stronger

dimethylamino group, whilst smaller displacements for the weaker hydroxyl/methoxy group
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(0.020.05 A) are seen. The pyramidatisa of the carbonyl carbon also increases as expected
with respect to itd}substituent (i.e. COR > COOH~COOR > CONRThe Hirgi-Dunitz
approach angles range from-9@8’ across the series positioning the nucleophile optimally for
addition to the electphile. The dimethylamino groups 1h391.41, orientate the Nnethyl
groups to either side of the naphthalene plane, allowing for the nitrogen lone pair to be

positioned optimally for overlap with thé orbital of the carbonyl group.

Figure 121. Molecular structures of dimethylamino methyl ketbrf (left) and the hydroxy amidie45(right).

Since this initial series, significant work has focused on interactions of this type, where a
dimethylamno nucleophile is maintaine®eri-interactions between a dimethylamino group
and elements such as &F Sj 10310450105 p 106 Te and S& have been investigatewith the
functional groups analysed involving these elements includiigt, -Si(SiMe3)=C(SiMe&)z,

-SiFs, -SnPh, -P(O)(OEt) and-Sel. However, the extensive work of primarily Walbs al.

has generated a large seriegpefi-naphthalenes which siwgase 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 reactmathway for nucleophilic attack of an
electrophile. In the most electrophilic of examples, formation of a long, partially forr@d N

bond occurs.
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Table 16. Selected wiecular geometry for a series of peraphthalened.46-1.57in order of increasing MéN---C distance and angle.

€e

Compound d/A d o/ VI b/o u/e 0re 2/ P06 G/e
1.4697 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(2)
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)
1.4899 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)
1.4g10 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(1)
1.50108 2.538(2) 107.1(1) 123.8(1) 116.3(1) 123.1(1) 117.2(1) 122.1(1)/122.1(1) -6.7(1)
1.57108 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 2.62(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(1)  -16.0(1)
1.5412 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)
1.5512 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)
1.5697 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)
1.57413 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)

(3 = torsion angle :G4r)-N---C-C(Ar).
NHPh
CO,Et COMe NO, COPh

Loy o Lagmom S0l Bl I I g

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 gkri-interactions in examples where nucleophilic
addition by the dimethylamino group to the electrophile did not occur. Compared to the initial
series presented by Duniét all®! Table 1.6 displays a much wider spread of electrophilic
centres helping to furthedevelop 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 ocur is difficult to determine. The first is through the beforentioned irplane angular
displacements b, U, ) of theperi-groups. These displacements allow for the nucleophile to
approach the electrophilic centre, which on the whole, is displadkd 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 ofp#megroup decreases.
Similarly, the more electrophilic thgeri-calbon 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 wicening or narrowing of thexaangle ) at the point of naphthalene ring fusion between

the twoperi-groups. This angle has a significant influence on the interaction as it can dictate
the general direction in which the &ti)-N/C(peri)-C bonds are orieated. Looking at the

data in Table 1.6, a pattern betwdkatwo excanglesy and 26) and t he i
is observed. Thexoangle between the interactipgrigr oups ( 2) I's smal |
angle (206) when t hteeregiortoi(or shorter) tltanthefdg()s-C(pen)c e i
contact distance in unsubstituted naphthalene (2.474(1) A). Once the contact distance begins
to increase above this distance, the difference between thextvamgles begins to decrease,

with the two agles even becoming equal in the phenyl ketone derivdtis@ As the

interaction distance continues to increase, the size of the angles reverse, axthahe g | e ( o
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wi dened with respected t outofplase depapemsnisthe a n
C(peri)-N or C(peri)-C bonds to either side of the idealised naphthalene plane occur. These
displacements typically reduce the steric hinderance betwe@etirgubstituents with either

each other or the naphthalene ring itself and as a resa#t aamidening of the contact distance.

This displacement is expressed as the torsion abijje (b et ween t hepefjol | 0\
N((CHg)2)---C-C(peri) in Table 1.60Overall, 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 displacemenisyitDelitz

angles forthenuelophi | edbs approach towards the el e
worse. Some examples deviate from this slightly, such as the didi#ieIn this case, the

larger displacements may be a result of an attempt to reduce the steric repulsioes tetwe

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 diffestructures 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 122. Molealar structure ofl.46which demonstrate the shortestIC contact (left) and one of the largestiC
contacts inl.56(right).
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Beyond a certain contact distance, the nucleophile/electrophile interaction acr@ssithe
positions becomes unfavourabfm example of this can be seen in the dibenzoyl derivative
1.56 (Figure 1.22) which demonstrates an48=C distance of 2.679(2) A. In this example,

the nucleophile is still displaced towards the retreating electrophile; however;rtreghyl

groups of thenucleophile are no longer evenly distributed to either side of the naphthalene
plane. Instead, they are orientated such that the axis of the nitrogen lolespatii30 from

the N--C vector, thus poorly overlapping with th& orbital of the alkene. fie nitrogen lone

pair is alternatively conjugated into the aromatic naphthalene system. In this derivative
specifically, the electrophilicity of thegeri-carbon is greatly reduced due to the free rotation of
the two benzoyl groups, which reduces the caajion of the carbonyl groups to the double
bond. If the two carbonyl groups of derivatives such as dibedzb§hre locked into the same
plane, via incorporation into a ringed system, conjugation between them both and the double
bond of the alkene is em®d, increasing the electrophilicity of theri-carbon centre greatly.

The data summarised in Table 1.7 demonstrates a series gdesuolaphthalene 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 17. Selected molecular geometry for a series of-paphthalened4.581.63where an NC bond has formed between
the ineracting perigroups.

Compound d/A elA N-CHs/ A o/ P06 YK
1.581 1.654(1) 1.464(2)  1.493(2)/1.498(2) 113.5(1)/127.6(1)  9.6(1)
1.5907 1.651(3) 1.471(3)  1.495(3)/1.508(2) 113.3(2)/128.1(2)  17.1(2)
1.6011 1.63(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)
1.6211114 1.627(2) 1.477(2)  1.496(2)/1.504(2) 113.1(1)/128.2(1)  18.9(2)
Lt 1.626(2) 1.471(3)  1.499(2)/1.502(2) 113.3(2)/128.4(2)  9.7(1)

' 1.612(2) 1.478(2)  1.496(2)/1.503(3) 113.0(1)/128.5(2)  23.1(2)

(3 = torsion angle :C(ARN-C-C(Ar).

o) Os__O o) o o) IL o O
T e
K K % K b Sy (

The nature of the cyclic dicarbonyl system has scopedoation i.e. dion€s! (1.58 1.6Q

1.61, and1.63, di-esters®” (1.59 or diamide derivativés>'14(1.62. In each structure, the-N

C bonds lengths (1.612(2)654(1) A) indicate incopiete bond formation, with the former
alkene bond almost broken to give an alkane type bond (1.464@p(2) A)>* One of the
longestNC bonds occurs i n t h&59MWheretdyrthe mivly forsmedi d
five-membered ring adopts a half chair conformation (Figure 1.23)biBlenolate 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 bond of 1.409 A, wilst the remaining group displays less
enolate character (C=0: 1.224(3) A and>C1.428(3) A). In all cases, the-tNethyl groups
display NC bond lengths (1.493(2).508(2) A) consistent with that of a positively charged

dimethylammonium group (1.503 A9s opposed to those observed in a neutral dimethylamino
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group (1.469 A}1® The formation of the Bnembered ring across tperi-positions causes a
significant narrowing of the neart®xoangle ), with the oppositexocangle 66 ) s i mi | a
widened. The tweri-atoms are displaced by varying degs from the idealised naphthalene

plane.

Figure 123. Mol ecul ar structur elb58f Meldrumés acid

Schiemenzt al.has proposed two methods for determining the degree of bonding between a
i NMe2 group and geri substituent. These are based on (a) the bond angles at the nitrogen

atom*®and (b) the3*C-*H coupling constant ahe methyl groups of the NMaucleophilet!’
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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 (carborlg and alkenes)?:113118121

Tablel1.8. Selected structuraletailsin a series of methoxy naphthalerie64-1.75

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 u/e b o/ u/e VKN o/ A
1.6421 2.628(4)  1234(2)  1161(2)  1264(2) 114902 0.089(4)
1.65121 2.644(4)  1235(3)  1153(2)  124.7(3)  115.8(3) 0.072(4)
1.6601 2.606(9)  124.4(9)  115.9(8)  125.5(8)  115.3(8)  0.044(D)
1672 2579(3)  124.0(2)  1141(2) 1255(2)  115.3(2) 0.070(3)
1.6801 2559(4)  124.7(3)  113.2(3)  123.4(3)  115.8(3) 0.022(5)
1.69118 2566(2)  124.7(2)  114.1Q)  124.02)  115.0(2) 0.042(2)
1.70119 2526(3)  124.7(2)  1141(2)  122.1(2)  117.4(2) 0.036(2)
1.71118 2.588(3)  125.6(3)  114.3Q)  124.2(2)  115.6(2) 0.037(2)
1.72101 2507(5)  122.7(4)  114.4(4)  124.0(3)  115.1(4) 0.039(4)
17343 2.623(2)  1242(2)  114.8(22)  124.2(2)  116.0(2) 0.049(1)

gd: pyramidalisation of the electrophilic carbon.

1.74 X=(C(=0)0,)CMe,

1.75 X=CN
Compound d/A ase YE u/o VIl oo/ A
1.742 2.550(2) 123.6(2) 115.0(2) 123.2(2) 117.3(2) 0.077(2)
1.75120 2.611(1) 124.3(1) 114.9(1) 123.5(1) 117.0(1) 0.029(1)

gd: pyramidalisation of the electrophilic carbon.

In contrast to théd NMe> series, the ©-C interaction distances have a much lower range
(2.5262.623 A), than in thé&NMe; series (1.652.764 A). This data is consistent with the
much lower nucleophilicity of OMe, compared té NMe>, as a result of the oxygen atom

conjugating vith the naphthalene ring and lowering its nucleophilicity further. An example of
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this is observed in the two methoxy aldehyde derivative4andl1.65whereby the aldehyde
group is sufficiently small enough to orientate itself close to the naphthalere plae two
aldehyde groups lie at 30.8..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
derivative1.48 on the other hand, positions the aldehydé=® 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/electropgdel®interactions are observed.

In all cases the nucleophile is displaced towards the retreating electrophile, \pith-tterbon

atoms showing varying degrees of pyramidalisation. However, direct comparison between this
methoxy series and the parallel dimgamino 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 thetwo series of results, a greater number pefri-methoxy derivatives and
polymorphs would need to be investigated to average out the effects of crystal packing. The
MeO---C interactions observed in compouridé4-1.75 present early stage rf 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

s Z
1.76
Figure 1.24. The fi\e perinaphthalenes 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 iperi-naphthalene®?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 sulpinur Furthermore, the
notably longer €S bond (vs. @ or GN bondsy* results in a poorer alignment of the two
interaction atoms. In the series, five derivative§§1.80 were synthesised via Knoevenagel
condensation of-8methylthio}1-naphthaldehyde with a range of active methylene compounds
(Figure 1.24). Thestructures of the five compounds were determined and selected geometric

data is summarised in Table 1.9.

Tablel1.9. Selected structural parameters in tinethylthio pernaphthalene series.76-1.80

Compound d/A elA d/e g/e b/ ul/e VK o/ A
1.76 2.787(2)  1.339(3) 114.6(1) 121.4(2) 119.4(2) 123.9(2) 115.9(2) 0.049(9)
1.77 2.850(3)  1.338(4) 118.2(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 2.895(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) 115.6(1) 120.1(2) 120.2(1) 123.4(2) 117.2(2) 0.030(8)

@ pyramidalisation of thelectrophilic carbon.

The five compounds analysed fall into three groups defined by their participation in the
expected interactions: the sebtate structures and the orientations of thepges@groups are
controlled by (a) nucleophile/electrophile enactions 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 conjugatibha al o
is dictated solely by raleophile/electrophile interactions, demonstrating the smallest S
contact distance (2.787(2) A). Amtho-hydrogen steric interaction ¢HH(CH.S-) aids in the
displacement of the methylthio group dftbwards the alkene, which is in turn displaced by

4° in the same direction. The alkene lies at 572(8)he mean naphthalene plane, presenting
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an interactive face for the methylthio group, resulting in the largest pyramidalisgiion (
0.049(9) A) of thesp?-C atom in this series (Figure 1.25). Théphur atom approaches the

alkene bond at aiBgi-Dunitz angle of 114.2(2)

Figure125. Mol ecul ar structur es 1076( Itenfet )Meabpddievashinsing duednstmatl e r i v :
displacement of the pegroups from the naphthalene plane (right).

The dinitrile, cyanoester and methylnitro derivative37, 1.78 and 1.80 demonstrate a

combination of nucleophile/electrophile interacts 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 ofpi@carbon atom and in all cases the alkene

moiety lies closer to m@anaphthalene plane in order to increase conjugation. Uniquely, the

methylthio group of cyanoestér78lies at 109.2(P)to the naphthalene plane, removing the

ortho-hydrogen steric repulsion. This allows the methylthio group to be displaced’layv2y

from the electrophile, which is displaced by only half the distance compared with the similar

dinitrile and methylnitro derivative$.77 and 1.80 This additional displacement away from

the cyanoester electrophile generates the largest contact distaeceedbis the series of

2.923(1) A.
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Figure 126. Molecular structures of the dinitrile.77 (left), methyl cyanoestdr.78(middle) and nitromethyl.80(right).

The final structure in the series is th&oethenyl derivativd..79 which possesses a terminal
hydrogen atom on the alkene whichdisto the naphthalene ring (Figure 1.27). The minimum
angular orientation between the aromatic system and the alkene in the three derivatives shown
in Figure 1.26s dictated by a steric interaction betweendh@o-naphthalene proton and the
alkene substituent, whereas in the nitro derivalivé, this contact is replaced by a-FH

contact. This allows for the alkene group of nitroethenyl derivativ@(36.4@3)°) to lie closer

to the naphthalene plane than thatlof7, 1.78 and 1.80 (46.7(2}53.6(3)). The twoperi-

groups are displaced strongly to either side of the naphthalene plane, with the methylthio group
orientated slightly away from the electrophildyieh is displaced in the opposite direction. The
result of this is the second longest-8=C contact of the series (2.895(2) A and the lowest

degree operi-carbon pyramidalisation (0.014(8) A).

"

- -

Figure 1.27. Molecularstructure 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 Graingeret all?® utilised theperi-naphthalene scaffold in the generation of two novel
diastereomericvic-disulfoxides, displaying a significantly higher barrier to thermal
rearrangement and the shortest (G)®) bond2.19A) reported for this elusive functionality.

The naphthalene scaffold incorporated tialmutyl groups in the 2and Zpositions, causing

steric repulsions, which influence the strength of th& Beri-bond (.81). Examples
synthesised withoutthteb ut yI O b ol st er s 6 viddisdfoxidewith theiomy d t
isolable product being thisulfonel.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%

Schemd. 5. Two synthic approaches in the oxidation of idhianaphthalenes.

Graingeret al*?*further utilised theperi-naphthéene 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, 3trithiane2-oxide ring across thgeri-positions of naphthalene (Scheme 1.6), which in the
solid state adoptssofa 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 matergal, 1
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naphthalene disulphide. Similarly, Grainger applied the presermehafsubstituents 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, 2iriBhiane 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)>

Schemd..6. Generalised reaction of the 1, 2tri&hiane-2-oxide ring with a variety of dienes, in a range of conditions,
giving a variety of sulfoxides, regenerating the -titBianapthalene scaffold.
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Peri-Naphthalenes for theStudy of Very Long C-C Bonds

sol e

1.83 1.84 1.85

Figure1l28.The three target structQboes® in | shigakibs

The generation of highlglongated and exaggerateddonds has always been an academic
challenge. Previous attempts, including the works of Misfdvderged?® and Tod&’ have

used the molecular skeleton of hexaphenylethane (HPE) in designing their systems. Recently,
Suzuki and Ishigakf® have employed thperi-substitutechaphthaleng1.83, acenaphthene

(1.84) andacenaphthylengl.85 scaffoldswith dispiro(dibenzocycloheptatriene) groups in the

peri positions to elongate this bond even further (Figure 1.28). Starting from the respective
dihalogenated naphthyl core, theri-substituents were inserted via litha@tiand addition of
5-dibenzosuberenone, to give the respechigalcohol products. Exposure of the diols to
acidic conditions in the presence of 1, 1, 1, 3, heXafluore2-propanol (HFIP) gave the
dication species, which were reduced with zinc powdeayive the desired € 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 8aC carbon atom in tarcauses the tweri-substituents to splay apart slightly broadening

the 4aC exocyclic angle. The exceptionally longCbond lengths for the three target
compounds thus increase frahi720(2)1.742(2) A(1.83) to 1.773A (1.84) to 1.798(2)A

(1.89. It is worth noting that due to the system employed in the generation of the 46ng C

bonds in1.831.85 if the groups were in fact dissociated, the system could maintain the
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appearance of a bond. Despite th€ ®ond in1.850nce holding the title of the Igest CC
bond reported, it has since been beaten by the discovery of an even longer 1.93 A bond in the

series of 1,aliaminco-carboranes developed by Xiabal.'?°
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Alternative Skeletons for the Study of Molecularinteractions

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 structur86and the threeomparison structure$.87-1.89

Naphthalene is not the only skeleton that has been utilised for the study®fni nt er act
Akiba et al %132 have used an anthracene backbone to desigsyarigesise pentacoordinate
(Figure 1.29)andhexacoordinate carbon atoms, stabilised by®interactions. The central
carbons of the former stabilised systems are trigonal bipyramid (TBP) in nature and are
therefore models for the transition state (FS32 type reactions. Akibat al1°first reported

in 1999 carbocatioh.86 with the unusual counter ion ofl&". The 1, 8methoxy groups along

with the pentacoordinate C9 carbon are not displaced from the mean plane of the anthracene
scaffold, withthep ent acoor di nate car bonds %Saodfisning t ue
no pyramidalisation of the central carbon and thatdpisybridised. This is in contrast to the
findings of Raine®t al® (Figure 1.16), where the central electrophilic carbon atorh 30
displayed pyramidalisatiotowards 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-@vo C
interaction distances with the &nd 8methoxy groups are 2.43(1) and 2.45(1) A, a distance
that is well above the normal covalenGChond length (1.43 A) and below that the sum of the

two atoms van der Waals radii (3.25 R 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 atonis8a selected interaction distances are found

in Table 1.10.
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Figure 1.30. Molecular structure of pentacoordinate carbon structli@6 (left) and the tribromo anthracené.87 (right)

showing the displacement of the bromides to opposite sides of the anthracene plane.
The three bromine or oxygen substituents in th&-land 9positions of anthracends87and
1.88 result in significant steric repulsions between the groupsrder 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 L8 of
Furthermore, compoundl.89 with methoxy grops flanking a nitrile group, demonstrates a
similar arrangement td.86in that the three groups in the, 8- and 9positions all remained
in the anthracene plane, indicating that the interaction between the two oxygen alo8és in
with the central carboare attractive and not repulsive in nature. Comparison of the distances
betweenthedor8s ubst i t uent s -Substitaenténd#hé dJistaacasdetwebnehe 9
correspondingpsoc ar bons (b and b 6)87andl8dthemvemgyacadd u s e
ad6 di B8r698(& Aisl.87 2572(2)Ainl.89are | onger than the
(2.566(6) A in1.87, 2.550(3) A in1.89. However, in1.89t he average a and
are comparable with each other (2.531(3) and 2.540(5) &ctsgply). In contrast, the same
comparisoninsalt.86f i nds t he averaged a and ad6 val ue
bé values (2.44(1) and 2.51(2) | respectiywv

the two oxygen atoms and thentral carbon.
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Tablel1.10. Selected structural parametds the anthracene derivativds86-1.89

Compound alA a 6A / b/A b 6A /
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 car bon RTotdb thi$ they twicedxploged the p e r
anthracene motif previously used in their work regarding the pentacoordinate carbon. The
target dicationX.91a/1.91b was prepared via a demethylation of allér@affording single

crystds of the catiorl.91bas a borate salFigure 1.31).

N
OMe OMe MeO C OMe

OMe ¢  OMe MeO OMe
‘ t I

1.90 1.91a

Figure 1.31. Structures of allen&.90(left) and the two resonance structuré9laand1.91h of the cationic form.

X-ray data of the neutral and dication structures revealed a significant change m-the C
interaction distances. In the neutral compodr@lD the four interactions are split into two
larger (2.815 and 2.778) and two smaller contact distances (2.668 2.689A). However,

in the dicationl.91bthe distance between the four distances has reduced (2.641, 2.673, 2.706,
2.750A), although a lower degree of variation is observed in the pentacoordinate case. The
variations in the &-O distances could be ioenced by the severe steric crowdingldilh

Nevertheless, each of the-© distances fall between the expected covale@tiibnd length
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and the sum of the two atomds van der -Waal
ray diffraction dataof 1.91b with an alternative borate counter i@ras collected using
synchrotronradiation. 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 desdrbta team.

1.92

Figure 132 Structure of t Hopyridinesysteml92 substituted 2,

Wallisetal’®ut i | i s edi ¢ thles t3kbipydidine gyseth as alother useful scaffold

for investigating the 11 * 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 stageorresponding to chemical reactions. A dinitrile group was used

as the electrophilic substituent and was prepared via an Ullmann coupliigahapyridine
3-carbonitrile (Figure 1.32 Structural analysis revealed that the angle between the two
pyridine rings of1.92is 23.6, with short N--C attractive interactions occurring between the
two pyridine nitrogendés and the two nitr.i
(2.695(2) and 2.740(3) are well within the expected van der Waals for theseatoms (3.2

A). Both of the nitrile groups (€T N) devi at e f tsocmthdtthepledaviaies y b

from the vector through its neighbours towards the adjacent pyridine N atom. Both of the angles
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of approach of 't he pogptinisdd rather than thedNG separatioss, h a v

giving two angles (107.6 and 103.0vhich fully adhere to the Burddunitz trajectory.

Figure 1.33. Molecular structure o , -l@phjidine-3 , -cclibonitrile 1.92

In a similar ven, biphenyls have been explored by Wallet al. for studying
nucleophile/electrophile interactions betweendttho-groups of each phenyl rirg?**° Using
a2di met hyl ami nobi pposgtiory Was caded ewjth gtolps of 2iffering
electrophilicities. The biphenyl system has rotational freedom in that therimgelbond can

allow or deny functional group interaction, asli®3 1.94 1.95and1.96in 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 interac®®a.95) and promoting
the interactions1.96).

Solid-state moleglar structures of compounds97-1.101(Figure 1.35were obtained and the
results are easily divided into two groups. The first, in compotr@is1l.99where the long
MezN---sp’C interactions are in the range 2.94122081(2)A, are similar to that of methadone
(2.912(3)A).5! The second group in compouniislO0and 1.101 have formed NC bonds
between the two phenyls, giving zwitterionic structures. Despite the free rotation around the 1,
1 @ond there is no example which displays no interaction between the functiomas gFhe
uncyclised biphenyl exampleb97-1.99 adopt similar conformations, with the pyramidal
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dimethylamino group oriented with-Me bonds, ata. 112 and 19 to the neighbouring

phenyl ring, whilst the carbonyl or alkene lies betweenl@.® to its phenyl ring. In
comparison to theiperi-naphthalene equivalents (where the groups have been forced into
closer proximity), a much lower sensitivity inI\C separations is observed, with only af.1
difference in 1.97-1.99 whilst the aldehyde, cyanoestand nitroalkene display NC
separations of 2.489(5), 2.531(2) and 2.642f)respectively in peri-naphthalenes.
Furthermore, unlike thperi-naphthalene series, the?s@arbon involved in these interactions

is not significantly pyramidalised. The carlypand alkene bond lengths are also shown to be

of the expected lengths, thus leading to a reasoning that the interaction between the two groups
i's either 600pend perHdnaphbthalénesswhidhédemonstnates & mnged df e

interactions as eledphilicity 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.
C=C: 1.493(3)/11.487(3) A c=0: 1.
1.100 1.101

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

The formation of a long MC bond in the zwitterionic structurdsl00and1.101generates a

new ring which adopts a twisted half chair conformation, similar to 9; 10
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dihydrophenanthreng® In each case, the-8 bond (1.586(1).604(3)A) is considerably
longer than the NMe bonds already present (1.49912%13(2)A). In each case, the negative
charge is delocalised through the relgvgroups. Irnl.101, the carbonyl bonds are lengthened

to 1.254(1) and 1.258(1, while the intervening € bonds are shortened to 1.422(2) and
1.427(2) A displaying some double bond character. In the zwitteriorl.1Q the
delocalisation into the cyangroup causes a similar lengthening of the nitrile bonds and a
subsequent shortening of the interveningC Mond. Overall, zwitterion4.100and 1.101
provide long NC bonds formed between a nucleophile and an electrophile (Figure 1.36), whilst
the uncyclsed structures df.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 apatrt.

Figure 136. Molecular structures of the dinitrile.100(left) and dimedoné&.101(right) zwitterionic biphenyl derivatives.
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OH CHO OMe CHO
1.102 1.103

Figure 1.37. The two triptycene targets, displayin@H 1.102(left) and-OMe 1.103(right) nucleophiles.

Another interesting scaffold for the analysis 6f-8=0 interactions is in triptycenes reported

by Walliset al*’ Two triptycene molecules were synthesised to allow for the measurement of
1, 5 interactions between aldehyde groups positionsgf aentres ad hydroxyl or methoxy
groups, placed at the respectorgho positions on the benzene ring as shown in Figure 1.37.
Positioning the electrophilic aldehyde atsgd carbon removes the possibility of conjugation

to an aromatic system as seen in some preyetsiaphthalene examples.

T &%\‘*@9\

“5@?\ \:@i\

Figure 1.38. Hydrogen bonding pattern in the crystal structurd df®: CHsCN, in ball and stickmodel (left) showing the
HO---CHO interactions and the crystal packinglof 02 CH3sCN (right).

For compound..102 two solvates were isolated with acetonitrile and ethyl acetate and their
structures determined via-bay crystallography at 120 K and 150 r€spectively. 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 setile structure ol.102CH3CN 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-@C interactions of 2.621(2) and 2.679&)distances that fall below

the sum of the two atoms van der Waals radii £8.2° The O--C=0 angles of approach for

both interactions are 120.1¢1gnd 124.7(2) which fall close to thexpected Brgi-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.

;J
- .
B

1

T,
TL%
TRk

Figure 1.39. Structures of the two independent moleculds 13(top) and the crystal packing arrangementlof03
showing packing of the two independent molecules (blue and green) in layers perpendicular to tfrigbxis

Structural analsis of the corresponding methoxy compoantd3 reveals similar information

to 1.102 however due to two unique molecules in the asymmetric unit, four

crystallographically unique ©C=0 interactions have been obtained (Figure 1.39). The

methoxy groupsike 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 Birgi-Dunitz trajectory for nucleophilic attack afarbonyls.
Furthermore, shorter contacts in the range of 2.52B884(9) A are observed between the
methoxy and aldehyde groups. The shorter-@=O contact distances are a result of the
displacement of the methoxy group towards the carbonyl ({&yi& bond displaced by 3.7
4.5°), due to a steric repulsion between the methyl group aratha hydrogen. Similarly,
each of the carbonyls is involved in an interaction witlodiho hydrogen of an unsubstituted
benzene ring and the two independent molequéek in separate layers perpendicular tacthe

axis.
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Aims of This Work

The structural data for the compounds summarised in Talds9, demonstrate a vast range

of interactions between nucleophiles and electrophiles of varying degrees of stvéhgth.

the structural data is combined, a series of ey images at different eardinates along the
reaction pathway for nucleophilic attack of an electrophile are formed. However, the images
obtained are heavily focused at either end of the reacttbwpg, showing either the moments

well before or well after bond formation. For example, using a dimethylamino nucleophile,
interactions irperi-substituted naphthalenes of shokt contacts of 2.413(3) A in dinitrile
derivative1.46 and long NC bondsof 1.654(1) A in indandione derivative58 have been
observed, with the distances in between remaining inaccessible. Within this thesis, we aim to
study new systems based peri-naphthalene to gain structural information on systems with
MezN---C contactdn the range of 1.62.41 A, in particular by installing substituents at the
opposite, unsubstituted second sep@f-positions. Furthermore, the first systems with &

a nucleophile will be described.

58



References

11
12
13
14

15
16
17

18

19
20
21

22

23

K. A. Dill, Biochemistry1990,29, 7133 7155.

J. Tomasi and M. PersicGhem. Rey.1994,94, 2027 2094.

C. B. AnfinsenScience.1973,181, 223 230.

C. Bissantz, B. Kuhn and M. Stalil,Med. Chem2010,53, 5061 5084.

T. Steiner Angew. Chemielnt. Ed, 2002,41, 48 76.

I. E. Dzyaloshinskii, E. M. Lifshitz and L. P. Pitaevsldilv. Phys.1961,10, 165 209.
C. A. Hunter Angew. Chemielnt. Ed., 2004,43, 5310 5324.

G. R. DesirajuThe Crystal as a Supramolecular Entiiphn Wiley & Sons, Chichester,
1996.

G. R. Desiraju and A. Gavezzotli, Chem. Soc. Chem. Commui889, 621623.
A. Bondi,J. Phys. Chem1964,68, 441 451.

A. GavezzottiJ. Am. Chem. Sqcl983,105 5220 5225.

R. S. Rowland and R. Taylar, Phys. Chem1996,18, 7384 7391.

S. C. Nyburg and C. H. Faermaigta Crystallogr, 1985,41, 274 279.

M. Mantina, A. C. Chamberlin, R. Valero, C. J. Cramer Bnds. Truhlar,J. Phys.
Chem2009,113 5806 5812.

S. Alvarez Dalton Trans, 2013,42, 8617 8636.
M. Rahm, R. Hoffmann and N. W. Ashcrohem. Eur. J.2016,22, 14625 14632.

M. Nishio, Y. Umezawa, M. Hirota and Y. Takeuchetrahedron 1995,51, 8665
8701.

M. Nishio, Y. Umezawa, K. Honda, S. Tsuboyama and H. SuezZawatEngComm
2009,11, 1757 1788.

C. A. Hunter and J. K. M. Sandeds,Am. Chem. Sqc1990,112 5525 5534.
S. K. Burley and G. A. Petskd, Am. Chem. Sqcl986,108 7995 8001.

L. Pauling, The Nature of the Chemical Bgn@ornell University Press, New York,
1939.

P. Atkin and J. Paul&hysical ChemistryOxford University Press, Oxford, 8thire,
2006.

G. C. Pimentel and A. L. McClellamhe Hydrogen BondV. H. Freeman and Company,

59



24

25
26

27
28
29
30

31

32

33
34
35

36
37
38
39

40
41
42
43

44
45
46

London, 1960.

G. A. Jeffrey,An Introduction to Hydrogen Bondin@xford University Press, Oxford,
1997.

C. B. Aakerdy and K. R. Seddo@hem. Soc. Rev1993,22, 397 407.

D. M. Kneeland, K. Ariga, V. M. Lynch, C. Y. Huang and E. V. AnsiynAm. Chem.
Soc, 1993,115 10042 10055.

M. C. Grossel, D. A. S. Merckel and M. G. HutchinGsystEngComn20@, 5, 77 81.
V. Jubian, R. P. Dixon and A. D. Hamiltoh,Am. Chem. Sqcl992,114 1120 1121.
R. P. Dixon, S. J. Geib and A. D. Hamiltah, Am. Chem. Sqc1992,114, 365 366.

G. R. Desiraju, P. S. Ho, L. Kloo, A. C. Legon, R. Marquardt, P. Metrangolo, P. Politzer,

G. Resnati and K. Rissand?yre Appl. Chem2013,85, 1711 1713.

T. M. Beale, M. G. Chudzinski, M. G. Sarwar and M. S. Taylitrem. Soc. Re\2013,
42, 16671 1680.

T. Clark, M. Hennemann, J. S. Murray and P. PolitzeMol. Model, 2007,13, 297
296.

P. Metrangolo and G. Resndicience.2008,321, 918 919.
P. Metrangolo and G. Resndalihem. Eur. J.2001,7, 2511 2519.

E. Corradi, S. V Meille, MT. Messina, P. Metrangolo and G. Resrfatigew. Chemie
- Int. Ed, 2000,39, 1782 1786.

J. S. Murray, P. Lane, T. Clark and P. Politdeivol. Model, 2007,13, 1033 1038.
L. Vogel, P. Wonner and S. M. Hubé&mgew. Chemielnt. Ed, 2019,58, 1880 1891.
P. Scilabra, G. Terraneo and G. Resfst;. Chem. Res2019,52, 1313 1324.

R. E. Rosenfield, R. Parthasarathy and J. D. Duhitam. Chem. Sqcl977,99, 4860
4862.

H. B. Burgi and J. D. Dunitz). Am. Chem. Sqcl987,109 2924 2926.
M. Iwaoka and S. Tomodd, Am. Chem. Sqcl996,118 8077 8084.
M. lwaoka and N. Isozumiolecules 2012,17, 7266 7283.

P. Politzer, J. S. Murray, T. Clark and G. Resriitlys. Chem. Chem. Phy2017,19,
32166 32178.

T. N. G.Row and R. Parthasarathl;,Am. Chem. Sqcl981,103 477 479.
R. Laitinen, R. Steudel and R. WeiBslton Trans, 1986, 10951100.
R. Weiss, C. Schlierf and K. Schlotdr,Am. Chem. Sqcl976,98, 4668 4669.

60



47

48

49
50

51

52
53

54
55
56

57
58
59
60
61
62
63
64
65

66
67
68
69
70

S. Kubiniok, W-W. du Mont, S. Pbl and W. SaakAngew. Chemielnt. Ed, 1988,27,

4311 433.

A. Panda, G. Mugesh, H. B. Singh and R. J. Butdbsganometallics1999,18, 1986

1993.

P. Rakesh, H. B. Singh and R. J. Butcl@nganometallics2013,32, 7275 7282.

S. C. Menon, H.B. Singh, J. M. Jasinski, J. P. Jasinski and R. J. Butcher,
Organometallics1996,15, 17071 1712.

F. H. Allen, O. Kennard, D. G. Watson, L. Brammer, A. G. Orpen and R. Taylor,
Chem. Soc. Perkin Trans, 2987, 119.

|. K. Mati and S. L. CockroftChem. Soc. Rev2010,39, 4195 4205.

S. Sankararaman, G. Venkataramana and B. Varghe®eg. Chem.2008,73, 2404

2407.

S. Paliwal, S. Geib and C. S. Wilcak,Am. Chem. Sqcl994,116, 4497 4498.
E. I. Kim, S. Paliwal and C. S. Wilcod, Am. Chem. Sqc1998,120 11192 11193.
F. Cozzi, M. Cinquini, R. Annunziata, T. Dwyer and J. S. Sie§eAm. Chem. Sqc.

1992,114, 5729 5733.

W. H. PerkinJ. Chem. Soc. Tran<l916,109 815 877.

W. O. Kermack and R. Robinsod, Chem. Soc. Transl922,121, 427 440.

R. Huisgen, H. Wieland and H. Eddustus Liebigs Ann. Cheni949,561, 193 215.

R. Robinson and A. M. Stepheméature 1948,162, 177 178.

H. B. Blrgi, J. D. Dunitz and EhefterJ. Am. Chem. Sqcl973,95, 5065 5067.

A. Tulinsky and J. H. Van den Hendk,Am. Chem. Sqcl967,89, 2905 2911.
J. A. WunderlichActa Crystallogr, 1967,23, 846G 855.
S. R. Hall,Acta Crystallogr, 1968,24, 337 346.

K. B. Birnbau m,

A.

Kl

8§s ek,

Tetrahedron Lett.1971,12, 3421 3424.

K. B. Birnbaum Acta Crystallogr, 1972,28, 2825 2833.

P.

Sedmer a,

S. R. Hall and F. R. Ahmedcta Crystallogr, 1968,24, 346 355.

H. B. Burgi, J. D. Dunitz, J. M. Lehn and G. Wipfietrahedron1974,30, 1563 1572.
H. B. Birgi, J. D. Dunitz and E. Shefté&gta Crystallogr, 1974,30, 15171 1527.
D. Rabinovich, G. M. J. Schmidt and Z. Shak&dzhem. Soc. B Phys. Ord970, Ti

24.

61

G.

Sna



71
72
73

74
75
76

77

78

79

80
81

82

83

84

85
86

87

88

89
90

91

D. Kobelt and E. F. PauluBcta Crystallogr, 1973,29, 633 635.
J. E. BaldwinJ. Chem. Soc. Chem. Commui@76, 734736.

C. L. Liotta, E. M. Burgess and W. H. EberhadtAm. Chem. Sqc1984,106, 4849
4852.

D. Seebach and J. Gaddiki, Helv. Chim. Actal1981,64, 1413 1423.
M. A. Brook and D. Seebacftan. J. Chem.1987,65, 836 850.

E. Wagner, Y. Xiang, K. Baumann, J. Guck and A. Eschenmbigdv, Chim. Acta
1990,73, 1391 1409.

P. H. Maccallum, R. Poet and E. Jamesn&iiWhite, J. Mol. Biol, 1995,248 361
373.

P. H. Maccallum, R. Poet and E. James MiWé4rite, J. Mol. Biol, 1995,248 374
384.

F. H. Allen, C. A. Baalham, J. P. M. Lommerse and P. R. Raithblg Crystallogr,
1998,54, 320 329.

R. W. Newberry and R. T. Rainesgcc. Chem. Res2017,50, 1838 1846.

G. J. Bartlett, A. Choudhary, R. T. Raines and D. N. Woolfsia, Chem. Bio].2010,
6, 615 620.

G. J. Bartlett, R. W. Newberry, B. VanVeller, R. T. Raines and D. N. Woolfsaxm.
Chem. So¢2013,135, 18682 18688.

L. E. Bretscher, C. L. JenlsnK. M. Taylor, M. L. DeRider and R. T. Rainds,Am.
Chem. So¢2001,123 777 778.

P. Wilhelm, B. Lewandowski, N. Trapp and H. Wennemé&r&m. Chem. Sqc2014,
136, 15829 15832.

Robert W. Newberry and Ronald T. Rain€sem. Commun2013,49, 76997701

A. Choudhary, D. Gandla, G. R. Krow and R. T. Raidegm. Chem. Sq2009,131,
7244 7246.

R. W. Newberry, B. VanVeller, I. A. Guzei and R. T. RainksAm. Chem. Sq2013,
135 7843 7846.

A. Choudhary, C. G. Fry, K. J. Kamen&R. T. RainesChem. Commun2013,49,
8166 8168.

A. Choudhary, K. J. Kamer and R. T. RainésQrg. Chem.2011,76, 7933 7937.

C. Cabezas, J. L. Alonso, J. C. Lopez and S. Matgew. Chemielnt. Ed, 2012,51,
1375 1378.

A. HabibiYangjen and M. EsmailianChinese J. Chem2008,26, 875 885.
62



92 J. Oddershede and S. LarsénPhys. Chen2004,108 1057 1063.

93 H. A. Favre and W. H. PowellNomenclature of Organic Chemistry: IUPAC
Recommendations and Preferred NamRsyal Society of Chemistry, Cambridge,
2013.

94 J. A DeanLanged6S Handb ¢oMdcrawHill, I€NewnYork,t15thyedn.,
1999.

95 D. Bright, I. E. Maxwell and J. de Boef, Chem. Soc. Perkin Trans. 2973, 2101
2105.

96 M. B. Jameson and B. R. Penfold Chem. Soc1963, 528536.
97 A.E.Jungk and G. M. J. Schmi@hem. Ber.1971,104, 3272 3288.

98 H. Einspahr, J. B. Robert, R. E. Marsh and J. D. Rob&cts, Crystallogr, 1973,29,
1611 1617.

99 J. Handal, J. G. White, R. W. Franck, Y. H. Yuida\. L. Allinger,J. Am. Chem. Sqc.
1977,99, 3345 3349.

100 K. Yamamoto, N. Oyamada, S. Xia, Y. Kobayashi, M. Yamaguchi, H. Maeda, H.
Nishihara, T. Uchimaru and E. Kwoh, Am. Chem. Sq2013,135, 16526 16532.

101 W. B. Schweizer, G. Procter, M. Kafy and J. D. Dunitzelv. Chim. Actal978,61,
2783 2808.

102 H. Schumann, S. Dechert, M. Hummert, K. C. H. Lange, S. Schutte, B. C. Wassermann,
K. Kbhler and J. Eichhorrzeitschrift fir Anorg. und Allg. Chemi2004,630, 1196
1204.

103 M. Mickoleit, K. Schmohl, R. Kempe and H. Oehmegew. ChemieInt. Ed, 2000,
39, 1610 1612.

104 F. Carré, R. J. P. Corriu, A. Kpoton, M. Pairier, G. Royo, J. C. Young and C. Belin,
Organomet. Chem1994,470, 43 57.

105 J. T. B. H. Jastrzebski, J. Boersma, P.Bdch and G. Van Koter@Qrganometallics
1991,10, 930'935.

106 F. Carré, C. Chuit, R. J. P. Corriu, P. Monforte, N. K. Nayyar and C. Rkyé,
Organomet. Chem1995,499, 147 154.

107 P. C. Bell and J. D. Walli$hem. Commun1999,2, 257 258.

108 N. Mercadal, S. P. Day, A. Jarmyn, M. B. Pitak, S. J. Coles, C. Wilson, G. J. Rees, J. V.
Hanna and J. D. Walli€rysttngComm2014,16, 8363 8374.

109 D. R. W. Hodgson, A. J. Kirby and N. Feed&r,Chem. Soc. Perkin Trans. 1999,
949 954.

110 P. C. Bd, M. Drameh, N. Hanly and J. D. Wallig\cta Crystallogr, 2000,56, 67Q
63



111

112

113
114
115
116
117

118
119
120

121
122
123

124

125
126

127

128

129

130

131

671.

A. Lari, M. B. Pitak, S. J. Coles, G. J. Rees, S. P. Day, M. E. Smith, J. V. Hanna and J.

D. Wallis, Org. Biomol. Chem2012,10, 7763 7779.

J. Ob6Leary, Skranchmrl.nbo Wallig)rg.VBiomol. Chem.2005,3,
3273 3283.

J. Clayden, C. McCarthy and M. Helliwe@hem. Commun1999, 20592060.
A. Foldi, K. Ludanyi, A. Bényei and P. MatyuSynlett 2010, 21092113.

H. Bock and N. NageNaturforsch. B, 1998, 792804.

G. P. SchiemenzZeitschrift fir Naturforsch. B2006,61, 535 554.

G. P. Schiemenz, S. Petersen and S. Porldsatschrift flr Naturforsch. B2003,58b,
715 724.

A. C. Blackburn and R. E. GerkiAgcta Crystallogr, 1997, 53, 1077 1080.
R. E. GerkinActa Crystallogr, 1997,53, 1987 1989.

J. ObLeary, P. C. Bel | , JJChemDSoc. R&kin [Trars.
2, 2001, 138139.

J. C. Gallucci, D. J. Hart and D. G. J. YouAgta Crystallogr, 1998,54, 73 81.
J. Ob6Leary aQhem. Bur. J.2D06,12Wd24 773% |,

R. S. Grainger, B. Patel and B. M. Kariukingew. Chemielnt. Ed, 2009,48, 4832
4835.

R. S.Grainger, B. Patel, B. M. Kariuki, L. Male and N. SpenderAm. Chem. Sqc.
2011,133 5843 5852.

B. Kahr, D. Van Engen and K. Mislow, Am. Chem. Sqc1986,108 8305 8307.

S. Kammermeier, R. Herges and P. G. JoArgew. Chemielnt. Ed, 1997,36, 1757
1760.

K. Tanaka, N. Takamoto, Y. Tezuka, M. Kato and F. Tddstrahedron 2001,57,
3761 3767.

Y. Ishigaki, T. Shimajiri, T. Takeda, R. Katoono and T. SuzGkiem 2018,4, 795
806.

J. Li, R. Pang, Z. Li, G. Lai, XQ. Xiao andTl. Muller, Angew. Chemielint. Ed, 2019,
58, 1397 1401.

K. Akiba, M. Yamashita, Y. Yamamoto and S. Nagaseédm. Chem. Sqcl999,121,
10644 10645.

T. Yamaguchi, Y. Yamamoto, D. Kinoshita, K. Akiba, Y. Zhang, C. A. Reed, D.

64

an



132
133

134
135
136
137

Hashizume and F. lasaki,J. Am. Chem. Sq2008,130 6894 6895.
Y. Kikuchi, M. Ishii, K. Akiba and H. NakaiChem. Phys. Le{t2008,460 37 41.

P. N. W. Baxter, J. A. Connor, D. C. Povey and J. D. Wallischem. Soc., Chem.
Commun.1991,16, 11351137.

J. OoLeary, J. D . AcW&iydtallogr, 260457, 884.853L . Wo o d
J. OO6Leary aQrgdBiainol. Chem200@7, 2P5 228.
R. Cosmo, T. W. Hambley and S. Sternh&llQOrg. Chem.1987,52, 3119 3123.

A. Lari, M. B. Pitak, S. J. Coles, E. Bresco, P. Belser, A. Beyeler, M. Pilkington and J.
D. Walllis, CrysttngComm2011,13, 6978 6984.

65



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 determining the molecular structure of
materials available as a single crystal. Monochromatic MoKa or Cadiation is diffracted

by the crystal according to Braggds | aw an
is usually carried out withhe crystal cooled to 130 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 diffrati@n so

the weakediffractions 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 Tnransffthe amplitudes

of the diffracted waves along with their relative phases. The former is available as the square
root of the intensities, but the phases h:
centrosymmetric structures where there asétwo values (Oor 187F). 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 miniming 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 areg typicall
placed in expected positions, unless their locatioofigarticular 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 ellipsbea¢s 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 weiglgischeme which aims to give more weight to the

more accurately measured reflections. -The

67



factorso for unweighted and weighted dat a.
for thist? and is implemented through the XSEED or Ol’EXftware package Thus for a
standard Xray crystal structure determinatiohetmolecule is really represented by a set of

isolated atoms.

Within this thesis, crystals were grown primarily via slow evaporation of solutions in volatile
organic solventsOnce crystals were obtained, a general procedure was performed where the
crystab wereplaced onto a microscope slide, an oil (typically silicone) was added and the
crystalsrotated between crossed polar lens&ystalswhich extinguish the light universgll
wereselected as potential candidafes structure determinatioriFor eachstructure, several
crystals were screed, using shortened exposure tinie@give an initial assessment of their
diffraction and to obtain a preliminary unit cdllepending on the outcome of tlagher, the

data was collectefbr that crystgla new cry&al was selectetom the existing batchor the
crystals were regrown in order to obtaietter quality crystaldf necessary, the crystals were
cut to size (typically 0i20.3 mm) and the Xay crystal structures were determined at low
temperatureg¢< 150 K). This methodology applies for each crystal structure obtained within

this thesis unless stated otherwise.
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Introduction

Theperrtnapht hal ene scaffoldds wunique structur
between a nucleophile and an eleclitgpacross theeri-positions. Several investigative %, 8
disubstituted naphthalene series have been constructed which employ different nucleophiles
(such asi NMe>18, -OMe>111920 gnd 1 SMe?Y) and electrophiles (such as carbonyls and

al kenes). The structural anal ysi sshoft 6s ad mea g
which represent differérpoints along the reaction pathway for nucleophilic addition to an
electrophile, expanding the understanding of how bond formation proceeds. Further to this,
these 1,9eri naphthalenes give a greater knowledge and understanding of how such
interactions m 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 bette

understood.

Herein lies the investigation intbe interactions of the-daphthol group and subsequently the
expectantly more reactiverfaphtholate anion, with a variety of adjaceeti-electrophilic
ketones and alkenes. We aim to assess whep®i-mteraction 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 nucledpHilken important

factor to consider is that the oxygen atom of both the hydramgl 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 streniheainteraction and a reduction in the contact

distance between thperi-atoms.
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Study of O9---C=0 interactions

The synthetic work centred on reactions of Inaphtholactone.1 which was prepared
according to the literature procedure described oyr@iageet al?2in two steps from 1,8
naphthalic anhydride, via the respective datt This lactone provided a starting material that
could be ring opened with a range of orgdittdum reagents, to give the desired hydroxyl
ketone derivatives (Scheme 2.1). In each case, the ohgjsinan of choice was added to a
solution of 1, 8naphttolactone in anhydrous THF a8 °C, with the reaction being allowed
to warm to room temperature or held-a8 °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 lact®rdavith phenyl lithium gave the desired
peri-hydroxyl phenyl keton@.22%in a 32% yield. There was a notable change it¥@eNMR
shift of the lactone carbonyl from 174.4 ppm to 201.7 pp&.2. Furthermore, thearbonyl
stretching frequency in the infrared spectrum shifted from 1774fonthe lacton€.1to 1638
cm! for the ketone2.2. As expected, the diphenyl tertiary alcoBd was also isolated from
the reaction along with a smamount of dehydrated diphenyl 1-cgclic naphthalen.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]

a,b —
= Ol Mo Ho M®
c OH OH Me
21
25 2.6

Scheme Z. (a) Hydroxylamine hydrochloride, pyridine, reflux followedgstoluene sulfonyl chloridé (b) NaOH, reflux
(c) 0°C, sodium nitrite, HSQy, 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 lacton@.1resulted in the expectgekri-hydroxyl methyl ketone
2.5in a 42% yield, with the only other product of note being thaelihyl tertiary alcoha?.6,
formed by the addition of a further equivalent of methyl lithium to the k&dn&cheme 2.1).
Synthesis of the methyl ketor®5 is supported by the additioof signal in the'H NMR
spectrum at 2.78pm for the methyl peak, with the ketone carbonyl signal shifted to 207.3 ppm

in the3C NMR spectrum (lactone carbonyl: 174.4 ppm).

O
&
21

a
0
a _
7

Scheme 3. (a) tBuLi (1.6M), THF-78°C; (b) MeLi (1.2M), THF;78°C.
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Looking to increase the steric bulk of the substituted ketemnehutyl lithium was employed

in the ring opening of lactoriz1, but the expecteperi-hydroxyltert-butyl ketone2.7 was not
isolated(Scheme 2.2). Instead,tert-butyl group had added to the ring carlmtho to the
carbonyl group, which after oxidation in the air gave the hindered la2t8me 14% yield as

the only isolable product. Analysis 28 by 'H NMR revealed the loss of one of the aromatic
protons, with four doublets and one triplet being observed with theert-butyl group signal
residing at 1.60 ppm. Signals in tH€ 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 lacte8.8were 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 lacto8e8 was confirmed, with théert-butyl group placing two of
its mehyl groups to either side of the naphthalene plane. The carbonymtaityl groups
are splayed apart to reduce steric hindrance. FleQexaocyclic angle between the groups

is widened to 136.2(2)

Figure 240. Molecular structures of the hindered lactdhé&.

This hindered lacton2.8 was ring opened with methyl lithium, resulting in the la@d,

which was isolated in 75% yield, rather than the ring opgeeehydroxyl methyl ketone. A

13C NMR peak at 118 ppm akin to that of a herkital was observed, with no carbof3C
resonance present. This confirms that in a G3Glution, the twgeri-groups are adopting a
lactol structure, likely due to a repulsion betweenpée-ketone andert-butyl groupsm 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. (a) seeBulLi (1.4M), THF,-78°C.

Due to its reduced steric bulk when comparedett-butyl lithium, secbutyl lithium was
reacted with lacton®.1, to give the desireperi-hydroxyl secbutyl ketone2.10in 24% yield
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(Scheme 2.3). The structure 2fil0was confirmed by the presence of fdHrNMR peaks in
the region of 0.9B.51 ppm, corresponding tosacbutyl moiety. Furthermore, a carbonyl
stretching frequency of 1668 ¢hn the infrared spectrum is significantly shifted from that of
lactone2.1 (1774 cm') indicating the desired additioheortho-substituted hindered lactone
2.11was also isolated in 18% yield. The reduction in steric bulk fréentdoutyl to asecbutyl
group is significant enough to allow for reaction at the lactone carbbmglstructure o2.11

is confirmed by removal of an aromatic proton from#eéNMR spectrum, with the expected
shifts for thesecbutyl group observed. A carbonyl signal at 167.3 ppm in'tGeNMR

spectrum evidences the retention of the lactone ring.

Table 211. Selected geometric data for naphth®l2and2.5.

Compound  a/A b/A c/A «/° d/A el/A d°/ Pyra/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)
2.5 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)

Compound u/e b/ al° ul/e VK (/o of (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)
25 123.1(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)
2 pyr = pyramidality, deviation of carbonyl carbon from the plane of the three neighbouring atoms towpeas@hatom;¥ = torsion
angle :B-C9-C=0; ¢S = deviation from best plane of the naphthalene skeleton.

The secbutyl ketone?2.10, despite exhauste attempts, remained an oil under ambient
conditions, whereas crystals of tperi-hydroxyl ketone2.2 and 2.5 were grown via slow
evaporation of CkCl> and EtOAc solutions respectively. The structures of the two kekihes

and2.5 were determined at 150 K, with selected geometric data summarised ir2Table
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Figure 241 Molecular structures of theeri-hydroxy ketone®.2 (left) and2.5 (right).

The structures oR.2 and 2.5 as shown in Figure 2.2, demonstrate the expected angular
displacements of the twgeri-groups, with the € bond of the nucleophile approaching the
retreatinpgc ar bonyl , in a oOowindscreen wiper#d&Ctype
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 displayCO0O BiirgiDunitz anglesof
115.82(149for the former and 108.3(2) and 111.9(@y the latter. Each of the three molecules
displace theirperi-groups to opposite sides of the naphthalene plane, with the larger
displacements observed in the two unique molecules of the mettgyhek25. Small
pyramidalisations of the carbonyl carbons the approaching hydroxyl group of 0i051(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 crystatgres of botl2.2and2.5.

Crystals of theortho-substituted lactoR.9 were obtained via slow evaporation of a LCh
solution, and the structural analysis confirmed the presence of the lactol functionality in the
solid state as well as in solutioifhe analysis revealed two crystallographically unique
molecules oR.9 are present in the asymmetric unit, with one of the molecules possessing a

disorderedert-butyl group. Other than this, the two molecules have very similar geometries.
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Figure 242. Molecular structure of one of the two crystallographically unique molecules the 22@{&ft) and the crystal
packing arrangement for lact@.9 (right) in which four molecules are linked together by hydrdgamds.

The molecule o2.9which displays an ordergdrt-butyl group orients one of its methyl groups
almost perpendicular to the best naphthalene plane, with a torsion angle o856 .6@)eri-
naphthalene ring carbon. The remaining two methyl gg@up therefore positioned at torsion
angles 0f36.1(3) and155.9(2y to the same ring carbon. Ttext-butyl groups as a whole are
bent away irplane from the lactol by 4.9 and %.Whilst the lactol is compressed so that the
exocyclic angles at the pathalene skeleton are widened to 136.0 and 13812 anomeric
effect between the exocyclic OH group and the rin@ Gond is observed. This results in a
shortening of the @H bond to 1.394..399 A, whilst the ring GC bond is lengthened to
1.4801.485A. Furthermore, the C(naphthaler@)CHs angles at the anomeric centres are
widened to 119.4 and 116.® reduce the steric interaction betweert-butyl and methyl
groups. Hydrogen bonding between the lactol hydroxyl groups organises four mole@fes of

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 in
increase the extent to which an interaction occurs betweepetirgroups. The hydroxyl
groups in compound®.2, 2.5, 2.9 and 2.10 were reacted with a series of bases, ranging in
pKaés which would allow for the deprotonat
to that of a phenolic proton (pKa of 10)). As shoin Figure 2.4 the bases used included:
tetramethylguanidin€.12 (TMG) (pKa 13.6 in DMSO), phosphazine basetBu 2.13

(pKBH™ 26.9 in HO), 4dimethylaminopyridine2.14 (DMAP) (pKa 9.2 in HO), 1,4
diazabicyclo[2.2.2]octane 215 (DABCO) (pKa 8.82 in HO) and 1, 8

diazabicyclo[5.4.0Junde@-ene2.16 (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 243. A selection of organic bases used for the deprotonation of the hykiztonyes.

Left toright: TMG (2.12), Pi-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 ED) under nitrogen, stirred for a short period of time and then either
left to evaporate in the atmosphere under a slow nitrogenAlttempts to obtain crystals from
P1-tBu, DABCO and DBU all yielded oils and thus pursuit of these salts was ceasedofReacti
of ketone2.5and2.10and lactol2.9 with DMAP vyielded crystalline products, with suitable
crystals obtained via slow evaporation of DCRE] or acetonedq.9/2.10) solutions. The X
ray structures were all determined at 150 K with seleggernetric data summarised in Table
2.2. The initial solutions of the three collected structures indicated the formation of salts in

each case with a DMAPHcounter cation, however examination of the difference Fourier
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maps, showed that the hydrogen atons wat located on the nitrogen of pyridine but was
instead still bound to the oxygen of the hydroxyl group. Compoindls2.9and 2.10
therefore, all formed DMAP complexes in which the two molecules were linked by a hydrogen

bond (Figure 2.5).

Table 212. Selected geometric details of hydroxy ket®@and DMAP complexes @f5, 2.9and2.10

N |
2.5: X =H
2.9: X = tBu
210: X=H
Compound  N--O alA b/A c/A «f° d/A elA d o/
2.5 - 1.367(3) 1.367(3) 1.422(3) 120.8(2) 2.621(3) 1.219(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)
2.5.DMAP  2.616(2) 1.356(3) 1.367(3) 1.430(3) 120.1(2) 2.577(3) 1.218(2) 107.5(1)
2.10.DMAP  2.627(3) 1.352(3) 1.376(3) 1.425(3) 120.5(2) 2.603(3) 1.221(3) 112.0(2)
2.9.DMAP  2580(2) 1.342(2) 1.366(3) 1.432(3) 120.0(2) 2.508(3) 1.206(3) 100.3(2)

Compound VKN b o/ 2 9/ u°/ VKN (/o ¥ (O, C) /A

2.5 123.1(2) 116.1(2) 122.8(2) 123.5(2) 116.3(2) 65.2(3) 0.153(3),-0.073(3)
122.7(2) 116.0(2) 123.5(2) 124.02) 115.8(2) 67.7(3) 0.104(3)-0.157(3)

25DMAP  123.7(2) 116.2(2) 122.5(2) 123.9(2) 116.6(2) 71.7(3) 0.067(3),-0.032(3)
2.10.DMAP 123.6(2) 115.9(2) 123.0(2) 123.2(2) 116.9(2) 62.7(3) 0.160(3);-0.263(3)
2.9DMAP  1225(2) 117.5(2) 122.9(2) 117.4(2) 121.7(2) 73.2(3) 0.260(2),-0.236(3)

(3 = torsion angle :C&9-C=0; gf = deviation from best plane of the naphthalene skeleton.

In the case of lactd.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 hemiketal, indicating a retention of the lactol structure. However, in the crystatstu

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 244. Molecular structures of the hydyen bonded DMAP complexes of pleydroxy methyl ketori25.DMAP (top
left), its orthoet-butyl substituted derivative.9.DMAP (top right) and the DMAP complex of pdnydroxy ketone
2.10.DMAP (bottom).

The O--C interaction distances for the three DMAP complexes lie in the range of 21508(3)
2.603(3) A, all of which are shorter than the fammplexed ketone®.2 and2.5(2.607(3) A

and 2.621(3)/2.623(3) A respectively). The shortest of theOOnteracton distances occurs

in 2.9.DMAP where a steric interaction with thartho tert-butyl group alters the usual
displacement of theeri-ketone groupConsequently, the ketone group is now displazzed

2.1° towards the naphthol OH group, not away from it astypically observed inperi-

i nteractions of this type. I n response, th
reduced to 25(from 3.8 in 2.5) leading to a BlirgDunitz trajectory of 1003 In contrast,

the other two DMAP complexes displayore idealised Burgbunitz angles of 107.5 and
112.@, despite the slightly elongated interaction distances compate8. RMAP. The O--

N distances between the pyridine nitrogen and hydroxyl group in the three complexes lie in the

range of 2.580(2R.627(3) A, with the hydrogen bond lying close to a linear geometry. The
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assignment2.5.DMAP, 29.DMAP and 2.10.DMAP as hydrogefbondd complexes is
supported by the lengths of the naphtheC®onds (1.342(2)1L.356(3) A) and the size of the
correspondingipso angles (120.0(2)120.5(2Y), which are similar tahese inthe parent
naphthols. Furthermore, the endocyclic angle at the pgridiatom in DMAP (11513.15.8)

is consistent with the neutral molecule and not the catan1@0.2).2* Despite not forming

the desired oxyanion, the DMAP complexes demonstrate that even a small increase in the
oxygen atombdés el ectr on dsehydsogeh gtom(invtheahydtodgee p
bond) can result in an increased nucleophilic effect, generating a stronger interaction across the

peri-positions.

Figure 245. Structures of the TM®™* salts of the phenyl keto2e2 (left) and methyl keton25 (right).

Treatment of compounds2 and2.5 with TMG in CH:Cl>, followed by slow evaporation under

a positive nitrogen flow, initially yielded two very thick oils. After several weeks undeiyaosi
nitrogen pressure crystalline products formed. Despite both of the crystalline products
degrading under nenitrogen atmospheres (TMG can react with carbon dioxide to give
TMGH™ HCOy3), X-ray structures of the two sal®&s17 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 and25 along with the TMG salt2.17 and2.18 are compared and summarised in Table

2.3.
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Table 213. Selected geometric data for naphthdl2and2.5and in the TMG salt®.17and2.18

Compound alA b/A cl/A «/° d/A elA d o/ Pyra/ 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)
2.5 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)
2.18 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 0o/ b o/ 2 °/ u °/ VIEN] (/o o (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)
2.17 124.1(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)
2.18 123.5(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)

apyr = pyramidality, deviation of carbonyl carbon from the plane of the three neighbouring atoms towpetsGhatom;? = torsion angle :C&€9-C=0; g5 = deviation from best plane of the naphthalene skeleton.



There are two crystallographically unique cations and anions for the TMG salt of the phenyl
ketone2.17, and four unique cations and anions for the salt of the methyl katfifyeesulting

in a total of six examples of naphth@agaltperi-interactions. Deprotonation of the hydroxyl
group in the phenyl ketone salil7, opposed to the hydrogen bonding showg. :DMAP,
2.9.DMAP and2.10.DMAP, is strongly supported by the shortening of th®© ®ond from
1.346(2) to 1.299(2) and 1.306(2) A. In addition, lengthening of the two nearest aror@atic 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
compressiowf theispobond angle from 120.5(2)lown to 116.8(2) and 117.2f2)emonstrate

a response to the presence of a more electrorsubhtituent in théspo position?>2° For
comparison, the crystalrsttures of 2dimethylamino and 2;6is(dimethylamino)phenolate
show G-C bonds in the range of 1.300(%)334(7) A (average 1.312 A) aimbobond angles

in the range 116.1(4)117.8(5Y (average 116%. Each of the twdNH>-grouphydrogen atoms

of the TMG-H" cation were located in difference Fourier maps and refined with reasonable
positions, isotropic displacement parameters (0.0Z%4 &) and showed hydrogen bond
distances to oxyanions of 117899 A. Hydrogen bonding between TM& cations and two
anions of2.2 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 Hi libnd andpsoangles lie in

the ranges 1.293(3).307(2) A and 116.0(R)117.2(2¥ opposed to B67(3)/1.364(3) A and

120.8(2)/121.3(2)in the parent ketone.
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Figure 246. Molecular structures of the anions 2fl7 (top left) and2.18 (top right), one example of the twisted TNHG
cation (bottom left) and the hydrogen bonding arrangement of two-H¥Gations and two anions @2in a square motif
(bottom right).

The O--C interaction distance in the saltl7is decreased on deprogtion from 2.607(3) in
naphthol2.2 to 2.571(2)/2.558(2) A. The pattern of theplane displacements of thmeri-
groups in this naphtholate anion are the same as observed in the parent r2aphttatlthe
extent of the irplane displacements are reddce the anion, resulting in smaller, more
favourable BurgDunitz trajectory angles between the oxyanion and the ketone carbonyl group
of 109.3(1) and 105.6(3rompared to 115.8(3)n parent keton@.2 Small increases in the
pyramidalisation of the kehe 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
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four unique anions in the TMG salt of the methyl ket@ie with O---C interaction distances

of 2.574(3)2.618(2) A, BirgiDunitz trajectory angles of 104.3(1)08.4(2Y 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 contladch@wortho-naphthalene ring
carbon. This provides structural freedom to the oxyanion which could move in the opposite
direction, away from the correspondipegri-ketone. However, the group does not and the
oxyanion is still displaced towards theri-ketone which supports that a stereoelectronic effect

aids in the generation of the optimisedr&i-Dunitz angle.

Comparison of theolution*H and**C NMR spectra of the phenyl ketoBe& with those of its
TMG-H" and sodium salts in DMS@s indicate a contisting structure for the TM&I* salt
compared to that of the solid state, whereby only partial deprotonation of the naphthol is
observed. The sodium salt of the phenyl ketdr2avas prepared by the addition of an excess

of sodium hydride (NaH) to a solutief2.2in anhydrous THF and stirring until gas evolution
ceased. The reaction was then filtered, the solwastemoved and the resultant produats
dissolved in DMS@ds. Utilisation of NaH as the base results in complete irreversible
deprotonation athe liberated proton escapes as hydrogen gas. In the fully deprotonated sodium
salt, the carboipsoto the naphtholate oxygen resonates at 168.1 ppm, whilst the same carbon
in the neutral compound has a resonance of 152.3 ppnip3tearbon of the TM@H™ salt

2.17 however resonates at 161.4 ppm, midway between these two values. Furthermore, the
central carbon of the TM® ™ cation in2.17is found at 163.6 ppm, again lying between that

of the neutral species (166.3 ppm) and the salt (1i6162.3 ppm ira series of triflate safty.

This suggests a rapid exchange of a proton between theHM(&d the anion. The TMG salt

of the methyl keton@.5 also shows similas'3C NMR data. NMR studiesfdhe sodium and
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TMG salts of inaphthol in THFds strongly suggest that the equilibrium with TMG lies

towards the deprotonated state.

The introduction of an electresionating oxygen atomarato the hydroxyl group on the
naphthalene ring could increase #lectron density of thgeri-hydroxyl group. This could
result in the more potent nucleophilic oxygen becoming involved in a stronger interaction
with the oppositgeri-electrophile, due to the decreased need for electron donation of an
oxygen lone painto the naphthalene ring. The hydroxy/methoxy substituted derivative

2.21/2.22 was thus thought to be an interesting target.

(e} (@] (6]
a b
— >
M )W
HO OH HO

2.19 OH

2.20

Ic

OH 0 (0]
- -
OMe OMe OH
2.21

2.23 2.22

Scheme 20. (a) acrylaldehyde, pyridine, 5&C;%2 (b) 1,4benzoquinone?.19 Toluene, 80C;?° (c) Toluene, p
toluenesulfonic acid, Pd/C, refliR;(d) K2=COs, DMSO, CH; (e) PhLi (1.9M), THF;78°C.

Following the works of Ferragit al.freshly prepare@, 4pentadienoic aci@.19®was reacted
via a DielsAlder reaction withp-benzoquinone to give the bicyclic compouh@0(Scheme
2.4)2% Compound2.20was sukequently reacted on wifhtoluenesulfonic acid and activated
palladium on charcoal (10%), to give the desirduy8roxy-1,8-naphtholacton®.212° Ring

opening of lacton@.21with phenyl lithium (according to the procedure described for phenyl
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ketone2.2) allowed for the effects of the hydroxy group to be assessed, via a comparison with
the ketone.2. Unfortunately, suctural analysis of the product revealed that despite the ring
opening of the lactone being successful, thedihgdroxynaphthalene portion of the molecule
had undergone oxidation, resulting in the corresponding naphthoquinone. To avoid this, the
para-hydroxyl group was @nethylated by the reaction @f21 with potassium carbonate in
dimethyl sulfoxide (DMSO) followed by the addition of methyl iodide This gave the desired
methoxylactone2.22as a yellow solid in a 37% yield. A signal at 3.27 ppm in'théiMR
spectrum corresponding to then@ethyl protons confirmed the structure2d2. Ring opening

of 2.22with phenyl lithium this time yielded the desirpdra-methoxy substituted hydroxy
phenyl ketone2.23as a yellow solid in a 43% yield. Successfulliidn to the lactone was
evidenced by the expected carbol¥@ NMR shift from 167.7 ppm in the lactoB@2to 201.4

ppm in2.23. Furthermore, the addition of five aromatic protasebserved in théH NMR

spectrum.

Table 214. Selected geometric data for naphthdlgand2.23

Compound alA b/A c/A «/° d/A elA de°/ Pyr2/A
2.2 (X=H)  1.346(2) 1.379(2) 1.432(2) 120.5(2) 2.607(3) 1.228(2) 115.8(1) 0.051(2)
2.23 (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 g/e b/o 9/° u/o Ore° K o (0, C)/ A
2.2 (X=H) 123.7(2) 115.8(2) 122.6(2) 124.8(2) 115.4(2) 62.6(2) 0.059(3),-0.073(3)
2.23(X=OMe)  123.8(2) 116.0(2) 122.3(2) 123.4(2) 115.9(2) 75.6(2) 0.247(4)-0.066(3)

2pyr = pyramidality, deviation of carbonyl carbon from the plane of the three neighbouring atoms towaets@hatom;(? = torsion
angle :C8C9-C=0; ¥ = deviation from best plane of the naphthalene skeleton.

Crystals of the methoxgubstituted phenyl ketorie23were obtained via slow evaporation of

a DCM solution and the crystal structure of one of thesedetermined at 150 K. Important
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geometric d&a is summarised in Table 2afongside the unsubstituted phenyl ket@rfor
comparison. The addition of thmara-methoxy group (Figure 2.8) iR.23results in a small
decrease in the HOC=0 interaction distance to 2.566(3) A compared to 2.607(3) &2in
Theperi-groups of2.23 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 irR.2 Furthermore, the carbonyl did ketone is orientated further
from the ortho-naphthalene ring carbon, with a torsion angle of 75°6(@jger than those
observed i2.2 and 2.5 (62.6(2}67.7(3)). This generates a more favourable BilDgnitz

angle of 108.7(2) Despite this, the pyramidalisation of the carbonyl carbon is almost identical

to that of the unsubstituted phenyl ket@2

Figure 247. Molecular structure of the parmethoxy perhydroxy phenyl ketoriz23.

Crystals of theTMG salt of2.23, were obtained via the same method as described for the
phenyl and methyl TMG sal®& 17and2.18but with THF as the crystallisation solvent. The
crystals of2.24 (Figure 2.9) were even more susceptible to decomposition in-aitrogen
atmosphere. Despite managing to isolate, mount and coHleay Hiffraction 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 paralle txithe

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 thetidifffaattern in the
Ewald reciprocal space. The cation and anion of the structure appear well ordered,
demonstrating an @--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 npllkaty of the oxygen atom. The
observed decrease in thé?©-C=0 distance upon deprotonation 2tR4 appears to be of
roughly the same magnitude as that observe®. iatand2.18 The data related to this structure

is unfortunately not completely rable 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 betweerpéregroups and that thgara-methoxy group has
further aided this, an alternate solvate of the structure, free from the incommensurate THF

molecules is required for accurate analysis.

Figure 248. Structure of the TM@&I* salt of the paramethoxy perhydroxy phenyl ketonz23.

Overall, the substitution of g@ara-electron donating methoxy group has increased the
nucleophilicity of the interaction hydroxyl group, reduced the contact distance between the
peri-groups and dgmised the Birgi-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 lpag O-C bond.
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Study of O9---C=C interactions

The study was extended to investigate interactiorgeafhydroxy groups, and their anions

with polarised alkenes. This began with the reduction of naphthola2t@nsith tri-tert-
butoxyaluminium hydride according to Cammidgeal®? to give theperi-hydroxy aldthyde

2.25. Condensation of hydroxy aldehyd®25 with active methylene compounds ethyl
cyanoacetate,malononitrilé® a n d Mel dr umds aci d g @nagel t he
condensation products, with polarised alkene grdi@é-2.28 in good yields of 7:B6%

(Scheme 2.5).

CN
e
H-o = CO,Et H~o
a (o3
2.26

2.25 2.28
‘b
H—g ZCN

2.27

CN

Scheme 21. (a) NCCHCO:Me, CHOH, (*NHzCH:-)2((OAc) (cat.), 65°C; (b) CH(CN), CH:OH,65°C; (c) Mel dr u
acid, DMSO, 20C.

The structure of cyanoest2r26is confirmed by peaks in thél NMR spectrum at 1.35 and

4.36 ppm for the ethyl ester group and a peak at 115.8 ppm i#CtieMR spectrum for the
adjacent nitrile group. Similarly, the two nitrile groups of the malononitrile derivatRgare
evidenced with peaks in th8C NMR and infrared spectra at 112.5/113.9 ppm and 2237 cm
The structure of timee.28Waslcahfirmed bysthéa BIMRIpeak atr i v &
162.9 ppm for the two lactone carbonyls, with tHeNMR spectrum possessing a singlet at
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1.77 ppm for the two methyl groups. In each of the three Knoevenagel producks NIMR
peak at 11.66 ppm for the aldale 0f2.25is replaced with peaks at 9.61 pp22©), 9.21 ppm

(2.27 and 9.27 ppm2.28 corresponding to the newly formed vinylic proton.

HO
o o] \
(o)
a O OO

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

OO *Solvent dependant

Ph
Ph
2.25
N HO
HO
b N -
o)

2.31 2.32
(solid state) (solution)

Scheme 22. (a) cyclohexal,3-dione, CHOH, (*NHsCHz-)2(‘OAC) (cat.), 65°C; (b) 5-phenylcyclohexd 3-dione, DMSO,
20°C.

Condensations of aldehy@£5 with active methylene compounds cyclohexa-dione and

5-phenylcyclohexdl, 3-dione, on the other hand, did noeld 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 geei-hydroxyl group of the naphthalene adding to

either the electron deficieperi-carbon or to one of the cyclic diketone carbonyl grodp2%

2.32. NMR analysis of the product of the condensation wjitlohexanel, 3-dione revealed

that in solution, theyclised structur@.29is present as the major species alongside the minor

oxepine specie®.30. The ratio of the two species differs depending on the solvent, with a 2:1

ratio in aceton&ls and a 17:3 ratio in CD&l The methine group of the closed fo129

resonates in CDGht 7.16 ppm and 87.8 ppm in thé and**C NMR spectra respectively and
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at 7.08 ppm and 82.0 ppm in acetalaeThe minor isomer is not consistent with that of the
un-cyclised form2.33 despite this being the expected minor species, as is demonstréted by
lack of correlation between the methitté and*3C NMR peaks with that of the open chain

methylthio analogu&.34 (*H: 9.11 ppm and®C: 154.8 ppm) as shown in Figure 2.10.

Figure 249. Structures of the uncyclised hydroxy alk2r&3(left) and the methylthio analog@e34(right).

NMR analysis of the product of tHephenylcyclohexdl, 3-dione condensation product in
DMSO-ds, show that only one product is present, unlike that ofcfeohexal, 3-dione
derivative The data is consistent with theri-cyclised structur@.32, analogous to the sohd

state structure o02.29, whereby the hydroxyl group- has
hydroxy unsaturated ketone. The methine CH peaicur at 7.02 ppm and 81.9 ppm in‘tHe

and'3C NMR spectra respectively.
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Figure 250. Molecular structures of Knoevenagel prodad6 2.27and2.28(left to right).

Crystals of the three standard Knoevenagel prodR@&6-2.28 were obtained via slow
evaporation from a range of solvents. Thea) structures for compoun@26 and2.27 were
determined at 150 K wi th28leingcollbteed ad00 K (Riguse a c i
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 gro2g6n

and 2.27 or a carbonyl oxygen i2.28. The O--C(=C) distaes lie in the narrow region
2.615(2) 2.624(2) A, despite the notable difference in the thresggice electreattracting

power of the electrophiliperi-substituents. Furthermore, the interaction distances are similar
to those observed in the methyl aritepyl ketone®.2 and2.3. Each of the compoun@26-

2.28 demonstrates the expectedplane angular displacements of heri-groups, with the
hydroxyl group approaching the retreating alkene carbon.pEnealkene groups in each
compoundarerotated from the best naphthalene plane by less than those pérthestone
derivative 2.2 and 2.5, which generates unfavouredimi-Dunitz trajectories (124.7(2)
127.3(2)). Despite this, the alkene C=C bond demonstrates a slight elongaf&6i2.28,
expressing a prearrangement for nucleophilic attack and subsequent transformatie@to a C
bond. Overall, a lower degree of sensitivity is observed for theCGseparations than the

corresponding N-C separations in the Ms---C series (2.531(2) to@51(3) A for the three
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equivalent compounds), and a major difference being the laglebond formation in
compound2.28 across the twaeri-groups, where the dimethylamino analogue is found to

form a long bond of 1.651(3) A.

Table 215. Selected geometry of Knoevenagel pro@u@$-2.28and the ring closed produ2t29

Compound d/A elA d/e VKN b o/ al/° u°/ e/ @G/e

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)

(3 = torsion angle :C1Z11-C9-C8.

Crystals of theequilibratingcyclohexal, 3-dione derivative?.292.30 were obtained via slow
evaporation of an ethyl acetate solutionray structure determination at 100 K revealed that
in the crystals obtained, the compound resided purely as theypésed form2.29 (Figure
2.12), in which the hydroxyl group has addédl the polarised alkene, forming a

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

Figure 251 The cyclised molecular structure of one molecule of Knoevenagel péh@@act
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Two crystallographically unique molecules 229 are found in the asymmetric unit which
display surprisingly long (ary)@HC; bonds of 1.508(3) and 1.521(3) A, considerably larger
than that of the average (1.447 A) for this type of bdrithese bonds can be viewed as
representing two points in the later stages of &drom of an GC bond. The shortgyeri O-C

bond in this pair is associated with a longer bond fpmri-oxygen to the aromatic ring,
1.364(3)cf. 1.350(3) A, and consequentially a longer bond fronpérecarbon to the aromatic

ring, 1.506(4)cf. 1.493(4)A. The bondingperi-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 chairG20-C=0 indicate the strong
conjugation from he hydroxyl group into the carbonyl group: (HID 1.325(3)/1.322(3),

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

Figure 252. The cyclised molecular structure of the Knoevenagel prai@at

Crystals of the phenylcyclohexadione derivatia31/2.32 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 tdhbthe naphthalene and cyclohexyl rings to give

the tetracyclic structur@.31 as shown in Figure 2.13. The twperi-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, O: 0.157 A), ith 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%(2) form the ring the bonds from
naphthalene to thperi atoms are necessarily splayed apart, widening the naphtretene

angle between the benzene rings to 125°012)e lactol group shows the expected anomeric
interaction with a short H@ bond of 1.399(2) A and the ring@ bond lengthened to 1.457(2)

A.

In the same fashion as the hydroxy ketones, the Knoevenagel prd@ide229 and2.31were
reacted with eithetwo 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 pos

obtained.
' o) o) o o)
CN CN ,
@ | o) @ o
OH =~ “CN o) CN | OH = 0
-H* | o} -H* o)
0 ) oy T
1
2.27 2.35 | 2.28 2.36
(unstable) !
| Ph
o) :
' HO
0 o i g N
OH -H* o !
90 1D O
2.29 2.37 5 2.31 2.38
i Solid state Anion formed on
! structure deprotonation

Scheme 23. Anions2.352.38produced by deprotonation of Knoevenagel proddd@2.29and2.31
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The Knoevenagel products28, 2.29 and 2.31, which have the most electrophilic alkenes
activated by two irplane carbonyl groups, were deprotonated with mild organic bases DMAP
and DABCO, giving stable anio2s36-2.38 (Scheme 2.7)Upon deprotonation, each oxyanion

has added to the adjacemtri-alkene forming an € bond, with the negative charge stabilised

by the two carbonyl groups (similar to the reaction shown in the structural analgsk®)of

The structure of each anion is strongly evidenced by the methine CH peaksHinathe!>C

NMR spetra. On the other hand, the less electrophilic ethenedinitrile gro@Raf like
ketones2.2 and2.3, 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 28®Bpossessed

poor sthility, 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 anionisseeh e n  Me | d r u Ma8&s treated with RABCO;, e
to give the cyclic anio2.36. NMR analysis reveals that the methine group of the @hB&is

found with peaks af.00 ppm and89.7 ppm in the'H and'3C NMR spectra respectively,
compared t®.27ppm and163.5ppm in neutral compourl28. 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, 3dioxanedione ring now has rotational freedom. Despite the formation pétihieond,

the naphthyl hydrogeorthoto the oxygen is shifted up field by 0.38 ppm to 6.50 ppm. Equally,
in the 13C spectraheortho carbon is also shifted up field by 10.8 ppm to 100.1 ppm and the
ipsocarbon is shifted downfield by 8.5 ppm to 162.8 ppm. Togéktese shifts suggest some
degree of delocalisation of charge into the naphthalene ring. The closely related2e8ions
and2.38 show similar characteristics in their NMR spectra. Despite great difficulty due to the

rate of decomposition of the ani@r85 from the dinitrile derivative, NMR spectra of the TMG
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and sodium salt were collected. The sodium s&t38 shows a methine group at 101.8 and a
O)C(CN), carbanion at 23.2 ppri.In contrast, the TMG salt ¢.35 shows an equilibrium
between the neutral dinitrile and @sion with two broad peaks in th# NMR at 158.4 and

69.2 ppm for the alkene carbons.

1
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Scheme 24. Open and closed forms for the anions of naphtA@gand?2.28explored in the DFT calculations.

In view of the lack of experimental structural data, the structures of the anions formed from
peri-naphthol2.27 and2.28 were calculated by density functional theory (DFT) by Dr. M. A.
Addicoat. 1D potential energy saces (PES), with differenperi OE C separations were
calculated using B3LYP8 1 + + g Ljd, p) in order to identify
of the open and closed forn®&39vs.2.35, and2.40vs.2.36, for the two naphtholates (Scheme
2.8). For he anion of the Meldrum's acid derivat®@8, the closed forn2.36, with aperi Oi

C bond length of 1.540 A was the only minimum identified, consistent with NMR studies. In
contrast, for the anion of dinitril2.27 both the open for2.39 ( O (EiIC)2.362A) and the
closed form2.35 (OE C: 1.622A) were found to be of similar energy = 0.33 kJ méf, and
separated by a low energy barrier of 2.35 kJ' indlhis is in contrast tthe NMR studies of

the sodium salt which support the sHoréd closed structure. However, the calculations refer

to the isolated aniom vacuq and so do not include effects of cations or solvent. It is notable
that the @C bond length predicted foralclosed forn2.35is comparable to the longest O

bond reported (1.622 Awhich 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 interactior
between the nucleophilicydroxyl group and geri-electrophilic centre (ketone or alkene).

The neutral ketonea2 and2.5 as well as the Knoevenagel produ26-2.28 demonstrate ©

--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 exan®8sand2.31 generated two
interesting structures, whereby the solution swidl state structures diffed. In the case of the
cyclohexadione derivative.29, long O-C bonds of 1.508(3) and 1.521(3) A were observed in
the cyclised neutral species. Complexation ofpie-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. Rbher extending this, the first-daphtholates operi-benzoyt

(2.17) and acetyhaphthols 2.18) as TMG salts were synthesised, showing-@C=0
distances of 2.558(2).618(2) A. A small increase in the pyramidalities of the carbonyl groups
compared tdhe neutral compounds are observed as a result of the increased nucleophilicity of
the oxyanion. The corresponding anions where a polarised alkene replaces the c2ag®mnyl (
2.38) could only be detected by NMR but showed in all cases addition of theiomytarthe

al kene. Cal cul ations on the anions of t h
derivatives 2.27 and 2.28 revealed remarkably long -O bonds (1.622 and 1.540 A
respectively), suggesting that very long bonds could be found and studiedan 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 installatiompfra-methoxy group in the ketorg&23.

This modification caused a decrease of 0.041(3) A in theC80 contact distance in the

neutral species compared to its unsubstituted analogue, with a more favolirgpiBuhitz
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angle of approach (108.702)being observed. Deprotonation of oxyani@®23 with TMG
results in the oxyanion saR2.24, however the structure was found to incommensurate.
Nevertheless, preliminary structural data suggested a further decreaseih-t@=O contact
distance when comped to the neutral speci@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 fdH and at 100.6 MHz fof*C using CDJ as solvent and
tetramethylsilane (TMS) as standard unless otherwise stated, and measured in p.p.m. downfielc
from TMS with coupling constants reported in Hz. IR spectra were recorded on a Perkin Elmer
Spectrum 100 FIR Spectrometer using Attenuated ToRdflection sampling on solids or

oils and are reported in clnMass 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.

1,8Naphthalic 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 2Tolpene sulfonyl

chloride (20.90g, 0.11 mol) wasirefully 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 removeN-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
removedn vacuo The resulting mixture was cooled to room temperature, acidified

with concentraté 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 1,8naphtholactam as a yellow solid (6.65 g, 79%). Data for the product obtained

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

1,8Naphtholactam (1.50 g, 18 mmol) was added to 0.5 N NaOH (150 mL) andxtueem

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. HSQy in 200 mL ice/water). The mixture was waminglowly 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 cdllested.
crude yellow solid was purified by flash columinromatography2'3 EtOAc/petrol 4660), to

give 1,8naphtholaaine as apaleyellow solid .98, 64%). Data for the product obtained

was consistent with the literature sourées

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

Naphth1-ol: i H400 MHz, THRds, 24 °C): 8.98 (1H, s, B), 8.27 (1H, m, &H), 7.77 (1H,

m, 5H), 7.397.46 (2H, m, 67-H), 7.34 (1H, d, J = 7.3 Hz-H), 7.27 (1H, t, J = 7.3 Hz-3
H), 6.77 (1H, dd, J = 7.3, 0.9 HzHD); U G100 MHz, THFds, 24 °C): 154.9 (L), 136.5 (4a

C), 128.6 (5C), 127.3 (3C), 127.2 (6C), 126.6 (8aC), 125.5 (?C), 123.6 (8C), 120.1 (4C),
109.1 (2C). Naphth1-ol, dissolved in THFds, was treated with excess sodium hydride, stirred
for 10 min and filteredd H400 MHz, THFds, 24 °C): 8.48 (1H, d,3d 8.2 Hz, 8H), 7.63 (1H,

d, J = 8.2 Hz, 8), 7.22 (1H, t, J = 8.0 Hz-HA), 7.18 (1H, t, J = 8.0 Hz-B), 7.09 (1H, t, J =
6.9 Hz, 7H), 6.81 (1H, d, J = 7.8 Hz;H), 6.61 (1H, d, J = 8.2 Hz, J = 7.8 HzH}; Ui G100
MHz, THF-ds, 24 °C): 168.8 (&), 138.0 (4aC), 132.0 (8&C), 129.4 (3C), 128.8 (5C), 125.8

(6-C), 124.2 (8C), 123.2 (7C), 111.7 (4C), 110.9 (2C).
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Reaction of Naphth1-ol with 1,1,3,3Tetramethylguanidine.

Naphth1-ol (35 mg), dissolved in THEs, was treated with TMG (28 mgy, H400 MHz,
THF-dg, 24 °C): 8.40 (2H, br,-DH, TMG: NH), 8.29 (1H, d, J = 7.2 Hz-H), 7.66 (1H, d, J
= 7.3 Hz, 5H), 7.267.34 (2H, m, §7-H), 7.1£7.18 (2H, m, 34-H), 6.85 (1H, dd, J = 6.9,
1.4 Hz, 2H), 2.69 (12H, STMG: 4 x (Hs); Ui G100 MHz, THFds, 24 °C): 167.4 (TMG:
C=NH), 157.5 (2C), 136.2 (4aC), 127.9 (5C), 127.5 (8aC), 127.2 (3C), 126.1 (6C), 124.0
(7-C), 123.9 (8C), 117.1 (4C), 108.8 (2C), 39.4 (TMGH*: 4 x CHs), corresponds toa. 20%

deprotonatin of naphthol by TMG.

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

Lactone2.1 (1.00 g, 5.88 mmol) was dissolved in anhydrous THF (15 mL) under nitrogen and
cooled to-783 . 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) #0d H
added. The aqueous solution was washed with DCM (3 x 40 mL) and the combined organic
layers washed with ¥ (2 x 40 mL), brine (1 x 40 mL) and dried over MgS®he solvat

was removedh vacuoto give a crude oil which was purified by flash column chromatography
(1:4 EtOAc/petrol 4860), to give2.2 as a brown solid (370 mg, 32%) m.p. 1833 (lit.>
184187°C) . UH ( 4 0§24¥03):8.01 (XHDPICI = 7.8 HzH), 7.81 (2H, d, J = 8.2

Hz ,-, @&, 7.58 ( 1H,H)t7.50-255§&H,8n, 45-H)H7Z38- 7.4D(4H, m,

3-,6-, 3 0849, 7.12 (1H, brs, @), 6.99 (1H,d, J=78Hz;H) ; UC (10Q 2MHz,

°C): 201.7 (C=0), 152.3 (C) , 1 3-8), 185.6( 1BH6 (AC2) , 1 3-G), 1B2.4((A% 6
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C) , 1306CH129.2AFC)) , 1 2-85CB127.48 14.2122.0,121.5 (ACs), 113.7
(2-C) ; mad@M! 3050 (OH), 1638 (C=0), 1574, 1432, 1345, 12ARMS (ESI) calcd for

CaH1302 ([M+H]*): 249.0910 found: 249.0912

Preparation of Sodium 8benzoylnaphth1-olate.

8-Benzoylnaphtkl-ol (25 mg) was dissolved in THF (3 mL) and the solution treated with
sodium hydride (60% dispersion in aib. 4 mg) until there was no more effervescence. After
stirring for a further 5 min. the solution was evaporatedacug DMSO-ds (1 ml) wasadded,

and the solutionvasfiltered, and the NMR spectrmaererecordedid H ( 4 0 0 MHlg |, DN
24°C): 749 (1H,d, J=73Hz®) , 7.45 (2H,- dH),.35EH,t70=6.0 Hz ,
Hz ,-H)4,0 7.28 ( 2H; 59 7.1d (14 t, ¥<.BHz,161), 6.98 (&H, t, J = 8.0

Hz, 3H), 6.65 (1H, dd, J = 6.9, 0.9 HzH), 6.39 (1H, d, J = 7.3 Hz:H), 5.79 (1H, dd, J =
78,09Hz,H) ; UC (10 0-dsP42C): 190.8050), 168.3(3C) , 14-0), 6 ( :
139.5 (8C), 136.3(4aC) , 1 3-0),129.7((3€)01295@BL) , 127 .5 - &L B R 7 .

, 609, 126.7 (5C), 123.8 (6C), 118.1 (7C), 108.1 (2C), 103.7 (4C).

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

8-Benzoylnaphtkl-ol 2.2 (100 mg, 0.42 mmolvas dissolved in chloroform (2 mL) and TMG
(0.05 mL, 0.42 mmol) was added. The solvent was remavedcuoand the solidwas
dissolved in DCM. Nitrogen was passed over the surface of the solution, yielding yellow

crystals of the saR.17, m.p. 100103 . UH ( 400 -ddHZC): 7.BMBIQd, J=8.2
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Hz,5H) , 7.38 (2H,, @, J7=30. 81HzH),t7.2002H,t=J=6.. 8 |
Hz ,-, 34§ 7.15 (1H,t, J = 7.8 Hz-H), 6.81 (1H, t, J = 7.8 HzB), 6.77 (1Hd, J = 6.9

Hz, 7-H), 6.70 (1H, d, J = 8.2 Hz;H), 5.67 (1H, d, J = 7.3 Hz-H), 2.66 (12H, s, TMEH":

4xCHs) ; UC (10 24PB)z197.90ED],1163.6 (TMGH*: C=NH"), 161.4 (%

C) , 130),188.3(8C)p135.4(4eC) , 1 3-@).188.6(3C)0, 1 2-86CH 128.2 6

( 3, 0650), 128.0 (5C), 125.6 (8aC), 124.4 (6C), 120.9 (7C), 111.3 (4C), 108.7 (2C), 39.3
(TMG-H*: 4 XCH3) ;ma/can 3083, 3083, 2891, 1654 (C=0), 1594, 1568, 1491, 1442, 1385,

1318, 1270, 11084RMS(ESI): calcd for G/H110, ((M-H]): 247.0765found:247.0771

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

Lactone2.1 (1.00 g, 5.88 mmol) was dissolved inhgdrous THF (15 mL) under nitrogen and
cooled to-783 . SecBuLi (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 solutiomas quenched with EtOAc (10 mL) and®wasadded.

The aqueous solution was washed with DCM (3 x 40 mL) and the combined organic layers
werewashed with HO (2 x 40 mL), brine (1 x 40 mL) and dried over MgSThe solvent was
removedn vacuato give a crude oil which was purified by flash column chromatography (1:19
EtOAc/petrol 4060), to give2.10 as a yellow solid (320 mg, 24%), m.p.-743 . uH (40
MHz, CDCk, 24 °C): 8.19 (1H, s, B), 8.00 (1H, dd, J =.8, 1.4 Hz, 7H), 7.83 (1H, dd, J =

7.3, 0.9 Hz, 8H), 7.42- 7.52 (3H, m, 34-,6-H), 7.11 (1H, dd, J = 7.3, 1.8 HzHD, 3.51 (1H,
sxt, J =H6.A.8D,-H)ALMH,1 .n5 6 -BEHL,H,1 .2, 8 363 H,- d,
CH3),0.97 (3H,t,J=73H,-H34 & GC ( 10 @ 24ME)z215.0CADY; 152.9 (1C),

136.0, 135.7 (AMCy), 134.0 (7C), 129.1, 127.6, 124.0, 121.5, 121.44@4), 114.9 (2C), 47.0
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(2@, 27) 1 (B3, ( 268C) Gualdré 131 (OH), 3047, 2967, 2931, 1668
(C=0), 1620, 1577, 1523, 1439, 1346, 12BRMS (ESI): calcd for GsHi702 ([M+H]*):
229.1223found:229.1223 A preceding fraction yielded a small amount (120 mg, 1898) of
(secbutyl)}-2H-naphtho[1,8bc]furan-2-one2.11, 0 H ( 400 M4 °C): £ AH, d,
J=8.5Hz, ArH), 7.62 (1H, d, J = 8.4 Hz, Atl), 7.56 (1H, d, J = 8.4 Hz, Ad), 7.43 (1H, dd,
J=8.4,72Hz,-H),7.06 (1H,d,J=73Hz;8) , 3. 74 (1H, -H}) xT2(1HJI =
quin,J=7.4HB6H) , 1.32 (3H,-CH),, JO.=7 97 .(03 HHHs)t;,2 GIC =
(100 MHz, CDC4, 24 °C): 167.3C=0), 151.8 (82C), 149.5, 132.4, 129.1, 128.2, 128.1, 128.0,

120.5,117.3, 1058 (AC:) , 3 &) 3 BEP2 LR E&CHBP, (2&).1 (406

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

Complex, 2.10.DMAP.

Ketone2.10 (63 mg, 0.28 mmolyas dissolved in THF (5 mL), DMAP (33 mg, 0.28 mmol)

was added and the reactiomas stirred for 30 min. at room temperature. The solvent was
removedin vacuoand the solidvasdissolved in acetone. The solution was left to evaporate
slowly, yielding2.10.DMAP as a brown crystalline solid, m.p.-88 . UH (4003 MHz,
24 °C): 8.17 (2Hdd, J = 5.0, 1.8z, DMAP: 2,6-H), 7.80 (1H, d, J = 8.2 Hz:H), 7.40 (1H,

t, J = 6.9 Hz, &), 7.22- 7.36 (3H, m, 34-,5-H), 6.91 (1H, dd, J = 6.9, 1.8 Hz;D, 6.49

(2H, dd, J = 5.5, 1.4 Hz, DMAP:-B-H), 3.11-3 . 21 ( 1HY, 2.99nFH, € BIAP:
N(CH3)), 1.77-1 . 90 ( 1Hd),13&1. 38 ( iHd),, nl,. 2816 ( 3 H,- d,
Hs) , 0. 90 ( 3HsH3)t;, UX  170.0R4ME212.3CD154.7 & 154.4

(1-C, DMAP: 4C) 148.3 (DMAP: 2,6-C), 138.5, 135.5 (ACy), 1295 (7-C), 127.2, 124.9,

124.1, 122.5, 118.8 (A€s), 110.4 (2C), 106.7 (DMAP: 3,5-C), 48.4 (2C), 39.2 (DMAP,
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N(CHs)2) , 25C) 8 ( SCHiH , ( 2 aC) Gual@ndt 913, 2450, 1681 (C=0), 1602,

1526, 1445, 1343, 1223.

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

Lactone2.1 (1.00 g, 5.88 mmol) was dissolved in anhydrous THF (15 mL) under nitrogen and
cooled to-783 . MeLi (1.6M in diethyl ether, 2.94 mL, 4.71 mmolr# steadily added, and

the bright orange solution was kept-@B °C for 1 h. The resulting yellow solution was
quenched with saturated ammonium chloride (10 mL) and acidified with 1M aqueous
hydrochloric acid. The aqueous solution was washed with etkyhtac(3 x 40 mL) and the
combined organic layekgerewashed with HO (2 x 40 mL), brine (1 x 40 mL) and dried over
MgSQs. The solvent was removed vacuoto give a crude oil which was purified by flash
column chromatography (1:9 EtOAc/petrot@0), togive 2.5 as a yellow solid (460 mg, 42%),

%), m.p. 8284°C (lit.2281-83°C) . U H ( 4 0§ 24K H.67 (XEBDPsCA), 8.00 (1H,

dd, J = 8.2, 0.9 Hz,-B) 7.96 (1H, dd, J = 7.3, 0.9 Hz;H), 7.41- 7.45 (3H, m, 34-,6-H),
7.10(1H, dd, J = 6.0, 2.Hz, 2H), 2.78 (3H, s, Blz); 1 C ( 1 00 M4 °C):20718C |
(C=0), 153.3 (1C), 136.1 (4aC), 135.4 (5C), 135.0 (8C), 131.3 (7C), 127.9 & 124.0 (36-

C), 121.3 (8&C), 121.1 (4C), 115.0(2-C), 30.5 CH3) :madam® 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. foi1002: C, 77.40; H, 5.41%.
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Preparation of Sodium 8acetylnaphth-1-olate.

8-Acetylnaphthl-ol 2.5 (20 mg) was dissolved in THF (4 ml) and the solution treated with
sodium hydride (60% dispersion in ofla. 4.5 mg) until there was no more effervescence.
After stirring for a further 5 min. the solution was evaporatedbhicug THFds (1 ml) added,

and the solution filtered, and h2E°CNKMIO spe
(1H, d, J = 8.2 Hz, 5H1), 7.06 (1H, t, J = 7.8 Hz-B), 7.09 (1H, t, ¥ 7.3 Hz, 6H), 6.71 (1H,

d, J = 6.9 Hz, H), 6.63 (1H, d, J = 8.2 Hz/H), 6.29 (1H, d, J = 7.8 Hz-H), 2.54 (3H, s,

CHs) ; UC (10 4@s 2MPD): 213.5¢D), 168.2 (1C), 142.7 (8C), 137.6 (4eC),

129.9 (3C), 128.3 (5C), 128.2 (8aC), 124.2 (6C), 117.1 (7C), 110.7 (2C), 109.0 (4C),

33.6 CHa).

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

25.DMAP.

8-Acetylnaphthl-ol 2.5 (32 mg, 0.17 mmolyvas dissolved in THF (3 mL), DMAP (22 mg,

0.17 mmol) was added and the reactwas stirred for 30 min. at room temperature. The
solvent was removeih vacuoand the solidvasdissolved in DCM. The solution was left to
evaporate slowly, yielding.5.DMAP as a brown crystalline solid, m.p. 140023 . adH (40
MHz, CDCk, 24 °C): 8.08 (2H, dd, J = 5.0, 1.4 Hz, DMAR,62H), 7.75 (1H, m, H), 7.29

7.34 (2H, m, 56-H), 7.22- 7.27 (2H, m, 34-H), 7.17 (1H, br s, O), 6.87 (1H, dd, J = 5.5, 2.7

Hz, 2H), 6.40(2H, dd, J = 5.0, 1.4 Hz, DMAP:35-H), 2.90 (6H, s, DMAP: N(6),), 2.58
(3H,s,C3) ; UC ( 10 G, 24VE)z206.0GED], L54.6 & 154.2 (.C, DMAP-H*: 4-

C), 148.0 (DMAP: 2,6-C), 135.4, 138.6 (ACy), 130.6 (7C), 127.4, 124.8, 124.2, 121.8, 118.9
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(Ar-Cs), 111.1 (2C), 106.6 (DMAP: 3,5-C), 39.0 (DMAP: NCHs)2), 31.8 CHa) ; mal/@m
12921, 2345 br, 1687 (C=0), 1604, 1567, 1528, 1437, 1345, 1255, 1223, 1186, 1062, 1001,

808, 781, 750.

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

8-Acetylnaphthl-ol 2.5 (250 mg, 1.34 mmolyvas 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 aright yellow oil. Maintenance of the oil under nitrogen eventually
yielded yellow crystals of the saR,18 m.p. 8890°C. UH ( 40 03 2MIFC): 7.64CDCI
7.74 (3H, m (d + br s),-F, TMG-H*: NH,), 7.257.31 (2H, m, 36-H), 7.08 (1H, d, J = 7.3

Hz), & 7.00 (1H, dd, J = 6.9, 1.4 Hz)-(&H), 6.80 (1H, dd, J = 7.3, 0.9 HzHD), 2.70 (12H,

s, TMGH": 4 x CH3), 257 (3H, s, €3) ; U C ( 10 @, 24r8)z208.66CE0},1166.1
(TMG-H*: C=N), 158.8 (1C), 140.6, 135.5 (AC2), 128.5 (7C), 128.1, 128, 124.5, 120.0,

114.4 (ArCs), 110.2 (2C), 39.2 (TMGH™: 4 xCH3), 32.9 (CH3) :ma/cn® 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.

Lactone2.1 (0.75 g, 4.41 mmol) was dissolved in anhydrous THF (15 mL) under nitrogen and
cooled to-783 (COy/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) gdd5HmL)
added. The aqueous solutisas washed with DCM (3 x 40 mL) and the combined organic
layerswerewashed with HO (2 x 40 mL), brine (1 x 40 mL) and dried over MgS®he
solvent was removeth vacuoto give a crude oil which was purified by flash column
chromatography (1:49 EtOAc/pel 40-60), to give2.8 as a light brown solid (140 mg, 14%)
m.p. 106108 . UH ( 4 0 0 3 MHCG):,8.08QIHCd, J = 8.6 HzH), 7.83 (1H, d, J =
8.6 Hz, 5H), 7.61 (1H, d, J = 8.4 Hz;), 7.49 (1H, dd, J = 8.4, 7.3 HzH), 7.12 (1H, d, J
=7.3Hz,8H), 1.60 (9H,s,3xH83s) ; UC ( 10 @, 2446)z167.1GHD], I155.8 (8a

C), 149.7 (AkCy), 132.7 (4C), 130.4, 128.5 (ACy), 127.9 (5,7-C), 120.5 (6C), 117.8 (AF

C1), 105.4 (8C), 36.3 C(CHa)s), 29.6 (CCHa)3) ;mad@n® 2958, 2870, 1768 (C=0), 1748,

1461, 1361Found: C, 79.84; H, 6.33. Calc. foid8140.: 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 lacton2.8 (75 mg, 0.33 mmol) was dissolved in gdhous THF (5 mL)

under nitrogen and cooled 883 . MeLi (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 mnhd HO (5 mL) added. The
aqueous solution was washed with DCM (3 x 40 mL) and the combined organicviayers
thenwashed with HO (2 x 40 mL), brine (1 x 40 mL) and dried over MgSThe solvent was
removedn vacuoto give a crude oil which was puefil by flash column chromatography (1:19
EtOAc/petrol 4660) to give a pink oil. The oil was heated t@5Qnder a high vacuum for 4

h. and cooled te203 to give2.9 as a pink solid (60 mg, 75%), m.p. 20808 . UGH (400 N

CDCl, 24 °C): 7.67 7.75(2H, m, 4,5-H), 7.36 (1H, t, J = 7.8 Hz-A), 7.25 (1H, d, J = 8.2
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Hz, 6H), 6.67 (1H, d, J = 7.3 Hz-), 3.65 (1H, br s, €), 2.12 (3H, s, €3), 1.55 (9H, s,
(CHa)a); i €100 MHz, CDC4, 24 °C): 156.4 (8), 144.2, 136.2, 130.2 (AEs), 129.4 (4 or
5-C), 128.6 (¥C), 127.2 (AFCy), 126.3 (4 or 5C), 115.5 (6C), 114.5 (2C), 101.1 (8C), 36.8
(3-C(CHs)3), 33.0 (3C(CHa3)s), 28.4 (2CHs) ; ma/@® 3350 (OH), 2957, 2919, 1688 (w),
1571, 1457, 1364, 1215, 1197, 1161, 1139, 1051, 939, 821Fadad: G 79.16; H, 7.54.

Calc. for GgH1802: 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 mmolyas 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 vacuoand theresidualoil wasdissolved in acetone. The solution was cooled/& in a
COy/acetone bathral a stream of nitrogen blown over it, resulting2®.DMAP a pink
crystalline solid, m.p. 9863 . This material exists as the DMAP complex with the hindered
lactol in CDC} solution, but as the DMAP complex of the hydroxyl ketone in the crystalline
state UH ( 4003 MHQG):7.86C7TDERH, m, DMAP: 26-H), 7.62- 7.71 (2H, AB
system, J = 8.7 Hz-&-H), 7.31 (1H, t, J = 8.2 Hz-A), 7.21 (1H, d, J = 7.8 Hz;M), 6.69

(1H, d, J = 6.9 Hz, #), 6.38 (2H, d, J = 6.4 Hz, DMAP:-3-H), 2.95 (6H,s, DMAP:
N(CHz3)2), 2.23 (3H, s, B3), 1.50 (9H, s, L(CH3)3) ; U C (10 G, 2°8x 156.CDCI
(8aC), 154.5 (DMAP: 4C), 148.6 (DMAP: 2,6-C), 143.4, 136.9, 130.9 (AEs), 128.7 (4 or

5-C), 128.1 (?C), 126.5 (AkCy), 126.3 (4 or 5-C), 115.7(2-,6-C), 106.5 (DMAP: 3,5-C),

102.6 (8C), 39.1 (DMAP: N(CHa)2), 36.8 (3C(CHa)3), 32.9 (3C(CHz3)3), 30.0 (2CHy);

3madcm! (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[1,8bc]furan2-one 2.21 (265 mg, 1.42 mmol) was dissolved in
anhydrous DMSO (10 mL) and stirred whilst anhydrou€®; (393 mg, 2.85 mmol) was
added, resulting in a colour change from orange to dark purple. After 2 h, iodom@i2ane

mL, 4.26 mmol) was added and stirring continued for a further 3 h. The reaction was quenched
with H20 (20 mL) and the reactiomas extracted with EtOAc (3 x 20 mL). The combined
organics were washed with brine (20 mL), dried over MgSiered andconcentratedn
vacuoto give a dark oil residue. The residue was purified by flash column chromatography
(1:9 EtOAc/petrol 4660), to give the methoxlactone2.22 as a yellow solid (100 mg, 35%)

m.p. 142145 (lit. 3*146:147°C) . UH ( 4 0 § 24NIB):8.26 (T J = 8.2 Hz; 4

H), 8.07 (1H, d, J = 7 HzBl), 7.71 (1H, dd, J = 8.1, 1.0 HzH, 6.97 (1H, d, J = 7.9 Hz; 7

H), 6.67 (1H, d, J = 8.0 Hz-H), 3.27 (1H,s, B3) ; UC ( 10 s, 24PE)z167.7CDCI
(C=0), 152.1 (EC), 143.4 (8C), 129.9 (XC), 128.6 (3C), 128.2 (4C), 126.7 (2C), 122.8 (4a

C), 121.1 (8aC), 106.3 (7C), 105.2 (6C), 55.9 (CH) ;madam™ 3096, 2935, 2835, 2111,
1890, 1765, 1730, 1634, 1600, 1458, 1431, 18831, 1220, 1130, 1070, 1013, 942, 852, 814,

737,674, 634, 598.

Preparation of 8Benzoyt4-methoxynaphth-1-ol, 2.23.

6-Methoxy-2H-naphtho[1,8oc]furan2-one 2.22 (150 mg, 0.75 mmol) was dissolved in
anhydrous THF (10 mL) under nitrogen and cooled 8 (COy/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 thenioroAfter 2 h at783 the solution was quenched
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with saturated N&IHCI (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 orgaeresvashed

with H2O (20 mL) and brine (20 h). The organics were subsequently dried over MgSO
filtered and concentrateid vacuoto 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.23 as a yellow solid (90 mg, 43%) m.p. decomp =3t H ( 400
MHz, CDCk, 24 °C): 8.47 (1H,dd, J=8.2, 1.8 HzH}, 7.77/7 . 83 ( 2 H-H), "3+ 26,
7.60 (5H, m, 23-, 3 064, 08H), 6.91 (1H, d, J = 8.7 HzR), 6.77 (1H, d, J = 8.2 Hz-A),

398 (1H,s,Elz) ; G C (10 & 2ME)z201.4GT=0), 150.0 (A€s), 145.3, 138.4,
134. 4, 133 .-0),129.38 BAEC,),528(3,2128,06186.8, 126.1-(), 123.7 (AFCy),

113.3 (7C), 105.2 (6C), 55.9 (CH) ;ma/@n’ 3247, 2927, 1655, 1620587, 1474, 1447,

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

Preparation of Ethyl (E)-2-cyano-3-( 8hgdroxynaphthalen-1 ¢l)propenoate,2.26.

1-Hydroxy-8-naphthaldehyde.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 reagasheated to reflux for 6h. The
solvent was removed vacuoto give2.26 as a crude yellow solid which was purified by flash
column chromatography (1:9 EtOAc:petrol@0), to give a yellow solid (224 mg, 72%) m.p.
1891923 ; U H ( 40 ®):CA}24 °C): 9.61 [1H, s, 1), 9.55 (1H, s, H), 8.03 (1H,
dJ=82Hz - 7.80 (1H,Hd, 7J 58 §.1H ;WA 48(EHdId= 7.
J = 8.-B) ,Hz7,. 4400 (1H H)d, 71 06 7A.1H,HzH), BE2H 7 . ¢

q,J=7.3Hz, €2CHs), (3H,t,J=7.3Hz, CiCHs) ; U C ( 1 0spCOMH4 2C): 162.€ D
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(C=0), 161.9 (IC) , 15-@)..6 1 316&w) 7 (3-8)05,8 LF®..2 AB8@, 4 (!
128.-0) ,( 312-6).,3 1(2630) 1 ([ 8@pOl158CHK) , 1-CR1046(2Z 26

C), 62.8 CHoCHa), 14.4 (CHCHa); 3madcm®3 251, 3071, 2253 (C [ N)
1370, 1344, 1263, 1240, 1088, 1084, 1013, 830, 770,F8)d: C, 71.67; N, 5.25; H, 4.95.

Calc. for GgH13NOa3: C, 71.90; N, 5.24; H, 4.90%.

Preparation of 2-Cyano-3-( 8h§droxynaphthalen-1 -§l)propenenitrile, 2.27.

1-Hydroxy-8-naphthaldehyde.25 (150 mg, 0.87 mmol) was dissolved in anhydriesOH

(20 mL) under nitrogen and malononitrile (70 mg, 1.05 mm@a$added, and the deep orange
solution was heatetb reflux. After 2 h. the solvent was removiedvacuoto give a crude

yellow solid which was purified by flash column chromatography (1:9 EtOAc:petr6D30

to give2.27%%as a yellow solid (140 mg, 73%), m.p. 1488 . UH ( 4003 MP):, CD
921 (AH,s, ) , 7.98 (1H-Hd, 71 821 T.1H ,-HaT,49788(2H, 7. 3
m, -3 , 7.41 (1H,H,692(H,dd,IJZ. &, HD;HBE.88 ¢1H, br7 6

s, H) ; uC (100, 2468)z166.0¢D)C,I 15C).,8 1(388) 7 L13@H5 (
128.-8) ,(4H62-¢).,8 (22@®.,1 1(266).,7 12310) 9 ( 3-@)p143.9(&5 6
1125 (2 xCl N) , 1Lp83B (2C)7;haf@n*3 374, 3068, 2237 (CI
1368, 1244found: C, 76.31; N, 12.54; H, 3.53. Calc. fauldsN-O: C, 76.35; N, 12.72; H,

3.66%.
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Preparation of SodiumDicyano-(2-(2H-naphtho(1,8bc)furan-2 §l)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 immedigbeoreal
colour. The mixture was stirred for 5 min, the solveas evaporatedn vacuoand THFds

(ca. 0.4 ml) added to the purple residue followed by sufficient DM@ completely dissolve
the product . dandD¥MBAs, MB 2, ATHE 7. 54 -H), T.44, d,
(1H, t, JH)= 77..825Hz(,1 H4d)t7,15(IH, &I F . 8 Hix 7.043 6
(1H, d, J-H=, 86 .26 HH)Y 160 41 @DH,-Hd;, WC =( 7Q B
THF-dg and DMSOds, 24 AC) :C) 1624 3C) 6 8 4 8 a0), 831.6 & a@,
130.-8B) ,( 792-0),128.0((20l N) , (1B, 91 1-8).,3 1(158),101.8( 6 6

(20 , 100),232(@RSB.6

Reaction of 21 with 2, 1, 83 &3Tétramethylguanidine, 2.35.TMG.

Dinitrile 2.27 (35 mg) dissolved in THiEs (0.6 ml) was treated with TMG (18 mg) to give an
instant dark browrsolution whose NMR spectra were recorded immediately and indicated a
dynamic partial deprotonation of the naphthol with the equilibrium strongly towards the
napht hol for m. -dg24FC)(HM30QAH, 8Bz, THF3 (1H,- d,
H),73 (1H, d, -H) ,= 77..330 Hzl,H,B)x,, 7J 29 7A.1H,HzZ,,
H , 6.91 (1H,-Hd, 61 68 g.1H, Hz274 @ ssTMG.4& Bz, 7
UC (100 MHz24THAE)C), 1640 TMB:C=N)8158.4 (br3-C) , 136. 7 (
C),133.12&) , 13-Q@).,7 1(240).,7 1(267.)9 (18@Ha 4 1(2-B)PL07.4( 26

(2xCN) , 11Q . 2 1(-B)p68.9 (br,720), 39.7 (TMG: 4 xCHs).
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Preparation of 5-( (-l8ydroxynaphthalen-1 -§l)methylidene)2,2-dimethyl-1,3-dioxane-

4 6-dione, 2.28.

1-Hydroxy-8-naphthaldehyde.25 (800 mg, 4.65 mmol) was dissolved in anhydrous DMSO
(25 mL) wunder nitrogen and Meldrumbés acid
solution was stirred at room temperature. After 7 day®, (100 mL) was added producing an
orange precipitate. Therecipitate was dissolved by the addition of DCM (30 mL) and the
organic layemwasseparated. The aqueous solution was extracted further with DCM (3 x 30
mL) and the combined organic fractions were washed wit (0 mL) and brine (30 mL),

dried over Mg®4 and filtered. The solvent was removad/acuoto give a crude orange solid
which was purified by flash column chromatography (1:9 EtOAc:petr@®)0to give2.28 as

an orange solid (1.19 g, 86%), m.p. 16823 . UH (400 -d4124°C): 1ID.BBSTH

s, CH), 9.27 (1H,s,5CH) , 7.89 ( 1H,H),¥28-0. £7 8( 2H-H4D6, 620
H , 6.88 (1H,-H)d,77 (®H,s,28H:y ; HEC T & 0 0-dsMM2C): DMS
163.5 (5=CH), 162.9, 1599 (2 X=0) , 1K) 1385(Ar-89 , 1 3-C), 1B0.3( 2 b
127.5,127.4, 125.6, 122.5, 119.8{@4), 114.4 (5C) , 1 1-0), 105.2(C(CH3)2), 27.7 (2

X CH3) :mad@m? 3276 (OH), 1697 (C=0), 1594, 1372, 1292, 18ynd: C, 68.50; H, 4.64.

Calc. for G7/H140s: C, 68.45; H, 4.73%.

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

dioxan-5-ide, 2.36.N&".

Knoevenagel produ@.28 (30 mg) was dissolved in THF (4 ml) and the solutvastreated

with sodium hydride (60% dispersion in af. 4 mg) until the solution turned from yellow to
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colourless. After stirring for a further 5 min., the solution was evaponateacuo CD:CN (1

ml) was added, the solution filtered, and the NMR spectr e cor ded. BEN, ( 4 0
24 AC): 7.51 (HH, @,43 E18,Ht7.3041H,t3&7.818z, Hz ,
78), 7.13 (1H,-Hd, 7. 04 8.12H,Hzd,, -HpéarTi @a0d-l g1d
H , 6.48 (1H,-HJd159 @EH,s, 2XLH) :Hz§C 80B1 GON, MECE):, CD
166.8 (2 XC=0), 162.8 (8C), 145.4, 132.6, 130.4 (ATz) , 1 3-0).,1 1(2799).122.3( 4 6
(3, 116).,5 1(182H.101.6(26)6, 9X) 9 8 &Ch B4.7(52) 26.2 (2 X

2-CHj3).

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

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

Knoevenagel produc2.28 (20 mg, 0.067 mmol) was dissolved in §IN (2 mL), 1,4
diazabicycle [2.2.2]octane (7.5 mg, 0.067 mmol) was added and the reactiestirred for

30 min. at room temperature. The yellow solution became paler upon addition. Removal of the
solvent resulted in the for maiN,a4arC)o/f3(1&, s ol
d, J = -H).,7 THz4,2 361 H;H)t , 7J 396 6 18 -H)27,13(@Hd 8. .
J = 8.-H) ,Hz7,. 0640 ( 1H,-H)d,, 7J. 0=0-H§(.6120 (HHzsl,,J =52 Hz,

8 #1), 6.14 (1H, br s, DABCEH* NH), 2.88 (12H, s, DBCO-H*: 6 x NCH>), 1.63 (6H, s, 2
Xx2-CHs) ; U C ( 1 QGN,2MPCr167.1GDxC=0), 162.8 8-8)f145.2,132.7,130.4
(Ar-C3),130. &) ,(7b2-0).,5 A241.,5 1136.,6 1158, 1821 (26H
100.-C) ,( 88X), 75.7 (5€)45.4 (DABCOH®: 6 x NCH2), 26.2 (2 X 2CH3); 3ma/cm’

12943, 2881, 2258, 1765, 1709, 1615, 1591, 1369, 1GBRMS(ESI): calcd for G7H130s
(IM-H]): 297.0768found: 297.0844
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Preparation of 3-Hydroxy-2-( 2 éaphtho[1,8-bc]furan-2 §l)cyclohex2-en-1-one,2.29.

1-Hydroxy-8-naphthaldehyd@.25 (250 mg, 1.45 mmol) was dissolved in anhydrous MeOH
(20 mL) under nitrogen. 1,-@yclohexandione (195 mg, 1.74 mmol) and ethylenediamine
diacetate (26 mg, 0.15 mmol) were added and theioeagas heated to reflux for 6h. The
solvent was removed vacuoto give a crude yellow solid which was purified by flash column
chromatography (3:1 EtOAc:Pet-40), to give2.29 as a brown solid (200 mg, 52%), m.p.

186-18% ; in solution it exists in tw forms: ring close@.29 and a minor component te

17:3 ratio. s,H24 CH an cavhidanent (fin@ do€ed) 85%: 9.11 (1H, br,
OH) , 7.62 (1HH) d,734%F (71WB-HHZII7TBHE T 2-3H7 &lm,
H),729(1H,d, J = 6:H, T.46-HZ{,1H5.682 (216H H),@25 J =

2.52 (4H, m, 4, 6-H>), 1.852.00 (2H, m, 8H2), minor component, 15%, spectrum obscured
apart from: 7.96 (1H, s), 7.91 (1H, d, J=7.7 Hz), 7.72 (1H,d,J=7.30H2); ( 100 MH
(CDCls, 24 °C): 197.5 br@=0), 174.2 br (&) , 1 5 &), 440.5, 834.6 (ACy), 129.4

(40) , 12-8), 127.6((A@) , 12-8).,4 AB®.,9 LB, XA2.2((Xp
101.-8) ,( 8®T), 86.8prd68), 29.5 br (4C), 203 (5-C) ;mad@’ 2917 (OH), 2849,

1622 (C=0), 1574, 1465, 1414, 1360, 12B@Gund: C, 76.47; H, 5.37. Calc. foi#140s: C,

76.68; H, 5.30%.
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Preparation of 4-(Dimethylamino)pyridin -1-ium 1-(2H-naphtho[1,8-bc]furan-2-yl)-2,6-

dioxocyclohexanl-ide, 2.37.DMAP.

Cyclohexenone derivative29 (40 mg, 0.16 mmol) was dissolved in §IN (2 mL), DMAP

(18 mg, 0.16 mmol) was added and the reaatrasstirred for 30 min. at room temperature.

The brown solution became paler upon addition. Removal of the solvent resulted in the
formation of a sol i dis@N, 244C):1064a (1H, br,HDMARA™0 0 M
NH), 7.80 (2H, d, J = 6.9 Hz, DMAP*: 2-6H) , 7. 45 ( 1H,-H)d7.34(1H,t= 8.
J = 6.-8) ,Hz7,. 2476 ( 1 H:H) t , 7J 13-H)7,187, H®Y @BH,. d,
H , 6.86 (1H, dlHd),6.56(2Hd, J& 7.2 Hz, DMARH": 3,5H), 6 3&(1H,

d, J = -H),238 (BH; s, DABH*: N(CHa)2), 2.12 (4H, t, J = 6.0, 1.4 Hz;,3-Hy),
1.89-1.94 (2H, m, 4H2); 1 C (100 30NH124,°C):CR.O0(2xC=0) , 163, 3 (
156.8 (DMARH": 4-C), 146.2 (AkCy), 144.8 (DMARH*: 2- 6-C), 132.6, 130.6 (AC),
130.T) ,(762€). .4 (24D, D1 4.3®) ,(5561-C), M1.1( (83, 107.5
(DMAP-H*:3-5C) , 100).,0 8(58),89.8(DMARH": N(CHa3),), 35.9 (3,5-C), 22.0

(4-C); 3madcm® 2930, 1644, 1598, 1557, 1471, 1401, 1342, 1219, 1182, HRBIS(ESI):

calcd for G7H1303 ([M-H]"): 265.0870found: 265.0869

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

dioxocyclohexanl-ide, 2.37.DABCO.

Cyclohexenone derivative.29 (40 mg, 0.16 mmol) was dissolved in ¢IN (2 mL), 1,4
diazabicycle[2.2.2]octane (17 mg, 0.16 mmol) was added and the reagtiestirred for 30
min. at room temperature. The brown solution became paler upon addition. Rerinthel
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solvent resulted in the for maiN,a4°C)8.25(1d, s ol
brs,DABCOH":NH) , 7.54 (1H,H)d, 7] 42 §.1H-H,Z35(HO = 6
t, J =-B.,2 7THZA,7 A4a H, d,-Hpar7t.ilad-H)(WlOBxIHssd, W r2edd ,
= 6.8, -H).,4 6Hz53 5(61 H -H),@.71 (APH, s, DABCAH": 6zNCH.B8 D18

(4H,t, J = 6.3 Hz, 35-H2), 1.84- 1.92 (2H, quin) = 6.3 Hz4-CH2); G C ( 100 sONHz, C
24 °C):192.4 (2 xC=0), 163.5 (8aC), 146.7, 132.6, 130.8 (AT3) , 1 3-0).,1 1(279. 4
C), 12@).,8 1(13466CH 110.5(8C),9 9. 9C) ( 8 B €C), 45.8 (DABCOH": 6

x NCH>), 36.8 (3,5-C), 22.2 (4C); 3macm! 3044, 2938, 2882, 2471, 1619, 1593, 1488, 1460,

1372;HRMS(ESI): calcd for G7H1303 ([M-H]): 265.0870found: 265.0863

Preparation of 7aHydroxy-9-phenyl-7a,8,9,16tetrahydro-11H-benzo[flnaphtho[1,8
bcJoxepin-11-one,2.31 (solid form) /3Hydroxy- 2-( 2 éaphtho[1,8-bc]furan-2 §l)-5-

phenyl-cyclohex2-en-1-one,2.32 (solution form).

1-Hydroxy-8-naphthaldehyd@.25 (100 mg,0.58 mmol) was dissolved in anhydrous DMSO
(25 mL) under nitrogen and-ghenytl,3-cyclohexandione (120 mg, 0.64 mmaelas then
added The deep orange solution was stirred at room temperature. After 5 d@y&16G0 mL)

was added to produce a yellow ppmtate. The precipitate was dissolved by the addition of
DCM (30 mL) and the organic layefasseparated. The aqueous solution was extracted further
with DCM (3 x 30 mL). The combined organics were washed with {30 mL) and brine (30
mL), dried over MgS®@and filtered. The solvent was removad/acuoto give a crude yellow
solid which was purified by flash column chromatography (1:4 EtOAc:petr6l030to give

2.31 as a yellow solid (150 mg, 75%), m.p. 1¥253 . This compound exists as the fused

oxepine2.31in the solid state but as the naphthofu2e82 in solution in DMSQOde. uH (40
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MHz, DMSOds, 24 AC): 7.57 -H)LH,7.#4,1 X 1H,-B),728-Hz ,=
7. 35 ( SHH2xorthg-PhHA,& xmetaPhH), 7.15-7 . 2 4 ( 2HHparahihH), B.G2
(1H,-Hs, @698 (2H, -H), d6. 56 =( 16H,4 -BY3.16-F54] =
(1H, m, 5H), 2.65- 2.85 (2H, m, 6Hy), 2.48-257 (1H,m,4H2) ; UC (100 MHz,
°C): 197.1 C=0), 162.0 (3C) , 1 5 iC), 8437(&814333 {pso-PhC, Ar-Cy), 131.6 (AF

Ci) , 12-@).,8 1(279).129.1((24xdetaPhC), 127.5 (2 xortho-Ph-C), 127.2 para-

PhC) , 12Q).,4 1(135p.,0 1(162H.192.3(ABG), 101.1(2C) , 1 0-0),829 ( 86
( 20, 47.0 (6C), 40.2(4-C), 38.4 (5C) ;ma/an® 3395 (OH), 3067, 3040, 2950, 1676 (C=0),

1592, 1581, 1388, 122Fpund: C, 80.63; H, 5.16. Calc. foi#140s: C, 80.68; H, 5.30%.

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

1-ide, 2.38.N4&".

The fused oxepin2.31 (20 mg) was dissolved in THF (4 ml) and the soluti@streated with

sodium hydride (60% dispersion in oda. 4 mg) until the solution turned from yellow to
colourless. After stirring for a further 5 min., tbelution was evaporated vacuo.THF-dg (1

ml) was added, the solutiovasf i | t er ed, and the NMR spectra
d, 24 AC): 7.27-H),101;7 .d20 J( #=HAB-Oskls) H4z67 . 206- ( 1 H
H), 6.91 (1H,d,J=8Rz ,-H)6,6 6. 74 ( 1H, dd),6.30(1Hd 8=6BHz,1. 5
8 #), 3.06- 3.26 (1H, m, 4H), 2.14-2.34 (4H, m,35H) ; UC ( 10O 2UtCY, Tt
191.7C=0) , 1 6Q),147.3 (pHBHC and ArCy), 146.8, 132.7 (AC,), 131.0, 12%

( 4dr -Cy 129.0 (2 xmetaPhC) , 1 2-8 r &) 4.0(2ortho-PhC), 126.5 para-

PhC) , 12-@).,1 1(133p.,4 1(153).108.4(2EH, 9 9-C)5, ( BL), #4.6(32 0

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

dioxo-4-phenylcyclohexanl-ide, 2.38.DMAP.

The fused oxepin€2.31 (10 mg, 0.029 mmol) was dissolved in &IN (2 mL), 4
dimethylaminopyridine (3.6 mg, 0.029 mmol) was added and the reactisstirred for 30
min. at room temperature. The yellow solution became paler upon addition. Removal of the
solvent resulted in the f or matGNp2d°CyA71@& s ol
H, d, J =7.3 HZDMAP-H*": 2-,6-H), 7.38 (1 H, dJ = 8.2Hz, -}}),&.167.34 (7H, m, GHs,
49 M), 7. 15H)(,1H7. G5 (@BOH,-H)d, 6J 83 §.12H,Hzd-d ,6 &J
H), 6.53 (2H, d, J = 7.3 Hz, DMAP*: 35H) , 6. 42 ( 1H, -H)3.25-B.33= 7.
(1H, m, 4H), 2.97 (6H, SDMAP-H*: N(CHa)2), 2.49 (2H, dd, J = 16.5, 11.4 Hz-H, 5-Hy),
2.37 (2H, dd, J = 16.5, 4.6 HzH, 5Hp); U C (1 0 0 30GNH24,°C):T0D.8 (2 xC=0),
16 3. 3C), 159.8 PMAP-H*: 4-C), 146.1 and 145.8[so-Ph-C, Ar-C1), 1437 (DMAP-
H*: 2-,6-C), 132.5, 130.6130.1 129.4 (2 xmetaPh-C & Ar-C1), 128.0(2 x ortho-Ph-C), 127.3
(paraPhC) , 1 2Q).,0 1(132p.,8 1(163).170.6(16)p107.5 (DMARH*:3-5C),
1000 {CB 85 . 7-C), (424(3,5C), 40.0 DMAP-H*: N(CHa3)2), 39.9 (4C); 3madcnm
13394, 3067, 3040, 2950, 1679, 1617, 1593, 1581, 1388, 1267,HROLS(ESI): calcd for

C23H1703 ([M-H]"): 341.1183found:341.1180

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

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

The fused oxepin€.31 (20 mg, 0.058 mmol) was dissolved in €IN (2 mL), 1,4

diazabicycle [2.2.2]octane (6.5 mg, 0.058 mmol) was added and the reagtisstirred for
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30 min. at room temperature. The yellow soluti@eame paler upon addition. Removal of the
solvent resulted in the for maiN,a4°C)3.86 (1, s ol
d, J = -8),.724-Hz 2 9 3 0 6, HAHO 2 rorthoeH, 2 xmetaPhH), 7.08- 7.14

(1H, m,paraPhH), 7.6 ( 1 HH) ,s,7 .2001 ( 1 H,-H)d6,77 (AH, &d, J& 8.2, Hz
1.5 MWy, 50637 ( 1H,H)®.16-3127 &H, T, 48), 2155 (12H8sODABCO

H*' 6 x NCHy), 2.18- 2.45 (4H, m, 385-Ho); 1 C (1 0 0 30N 24,°C):C9M.2 C=0),

163.3( 8-8)p1467 and 146.1ipso-Ph-C, Ar-Cy), 132.7, 130.8 (AC2),1 3 0 . -C), 129456

( 7O, 129.4 (2 xmetaPhC), 128.0 (2 >ortho-PhC), 127.3 para-PhC), 1218 {CR14.6

( 5 660 110.3(2C) , 9X) 9 8 &) 45.6 (DABCOH": 6 x NCH>), 44.2 (3,5-C),

40.2 (4C); 3madcm 3300 (NH), 3028 , 2939, 2887, 2479, 1620 (C=0), 1593, 1489, 1372,

1247;HRMS(ESI): calcd for GzH1703 ([M-H]): 341.1183found:341.1176

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

2.34.

1-methylthio8-naphthaldehyde (250 mg, 1.21 mmol) was dissolved in anhydrous MeOH (15
mL) under nitrogen. 1, -Byclohexandione (166 mg, 1.45 mmol) and ethylenediamine
diacetate (26 mg, 0.15 mmol) were added @edreactiorwasheated to reflux for 24h. The
reaction was quenched withh® (30 mL) and the solution was extracted with EtOAc (3 x 20
mL). The combined organics were washed witOH20 mL) and brine (20 mL) and the
organics were subsequently dried oMgSQs, filtered and concentrated vacuoto give a

dark brown oil which was purified by flash column chromatography (EtOAc), to2f3deas

an orange oil (200 mgs 2460:%)1,(1H0sHB),(7.820(1H, dWH z ,
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= 8. 2-HHZ79( U, dd, J -H) 8.2.,71L.01MHz,ddhd38 = 7
7.43 (2HH) ,m,7 .3205-H[6L882.70 @H, bramd 4 6-Hy), 2.28 (3H, s, S(B3)),
2.042.13 (2H, m, BHz); 1 C (100 Mdi24,°C):(198D C40), 154.8 (3C), 134.8,
134.5,133.7 (AC3) , 133) 3 (8-8)0,3 A3F®.,2 UAD.,1 UAS5®, 2 (:
125.9 & -1 26 3BN7 (4 8, 21.8 (SCH3)), 18.2 (5C) ;madam? 3052, 2919,

1658, 1616, 1561, 1496, 1453, 1423, 1363, 1330, 1188, 1168, AW75820, 764, 724, 646,

555, 532HRMS(ESI): calcd for GaH17SO» ((M+H]*): 297.0949found: 297.0967.
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Crystal data

Table 216. Crystallographic data for ketoneg,2, 2.5and2.23 salts2.17and2.18 lactone2.8and lactol2.9.

2.2 25 2.23 2.17 2.18 2.8 2.9
Formula C17H1202 C12H1002 C18H1403 CsH14Ns. CsH14Na. Ci15H1402 C16H1802
Ci17H110,.0.05 BO C12HsO2
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 P212:2; Pna2, P-1 P-1 Pnma P2i/c
alA] 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)
Ue] 90 90 90 99.596(4) 80.552(4) 90 90
b [ A] 90 90 90 91.720(4) 69.591(4) 90 112.446(5)
9°] 90 90 90 104.122(4) 61.179(4) 90 90
VA3 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
1 [g cmd 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) 0.71073 0.71073 0.71073 0.71073 0.71073 0.71073 0.71073
m(mmt) 0.087 0.088 0.091 0.082 0.083 0.085 0.080
unique refl. 3039 4651 5786 9106 11729 1484 5334
Ref Il , | 2920 4090 2731 6926 8260 1268 4107
R1 0.033 0.0418 0.0456 0.067 0.0555 0.0538 0.0611
WR2 0.079 0.0953 0.0873 0.126 0.1291 0.1437 0.1450
Dr(r) [e A9 0.210£0.194 0.210/0.232 0.170£0.180 0.236£0.235 0.345/0.226 0.330£0.257 0.267/0.228
Crystallisation Solvent CH.CI, EtOAcC CHCl, CHCI, CHCI, CHClI, (CH3).CO
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Table 217. Crystallographic data for DMAP complexes25, 2.10and2.9.

2.5.DMAP 2.10.DMAP 2.9.DMAP
Formula C7H10N2. C7H10N2. C7H10N2.
C12H1002 C1sH1602 C16H1802
Formula weight 308.37 350.45 364.47
Crystal system Monoclinic Monoclinic Monoclinic
Space group C2lc P2i/c P2i/c
alA] 27.588(4) 8.4313(5) 10.1265(11)
b[A] 8.2227(4) 26.5593(11) 25.804(3)
c[A] 19.874(3) 9.5945(5) 7.9261(7)
Ue] 90 90 90
b [ A] 132.66(3) 114.586(7) 105.497(10)
I°] 90 90 90
VA3 3315.6(13) 1953.7(2) 1995.9(4)
Z 8 4 4
J [g cm®] 1.236 1.191 1.213
T[K] 149.97(12) 150.01(10) 150.00(10)
/ (R) 0.71073 0.71073 0.71073
m(mm™) 0.081 0.076 0.077
unique refl. 3819 4523 4601
Ref I, 2427 3146 2813
R1 0.0723 0.0738 0.0691
WR2 0.1398 0.1790 0.1364
Dr(r) [e A9 0.166/0.229 0.437/0.292 0.203/0.185
Crystallisation Solvent CH.CI, (CH3).CO (CH3).CO
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Table 218. Crystallographic data for Knoevenagel products &ib-2.29 and2.31.

2.26 2.27 2.28 2.29 231
Formula C16H1aNO3 C14HsN20 C17H140s C17H1403 Ca23H1803
Formula weight 267.27 220.22 298.28 266.28 342.37
Crystal system Monoclinic Monoclinic Monoclinic Monoclinic Triclinic
Space group P2:/c P2i/c P2i/c P2i/c P-1
alA] 10.8607(7) 9.9169(5) 7.3963(3) 13.4588(5) 6.9441(4)
b[A] 8.0882(5) 7.4879(2) 14.2452(4) 9.4421(3) 8.8146(4)
c[A] 15.3629(9) 15.8768(6) 13.5274(5) 20.9855(9) 14.8418(8)
U] 90 90 90 90 77.773(4)
b [ A] 100.510(5) 108.096(5) 105.187(4) 95.122(4) 78.744(4)
9] 90 90 90 20 76.371(4)
V[A3] 1326.89(14) 1120.64(8) 1375.49(9) 2656.17(17) 852.70(8)
VA 4 4 4 8 2
I [g cmd 1.338 1.305 1.440 1.332 1.333
T[K] 150(2) 150.00(10) 100(2) 100(2) 150.01(10)
/(A 0.71073 0.71073 0.71073 0.71073 0.71073
m(mm) 0.093 0.085 0.107 0.091 0.088
unique refl. 3097 2465 3198 6253 3941
Refl , 1 > 21 2604 1936 2640 4538 3040
R1 0.0553 0.0527 0.0573 0.0763 0.0690
WR2 0.1235 0.1102 0.1198 0.2046 0.1519
Dr(r[e A7 0.273+0.230 0.208/0.171 0.304/0.216 1.007£0.301 0.323/0.178
Crystallisation Solvent (CH3).CO EtOAC CH.CI2/(CH3).CO EtOAC EtOAc
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Chapter 3

Structural Modifications to the Biphenyl and Naphthalene Scaffolds

to Investigate the Effect of Small Linker Bridgeseri-Interactions



Introduction

X X X Y X Y
-0

) ) @

3.2 3.3 34 3.5

Figure 353. Possible orientations of ¢horthosubstituted benzene rings of biphedul-3.4and the locked conformation of
fluorene3.5.

Biphenyls of the type shown in Figure 33L%3.4) possess free rotation around the krieg

carboncarbon bond leading to orientations which can epin@emote or prevent the interaction

of the ortho-substituents (X and Y). Removal of this free rotation via the installation of a

methylene bridge between the unsubstitdbo-carbons from each ring (to give a fluorene

derivative) locks the conformationto that 0f3.5, akin to conformatior3.4.

H H

S d_. I
O+ O
e 8
3.8

3.6 3.7

3.9

Figure 354. Structures of biphenyB.6, fluorené 3.7, naphthalen&3.8 and acenaphthedd.9.

The addition of the methylene brid¢e give the Smembered ringn fluorené has a large
impact on theexacyclic anglebetween the benzene ring and infeg bondto unsubstituted
biphenyt 3.6 (Figure 3.2)Thisang | e ( d) anavedageroE1.1{1) io biphenyl3.6

to 1301(1)° in fluorene3.7. Furthermorethere isan increase in the distance (d) between the
unsubstitutedortho-carbons of the rings from 2.937(6) biphenyl 3.6 to 3.293(3) A in
fluorene3.7. A similar effect is demonstrated by the aduction of an ethylene bridge at one

set ofperi-positions on naphthalefdeesulting in acenaphthehen this structural adjustment,
theexcangl e (do6) and di s38atreack side dfdhg maetubecome ht h

unsymmetrical as a result of thexembered ring formed by the ethylene bridge. This results
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in the carborcarbon distace between the opposperi-carbons being lengthened from 2.475

A in naphthalen8.8to an average of 2.541 A in acenaphth@®ewith theexcangle between
these tw@eri-positions widened from 122.73.8) to an average of 126.8.9). Consequently,

the peri-hydrogen H--H separation has increased from 2.45 A in naphthalene to 2.67 A in

acenaphthene.

-

NC % © o
‘o e \o \o
N _ _
~N ~N N o N
3.10 3.1 3.12 3.13

Figure 355. Examples of nucleophile/electrophile interactions in two bipf€Byl0and3.11) and two naphthaleié (3.12
and3.13 derivatives which have undergone nucleophilic addition.

The unsubstituted backbon8% and 3.8 have been previously discussed in Chapter 1 with
regards to their use as a scaffold to study nucleophile/electrophile inter&ctiBiggire 3.3
demonstrates four examples from theselies where the attractive interaction between the two
groups has led to the formation of longQ\Nbonds. In the biphenyl dinitrile and dimedone
derivatives3.10and3.11 (Figure 3.4), the newly formed smembered ring adopts a twisted

half chair confomation, similar to that of 9, 2@ihydrophenanthrerfeThis creates an average
angle between the two b e°nhwitletheedistancenbgtedgen thee s t
substitutedrtho-positions found to be 2.887(3)/2.891(3) A for the two independent molecules
of 3.10and 2.891(2) AfoB.11. Si mi l arly, the Mel drumés ac
3.4) peri-substituted naphthalene deaiiwves 3.12 and 3.13 demonstrate peri-carbon
separations of 2.323 (3) A and 2.338(2) A respectively. In all four examples the distance
between the ring carbons of the interacting groups is found to be lower than that of the
equivalent separation ffuorene B.7) or acenaphthen&.©) molecules, whereby the bridging

atoms have influenced the interaction.
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Figure 356. Molecular structures of biphenyl zwitteri@nl 1° and naphthalene zwitteric®137

To this end, a investigation was proposed to explore the effect that the widening exéhe

angle opposite to the added bridging moiety, and thus increased carbon/carbon separation, ha
on the long NC bonds in zwitterionic examples (such as those in Figure 3.3arlicydar it

was important to assess whether the bond can be further elongated or if the increased distanc
prevents bond formation altogether. In order to do this, a series afidylastituted fluorenes

and 5, 6disubstituted acenaphthenes were desigiiéé two series would utilise the same
nucleophilic dimethylamino group and a similar range of electrophilic alkenes as those that
formed zwitterionic bonds in the relevant prior studies. In each case the molecular structure
determined by single crystatpay diffraction will be used to observe the effect of the increased
separation between functional groups, and in the fluorene examples to determine the effect of

restricting the relative orientation of tbetho-groups.
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Investigation of 4, 5disubstituted fluorenes

3.14

Figure 357. Structure of the target dimethylamino aldeh@di4

To begin the fluorene series, the synthesis of dimethylamino aldéhydevas targeted
(Figure 3.5). This structure provides a base from which the desired series of compounds can be

synthesised by Knoevenagel condensations with a range of active mettorigmaunds.

Q) —— 0 -

3.7 3.15 3.15a 3.16

Scheme 35. (a)'BUOK, THF, CHI, 25°C;? (b) n-BuLi, TMEDA, 60°C;1°(c) -78°C, I, RT.

Following the literature procedure described by Lardésal® 9H-fluorene B8.7) was
dimethylated to give 9,-@imethylfluorene3.15(Scheme.1). Aided by the works of Bonifacio
et all? this alkylated fluorene3.15 underwent a twdold ortho-lithiation at 60°C with n-
BuLi/TMEDA. A large excess of iodinesjlwas subsequently added to the lithiated3dba
at -78 °C and the reaction left to warm to room temperature, andlitfelo fluorene3.16
isolated as a pale yellow solid in 25% yield. The loss of a signal wodlatematic protons
in the'H NMR spectrum and the appearance of a peak at 87.3 ppmiCthMR spectrum,
corresponding to the-Cbonds, indicated a succesdfiifiodination. The compound, however,

proved too unstable when left for longer than several days at ambient temperature or when
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heated to temperatures in excess of®0As a result, neither mass spectroscopy or elemental

analysis data was obtained for thisw compound.

Figure 358. Molecular structure of diodo fluorene3.16(top), demonstrating the displacement of the iodine atoms to either

side of the fluorene plane due to their steric intéitac(bottom).
However, crystals 0B.16suitablefor X-ray crystal structure determination were obtained via
slow evaporation of an ethyl acetate/petrol soluaod thestructuredetermined at 150 K
(Figure 3.§. The structure demonstrates the extenthach the larger steric bulk of the iodine
atoms causes the fluorene skeleton to twist well out of its desired planar conformation. The
iodine atoms lie 1.126(3) and 1.128(3) A from the plane of the relatively planar central 5
membered ring. The-+ cortact distance of 3.639(1) A lies well within the sum ofithe der
Waals radii for this type of contaé(4.0 A), further demonstrating the strain upon the system

and hence the lability of the-Cbonds.

3.16 3.14

Scheme 36. (a) nBuLi, EtO, -78°C; (b) DMF,-78°C to RT.
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Initially, a series of attempts at electrophilic amination were performed in order to install the
desired dimethylamino functionality at one of ttého-carbons, e.g. via a Buchwalithrtwig
amination, but with no success. Alternatively, installation ef alkdehyde group was tried
(Scheme 3.2)Di-iodofluorene3.16 wasmonglithiated withn-BuLi at -78 °C for 2 hours, an
excess of DMF added and the reaction left to warm to room temperature overnight. However,
the main compound isolated from the reactios wat the expected ioeaddehyde, but instead

the dimethylamino aldehyd&14in 42% vyield. The structure &.14was supported by the
introduction of'H NMR shifts at 2.63 and 10.86 ppm al€ NMR shifts at 43.5 and 192.5

ppm for the dimethylamino anddahyde groups respectively. THE signal corresponding to

a Gl bond (previously observed Bi16at 87.3 ppm) was not present. Furthermore, a strong

peak at 1677 crhwas observed in the infrared spectrum for the C=0 stretch.

| > H

3.18
a
\ O UH
_N
3.7

3.19

Scheme 37. (a) n-BuLi, E£O, -78°C t0-30°C; (b) DMF, held at30°C; (c) DMF,-30°C to RT*?

Upon further investigation, it was found that a reaction of thiswasereported by Grudzein
et al!? in which they reacted theonolithiated derivative of 1, @liiodonaphthalene3(17)
with DMF to give the dimethylamino aldehy8el9in a one step, one pot synthesith a 74%
yield (Scheme 3.3). Interestingly, they reported that when the reactiomeledhat-30 °C and

not allowed to warm to ambient temperature before being quenched, the subsequent addition
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of the dimethylamino anion does not occur, instead giving the expectealabein/de3.18

Consistent with this, we observed no iemldehyde in ousynthesis 08.14

3.14 3.16b

Scheme 38. Proposed intermolecular mechanism for the synthesis of dimethylamino al@hgde

The proposed intermolecular mechanism for the synthe8id4is shown in Schme 3.4. Key

to the reaction mechanism is the intermedi&te6a which possess the bulky iodine and
tetrahedral aminal anion as substituents. As shown in the molecular stru@ur&infFigure

3.6, the fluorene skeleton can only undergo limited twgstm minimise contacts between
bulky ortho-substituents. As a result, a dimethylamine anion is released via the collapse of the
oxyanion, allowing this nucleophilic anion to perform agAGtype reaction 3.16b at the
adjacentortho-carbon, liberating an iodide anion in the process giving the dimethylamino

aldehyde3.14

3.16a 3.14

Scheme 39. Proposed intramolecular mechanism for the synthesis of dimethylamino ald&hgde
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Alternatively, the reaction could proceed via an intramolecular mechanism as shown in Scheme
3.5. In this route, the dimethylamino groap3.16amigrates as a result of the aminal collapse

to the adjacentrtho carbon. Thenegative charge of thetabilised carbaon can thus resonate

in the aromatic system before eliminating the labile iodide group to give the dimethylamino

aldehyde3.14.

H \ H ,O

oo oo 40

3.7 3.14 3.20

Figure 359. Structures of fluoreres.7, fluorene dimethylamino aldehy8el4and biphenyl dimethylamino aldehy#a.20.

Suitable crystals of aldehyd&14 were obtained via slowevaporation of a DCM/hexane
solution, and the »ay crystal structure determined at 150 K (Figure 3.8). Unusually for an
organic system, the crystal system was tetragonal (space giodp ¥he relevant molecular
geometries 0f3.14 are summarised in T 3.1. The locked conformation of the fluorene
backbone, results in a torsion angle between theotttm-substituted carbons of 11.6{4s
opposed to 0 in unsubstituted fluoren&7 and 58.9(19 in the biphenyl substituted
dimethylamino aldehyd 3.20 (Figure 3.7. This reorientation allows for the much shorter
MezN---C contact distance of 2.691(3) A (compared to 2.989(2) A in bipRag, whilst

the twisting from the idealised planar conformation results in an increase athbecarbon

C---C distance to 3.332(3) A in aldehy8d 4from 3.293(3) A in unsubstituted fluoreBe7.
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Figure 360. Molecular structure of dimethylamino aldehy&i&4 (left), with a view along the fluorene plane (right) to
indicate the displacement oftwoortkou b st i t uent s to either side of thtepl ane
angle of approach for the dimethylamino (blue) nitrogen lone pair (green) toward tirbital of the aldehyde (pink)

group.
Removal of the free rotation around theCond connecting the two phenyl rings results in
large displacementsf the dimehylamino (0.188 A) and aldehyde (0.313 A) groups from the
planes of their respective benzene rings. The dimethylamino group adopts a pyramidal
geometry (E N b9wit (HJGNC-&H) torsionZadgks cil@.6(2) and
25.4(3Y. Thisresults hthe axis of the nucleophilic nitrogen lone gdging at an angle of1.6

to the N---C=0O vector with the carbonyl group positioneat an angle (O=¢-C(H)) of
40.6(3Y to its benzene ring. The approach of the dimethylamino group to the carbonyl group

generates a Blrddunitz angle (N--C=0) of 111.0(2.
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3.21 3.14 3.22

Scheme 20. (a) CH2(CN), CHiOH, ("NHsCHz-)2("OAC) (cat.), 65°C; (b) NO2CHs, CH:OH,

(*NHaCHz-)2(‘OAC) (cat.), 65°C.
Condensation of dimethylamino aldehyd®&14 with active methylene compounds
malononitrile andchitromethane gave the expected Knoevenagel condensation prddiicts
and3.22(Scheme 3.6). In each case the aldel8/dd the appropriate methylene compound
and ethylenediamine diacetate (EDDA) as the catalyst were refluxed together in methanol,
produdng 3.21 and 3.22in 59% and 63% yields respectively. The structure3.@fl was
confirmed by theH NMR shift of the vinylic proton to 9.07 ppm whilst the addition of the
nitrile groups was shown by peaks of 114.6 ppm and 2228rcthe **C NMR and infraed
spectrum respectively. The structure8d2was similarly confirmed by thtH NMR shifts of
the twotrans coupled vinylic protons at 9.93 and 7.50 ppm. The loss of the aldehyde signal

(192.5 ppm) in thé3C NMR spectrum foB.21and3.22further suppaed their synthesis.

Figure 361. Molecular structure of the dinitrile derivatig21 (left), with a view along the fluorene plane (right) to indicate
the displacement of two ortfeubstituents toither side of the plane.
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Exhaustive attempted to crystallise nitro condensation pré@&l2from a range of different
solvent mixtures resulted in amorphous powders or very small unsuitable crystals. However,
orange crystals of the dinitrilg.21 were successfully grown from a CQlexane solution

and the Xray crystal structure was determinaid150 K (Figure 3.9). When compared to its
biphenyl equivalen8.23 the stand out difference is that dinittde1no longer forms a long
Me2N-C bond between the interactingho-substituents, instead displaying a particularly long
MezN---C contact ditance of 2.830(2) A which is also longer than the2N4e-C contact
distance in aldehyd®.14 There is a10.2(2) torsional rotation in dinitrile3.21 between the

two ortho-substituted carbons, similar to the ring rotation of 11%i@ aldehyde3.14 and

larger than 24(3)-24.4(2) in the biphenyl3.23 Furthermore, the displacements of the
dimethylamino nitrogen (0.261 A) and vinylic alkene carbon (0.173 A) groups from the planes
of their respective benzene rings are similar to those shown in ald8lytidHowever, an
increase in th@rtho-carbon G--C separation distance from 3.332(3) A in aldehgdet to

3.441(2) A in dinitrile3.21, could play a role in the overall increase of thelNte-C distance.

Table 319. Selected georric data foraldehyde and dinitrile derivatives14, 3.20 3.21and3.23

314:X=0
3.21: X = C(CN),

3.20: X=0
3.23: X = C(CN),

Compound di/ A d2/ A d/e Gi/o B/o (/o gd/o
3.14 2691(3) 3.332(3) 111.0(2) 11.6(8)  254(3)/105.6(2) 40.6(3) 34L0(3)
3.20 2.989(2) - 126.5(1)  58.9(1)  -14.9(2)/116.5(1) 6.2(2)  341.8(3)
3.21 2.830(2) 3.441(2) 110.8(1) -102(2) -15.84(2)/111.7(1) -42.5(2) 338.0(3)
3.2% 1.604(3) - 112.62(2) -242(3)  -16.4(2)/103.9(2) 101.1(2)
1.586(3) - 113.4(1)  24.4(2)  16.6(2)f1035(2) -96.7(2)

( = torsion angle:drtho)C-C-C-C(ortho), (P = torsion angle: 2 x (BIC-N-C(Ar)-C(H), (f = torsion angle: X=C(Ar)-C(H), E¢ = Sum of
bond angles at dimethylamino nitrogen (NiMe

The dimethylamino group maintains a pyramidal geometry, with the sum of the bond angles of
nitrogen adding up to 33&,0with (H3)C-N-C-C(H) torsion angles of 111.7(1) anth.8(2).
The lonepair of electrons of the nitrogen atdim at an angle o24.4 to the N--C=C vector
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demonstrating a poorer alignment at this elongated interaction distance. The alkene moiety is
orientated at an angle ((G)C=C(H)C-C(H)) of -42.5(2) to its benzene ringvhich allows

for a BurgiDunitz angle (N--C=0) of 110.8(19, almost identical to the angle generated in
aldehyde3.14 The short intramolecular contact between the carbon of the nitrile group nearest
the aromatic ring and an aromatic proton (2.547 Ajaémit the orientational freedom of the

al kene group with respect to it S)whlesutiene r
an increased repulsion due to this interaction. Meanwhile, the shortest intermolecular contacts
are observed betwean aromatic proton and a nitrile nitrogen atom (2.735 A) and an aromatic

proton and the protons of the methyl groups (2.358 A).

Scheme 21. (a) Benzoylnitromethan€HsOH, ("NH3CH2-)2(OAc} (cat.), 65°C; (b) Recrystallisation from a
DCM/hexane solutionic) Me | d r u m&kgOHa (tNH:EH2-)2(OAc) (cat.), 65°C; (d) Cyclopental,3-dione, DMSO,
RT.

The condensations of dimethylamino aldehy®ié4 with active methylene compounds

benzoyl nitromethane, M €l)3-diaonel diddnet yiald thedexpacted ¢

140



Knoevenagel condensation produ@<83.30 (Figure 3.10). Instead, the only isolated
products were found to 24 3.26 and 3.27, whereby following the desired Knoevenagel
condensation, thertho N-methyl and alkene groups have further reacted together forming an
eightmembered azocine ring (Scheme 3.7). Modification to the reaction conditi@24pf
3.26and3.27 were made by eithek) changing the solvent, 2) removal of the catalyst or 3)
stirring the reaction at ambient temperature. Unfortunately, any change (or combination of
changes) led only to the same products being fdring with a lower overall yield or no
reaction taking lace. Optimal yields of 76% and 71fdér 3.24 and 3.26 were achieved by
refluxing aldehyde3.14 EDDA and the relevant methylene compound in MeOH. In contrast,
the cyclic diketone derivativé.27was best synthesised by stirring the aldel8:ddand 1,3
cyclopentanedione in DMSO at ambient temperature, isolating the product in a 41% vyield. In

all cases isolation of the desired Knoevenagel interme@#£28s3.30was not achieved.

3.28 3.29 3.30

Figure 362. Structures of the three expected and desired Knoevenagel pr8d2&830

The structure 0B.24 is confirmed not only by the absence of a vinylic proton, but by the
presence of four doublets between 34689 ppm and the singlet at 2.81 ppm iatH NMR
spectrum. These peaks correspond to the two methylene groups flanking the new quaternary
carbon and one{xhethyl group respectively. Similar sets of shifts of 34081 ppm and 2.57

4.26 ppm for the methylene groups and 2.96 ppm and 3.02 ppirefdkrhethyl protons are
observed in théH NMR spectra of3.26 and 3.27. The different substitution of each of the

chosen methylene derivatives at the quaternary carbon in the azocine ring was evidenced by
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the signals from the carbonytoupsin the'*C NMR and infrared spectra; 189.4 ppm and 1686
cmit for the ketone3.24 168.9/166.2 ppm and 1735 ¢nfor the cyclic dieste8.26 and

215.3/212.0 ppm and 1714 @for the cyclic diketon8.27.

D CN
- CN D CN
DsC_ &3
N i/ “CN DsC~y D
l l a E E
3.32

3.31

Scheme 22. (a) DMSQds, 100°C.

The work of Matyuset al'*'>demonstrated the synthesisaofange of azepine and azocine
rings on a series airtho/orthodisubstituted biphenyls argkri-naphthalenes. In each case,

the ortho or peri substituents consisted of a nucleophilic amine and a Knoevedegetd
electrophilic alkene whichwhen heatedn DMSO, underwent a rearrangement to give the
appropriate azepine/azocine system. The nature of the rearrangement was confirmed by the
synthesis of the hexadeuterated dimethyl analogue ipdahieaphthalene derivativ@.31
Monitoring of the reaction 08.31in ds-DMSO at 100°C revealed that no deuterium loss
occurred in the reaction (Scheme 3.8), confirming the azepin8.88gvas synthesised via an
intramolecular pathway. A proposed mechanism for the rearrangement is shown in Scheme 3.9
for the synthesis of the eightembeed azocine ring3.27. As discussed, the desired
Knoevenagel product is initially synthesised, but in our cases not isolated. Two factors then
subsequently play an important role in the reaction not stopping at this Knoevenagel product
with a second reactioinstead proceeding. Firstly, the increased distance betweerntiloe
carbons allows for a larger degree of rotation around H#@ddomatic) bond. Secondly, the

three alkene products 8.283.30 are more electrophilic than those 3rll4 and 3.21 This
facilitates the optimised orientation and donation ofNamethyl hydride ionvia a 1, 5

sigmatropic shiftfo the electrophilic alkene3(143, an example of a typetert-aminoeffect
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reactiont*1” This forms an iminium cation and a stabilisedrbanion 8.14) which
subsequently react together to form the azocine3i@@ The examples of both azepine and
azocine synthesised by Matyesal. require heating of the selected Knoevenagel product in
DMSO, whereas the azocine derivatide4, 3.26and3.27of this study do not. This indicates
that the wider &-C distance between tleetho-substituents and locked conformation of the
ortho-groups allows for the type t&rt-amino effect reaction to proceed via a lower energy

pathway.

Scheme 23. Proposed synthesis of the azoc27 proceeding via a type 2 teamino effect reaction.

Suitable crystals of azocir®e24were grown via slow evaporation of a DCM/hexane solution.
The X-ray crystalstructure of the resultant yellow plates was determined at 150 K. Whilst
confirming the structure, one of the two crystallographically uniqgue molecules in the symmetric
unit has significant disorder relating to the azocine ring, making the accuracysafiutien

poor. Thus, attempts to grow better quality crystals were made. However, upon recrystallisation

from the same sol vent mi xtur e, a di fferent
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expected yellow plates, differing in colour, shapel &ize. The two crystal systems were
separated under a microscope, analysetHignd**C NMR, infrared and mass spectroscopy

and suitable crystals screened for structural determination. Spectroscopic data of the yellow
plates revealed they were the expected azo8ié Whereas, spectroscopic data for the
alternate colourless needles did natch the data for azociBe24, thus proving they were not

a crystallographic polymorph. Determination of the crystal structure at 150 K in fact revealed
the material to be a decomposition product caused by the cleavage of the benzoyl group from
the quéernary carbon, likely due to the action of water to give ratrocine3.25(Figure3.11).
Spectroscopically, the structure225is confirmed by the loss of tHéC NMR and infrared

peaks of 189.4 ppm and 1686 ¢ncorresponding to that of the benzddtone and its

replacement with 84 NMR triplet at 4.38 ppm for the tertiary proton.

Table 320. Selected geometric details fo325and36 ni tro and

3.25: X = H, X'=NO,

3.26: X, X' = (C(=0)0),CMe,

Compound d2/ A alA b/A cl/A (/o YK
325 3.448(4) 1.460(4) 1.525(4) 1.506(4) -11.5(5) 348.9(3)
3.26 3.447(2) 1.454(2) 1.565(2) 1.561(2) -10.3(3) 350.6(3)

(3 = torsion angle:drtho)C-C-C-C(ortho), E° = Sum of bond angles at nitrogen.

Crystals of azocin&.26 were grown via slow evaporation from an acetone solution, whilst
azocine 3.27 unfortunately failed to crystallise. The-fdy crystal structure 08.26 was
determined at 150 K.he molecular structures and selected geometric informati@2wand
3.26are shown in Figure 3.11 and Table Bath of the eighitnembered azocine ris@f3.25
and3.26 show signs of strain in their naaromatic portions which extend from the fluorene

backbone. The more highly substituted azo@riz6 has two long bonds to the quaternary
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carbon of 1.565(2) and 1.561(2) A, whilst the less substitutédatige 3.25displays slightly

shorter lengths of 1.525(4) and 1.506(4) for the same bonds. The bonding geometry of the
nitrogen atom ir8.25and3.26is almost planar with it positioned marginally on the same side

of the fluorene plane as the’s@mrbondd and b t o i t-11.56G¥10.33Yad ang
C---C distances of 3.448(4)/3.447(2) A ®25and3.26respectively between the tvastho-
substituted carbons of the fluorene skeleton are similar to those of the Knoevenagel product

3.21

Figure 363. Molecular structures of the decomposition nitro azocine pro8i@a nd t he Mel dr 3860 s aci ¢
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Investigation of 5, 6disubstituted acenaphthenes

Br NO, Br
a b
_— > _—
3.33 3.34 3.35
c,d
\ @ \
—N Li —N Br

©

3.37 3.36a 3.36

Schemé.24. (a) NBS, DMF, 25C;'8 (b) Fuming HNG, AcOH, 25°C;'8 (c) Fe, FeC4, AcOH, EtOH, 100C;*° (d) Mel,
K2COs, CHsCN, 50°C;1° () nBuLi (1.6M), THF -78°C; (f) DMF, -78 to 25°C.

Aceraphthalen&.36 which contains an ethylene bridgarato the dimethylamino and bromo
peri-groups was prepared according to knoliterature proceduré$!® (Scheme 30). To
begin, acenaphther®&33 wasmonaebrominated at th&-positionparato the ethylene bridge
with N-bromosuccinimide (NBS) giving.34,'® before beingeri-nitrated via the additioof
excess fuming nitric acid in acetic acid to g8/85.18 Following the methods described by Pla
et all® the nitro group was reduced with iron(lll) chloride and iron powder resulting in the
amino compound, which wa$-dimethylated in situ with potassium carbonate and
iodomethane to giv8.36. Lithium-halogen exchange of bromoamiB8&6 with n-BuLi at
-78°C over 3h, resulted in a deep red solution ofgle-lithiated compound.36a. A two-

fold excess of DMF was added and tkaationwasallowed to warm to room temperature,
resulting in the isolation of the desired dimethylamino aldeBy&leas an orange solid in 55%
yield. The successful addition of the aldehyde group is evidenced by signals at 11.38 and 195.7
ppm in the'H and 13C NMR spectra. A carbonyl stretching frequency of 1663 mobserved

in the infrared spectrum.
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3.4

Scheme 25. (a) CHz(CN), CHsOH, ("NHsCH2-)2("OAc) (cat.), 65°C; (b) CH2(CN)(CQ:Me), CHsOH, (*NH3zCHz-)2("
OAck (cat.),65°C; (c) Me l, OMSORTD, &) Cyaohedd ,3-dione DMSO,RT; (e) Cyclopentd,3-dione
DMSO,RT.

Condensation of aldehyd&37, with the active methylene compounds malononitrile and
methyl cyanoacetate (Schei®41]) yielded the expected Knoevenagel condensation products
3.38 and3.39 in goodyields of 91% and 88% respectively.oth case, the aldehyd8.37,

the appropriate methylene compound and an ethylenediamine diacetate (EDDA) catalyst were
refluxed in nethanol. The structures of the both compouB88 and3.39 demonstrated the
expected vinyl protodH NMR signals at 9.43 and 9.31 ppm. TH€ NMR for 3.38 shows

signals for the nitrile carbons at 113.0 and 114.4 ppm, whil8t38the nitrile carbon isound

at 116.1 ppm with the ester carbonyl at 163.9 ppm. The infrared spec888and 3.39,
demonstrate peaks at 2221 and 2223 cespectively corresponding to the nitrile stretching

frequencies, with the carbonyl ester stretching.89 observedat 1727 crit.
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Scheme 26. (a) CH(CN)(CGMe), CHOH, (*NHsCH2-)2('OAc) (cat.), 65°C.

In order to achieve an accurate comparison, data for the unsubstituted naphthalene analogue
of the aldehyd@&.37 and of the Knoevenagel produ@&88 and3.39 were requiredThe data

for the aldehyde and dinitrile derivatives has been previously regoftedhereas the
corresponding methyl cyanoest&#3 had to be prepared and its crystal structure measured.
Following the method described by Wakisal® dimethylamino aldehyd8.19 was refluxed

with methyl cyanoacetate and EDDA catalyst in methanol, to give the Knoevenagel
condensation produ@43 as a yellow solid in a 53% yieldcheme 3.12)The structure of

3.43 was confirmed by the expected vinyl proféh NMR signal at 9.21 pp. Moreover, the

nitrile carbon is found at 116.1 ppm with the ester carbonyl at 163.9 ppm 1ACQtH¢MR
spectrum. Crystals 08.43 were grown via slow evaporation of an ether solution and its

structure determined at 150 K.

Figure 364. Molecular structure of the methyl cyanoester derivaiiva.
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The stereochemistry around the alkene double bor8#48fplaces the bulkier methyl ester
transto the naphthalene ring (FiguBel?, with the alkene rotated from the naphthalepe b
55.2(2). Theperi-groupsshow the expected angular displacements, with thebond of the
nucleophile orientated slightly (¥1towards the alkene, which is retreating in the same
direction (~4) (Table 3.3). Interestingly, despite the attractive interaction acrosspére
positions, theexaangle between them is larger than the oppaskeangle (122.6(1) vs
121.4(1). The tw@eri-bonded atoms are displaced to either side of the idealised naphthalene
plane by 0.18 A (for the dimethylamino nitrogen) and 0.31 A (for the alkek.JThese
displacements result in a Mé---C separation of 2.595(2) a. 0.6 A within the Van der
Waals radii of C and N atoms. This gives a Bildgnitz angle of 116.2(2)which is in

accordance with a series of previously studied compotftds?

Table 321. Selected geometric details for the acenaphthgrg?-3.39 and naphthalene3(42-3.44) aldehyde, dinitrile and
cyanoester derivatives.

3.37,3.19: X=0
3.38, 3.44: X = C(CN),

3.39, 3.43: X = C(CN)(CO,Me)

Compound d/A elA fIA d/e (/o (/o
3.37 2.953(2) 1217(2) 2.602(2) 149.7(1) 18.8(2)f111.3(2)  17.4(2)
3190 2.489(6) 1.213(5) 2.479(6) 1135(3)  44.5(5)85.2(5)  57.3(5)
3.38a 2.846(3) 1.348(3) 2.595(3) 133.0(2) 27.5(3)/100.8(2)  35.9(3)
3.38b 2.755(3) 1.343(3) 2.562(3) 122.7(1)  -45.8(3)/82.1(2)  -51.9(3)
3.448 2.413(2) 1.354(2) 2.463(3) 112.1(1)  -49.7(2)/81.5(2)  -56.5(2)
3.39 2.843(2) 1.340(2) 2.592(2) 129.3(1)  -27.5(2)/100.0(2)  -40.8(2)
3.43 2.505(2) 1.349(2) 2.503(2) 116.2(1)  34.5(2)/93.8(2)  55.2(2)

Compound O o/ b o/ u/o VKN 2 /°206 |/
337 121.7(1) 119.3(1) 124.1(1) 116.1(1) 129.5(1)/111.4(1)
3192 124.3(4) 116.0(3) 122.2(4) 119.2(3) 120.6(3)/121.5(4)
3.38a 121.8(2) 119.6(2) 121.3(2) 119.9(2) 128.5(2)/111.3(2)
3.38b 122.8(2) 118.2(2) 121.9(2) 119.5@) 127.3(2)/111.7(2)
3.448 124.3(2) 115.9(1) 120.2(1) 120.3(2) 120.4(/122.6(2)
3.39 121.8(1) 119.5(1) 121.4(1) 119.7(1) 128.6(1)/111.5(1)
343 123.2(1) 116.8(1) 122.5(1) 117.9(1) 122.6(1)/121.4(1)

(3 = torsion angle: 2 x (§)C-N-C-C(H), (¥ = torsion angle: X=@C-C(H).
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Suitable crystals of the bridged aldehy&i&7 were obtained via crystallisation fronCCls

NMR sample solution, whereas crystals of the Knoevenagel condensation p&ad8eisd

3.39 were grown via slow evaporation of methanol and DCM/hexane solutgpectively.

X-ray crystal structures for the three compounds were determined at 150 Kseleitited
molecular geometry information summarised in Tabk The MeN---C=0 contact distance

in the bridged aldehyd8.37 has widened to 2.953(2) A, compart 2.489(6) A in the
unsubstituted analogu19. Moreover, a difference of 18.1flij the exoangles at the ring
fusions between the twperrposi ti ons (9/ 26) shows how t
compressed the distance between one seendring carbon atoms and widened the other
(129.5(1y vs 111.4(19) compared to naphthaldehy8&9which does not possess the ethylene
bridge (120.6(3)vs 121.5(49). This widening causes an increase in the@distance between

the peri-naphthalene ring carbons to 2.602(2) BiB7 from 2.479(6)A in 3.19. The extent of

the angular displacement for tperi-dimethylamino group towards the electropt(ldJ / b ) i
much smaller in bridged aldehy8&7 than in the naphthaldehy@el9, whereas the opposite

is true for the angular displacement of theriral dehyde group (u/l 0)
dimethylamino group. As a result of the larger contact distance, nossio a Rt e s
18.8(2)+111.3(2Y for the Nmethyl groups with respect to tletho-ring carbon display a
preference for conjugation of the nitrogen lone pair into the naphthalene ring. This allows the
aldehyde group to rotate to lie in almost the sgmane as the naphthalene ring (GSC(H)

t or si o R)ofdh4f2h),egiviig@ N--H-C=0 contacdistance of 2.37 A. This generates
ahighly unfavourable angle of approachthe dimethylamino groufo the carbonyl groupf
149.7(1y along wayfrom the idealised Bur¢gDunitz angle of 109 or that shown in the
aldehyde3.19 (113.5(3)). All in all, these orientations indicate a preference for conjugation
into the ring over a MN---C=0 interaction as a direct result of widening the distancedasgtw

the groups. As shown in Figugel3 the molecules of bridged aldehy8i87p a ¢ k-stacked -
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centrosymmetric pairs, which are oriented perpendicular to each other in layersbincthe

plane. Neighbouring layers are related by a [100] translatian in

-
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Figure 365. Molecular structure of the acenaphthene aldet8@Z( t o p | e feye)view (aght} showihg the twisting
and displacements of the pesibstituents and the packing arrangement (bottom).
The bridged dinitrile88 displays MeN---CH=C(CN) distances in its two crystallographically
unique molecules d2.846(3) 8.38a) and 2.755(3) A3.38b), compared to 2.413(2) A in the
unsubstituted analogu@44 (Figure 3.14) A 16-17° difference in theexcangles, similar to
that of the bridged aldehy@®e37, is observed as a consequence of the ethylene bridgkingsu
in a widening of the 6-C distance between theeri-carbons from 2.463(3) A in the
unsubstituted dinitril8.44 to 2.595(3) A 8.38a) and 2.562(3) A3.38b). The conformations

of thetwo molecules3.38a and3.38b are significantly different from one another, wgl38a
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presenting similar features to the bridged aldel8/@8@ whilst3.38b demonstrates numerous
similarities to the unsubstituted dinitrile analogé4. In 3.38a the increased separation and
thus reluced interaction between theri-groups allows for the ethenedinitrile group to rotate
further fromthe naphthalene plan&? (of 35.9(3Yvs 17.4(29 in 3.37). The orientation of the
dimethylamino groups of the two compoun@s38a and 3.37) are also sinar with torsion

angles of 27.5(3)100.8(2y in 3.38a and 18.8(2)}111.3(2} in 3.37. This positions the axis of

the nucleophilic nitrogen lone pair at an angle of 36lthe N--C vector, showing poor
overlap between the nucleophile and the-botiding " * orbital of the peri-carbon.These
rotations thus result in an increase in the conjugation of the alkene moiety and nitrogen lone

pair with the aromatic system andwamfavoured Brgi-Dunitz angle of 133.0(2)

Figure 366. Molecular structures of the two crystallographically unique molecules of dinitrile derivéaB&a(top left) and
38b(top right). Th e3.38ajbwmttomm left) dnd.88b(@aott@n right) demensti@te the angle of approach
for the dimethylamino (blue) nitrogen lone pair (green) toward therbital of the alkene (orange).
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The unique moleda 3.38b on the other hand, demonstrates a slightly shorter contact distance
(2.755(3) A) and thus a slightly stronger interaction betweepetigyroups. This is evidenced

by the less severe rotation of the nitrogen lone pair wikiplaced at an angle of 25.@® the

N---C vector and a greater torsion angle between the alkene moiety from the best naphthalene
plane. Both ottheseare remarkably siilar to the orientation observed in the unsubstituted
dinitrile 3.44. However, a less than idealigi-Dunitz angle of 122.7(2)s still observed in

3.380 compared to that oB.44 (112.1(1)). The in-plane angular displacement of the
dimethylamino groups$n 3.38a and 3.38b is greater for the molecule which possesses ad
shorter interaction distance, whilst in both molecules the displacement of the ethenedinitrile

group remains similar.

Figure 367. Molecular structure of methyl cyano esge43.

Bridged cyanoeste3.43 demonstrates a very similar structural profile to that of the bridged
dinitrile 3.38a (Figure 3.15) It possesses a IN---C=C contact distance of 2.843(2) A
(2.846(3) A in3.38a), a G--C distance betwegperi-naphthalene ring carbons of 2.592(2) A
(2.595(3) A in3.38a), exoangle differences of 17.1C1()17.2(2¥ in 3.38a), torsional rotations
(*a n 4 of 27.5(2)/100.(R)° and-40.8(2y (27.5(3)#100.8(2% and 35.9(3)in 3.38a) and a

Birgi-Dunitz angle of approach of 129.3{1133.0(2} in 3.38a).
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The condensations of the bridged aldehyd®7 with the active methylene compounds,

Me | dr u mod scydohexathediont and Bcyclopentanedione did not yield the expected
Knoevenagel condensation produ@<5-3.47 (Figure 3.16. Instead, the only isolated
products were found to #40-3.42, similar to fuse azocine systeri®4-3.27 in the fluorene

series. The reaction similarly began with synthesis ofldsired Knoevenageroducts with
theperi-N methyl and alkene groupsacting togetheria a type 2ert-amino effect reactioff

17 to give theseveamembered azepine ring. The naphtzepines.40-3.42 were isolated in

80%, 59% and 40% yields respectively. In all cases, we observed no trace of the Knoevenagel

condensation products.

3.45 3.46 3.47

Figure 368. Structures of the three expected and desired Knoevenagel pr8diseg47.

The structures of each of the azepiBe&)-3.42 were confirmed not only by the absence of a
vinylic proton, but by the presence of four protons corresponding to the two eretlgrioups
Uthe new quaternary carbon in th& NMR spectra (3.73.90ppm in3.40, 3.633.72 ppm in
3.41and 3.353.45 ppm ir8.42). Furthermore, a singlet corresponding to thméthyl protons

in the 'TH NMR spectra at 3.08, 3.03 and 3.04 ppnBi#0, 3.41 and 342 respectively is
observed. Peaks in the infrared spectra at 1735 (8#0), 1684 cm' (3.41) and 1707 cm
(3.42) correspond to thearbonyl stretching frequencies of #gected cyclic diester or cyclic

diketonegroups.
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3.37

Scheme 27. Proposed synthesis of the aze@m0proceeding via a type 2 tesimino effect reaction.

The synthesis of naphtrazepines hagreviously been reported by the groups of Wahisd
Matyus,**1°who proposec mechanism for their synthesis, as showrséhene 3.13 using
3.40 as an examplélhe mechanism follows the same pathway as that shown in Scheme 3.9

where an azocine ring is formed3i27.
Table 322. Selected geometric details for the three azeBn33.42
3.40: X, X = (C(=0)0),CMe,

3.41: X, X = (C(=0)C),CH,

3.42: X, X = (C(=0)CH,),

Compound flA alA b/A clA Fa/o K
3.40 2.569(2) 1.456(2) 1.549(2) 1.560(2) 349.6(3) 19.1(1)
341 2.565(2) 1.470(2) 1.525(2) 1.562(2) 343.6(3) 14.8(1)
242 2.576(4) 1.453(4) 1.551(4) 1.529(4) 346.9(9) 17.5(3)

' 2.572(5) 1.447(5) 1.551(5) 1.520(5) 348.3(9) -17.5(3)

2= Sum of bond angles at nitrogd®,= N-C(peri)-C(peri)-C(Hz).
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Suitable crystals of the naphtaaepines3.40-3.42 were all grown via slow evaporation of
DCM/hexane solutions and theirrdy crystal structures determined at 150ble 3.4) Each

of the structures are well resolved, but it should be noted thaDtB€CHz)2-O portion of the

Mel dr umd s aarderdd across tyvo posstiond. iThe molecular structures are similar,
in each case the azepine ring demonstrates elongated -canbom bonds$o the quaternary
centr e, for example 1.549(2) B840 Intdrestmd@y) ( 2 )
compaed to the series described by Walisal” in which the naphthalene skeleton was
unsubstituted, the ethylene bridged acenaphthene backbone results in a lower degree of &
torsional strain related to the twisting of iheri-gr oups fr om t he?.dksp ht h
could be a result of the increased distance betwegretirgroups, lhus allowing for a greater

area in which to accommodate thanémbered azepine ring. Within the azepine ring, the
carbon atoms U and b to the nitrogen atom
plane, with the remaining carbon displaced todjygosite side (Figurg.17bottom right). The
Ucarbon in each case is displ aced-cafbenrandh e r
the nitrogen atom, with the nitrogen being the least shifted (e®..N2 1-C:j1.31A@d nd b

C: 0.87 A from the idalised naphthalene plane3wat1). The bonding geometry of the nitrogen

atoms in3.40-3.42 suggests an almost pyramidal arrangement, with the sum of the nitrogen

angles ranging from 343.349.6.
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Figure 369. Molecular structures of the three azepi3e$0-3.42(top left, top right and bottom left) with a view down the
acenaphthene plane of azepBd2 (bottom right) demonstrating the orientation of the azepine ring.
Dehydrogenatin of the ethylene bridge in the acenaphthene aldebdfeand dinitrile3.38
derivatives was attempted using the oxida)8-dichloro-5,6-dicyanel,4-benzoquinone
(DDQ). Unfortunately, despite using a variety of reaction conditions, the crude materials
isolated from the reaction mixtures of each derivative indicated that the desired

dehydrogenation had not occurred.

To conclude, a series of 4disubstituted fluorenes and 5d&ubstituted acenaphthenes have
been synthesised yielding some unexpected results. With the exception of the fluorene
aldehyde derivativ8.14, the installaion of carbon bridges between the two rings of the two
backbones generated a largeteraction between thénteracting ortho or peri-groups

compared to respective biphenyl and naphthalene derivatives. The closer contact of the
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fluorene aldehyd@®.14 is olserved as a result of the locked planar conformation of the two
rings, with the norbridged derivative8.20 possessing the rotational capability to generate a
longer contactin each series, the milder electrophilic groups (dinitrile/cyanoester alkenes and
aldehyde¥esulted inlargernucleophile/electrophilenteraction distances, compared to those

in the biphenyl/naphthalene series. The increased distance between the groups allows for a
greater degree of rotational freedom for the electrophilic moiety negpect to the idealised

plane of its scaffold, with examples suchths dimethylaminaaldehyde3.37 and dinitrile

3.38a acenaphthene derivativdemonstrating reduced torsion angles compared toribeir

bridged equivalents. Increased rotational freedom is also observed in the dimethylamino
moiety, whereby the group rotates one of kmithyl groupgurther towardo the electrophilic

moiety in ader to optimise conjugation of its lone pair into the aromatic sy#erorrelation

is observed between the increasing contact distance and the extent to which the nucleophile
prioritises nitrogen lone pair delocalisation into the aromatic systenthe increase of the
electrophilicity of the alkene bond resulted not in a shortening of the observed contact distance,
but instead in a type rt-amino effect reaction. This occurred as a result of the increased
rotational freedom of the dimethylamino nemphile and the close to planar relationship
between the two groups. This reaction led to a series of-rmged azocines and azepines,
functionalised with the methylene reagent of choice. In all cases, the widening of the interaction
distance facilitate the reaction to a point in which the desired Knoevenagel intermediate was
not observed or isolateth the cases of the azepin&40-3.42 the reaction proceeded under

milder conditions than the equivalent reaction upon a naphthalene scaffold.
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Experimental

General. Solution NMR spectra were measured on a Jeol ECLIESE or ECX 400
spectrometer at 400 MHz fdH and at 100.6 MHz fof*C using CDJ as solvent and
tetramethylsilane (TMS) as standard unless otherwise stated, and measured in p.p.m. downfielc
from TMS with coupling constants reported in Hz. IR spectra were recorded on a Perkin Elmer
Spectrum 100 FIR Spectrometer using Attenuated ToRdflection sampling on solids or

oils and are reported in clnMass 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 4, 5diiodo-9, 9-dimethyl-9H-fluorene, 3.16.

9, 9Dimethylfluorene3.14 (1.00 g, 5.15 mmol) was stirred in anhydrous TMEDA (3.09 mL,
20.62 mmol) whilsin-BuLi (1.6M in hexanes, 12.89 mL, 20.62 mmol) was steadily added,
producing an orangehkition which was heated to 0for 5h. The deep brown solution was
diluted with anhydrous THF (100 mL), cooled-#83 and iodine (13.09 g, 51.50 mmaeVps
added. The reaction was allowed to warm to room temperature and stirred for 16h. The deep
brown soltion was quenched with sat. sodium thiosulfate solution (150 mL) and stirred for
10mins. The aqueous layer was washed with EtOAc (3 x 40 mL) and the combined organic
layerswerewashed with sat. sodium thiosulfate solution (3 x 40 mLY K0 mL), bring40
mL) and dried over MgS©OThe solvent was removadvacuoto give a crude thick brown oil
which was purified by flash column chromatography (hexanes), ta3giéeas a pale yellow
(570 mg, 25%), m.p. 5638 .4 H ( 400 N4 °C): TWB @H, d,3 7.8 Hz, 3, &H),
7.40 (2H, d, J = 7.2 Hz, 1;18), 7.04 (2H, t, J = 7.7 Hz, 2;H), 1.43 (6H, s, 4CHa3),) ; U C
(100 MHz, CDC4, 24°C): 156.9, 142.7 (ACa), 140.8 (3, €C), 128.9 (2, 71C), 121.5 (1, 8
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C), 87.3 (4, 5C), 47.1 9-C), 27.7 (9(CHa)2) ;mal@n 2957, 2920, 2857, 1442, 1392, 1075,

931, 779, 762, 732, 661.

Preparation of 4-(dimethylamino)-9, 9-dimethyl-9H-fluorene-5-carbaldehyde,3.14.

Thedi-iodo-fluorene3.16 (0.4 g, 0.90 mmol) was dissolved in anhydrougHtL5 mL) under
nitrogen and cooled te783 . n-BuLi (1.6M in hexanes, 0.62 mL, 0.99 mmol) was steadily
added, and the orange solution was stirred@ for 2h. Anhydrous DMF (0.36 mL, 4.63
mmol) was added and the reaction was allowed to warm to roonetatape. After 16 h. the
resulting green/yellow solution was quenched wit®H10 mL) and stirred for 10min. The
aqueous solution was washed with@{3 x 30 mL) and the combined organic layeere
washed with HO (40 mL), brine (40 mL) and dried overg8Q,. The solvent was removeu
vacuoto give a yellow/green oil which was purified by flash column chromatography (5:95
EtOAc/petrol 4060), to give3.14 as a yellow solid (100 mg, 42%), m.p.-883 . udH (40
MHz, CDCk, 24 °C): 10.86 (1H, s,@0), 7.61 (H, dd, J = 7.3, 0.9 Hz-R), 7.52 (1H, dd, J

= 7.3, 0.9 Hz, &), 7.34 (2H, m, 2, H), 7.17 (1H, d, J = 7.3 Hz-#), 7.12 (1H, d, J = 7.8

Hz, 3H), 2.63 (6H, s, N(Bl3)2), 1.47 (6H, s,9CH3)2) ; G C ( 10 Q, 2ME)z192.5CDCI
(C=0), 156.1, 154.0 (AC2), 150.1 (4C), 138.1 (ArCy), 133.5 (5C), 131.8 (ArCy), 129.5 &

127.1 (2, 7C), 126.3 (6C), 125.8 (8C), 118.3 (3C), 118.1 (2C), 47.0 ©-C), 43.5 (NCHa)2),

27.4 (9(CHa)2) ma/am® 2950, 2834, 2786, 1677 (C=0), 1581, 1481, 1455, 1381, 1317, 1289,
1224, 1200 1181, 1118, 985, 795, 764, 7TARMS (ESI) calcd forCigH20NO ([M+H]*):

266.1545 found:266.1538
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Preparation of 2-cyano-2-((46(dimethylamino)-96 96dimethyl-9H-fluoren-56yl)

propenenitrile, 3.21.

Dimethylamino aldehyd8.14 (100 mg, 0.38 mmol) was dissolved in anhydrous MeOH (15
mL). Malononitrile (30 mg, 0.45 mmol) and ethylenediamine diacetate (10 mg, 0.06 mmol)
wereadded and the solution wasdted to reflux for 2h. The solvent was remowedacuoto

yield a crude orange solid which was purified by flash column chromatography (3:97
EtOAc:petrol 4660), to give3.21 as an orange solid (70 mg, 59%).p. 1221253 . uH (40
MHz, CDCk, 24 °C):9.07 (1H, s, ®), 7.67 (1H, dd, J = 7.8, 0.9 Hz8-Bl), 7.56 (1H, d, J =

7.3 Hz, &H), 7.39 (2H, m, &, 76H), 7.22 (1H, d, J = 7.8 HzpH), 7.19 (1H, d, J = 7.8 Hz,

36H), 2.68 (6H, s, N(€l3)2), 1.48 (6H, s, 8(CHs)2) ; U C ( 10 G, 24FE)z1638CDCI
(CH), 156.1, 154.6, 149.1, 138.3, 131.64@d), 129.9 (&, 76C), 127.8 (6C), 127.4 (&, 76

C), 126.3 (AFC1), 126.1 (§C), 118.9 (8C), 118.8 (BC), 114.6 C N), 112.9 C(CN)y), 46.9
(96C), 44.2 (NCH3)2), 27.1 (B(CHz)2) ;mad@n*2 942, 2862, 2223 (CIN)
1314, 1183, 1043, 984, 879, 797, 764, Moynd: C, 80.27; H, 6.23; N, 13.36%. Calc. for

C21H1oN3: C, 80.41; H, 6.06; N, 13.40%.

Preparation of E-2-( (-@itnethylamino)-9 6 ;dithéthyl-9H-fluorene-5 §l)-2-

nitroethene, 3.22.

Dimethylamino aldehyd&.14 (55 mg, 0.21 mmol) was dissolved in anhydrous MeOH (5 mL).
Nitromethane (0.03 mL, 0.56 mmol) and ethylenediamine diacetate (5 @3gmbnol) were
added and the solution was heated to reflux for 24h. The solvent was reameaedoto yield

a crude orange solid which was purified by flash column chromatography (5:95 EtOAc:petrol
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40-60), to give3.22 as an orange solid (40 mg, 63%).p. 991023 . uH (4003 MHzZ,
24 AC): 9.93 {HLHA57 d52 J( FH AHPMZ7.393261, n6, 2, H3,
7.107.18 (2H, m, 1, &), 2.72 (6H, s, N(El3)2), 1.46 (6H,s,9CH3)2) ; U C (10Q MHz
24 °C): 156.7, 155.2, 150.1 (AT3), 141.7 CH), 135.0, 131.1 (ACy), 129.5 & 127.0 (2, 7

C), 126.6, 126.2, 125.1 (AC3), 117.9 & 117.2 (1, &), 46.3 O-H), 43.8 (NCHa)2), 27.7 (9

(CH3)2) madcmt 2957, 2860, 1623, 1582, 1545, 1500, 1481, 1332, 176®, D85, 969, 799,

732: HRMS(ESI) calcd forCigH21N20; ([M+H]*): 309.1603 found:309.1594

Preparation of 3-Benzoyt3-nitro -1,2,3,4tetrahydro-1,8,8trimethyl -8H-fluoreno[4,5

bcd]azocine, 3.24.

Dimethylamino aldehyd@&.14 (55 mg, 0.21 mmol) was dissolved in anhydrous MeOH (10
mL). Benzoyl nitromethane (69 mg, 0.42 mmol) and ethylenediamine diacetate (5 mg, 0.03
mmol) wereadded and the solution was refluxed for 4h. The solvent was renrovaduoto

yield a crude yellow b which was purified by flash column chromatography (5:95
EtOAc:petrol 4660), to give3.24 as an orange solid (65 mg, 76%).p. 1721753 . uH (40
MHz, CDCk, 24 °C): 7.87 (2H, dd, J = 8.2, 0.91 tértho-Ph-H), 7.65 (1H, t, J = 7.8 Hpara-

PhH), 7.51 (2H, t, J = 7.8 HmetaPhH), 7.207.30 (2H, m7-, 10-H), 6.98 (1H, dd, J = 7.3,

0.9 Hz, AFH), 6.95 (1H, t, J = 7.3 H&-H), 6.83 (1H, d, J = 8.2 Hz, A), 6.30 (1H, dd, J =

7.8, 0.9 Hz5-H), 4.89 (1H, dJ) = 13.3 Hz2-H), 4.60 (1H, d, J = 16.0 HZ-H), 3.90 (1H, dd,

J = 16.0, 2.3 H4-H), 3.60 (1H, dd, J = 13.3, 2.3 H2H), 2.81 (3H, s, NE3), 1.44 (3H, s,
8-C(CH3)),1.40 (3H,s8-C(CH3) ) ; u C ( 1 03®4°WH189.4 (C-D)C156.8&C),

153.5 {aC), 148.4 (1aC), 139.9 (ArCi), 134.1 p-PhC), 129.7 (6C), 129.2 (n-PhC),

128.7 (AFCy), 128.6 0-PhC), 128.5 (AFCy), 126.5 6-C), 126.4, 126.0, 120.0, 114.3, 112.3

162



(Ar-Cs), 94.0 8-C), 62.6 @-C), 46.4 B-C), 39.7 (NCH3), 38.2 ¢-C), 28.1 & 27.58-C(CHa)2);
3madCiL 2080,2821, 1686 (C=0), 1533, 1485, 1444, 1425, 1321, 1269, 1241, 1200, 1179,
1159, 1000, 922, 786, 728, GIIRMS (ESI) calcd forCagHosN20s ([M+H]*): 413.1865

found:413.1854

Preparation of 3-Nitro-1,2,3,4tetrahydro-1,8,8trimethyl -8H-fluoreno[4,5-bcd]azocine,

3.25.

Recrystallisation of théusedazocine3.24 from a DCM/hexanes solution gave two separate
crystaltypes Separation of the two crystal systems under a microgapetwo samples; the
first the starting azocin8.24 and the second a decomposition proddi2é as pale yellow
platesm.p. 115118 . U H ( 4 0 0 3 RHQ), 7.3(DHCd, J = 7.1 Hz, M), 7.25
(1H,t, J = 7.8 Hz, A1), 7.21 (1H, t, J = 7.6lz, Ar-H1), 7.08 (1H, d, J = 6.8 Hz, A1), 6.96
(1H, dd, J = 7.3, 0.9 Hz, A1), 6.81 (1H, d, J = 7.9 Hz, A1), 4.604.70 (1H, mA-H), 4.38
(1H, t, J = 12.6 HZ3-H), 3.854.08 (2H, m2-H>), 3.163.16 (1H, m4-H), 2.86 (3H, s, NCH),
1.44 (6H,d, ¥8.6 Hz8-C(CH3)2) ; U C ( 10 @, 24¥13):456.8,8%36 (AC:), 148.6
(11aC), 139.8, 129.9, 128.6, 128.5, 126.8, 121.8, 121.7, 114.1, 112@)A83.0 3-C), 57.9
(2-C), 46.4 B-C), 39.8 (NCH3), 34.2(4-C), 28.2 & 27.5 (9C(CH3)2) ;madam? 2957, 2862,
1584, 1537, 1474, 1454, 1438, 1358, 1269, 1177, 984, 793,HRMIS (ESI) calcd for

CioH21N20, ([M+H] *): 309.1603 found:309.1595
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Preparation of 16, 2 ,-Rent@ethy8160 , 2 éetr&hpdro48d-spiro[1,3-dioxane

5 , -fuéreno[4,5-bcd]azocine}4,6-dione, 3.26.

Dimethylamino aldehyd8.14 (143 mg, 0.54 mmol) was dissolved in anhydrous MeOH (10
mL ) . Mel drumds aci d ( 10 9amimegdiacetate (B Big, @MGBonMgl) a n
were added and the reactiomas heated to reflux for 5h, with a precipitate forming after
15mins. The precipitate was filtered, washed with cold MeOH and itriecuoto give3.26

as a pale yellow solid (150 mg, 71%),p. 2042073 . UH (400 MHdg 24°@CETO
7.34 (1H, d, J = 7.8 HZ 1), 7.20 (1H,t, J = 8.2 HA, OH), 7.12 (1H, t, J = 7.8 HA H1),

7.00 (1H, d, J = 7.3 HB 1), 6.94 (1H, d, J = 7.3 H5, b1), 6.87 (1H, d, J = 8.2 H4, L:H),

4.51 (1H, d, ¥ 13.3 Hz4 ), 4.12 (1H, d, J = 15.1 H2, ), 3.71 (1H, d, J = 15.6 HZ,0

H), 3.04 (1H, d, J = 13.7 H2,#1), 2.96 (3H, s, NEl3), 1.81 (6H, m2-(CHa)2), 1.39 (6H, m,
8(CHa)) ; UC (100 Méhz24°C)AIGEIR ®FS.E (C=0), 156.6, 152.9, 148.9,
139.4 (ArCa), 131.5 b &), 129.7 (ArCy), 128.4 | 0@, 126.2 (AFCy), 126.1 6 €), 121.4

(7 €), 114.0 0 €), 112.7 { +@, 105.0 8 &), 60.8 @ &), 50.1 @-C), 45.8 8 &), 40.3
(NCHa), 39.1 @ &), 28.6 & 28.3(2-(CH3)2), 27.8 & 27.0 8 §CH3)2) ;mada@m™ 2965, 2868,

1778, 1735 (C=0), 1571, 1477, 1436, 1379, 1278, 1258, 1198, 1026, 948, 7Fxnut;C,

73.49; H, 6.36; N, 3.86%. Calc. fopfEi2sNO4: C, 73.57; H, 6.39; N, 3.58%.

Preparation of 1 6 , 2 ,-Rent@riethy81606 , 2 éetr&hpdro4 &-spiro[cyclopentane

1 , -fluéreno[4,5-bcd]azocine}2,5dione, 3.27.

Dimethylamino aldehyd8.14 (100 mg, 0.38 mmol) was dissolved in anhydrous DMSO (10

mL) under nitrogen and 1-&/clopentandione (44 m@,45 mmol) was addedhe deep orange
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solution was stirred at room temperature. After 24h, the solution was diluted with water (15
mL) and extracted with EtOAc (3 x 20 mL). The combined organics were washed with brine
(1 x 20 mL), dried over MgS£and filtered. The solvent was removiedzacucto yield a crude
brown oil which was purified by flash column chromatography (10:90 EtOAc:petf®0}Qo

give 3.27 as an orange solid (53 mg, 41%),p. 66633 . OH ( 4003 2MHQ®):,7.30CDCI
(1H, d, J = 7.3 Hz7 1), 7.23 (1H,t, J = 7.8 HZ, OH), 7.12 (1H, t, J = 7.3 HE ¥), 6.95

(1H, d, J = 7.8 HZ9 #1), 6.85 (1H, d, J = 8.2 HB, #1), 6.77 (1H, d, J = 7.3 HA, 1H), 4.26

(1H, d, J = 13.7 HZ-H), 3.86 (1H, d, J = 158z, 2-H), 3.16 (1H, dd, J = 13.1, 1.4 HiH),

3.02 (3H, s, NEl3), 2.752.90 (4H, m3-, 4Hy), 2.57 (1H, d, J = 13.7, 1.9 H2H), 1.47 (3H,
s,8-C(CH3)), 1.40 (3H, s8-C(CH3) ) ; U C ( 1 03024 MH 215.3&QMD2DI(C=0),

156.7, 153.3, 148.7, 139.8 (Al), 130.7 b &), 128.9 (ArCy), 128.3 (L 00, 126.7 (ArCy),

126.1 6 &), 121.6 7 &), 113.8 0 &), 112.6 { 1@, 57.8 8 &), 57.1 ¢ €), 46.2 8 -©),

40.4 (NCH3), 37.7 ¢ €), 36.1 & 35.1 8-, 4-C), 282 & 27.7 (9(CHa3)2) ;maf@N®2957, 2920,

2862, 1714 (C=0), 1584, 1485, 1442, 1420, 1280, 1168, 1153, 1129, 987, 907, 790, 728;

Found: C, 71.91; H, 6.30; N, 3.67%. Calc. feszsNO,: C, 79.94; H, 6.66; N, 4.06%.

Preparation of 6-(dimethylamino)-1,2-dihydroacenaphthylene5-carbaldehyde,3.37.

Bromo amine3.36 (0.5 g, 1.81 mmol) was dissolved in anhydrous THF (15 mL) under nitrogen
and cooled ta783 . n-BuLi (1.6M in hexanes, 1.7 mL, 2.72 mmol) was steadily added,

the deep red solution was stirred &3 for 3h. Anhydrous DMF (0.28 mL, 3.62 mmol) was
added and the reaction was allowed to warm to room temperature. After 16 h. the resulting
orange solution was quenched withOH(10 mL) and stirred for 1in. Theaqueous solution

was washed with EtOAc (3 x 30 mL) and the combined organic layeresvashed with HO
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(40 mL), brine (40 mL) and dried over Mg&O he solvent was removed vacuoto give a

crude deep orange oil which was purified by flash column chagraphy (5:95 EtOAc/petrol
40-60), to give3.37 as an orange solid (226 mg, 55%), m.p.996 . uH (4003 MHzZ,
24 °C): 11.38 (1H, s, CHO), 8.06 (1H, d, J = 7.3 H#{)47.32 (1H, d, J = 7.3 Hz;RA), 7.24

7.28 (2H, m, 7, 8-H), 3.343.38 (4H, m, 1, 2-H), 2.76 (6H, s, N(El3)2) ;C (1O MHz, CDC},

24 °C): 195.7 (C=0), 153.6, 148.1, 141.9, 141.4, 131.3Q4r 129.2 (4C), 126.5, 120.2,
119.7, 119.4 (ACs), 45.1 (NCH3)2), 31.1 & 29.8 (1, £); madcmi’ 2819, 2773, 1660 (C=0),

1600, 1578, 1500, 1441392, 1332, 1308, 1205, 1185, 1144, 1114, 1049, 961, 840, 821, 773,

657;Found: C, 79.85; H, 6.79; N, 6.18%. Calc. faekisNO: C, 79.97; H, 6.71; N, 6.22%

Preparation of 3-cyano-( 6(dimethylamino)-1 6 sdiBydroacenaphthylen5 -6

yl)propenenitrile, 3.38.

Dimethylamino aldehyd8.37 (100 mg, 0.44 mmol) was dissolved in anhydrous MeOH (15
mL). Malononitrile (44 mg, 0.67 mmol) and ethylenediamine diacetate (8 mg, 0.04 mmol) were
addedand the deep orange solution was heated to reflux for 2h. The solvent was r@moved
vacuoto yield a crude dark orange solid which was purified by flash column chromatography
(1:4 EtOAc:petrol 4660), to give3.38as an orange solid (110 mg, 91%)p. 231263 . U H
(400 MHz, CDC}, 24 °C): 9.43 (1H, sl-H), 7.85 (1H, d, J = 7.3 Hz8#), 7.28- 7.37 (3H,

m, 3, 76, 86H), 3.363.42 (4H, m, &, 26H), 2.71 (6H,s,N(Bl3)2) ; UGUC (100, MHz
24 °C): 164.6 (-C), 153.4, 147.6, 142.7, 140.9 (&%), 130.0 (£C), 126.1, 124.3, 121.2,
120.8, 119.3 (ACs), 114.4 & 113.0 (2CI N) , Y 455 (NCHa),), 31.0 & 29.7 (B,

26C) ;mad@nt2827, 2786, 2221 (CIN), 1553, 1496,
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1274, 1218, 1151, 1088, 1041, 961, 80, 777, 752Found: C, 78.82; H, 5.70; N, 15.37%.

Calc. for GeHisNs: C, 79.10; H, 5.53; N, 15.37%.

Preparation of methyl (E)-2-cyano3-( 6(dimethylamino)-1 6 sdiBy@roacenaphthylen

5 -§l)propenoate 3.39.

Dimethylamino aldehyd8.37 (100 mg, 0.44 mmol) was dissolved in anhydrous MeOH (10
mL). Methyl cyanoacetate (0.12 mL, 1.33 mmol) and ethylenediamine diacetate (8 mg, 0.04
mmol) were added and the deep orange solution was heated to reflux for 16h. €hevgads
removedin vacuoto yield a crude dark orange solid which was purified by flash column
chromatography (1:4 EtOAc:petrol-4D), to give3.39as an orange solid (120 mg, 88%)p.

8285 . UH (400 s MHQG):,9.31QIHCd-H), 7.93 (1H, dJ = 7.3, 0.7 Hz, &H),

7.30 (1H, d, J = 7.3 Hz3H), 7.257.28 (2H, m, &, 83H), 3.95 (3H, s, OBl3), 3.353.45 (4H,

m, 18, 26H), 2.70 (6H, s, N(El3)2) ;C (D0 MHz, CDCJ, 24°C): 163.9 C=0), 160.7 {-C),

152.1 (& €), 148.2 (C), 142.5 (8aC), 141.2 (BC), 130.0 (6C), 127.0 (5a4C), 125.4

( 26CH 120.7 & 120.6 (&, 83C), 119.5 (3C), 116.1CI N) , 1-©)B3.B(CHsP, 45.8
(N(CH3)2), 31.0 & 29.9 (B, 26C); 3madcml2 922, 2849, 2825, 2786
(C=0), 1589, 1436, 12, 1246, 1209, 1088, 957, 842, 829, 764, FRMS(ESI) calcd for

C19H19N202 ([M+H] *): 307.1440 found:307.1447
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Preparation of 1 6 , 2 éTet@lyydrot1d 06 ,-t@methyl -spiro[1,3-dioxane5 , -3 0

acenaphth[5,6bclazepine}4,6-dione, 3.40

Dimethylamino aldehyd8.37 (120 mg, 0.53 mmol) was dissolved in anhydrous DMSO (10
mL ) under nitrogen and Mel dr umhdse deep orahge( 1 1
solution was stirred at room temperature. After 24h, a precipitate had formed which was
collected via filtration and dried under vacuum to g0 as a yellow solid (150 mg, 80%),

m.p. 1982013 . G H ( 40 0 3 MHQ):,7.08.D4GAH, m6 99 #1), 6.99 (1H, d, J =

6.9 Hz,5 #1), 6.75 (1H, d, J = 7.3 H4, OH), 3.763.90 (4H, m2 0 -H)03.253.35 (4H,
m, 8 07 #2), 3.08 (3H, s, NEl3), 1.86 (3H, s2-CH3), 1.75 (3H,s2-CHs) ; GC (100
CDCl, 24 °C): 169.0 (C=0), 148.4, 145.5, 141.2, 137.9, 129.0@4);, 128.2 b &), 124.7
(Ar-Cyp), 119.5 & 119.16 99 &), 110.3 { 0@, 104.9 p-C), 63.6 8 &), 55.3 @ &), 41.5

(4 €), 40.8 (NCH3), 30.5 & 29.6 7 0 8CP, 29.4 & 29.02-CH3) ma/a@n® 1772, 1735 (C=0),

1589, 1502, 1472, 1448, 1422, 1388, 1295, 1276, 1239, 1176, 1151, 1129, 1101, 1082, 1030,
941, 913, 820, 77Found: C, 71.65; H, 5.99; N, 4.05%. Calc. fonl>1NO4: C, 71.72; H,

5.98; N, 3.98%.

Prepar at i on-Tetrdhydb-dq§ ,2-Bimedhg -spir@cyclohexanl , -3 6

acenaphth[5,6-bc]azepine}2,6-dione, 3.41

Dimethylamino aldehyd8.37 (100 mg, 0.44 mmol) was dissolved in anhydrous DMSO (10
mL) under nitrogen and 1-8sclohexaedione (88 mg, 0.79 mmol) was addeadthe deep
orange solution was stirred at room temperature. After 24D (20 mL) was added to produce

a pale orange pragutate. The precipitate was collected via filtration and dried under vacuum
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to give3.41as a pale orange solid (84 mg, 59#6)p. Decomp>158 . UH ( 4003 MHz,
24 °C): 7.08 (1H, d, J = 7.8 H@,#1), 7.04 (1H, d, J = 6.9 HB, b1), 6.94 (1H, d, J 6.9 Hz,

5 -#), 6.78 (1H, d, J = 7.8 H4, OH), 3.633.72 (4H, m2 0 -HL)p3.223.33(4H, M7 O -8 6

Hz), 3.03 (3H, s, NEl3), 262-3.00 @H, m, 3-, 5-Hy), 2.162.25 (1H, m4-H), 1.751.89 (1H,

m,4H) ; 0C ( CODO, 24RE)z207.5 (C=0)149.6, 145.4, 141.2, 137.1, 129.4 {Ar

Cs), 127.0( 50, 125.3 (AFCy), 119.4 & 119.36 09 &), 109.9 ( 0@, 73.7 @ &), 57.8

(2 &), 40.8 ¢ &), 40.6 (NCH3), 37.9 8-, 5-C), 30.7 & 29.77 6 -C), 885 @-C) ;mada@m

11718, 1684 (C=0), 1593, 1504, 1470, 1431, 1317, 1272, 1190, 1108, 1079, 1004, 834, 767;

Found: C, 78.90; H, 6.65; N, 4.37%. Calc. feikiNO,: C, 78.90; H, 6.58; N, 4.38%.

Prepar at i on-Tetrdhydbd 06 2-timedl ssplr@cyclopentanl , -3 6

acenaphth[5,6-bclazepine}2,5-dione, 3.42

Dimethylamino aldehyd8.37 (100 mg, 0.44 mmol) was dissolved in anhydrous DMSO (10
mL) under nitrogen and 1-8yclopentardione (65 mg, 0.67 mmol) was addé&te deep
orange solution was stirred at room temperature. After 24b,(BD mL) was added to produce

a pale orange precipite. The precipitate was dissolved by the addition of DCM (30 mL) and
the organic layer separated. The aqueous solution was extracted further with DCM (2 x 30 mL).
The combined organics were washed wit®H30 mL) and brine (30 mL), dried over Mgs50

and fltered. The solvent was removiedvacuoto give a crude orange solid which was purified

by flash column chromatography (1:2 EtOAc:petrol6fl), to give3.42 as an offwhite solid

(54 mg, 40%)m.p. 180188 . U H ( 4 0 0 3 BAHR);, 7.062.D0G2H, m6 09 b1),

6.91 (1H, d, J = 6.9 HE ¥1), 6.72 (1H, d, J = 7.3 H4, OH), 3.353.45 (4H, m -,2 &4)d

3.253.34 (4H, m7 9 -H,8.04 (3H, s, NEl3), 2.902.98 (2H, m3-, 4-Hy), 2.682.76 (2H,
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m 3, 4H) ; GC (10 @ 2ME)z213.7(CB@),1148.8, 145.5, 141.3, 137.7, 129.0
(Ar-Cs), 127.8 6 €), 125.1 (ArCy), 119.4 & 119.3 6,8 &), 110.5 ( 0Q), 63.7 § E),

59.2 @ &), 41.3 (\CH3), 39.1 ¢ &), 34.9(3-, 4C), 30.7 & 29.77 9 -® 0 mawicns' 2917,

1707 (C=0), 1591, 1502, 1470, 1416, 1285, 1271, 1149, 1101, 1077, 1037, 1000, 943, 834,

805, 766:HRMS(ESI) calcd forCaoH20NOz ([M+H] *): 306.1494 found:306.1486

Preparation of methyl (E)-2-cyano-3-(86(dimethylamino)naphthalen-16yl)propenoate,

343.

1-Dimethylamine8-naphthaldehyd&.19 (400 mg, 2.01 mmol), methyl cyanoacetate (0.35
mL, 4.02 mmol) and ethylenediamine diacetate (18 mg, 0.10 mmol) were dissolved in
anhydrous methanol (10 mL) under nitrogen and refluxed for 16h. The solvent was removed
in vacuoand the residual crude eviastriturated with diethyl ether, giving a yellow precipitate.

The solid was collected by filtration and washed with diethyl ether (3 x 20 mL) and dried to
give 3.43 as a yellow solid (300 mg, 53%), m.p. 10033 . uH (400 3 RHQ), CD
9.21 (1H, s1-H), 7.90 (1H, dd, J = 6.9, 2.7 Hz, &h), 7.67 (1H, d, J = 7.8 Hz, A1), 7.45

7.55 (3H, m, ArHs), 7.35 (1H, d, J = 7.3 HAr-H1), 3.94 (3H, s, OBl3), 2.63 (6H, s, N(El3)2);

UuC (100 MR£°C): 16HO3]=0), 161.7 {-C), 150.2 (&C), 135.3, 130.9, 130.3,

129.9 (AFCy), 127.3 (BC), 126.9, 126.1,125.5,119.768) , 115. 9 2Z-G,6AD) , 9
(OCH3), 45.4 (NCH3)2) ;mad&m*3 047, 2994, 2950, 2857, 282
(C=0), 1574, 1438, 1403, 1377, 1340, 1256, 1205, 11855, 1086, 1045, 1019, 890, 833,

769, 739HRMS(ESI) calcd forCi7H1/N20z ([M+H] *): 281.1290 found:281.1284
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Crystal Data

Table 323. Crystallographic data fothe fluorene derivative3.16 3.14 3.21, 3.25and3.26

3.16 3.14 3.21 3.25 3.26
Formula CisHual2 C1sH10NO Ca1H1oN3 C19H20N202 Ca4H25NOy
Formula weight 446.05 265.34 313.39 308.37 391.45
Crystal system Monoclinic Tetragonal Monoclinic Monoclinic Monoclinic
Space group P2i/c 144cd 12/a P21 P2i/n
alA] 8.4109(2) 24.7956(1) 18.4256(4) 9.7431(3) 10.9539(3)
b[A] 9.6735(3) 24.7956(1) 11.2921(3) 6.9459(2) 9.5493(3)
c[A] 17.0655(5) 9.4744(1) 16.4939(4) 12.1403(4) 19.3902(6)
U] 90 90 90 90 90
b [ A] 90.496(2) 90 99.223(2) 105.257(4) 104.652(3)
9°] 90 90 90 90 90
V [A9] 1388.45(7) 5825.07(8) 3387.42(14) 792.63(4) 1962.30(11)
Z 4 16 8 2 4
I [g cm? 2.134 1.210 1.229 1.292 1.325
T[K] 150.01(10) 149.99(10) 150.00(10) 150.01(10) 150.00(10)
/ (A) 0.71073 1.54184 0.71073 0.71073 0.71073
m(mm) 4.506 0.579 0.074 0.085 0.090
unique refl. 6967 13777 8045 8479 9504
Ref I, I > 21 2837 2152 3936 3165 4532
R1 0.0289 0.0314 0.0478 0.0462 0.0510
WR2 0.0646 0.0796 0.1108 0.0935 0.1030
Dr(r) [e A3 0.96£0.53 0.13£0.17 0.29£0.23 0.20£0.20 0.28£0.23

Crystallisation Solvent

EtOAc/Petrol (4660)

CH.Cla/n-hexane

CDCls/n-hexane

CH.Claz/n-hexane

(CH3).CO
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Table 324. Crystallographic data fothe acenaphthene derivatives37, 3.38 3.39 3.4Q 3.41, 3.42and344.

3.37 3.38 3.39 3.40 3.41 3.42 3.43
Formula C1sH1sNO Ci1gH1sN3 C19H18N202 C21H21NOy C2H21NO2 C20H1oNO2 C17H16N202
Formula weight 225.28 273.33 306.35 351.39 319.39 305.36 280.32
Crystal system Monoclinic Triclinic Triclinic Monoclinic Monoclinic Monoclinic Triclinic
Space group P2i/c P-1 P-1 P2i/n P2i/c P2i/c P-1
alA] 9.1836(6) 9.8149(4) 8.7457(5) 10.4254(3) 15.2740(6) 10.7625(5) 8.6964(8)
b[A] 9.4806(5) 9.9853(4) 9.3638(7) 8.8249(2) 10.3218(4) 32.3176(10) 9.2214(7)
c[A] 13.2584(8) 15.1587(6) 11.2739(7) 18.7794(6) 10.2175(3) 8.6130(3) 10.4886(8)
U] 20 84.234(3) 108.887(6) 90 90 20 102.971(7)
b 99.767(7) 78.977(4) 91.171(5) 101.547(3) 93.356(3) 98.945(4) 101.832(7)
9°] 90 80.518(3) 113.671(6) 90 90 90 113.041(8)
V[A3] 1137.62(12) 1434.64(10) 787.91(10) 1692.79(8) 1608.08(10) 2959.3(2) 712.90(11)
Z 4 4 2 4 4 8 2
I [g cm? 1.315 1.265 1.291 1.379 1.319 1.371 1.306
T[K] 150.01(10) 150.00(10) 150.01(10) 150.01(10) 150.00(10) 150.01(10) 150.01(10)
/ (A) 0.71073 0.71073 0.71073 0.71073 0.71073 0.71073 0.71073
m(mm) 0.082 0.077 0.085 0.096 0.084 0.088 0.087
unique refl. 4702 11593 7276 7469 6553 14496 8910
Ref | 2341 5911 3915 3498 3311 6829 3523
R1 0.0487 0.0575 0.0506 0.0478 0.0514 0.1040 0.0472
WR2 0.1057 0.1157 0.1229 0.0956 0.1005 0.1877 0.1024
Dr(r) [e A3 0.21/0.21 0.23£0.25 0.30£0.21 0.21/0.21 0.18£0.26 0.53£0.29 0.27+0.22
Crystallisation Solvent CDCls CHsOH CHxCly/n-hexane CH.Clz/n-hexane CH.Cly/n-hexane CH.Clz/n-hexare

Et:O
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Chapter 4

Structural Models to Investigate the EffectRdri-repulsions on the

OpposingPeri-interaction in e&eries of Naphthalenes



Introduction

Nu E Nu E

Figure 470.Generalised structures demonstrating the pulling (left) and pushing (right) capabilities -@ubstituents.

Previously (Chapter 3), the installation of a short ethylene bridge between the second set of
peri-positions on a naphthalene scaffold, has been shown to impose a large effect on the
interaction that occurs between a nucleophile (YMad an electrophilicentre (e.g. aldehyde,
electron deficient alkenes) at the opposoayi-positions (Figure 4.1). In short, the ethylene
bridge causes a widening of the oppogix@angle and increases the distance between the
interacting groups. If the ethylene bridgeistituted for two sterically bulky substituents the
opposite effect should be observed as a result pérasteric repulsion between them.
However, considerations of which substituents are chosen must be made. Figure 4.2 shows
naphthalene4(1)! and four peri-disubstituted derivatives4(2-4.5*2 which possess either
aliphatic or armatic substituents. Each structure was obtained from the Cambridge Structural

Database (CSD) and some key geometric features have been summarised in Table 4.1.

41 4.2

I (e e
o0 o O QP

4.3 4.4 4.5

Figure 471. Naphthalenet.1! and four examples of pediisubstituted naphthalends2-4.5.23
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Table 425. Selected geometric details for the five naphthalene derivatites5

Compound  d/A f/A 5 /2206 [/°
4.1 2.446 2.475 121.7/121.7 -
4.2 2460 2.458(4) 120.9(2)/129.0(2) 71.6(2)
4.3 2420 2.447(5) 119.6(3)/125.6(3) 3.4(3)
4.4 2409 2.439(6) 119.0(3)/125.6(2) 0.3(2)
4.5 2.402 2.439(2) 118.7(1)/125.9(1) 10.9(1)

(3 = torsion angle: € (peri)-C(peri)-C.

Naphthalene (as discussed in Chapter 1) as a control molecule, dispéayaaphthalene €

--C distance of 2.478, anexccyclic angle at the point of ring fusion/g6 ) o fPand @ 1. 7
peri-hydrogen H--H separation of 2.446 A. Substitution at one set opetegroups with very

bulky adamantane substituerdsdj results in a very large repulsion. Unfortunately, instead of
repelling each other whilst remaining in a plane close to thdteohaphthalene scaffold, the
groups swing like pendulums in opposite directions perpendicular to it (FigByeTis
displacement of the groups to either side of the plane results in a highly distorted naphthalene
ring, with a GC(peri)-C(peri)-C torsionangle (§) of 71.6(2}. Despite the significantly
widenedexacyclic angle between the substituents (1299 (e expected narrowing at the
opposite angle (120.9®)is not observed as a result of the naphthalene plane distortion. Thus,
peri C---C andH---H separations are found to be 2.458(4) and 2.460 A respectively, only
marginally shorter than naphthalefhéd itself. The groups to be chosen are therefore required
to partially reduce the steric repulsions byplane displacements, which was not jaasswith

adamantane as a result of its consistent uniform spatial diameter.
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Figure 472. Molecular structure of the di¢adamantyl)naphthalern.2.3

Flat aromatic groups, such as those observed3d.5, can fulfil this whilst also possessing
significant steric bulk to causea repulsion. The diphenyl substituted naphthaldr@
demonstrates axo-cyclic angle adjacent to the phenyl rings of 125%@&using a narrowing

of the oppositexcangle to 119.6(3) This results in shortgreri H---H and G--C contacts of
2.420 and 2.447(5) A with the naphthalene backbone remaining very close to planar, unlike
the adamantane derivatie2 The phenyl rings are rotated to lie at@ to the idealised
naphthalene plane in order to maximisethe st acki ng bet ween the
contact between the rings is tipso C---C contact of 2.977(5) A, with the rings gradually
pulled further and further apart due to the wideardcyclic angle between them. The two
rings are not rotated wrder to minimalise the HH between thertho-naphthalene anattho-
phenyl protons.The use of aromatic rings also allows modifications to be made at varying
positions as demonstrated4rt and4.5, where methyl groups are present at one obttteo-
positions @.4) and the twometapositions 4.5 of each phenyl ring. Thertho-substituted
naphthalend.4 crystallises in theynconformer with the same cofacial stacking and rotation
observed between the two phenyl rings. The presence ofttieemethylgroups results in a
marginal increase in thexacyclic angle between the rings leading to decreased contact
distances between the oppogtri-hydrogen and carbon atoms. The same effect is observed

for themetasubstitutederivative4.5, however despétthe further increase in steric repulsion
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between the two rings, tlexcangle is only marginally increased (125.9]1Yhis is due to

the naphthalene skeleton twisting from its planar conformation like the adamantane derivative
4.2, however to a muchgser extent, with a torsion ang(@) (f 10.9(1Y. Negation of the steric
repulsion in this fashion leads to the oppogiggi-carbon and hydrogen atoms displaying
contact distances similar to tbeho-substitutedierivative4 4. Overall, substitution abne set

of peri-positions with aromatic systems, causes a significant reduction in the contact distances
observed in the opposifeeri-positions. Increasing the steric bulk of these aromatic systems
extends this effect to a critical point, at which the naphthalene skeleton begins to distort,

negating the desired effect.

We herein describe the design and synthesis of a series edighénytl, 8disubstituted
naphthalenes. Throughout, the nucleophile will remain constant (dimethylamino), whilst the
electron deficient substituent will be varied from an aldehyde to a range of electron deficient
alkenes. In each case, the molecular strectidetermined by single crystatrdy diffraction,

will be utilised to analyse the effect of the repulsion betweempénephenyl rings and to
determine whether a reduction in the interaction distance has occurred and whether it can lead
to the formationof long N-C bonds in alkene derivatives where previously, onty-Gl

interactions were observed.
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Synthesis and Structural Discussiomf 4,5-Diphenyl-1,8
disubstituted Naphthalenes

In order to explore these desired effects, the dimethylamino alddiy@lgas prepared in four

steps (Scheme 4.1). From this aldehyde a series of Knoevenagel condensation products coulc
be synthesised to give a range alkenes of differing electrophgick@lowing a literature
procedure, a double SuzeMiyaura coupling of 1, &libromonaphthalend.6 with phenyl

boronic acid was performed to give the fluorescent diphenylnaphthalenéelhe stirring of

4.7 in a concentrated nitric acid/DCM solution resdltein the monenitrated
diphenylnaphthalenet.8 as described by Houset al® Following the general methods
described by Plat al® the nitrated naphthale@e8 was reduced using Fe/Fe@ acetic acid

and subsequentlyN-dimethylated in situ to give the desired -@imethylamino 4, 5

diphenylnaphthalené.9 as a pale brown solid in 89% yield.
NO,
Br Br Ph Ph
— b ”OO
Ph Ph
4.6 4.7 4.8
\ c,d

\ oL H \ ® \
—N —N L —N
©
Ph  Ph Ph  Ph | Ph  Ph
4.10 4.9a 49

Scheme 28.(a) Phenyl boronic acid, Pd(OA)LO mol%), KCOs, H.0, DMF, 100°C;* (b) Conc. HNG, DCM, 25°C;® (c) Fe,
FeCk, AcOH, EtOH, 100C;® (d) Mel, K.COs, CHCN, 50°C;¢ (€) n-BuLi (2.5M), THF, 80C; (f) DMF, THF,-78to 25°C.

The structure of dimethylamino derivatided was confirmed by the introduction of a six
proton singlet at 2.99 ppm in tAel NMR and a correspondingC NMR peak at 45.5 ppm.

Furthermore, crystals @&f.9 were obtained by slow evaporation of a hexane solution and the
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X-ray structure determined at 150 K. As shown in Figureasd! Table 4.2, the two phenyl
rings of the amind.9are twisted in the same directiahangles of 56.7(2) and 60.4®) the
idealised naphthalene plane but are splayed aparaby(°. A repulsion between the rings
results in a widening of the nearbxcangle ¢ 6) at the fusion of
124.8(1Y, with the oppositeexaangle (0 ) nar r owi A dhistgenerdies a-€@ ( 2 )
distance between the lattperi-naphthalene carbons to either side of ¢ieangle (o ) o f
2.464(2) A. In additionthe naphthalene plane itself is twisted slightly fronpitferred planar
conformation, with a torsion angle of 13.8(between thépso-C---peri-C bonds. In order to
maximise conjugation of the nitrogen lone pair into the aromatic ringy-thethyl groups are
positioned at23.9(2) and 105.1(2with respectto the C1-C2 naphthalene ring bond. The
theoretical axis of the lone pair of the nitrogen atom is positioned at an angle®db4her N

--H vector across thgeri-positions.

W ~

I’
p X
vm
= A 4 bt

Figure 473. Molecular strutures of dimethylamino naphthaleaé (left) and the orientation of the nitrogen lone pair
(green) relative to the peri-N-H vector (right).

The dimethylamino naphthaleded was successfullperi-lithiated with an excess afbutyl
lithium in refluxingn-hexane, which over the course of several days resulted in the formation
of a grey precipitate of the lithiated sél®a.The supernatant, including excesisutyl lithium,

was removed by syringe and the reaction diluted with THF and coolet8 i before an
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excess of DMF was added. This resulted in the desired dimethylamino aldeb§atea 34%

yield as an offwhite solid. The synthesis of dimethylamino aldehjdEwas evidenced by

the aldehyde peaks at 10.38 ppm, 186.7 ppm and 1638rcthe 'H NMR, *C NMR and
infrared spectra respectively. Slow evaporation from an ethyl acetate solution resulted in
suitabl e o0fi nd s hdalQandther Xraysttueturesvasodéterrained at 165¢ d e

K (Figure 4.5). Selected geometric data a@ishin Table 4.2.

Table 426. Selected geometric details of dimethylamino naphthaleéhand naphthaldehydes10and4.117

Compound d/A el A f/A d/o° (/o /o
4.9 - - 2.464(2) - ~23.9(2)/105.1(2)

4.10(R = Ph) 2.309(3) 1.216(3) 2.434(4) 112.6(2) -51.6(3)/78.0(3) -58.9(3)
4.17 (R = H) 2.489(6) 1.213(5) 2.479(6) 113.5(3) 44.5(5)!85.2(5) 57.3(5)
Compound VIEY b °/ u/o VIEN o /° 00

4.9 1232(1)  117.7(2) e e 119.4(2)/124.8(1)
4.10(R = Ph) 124.8(2)  114.8(2) 121.7(2)  118.1(2) 117.5(2)/126.1(2)
4.17 (R = H) 124.3(4)  116.0(3)  122.2(4)  119.2(3) 120.6(3)/121.5(4)

(3 = torsion angle: 2 x (§)C-N-C-C(H), (¥ = torsion angleO=C-C-C(H).
‘Note: no bond angles for-C-H due to riding model.

The twoperi-phenyl rings in aldehydé. 10are tilted at 54.1(3) and 59.0{3) the same sense
from the best naphthalene plane. The groups are splayed ajpar®wat each phenyl group.
As expectedthe nearbyexcangle is widened to 126.102ith the opposingexaangle
narrowing to 117.5(2) making the difference between the angle8larger than that observed

in the dimethylamino diphenylnaphthale#® and 7.7 larger than that in the correspting
naphthalene derivative with no phenyl substituehis. Similarly, a decrease in the-€C
distance between the interactipgri-naphthalene carbons is observed, from 2.479(6) A and
2.464(2) A ind4.11and4.9to 2.434(4) A ir4.1Q The decrease in-GC distance andxcangle

in the dimethylaminaliphenylnaphthalen.9 compared to the dimethylamino aldehyd#0Q
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is assisted by tnMeN---CHO attractive interaction between the tperi-groups. This results

in an MeN---C=0 contact distance of 2.309(3) A, significantly shorter than in the
corresponding compound without phenyl grodg(2.489(6) A) and well within the sum of
thetwo at oms o Van de fDe¥pideaHe shorteracdntadt, the Gientatiop of the
adehyde carbonyl and sethyl groups with respect to the naphthalene pldre ( §) anld

the angle of approach of the dimethylamino group towards the aldehyde cad)aeyhin
similar to the analogue without the phenyl grodpsl Furthermore, evenith a 0.18 A
reduction in the N-C contact distance, thiength of the carbonyl bond remains almost
identical to that of the unsubstituted analoguEl It is notabletoo thatthealdehydegroupin

4.10 hasa notablylower carbonylstretchingfrequency(1638cm?) thanin 4.11(1658cm?).

The interactingperi-atoms of4.10deviate to opposite side of the idealised naphthalene plane
by 0.06 A (NMe) and 0.20 A (CHO). The main cause of the decreaseblM€=0 separation

is the change in thexo-cyclic angle between the groups. The pattern-plame displacements

of theperi-groups in4.10and4.11are very similar.

v v
a N

-‘«\
b " N

P 1

Figure 474. Molecular structure of dimethylamino aldehyt&0.
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Previously, Walliset al® have demonsated how8-(dimethylamino)1-naphthaldehydd.11
can undergo &rotonation or acylation to form long-® bonds between thperi-substituents,
resulting in a salt. In order to determine the effect of the two phenyl substituents on-€uch N

bonds, the metlimlogy of Walliset al.was applied to aldehydke1Q

\ oL H \o
—N —N H
o
O —— 0
Ph  Ph Ph  Ph
410 412

Scheme 29. (a) Ethereal HCI (1M), EO, RT.

The chloride sal#.12was generated via the careful addition of a 1M ethereal HCI solution to
astirred solution of diphenyl aldehydelQin diethyl ether (Scheme 4.2). Immediately, an off
white precipitate formed which was collected via filtration under a nitrogen stream, due to the
hygroscopic nature of the salt, in 74% yield. The structureso€libsed chloride sat 12was
confirmed by the shift of the former aldehyde signals intthand*3C NMR spectra to 7.31

and 110.5 ppm. Moreover, a splitting of theniéthyl protons into two singlets for three
protons each confirms the-® bond formatia and removal of the free rotation for the NMMe
group. This unusual chemistry is similar to the chemistry of a carboxylic amide, however, the
el ectron density required by the carbonyl
6t hr ou g hatibndrondtbeped-adinmethylamino group. Despite the hygroscopic nature
of 4.12 crystals for structural determination were grown via slow evaporation from a DCM

solution and structural data determined for the DCM solvate at 150 K (Figure 4.7).
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Scheme &0. (a) Mel drumbésOacid, Me OH; (b) Et

Fortuitously, another salt of the catidril3was also isolatewhenattempting to perform a
Knoevenagel condensation of diphenyl aldehyyd®Owi t h Mel dr umdés aci d
Initially, the reaction appeared to have proceeded as expected, withahiteffprecipitate
collected from the reaction, however NMR analysisfcmed no peaks corresponding to either
the two methyl groups of the Meldrumds aci
of an EtOAc/DCM solution of the precipitate afforded crystald.@8 X-ray crystal structure
determination at 150 K ofre of these crystals revealed tivatead of forming the expected
alkene derivative, the acidic protons of the methylene group had protonated the aldehyde. This
resulted in the formation of a long @l bond, with the counterion being identified asa2box
acetate, a decomposition product of Mel dru

both aminal saltd.12and4.13are shown in Table 4.3.

Table 427. Selected geometric details of naphthaldety/d@and aminal saltgl.12-4.14

Compound d/A elA flA N-CHs/ A d/e o /°90206 U/
4.10 2.309(3) 1.216(3) 2.434(4) 1.459(3)/1.464(3) 112.6(2) 117.5(2)/126.1(2) -9.8(2)
4.12 (R=Ph) 1.617(5) 1.360(4) 2.311(6) 1.491(5)/1.499(5) 111.3(3) 111.6(3)/130.0(3) 7.7(4)
413 (R=Ph) 1.621(2) 1.363(2) 2.317(3) 1.487(3)/1.499(2) 110.9(2) 112.1(3)/130.3(4) 12.0(2)
41#(R=H) 1.63(2) 1.353(2) 2.332(2) 1.497(2)/1.498(2) 111.6(1) 113.9(2)/128.3(2) 7.1(2)
(7 = torsion angle: C(ARN(+)-C-C(Ar).
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For the diphenyl substituted chloride sait2an N-C bond of 1.617(5) A has formed between
the peri-groups. The aminal © bond of 1.360(4) A, lies as an intermediate between the
expected lengths of a carbonyl group (1.20 A) and@lidnd of this type (1.43 AP Similarly,

the 2carboxy acetate sait13demonstrates an-& bond length of 1.621(2) A and a@bord
length of 1.363(2) A. Torsional twists of theri-naphthalene carbons about th&&Nbond (%)

of 7.7(4¥ and 12.0(2are observed for the two sadtsl2and4.13respectively, a result of the
perrat oms di spl acements to either side of
salt4.14 it is clear that the repulsions of theri-phenyl rings id.12and4.13 have made for

a slightly shorter NC bond and thus a longer, more establishe®, lidnd. This is evidenced
through the reducegeri-naphthalene G-C distances (2.311(6)/2.317(3) A #h124.13
compared to 2.332(2) A .14 and the observable difference in #a@angles of4.12and
4.13compared to those .14 These structures trefore represent a position further along
the nucleophilic attack reaction pathway as a direct consequence getiepulsion

introduced by the phenyl rings.

\o OH CHj
® ,\Ilca
—N H \ "ICH,
CH
@CI 3
4N"
H,C CHs
4.14 4.15

Figure 475. Structure of aminal chloride sadt14’ and 1-trimethylamoniun®2-dimethylaminobenzeration4.151*

Salts4.12and4.13both display NCHz bond lengths in the range of 1.48Z(3%99(5)A, very
similar not only tothe \CHsb ond s i n 4Wa(1.497(2/9.498(2) R)tbut also to the
N*(CHa)s group of catior#.15" (1.500A) rathe than the neutral dimethylamino group (1.465
A) (Figure 4.6). The hydroxyl group of the diphenyl chloride 44lRis hydrogen bonded to
the chloride ion (©-Cl distance: 2.924(4) A, ®I---Cl angle: 164.7(4). Of the remaining
contacts to the chloridehe shortest is to a proton of the DCM solvate. Likewise, in the 2
carboxy acetate sadt13 one carboxylate group is hydrogen bonded intermolecularly to the
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hydroxyl group of an aminal moiety (@0 distance: 2.592(2) A, ®---O angle: 175.5(4).
The same carboxylate group also forms an intramolecular hydrogen bond to the well
established carboxylic acid functionality (C=0: 1.204(3p@): 1.315(3) A) at the alternate

end of the anion (G-O distance: 2.485(2) A).

Figure 476. Molecular structure of catiod.13(left), the DCM solvate of the chloride sdltL2(right) and the 2carboxy
acetate anion (middle) with the different bond lengths labelled.
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CO,Me CO,Me
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—N CN —N ZCN
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4.18 (solid state) 4.17 (solution) 4.19

Scheme 81. (a) CHz(CN), (*NHsCH:-)2('OAc) (cat.), CHOH, 65°C; (b) NCCHCOMe, CHOH, ("NH3CHz-)2("OAck
(cat.), 65°C; (c) Cyclohexal,3-dione, CHOH, ("NHsCH:-)2('OAc) (cat.), 65°C; (d) Cyclopentasl,3-dione, CHOH,
(*NHsCHz-)2(OAc) (cat.), 65°C

Condensation of the diphenyl dimethylamino aldehyd®with active methylene compounds
malononitrile, methyl cyanoacetate and cyclohekgdione (Scheme 4) yielded the expected
Knoevenagel condensation produdtdg 4.17 and 4.19 In each case, aldehydelQ the
chosen methylene compound and EDDA (catalya&re refluxed in methanol for 24 hours,
with the alkenegl.16 and4.17 being isolated via flash column chromatography, wHil4¢0

was isolated via trituration of the crude product with diethyl ether. Moderate yields of 31% and
53% were observed fat.19 and4.16 whilst 4.17 was isolated in a respectable 87% vyield.
Cyclopentarl,3-dione performed the expected Knoevenagel condensation under the same
conditions (Scheme 4.4) to give proddc20 however upon trituration with diethyl ether the
desired compaud precipitated alongside unreacted cylopedt&dione. It is important to

note that the purification of zwitterionic species, sucd.a49and4.20 cannot be performed

via conventional flash column chromatography do to their highly polar nature. tithatgyn

with a nonpolar solvent (usually diethyl ether mthexans) is used. In some cases, trituration
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also causes precipitation of unreacted starting materials (especially if they are polar) which
results in the mixture observed in Scheme 4.4. Exsmnvwhe molar ratio of aldehydelOwas
increased, making it the limiting reagent, unreacted dione was still present in the precipitate.
Moreover, the compound which began as a fine powder, was found to be hygroscopic, quickly
becoming an oil under atmdsgric conditions. Due to its structural similarity to the

cyclohexanl, 3-dione, the compound was excluded from the investigation.

The é&oopemd struct ur e 4.a6wasdipportad by thEENMR signaly a t i
for the dimethylamino and vinyligrotons of 2.82 and 8.45 ppm respectivéig. NMR shows

the expected nitrile signals of 114.6/116.2 ppm, with the alkene carbons residing at 65.5 and
161.3 ppm. The nitrile groups are further evidenced by a peak of 2220nctne infrared
spectrum. Lie wi se, -thhemd®optemuct ur e4diylas cosfitmedbyH cy ar
NMR peaks of 2.77 ppm (dimethylamino) and 8.95 ppm (vid§Q) NMR peaks of 161.8 ppm
(carbonyl), 87.5/156.7 ppm (alkene), 117.4 ppm (nitrile) and 52.7 ppm (methoxy) anddnfrar
peaks of 2167 crh(nitrile) and 1638 cm (ester carbonyl). As expected, the derivadvi9

which possesses the most electrophilic alkene of the group, a result of theptemoarketones

of the cyclohexanedi on-k£ogm& is palidateddy thedupfiseld i n
shift of the vinylic proton to 7.13 ppm whilst the dimethylamino protons have shifted downfield
to 3.23 and 3.62 ppm in thtd NMR spectrum. Splitting of the methyl groups of the
nucleophile is caused by the fixing of theasitions due to the I bond formation, with each
methyl group now occupying a set and slightly different from each other position on either side
of the naphthalene plane. TR NMR signal of the N(+C bonded carbon is now shifted
significantly upfieldto 89.8 ppn? whilst the inequivalent ketones of the dione reside at 195.4

and 193.4 ppm.
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Scheme 82. (a) NQCHes, ("NH3CH2-)2((OAc) (cat.), CHOH, RT.

Reaction of the aldehyd4.10 with active methylene compounds nitromethane, benzoyl
nitromethane, dimethyl malonate and dibenzoyl methane (using the same reaction conditions
as described fo4.164.20 did not yield the expected Knoevenagel products. Botrethyl
malonate and benzoyl nitromethane underwent no observable reaction, with TLC and NMR
analysis of the reaction mixture indicating only unreacted starting materials. The addition of
extra portions of catalyst and longer heating times still resuritad reaction. Reactions with
nitromethane and dibenzoyl met hane in eac
analysed via TLC, so the solvent was removed, and the crude mixtures of each reaction
triturated with ether yielding a light coloured yellg#ecipitate in both cases (Scheme 4.5).
Isolation of the precipitate via filtration found the yield to be poor with respect to the amount
of aldehyde used (e.g. 22 mg from 100 mg4®R1) whilst *H and**C NMR spectrometry
revealed the products to be mdieal despite the use of different methylene compounds.
Crystals of the product.21 were obtained from a DCM/hexane solution and the structure
determined at 150 K (Figure 4.8). It revealed that the ethylenediamine of the catalyst had
reacted with the akhydes of two separate molecules, forming a bridge capped by two imines

(or Schiff bases). This accounted for the low reaction yield, which when recalculated based
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upon the moles of catalyst used is found to be 69%. This justifietHthNMR peaks at 9.27

and 4.05 ppm as the imine and methylene protons of the bridge.

Figure 477. Molecular structure of the bridged-anine4.21(left) and a view demonstrating the peond displacements
which twist he naphthalene plane (right).

The weaker attractive interaction of a dimethylamino group with an imine is displayed by the
long N-C contacts of 2.677(3) and 2.711(3) A in the bridged compauddl In order to
generate this large contact, the groups cannot simply move apart in the plane of the naphthalene
ring. If they were to do this, trexoangle between them would widen and consequently cause
the oppositeexaangle between the opposite tweri-phenyl rings to narrow. The steric
repulsion between the two rings prevents this, and as a result the naphthalene skeletons are
both severely twisted from their idealised planar conformation, splaying thpemvphenyl

groups and interactingeri-substiuents to either side of the naphthalene plane (Figure 4.8).
Furthermore, the extent of the distortion to the naphthalene rings is so severe, that the

repulsions between thgeri-phenyl rings are almost negated, wékoangles between the
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interactingperi-carbons widened slightly to 121.6(2) and 122 0i{tead of being forced into

closer proximity.

Table 428. Selected geometric details for the substituted diniil&and the unsubstituted analogde2?

Compound d/A elA f1A d/e (/o /o
4.16 (R = Ph) 2.350(2) 1.360(3) 2.439(3) 113.8(1) 37.0(3)/94.9(2) 51.2(3)
4.222 (R = H) 2.413(2) 1.354(2) 2.463(3) 112.1(1) -49.7(2)/81.5(2) -56.5(2)

Compound VIEX b °/ u/o VIEN o /° 020
4.16 (R = Ph) 1245(2)  115.4(2)  119.4(2)  119.9(2) 117.7(2)/126.3(2)
4222(R=H)  1243() 1159(1)  1202(1)  120.3(2) 120.4(1)/122.6(2)

(3 = torsion angle: 2 x (§JC-N-C-C(H), (¥ = torsion angle: (H)C=a(Ar)-C(H).

Slow evaporation of a solution of dinitrie16in toluene resulting in suitable crystals for X

ray structure determination, which was performed at 100 K (Figure 4.9). Some of the structural
features oft.16and also the unsubstituted dinitrile derivatéivg@2are shown together in Table

4.4. The crystal grown was found to be a toluene solvate, with a well ordered toluene molecule
for every molecule of the dinitrild.16in the asymmetric unit. Theeri-phenyl rings o#.16

are rotated, in the same directiohaagles of 61.0(3) and 62.3(2) to the idealised naphthalene
plane. This causes the nearyoangle at the naphthalene ring fusion carbon to widen to
126.3(2Y, with the opposite@xcangle narrowing to 117.7(2)a difference of 8 Gcompared

to 2.2in the equivalent angles of unsubstituted dini#il22 The narrowing of the uppexo

cyclic angle causes a shortening in theC distance between thgeri-carbons to 2.439(3) A
which in turn contributes to the reducedMe-C contact distance of 2.369 A (compared

to G---C 2.463(3) A and MéN---C 2.413(2)A distances im.22). Within the packing lattice,

short contacts between the toluene solvate and dinitrile derivafi@eccur, with the shortest
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occurring between the M proton of the toluene arthe nitrogen atom of theansnitrile group

(2.64 A).

Figure 478. Molecular structure of dinitrile}.16 (left) and the well order toluene solvate (right).

The inplane angular displacements of dienethylamino group i%.16 and4.22fall within

three standard deviations of each other, whilst the displacement ofGhleo@d to theperi-
carbon is more interesting. Conventionally, as the nucleophile approaches the electrophile, the
C-C bond is displeed in the same direction, away from the nucleophile. In diphenyl dinitrile
4.16 the alkene is angled slightiowards the dimethylamino group by @.Zrom the
symmetrical orientation angle, with the only other example of this shown petkhydroxy
methyl ketone series where-autyl bolsterortho to the ketone is employéd Unlike thet-

butyl bolster example, the alkene moiety is not forced into this angle by reducing a steric
interaction, indicating thetrength of the interaction has increased significantly as the distance
has decreased. The tweri-substituents o#.16deviate to either side of the best naphthalene
plane by large distances of 0.250 A (Ndyland 0.495 A (alkene) compared to that of the
unsubstituted dinitril&.220f 0.166A (NMey) and 0.270 A (alkene). The alkene is rotated by

51.2(3y from the naphthalene plane, similar to that in the unsubstituted dirit@e (-
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56.5(2)). The Nmethyl groups of the nucleophile straddle either sfdbe naphthalene plane
unevenly with torsion angles of 37.0(3) a®d.9(2y with the ring HC=C bond which causes
the axis of the nitrogen lone pair to lie at an angle of°lté.2he N--C vector, well aligned

with theperi-carbon of the alkene.

Table4.29. Selected geometric details for the ring closed derivativie8and4.19 and the unsubstituted analogue23
and4.24°

4.18 X = CO,Me, CN; R = Ph
4.23 X = CO,Me, CN; R = H
4.19 X = (C(=0)0),CH,; R = Ph

4.24 X = (C(=0)0),CHy; R = H

Compound d/A elA f1A N-CHs/A d/e 2 /°2086 (/°
4.18 1.672(1) 1.454(1) 2.324(2) 1.490(2)/1.493(2) 115.9(1) 112.3(1)/129.9(1) 18.5(1)
4.23 2.505(2) 1.349(2) 2.503(2) 1.459(2)/1.464(2) 116.2(1) 122.6(1)/121.4(1) 14.1(1)
4.19 1.620(4) 1.484(4) 2.309(5) 1.503(4)/1.496(4) 116.0(3) 111.6(3)/130.0(3) -12.8(3)
4.28 1.631(2) 1.486(2) 2.338(2) 1.500(2)/1.502(2) 114.0(1) 113.2(1)/128.3(1) 12.1(1)

U = torsion angle: C(AFN(+)-C-C(Ar).

Crystals of the diphenyl methylcyanoestei8 were grown by slow evaporation of ethyl
acetate solution and the-rdy structure detemined at 150 K. The molecular structure of
cyanoeste#.18i n t he sol i d state was foumd,i defsad t
in thdodémpenn solution (Figure 4.10). Thi
dinitrile alkene derivaves?> have shown shaet N--C contacts than cyanoester
derivative$**> with the only recorded 1T bond formation for either the dinitrile or cyanoester
being for the dinitrile derivative in the biphenyl serié$he alkene is orientated such that the
cyano moietyigist o t he naphthal ene, as i4$oo0mdesvted
4.23 As expected, thperi-phenyl rings oft.18are rotated at 61.2(1) and 59.2(ib)the same
direction from the naphthalene plane, with the repulsion between them genaratagby
excangle of 129.9(P) The size of thigxaangle is aided somewhat by the formation of the

long MeN-C bond at the otheperi position, which gives a strained fiveembered ring,
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further narrowing the opposiexocyclic angle to 112.3(2) The N-C bond of 1.672(1) A
formed in this case is among the longest observed in studies of this kind, representing a
relatively early point during bond formation. The longeCNbond in4.18resultsin a lower

degree of strain in the fivmembered ring, thusnaking the pair ofexacangles at the
naphthalene deviate the least from their favoured angles (Table 4.5). For example: the shorter
N-C bond of catior.12 (1.617(5) A), formed by the protonation of aldehyd#Q displays
exaangles of 111.6(3)/130.0@ 0.8 increase in their difference from18 The lower degree

of formation in the NC bond also causes a@bond length of the former alkene bond to sit
intermediately between that of an alkane (~1.52 A) and alkene (~1.34 A) at a length of 1.454(1)
A. This may be indicative of some donation of electron density from the carbanion back into
the antibonding orbital of the NC bond. Both of the §C-N bond lengths (1.490(2)/1.493(2)

A) in cyanoested.18are consistent with the (GHN* group in 4.15rather than the neutral

dimethylamino group MCHa.

Figure 479. Molecular structure of the ring closed methylcyanoestts.

Crystals of the cyclohexanedione derivat&g9 were grown by slow evaporation of a
chloroform solution and the-Xay structure determined at 150 K. The molecular structure of
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cyclohexanediond.19is in line with the expected closed form (Figure 4.11). fé@phenyl
rings are consistent with the preus examples discussed, displaying rotations of 57.8(5) and
51.6(5) with respect to the best naphthalene plane, with a resultant nesstayngle of
130.0(3Y. The long NC bond formed (1.620(4) A) at the opposite sgpari-positions gives
a nearbyexo-angle of 111.6(3) which is smaller than the equivalent angle of the cyanoester
4.18 further evidencing the relationship between the length of tRelddnd and the resultant
strain forced upon the fivemembered ring.
o
44 /7

Figure 480. Molecular structures of the phenyl substitudetd (left) and unsubstituted.24£ (right) ring closed compounds.

Structurally, the differences between the diphenyl substituted derivatih/@ and the
corresponding unsshtuted compound.24are small, but nevertheless significant and a direct
result of theperi-phenyl repulsions. For example: the\bond has shortened from 1.631(2)
A to 1.620(4) A in accordance with the noticeable increase in the difference betwean the
cyclic angles of the two molecules (184 4.19 compared to 15%in 4.24) and a noticeable
difference in the &-C distance between thperi-carbons of the interaction groups (2.309(5)
A'in 4.19vs. 2.338(2) A imt.24) is also observed. Compared to the cyanoester derivafige

the NC bond is shorter (1.620(4) A.19vs. 1.672(1) A4.18 and the @C bond to the
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carbanionic centre longer, in accord with a greater degreebhbind formationand b ond

breaking.

To conclude, a series of 4;diphenytl, 8disubstituted naphthalenes have been synthesised
that yielded some expected and unexpected results. The phenyl repulsion in all cases allowec
for a marked increase in the difference between naphthekersngles, alecrease in thegeri-
naphthalene €-C distance and a reduction in the contact distance between the nucleophilic
dimethylamino group and the electrophilic substitudérite significantly long NC bond
formed in the cyanoestel.18 demonstrates all of thebave, producing a structure which
represents an early point during bond formation following nucleophilic attack. The partially
formed bond in4.18 is also demonstrated in the aldehyde sdlts2 and 4.13 and the
cyclohexanedione derivative19 which allshow NC bonds that are long in comparison to a
fully formed bond of its typ¥, but slightly shorter than their equivalents without the two
phenyl rings. Substitution of the phenyl rings for more sterically hindered derivatives, such as
those shown id.4and4.5, could further demonstrate the influence thaea-repusion can

have on the opposite set péri-positions, potentially forming long 4& bonds in examples
where we have demonstrated significantly short contacts (2.309(3) A and 2.359(2) A in

aldehyde and dinitrile derivativéds10and4.16).
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Experimental

General. Solution NMR spectra were measured on a Jeol ECLIPSE 400 ECX or ECZ
spectrometer at 400 MHz fdH and at 100.6 MHz fof*C using CDJ as solvent and
tetramethylsilane (TMS) as standard unless otherwise stated, and measured in p.p.m. downfielc
from TMS with coupling constants reported in Hz. IR spectra were recorded on a Perkin Elmer
Spectrum 100 FIR Spectrometer using Attenuated Total Reflection sampling on solids or
oils and are reported in clnMass spectra were recorded at the EPSRC MasstriSmetry

Centre at the University of Swansea. Chemical analysis data were obtained from Mr Stephen

Boyer, London Metropolitan University.

Preparation of N,N-dimethyl-4,5diphenylnaphthalen-1-amine, 4.9.

The following method is adapted from the worksf Pla et al®

1-Nitro-4,5-diphenylnaphthalené.8°® (1.00 g, 3.08 mmol), was dissolved in ethanol (100 mL),
acetic acid (10 mL) added and the reacti@sheated to 100C. Iron powder (1.98 g, 35.38
mmol) and iron chloride (0.40 g, 2.46 mmol) were added and the reaction heated@G{fd:00

a further 3h.The reaction was cooled, the solvevdasremovedin vacuoand the resultant

brown oilwasdissolved in DMF (100 mL). The solution was stirred for 10min before being
filtered through Celite and concentraiedvacuoto give a crude brown oil. Acetonitrif@00

mL) and potassium carbonate (2.55 g, 18.46 mmol) were added to the crude oil and the reaction
washeated to 50C for 1h. lodomethane (1.15 mL, 18.46 mmol) was added and heaig
continued for 16h. The reaction was cooled, diluted wit®E100 mL) and filtered through a

small plug of silica gel, eluting with further portions ob@&t The solvent was removea

197



vacuoyielding a crude brown oil which was purified by flash column chromatography (40:1
hexane:diethyl ether) to give prodyc® as a pa brown solid (0.89 g, 89%), m.p.-5% °C.

GH (400 MH4°C): €M H,dd, J=8.5,1.3 HzH3, 7.55 (1H, dd, J = 8.5, 7.0

Hz, 7-H), 7.42 (1H, dd, J = 7.0, 1.5 Hz§), 7.34 (1H, d, J = 7.8 Hz/8), 7.21 (1H, d, J =

7.8 Hz, 2H), 6.837.05 (LOH, m, ArHi0), 2.99 (6H, s, N(Bla)) ; UC (10 G 2MHz ,
°C): 150.7 (3C), 143.5, 143.4, 140.7, 135.3 (M), 130.9 & 130.8 (3 6-C), 130.6, 130.4
(Ar-Cy), 130.0, 129.8, 127.1, 127.0 (Meta/OrBs), 125.6, 125.3 (Pas@y), 124.4 (7C),
124.1(8-C), 113.7 (2C), 45.5 (NCH3)2) ;mad@m3055, 3023, 2937, 1570, 1491, 1441, 1401,
1319, 1193, 1168, 1139, 1072, 952, 908, 826, 773,B&md: C, 89.02; H, 6.58; N, 4.39%.

Calc. for G4H21N: C, 89.12; H, 6.54; N, 4.33%.

Preparation of 8-(dimethylamino)-4,5-diphenyl-1-naphthaldehyde,4.10.

Dimethylamino naphthalen®9 (700 mg, 2.17 mmol), dry hexane (20 mL) awrBuLi (2.5M

in hexanes, 3.50 mL, 8.68 mmol) were stirred heated €& hd the mixture refluxed for 72

h, resulting in theformation of a grey precipitate. The precipitate was cooled to room
temperature, allowed to settle and the supernatant removed. Tetrahydrofuran (20 mL) was
added and the reaction mixture was coole/8°C before anhydrous DMF (1.34 mL, 17.36
mmol) was dded dropwiseThe reactiorwasstirred for a further 18 h at room temperature.
The reaction was quenched with a few drops of methanol, diluted with water (100 ml) and
extracted with dichloromethane (3 x 50 mL). The combined organic layer was washed with
brine (50 mL), dried over anhydrous Mgg&®@ltered and concentratead vacuo The crude oill

was purified by flash column chromatography (ethyl acetate) toddivsas an off white solid
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(260 mg, 34%), m.p. 17¥79°C . 1 (4D0 MHz, CDC4, 24 °C): 10.38 (1Hs, GHO), 7.55 (1H,

d, J = 6.9 Hz, H), 7.397.47 (3H, m, 3 6, 7-H), 6.897.00 (10H, m, AiHig), 2.77 (6H,
N(CH3)2) :c (180 MHz, CDC4, 24 °C): 186.7CHO), 149.0 (8C), 142.6, 142.4, 142.1, 137.7,
137.6, 131.6, 131.4, 131.1, 130.3 {@4), 129.8, 129.7, 127.21¢,0-C) 126.1 & 125.96-C),

123.9 (2C), 117.6 (AFCy), 44.8 (NCHa)2); amacni’ 3030, 2986, 2943, 2865, 2831, 1638
(C=0), 1582, 1510, 1491, 1441, 1400, 1364, 1316, 1195, 118, 1154, 1122, 1074, 1042, 1010,
962, 870, 840, 764, 69Found: C, 85.16; H, 5.79; N, 4.08%. Calc. forsid2iNO: C, 85.44;

H, 6.02; N, 3.99%.

Preparation of 2-hydroxy-1,1-dimethyl-5,6-diphenyl-1,2-dihydrobenzo[cd]indol-1-ium

chloride, 4.12.

Dimethylamino aldehydd.10 (75 mg, 0.21 mmol) was dissolved in anhydrous diethyl ether
(5 mL) and ethereal hydrochloric acid (1M, 0.32 mL, 0.32 mmol) wiaee dropwise with
immediate formation of a white precipitate. The solution was stirred for a further 1 h. before
the solid was collected by careful filtration under a flow of nitrogen. The solid was washed
with cold anhydrous diethyl ether and dried undgscuum to givet.12 as an offwhite solid

(61 mg, 74%), m.p. decomp > 1%0. U+ (400 MHz, CDC4, 24 °C): 7.81 (1H, dd, J=7.3, 0.9

Hz, 3H), 7.70 (1H, d, J = 7.3 Hz-H), 7.567.66 (2H, m, 7, 8H), 7.31 (1H, s, H), 6.86

7.03 (10H, m, AiHa0), 3.84 BH, s, NY(CH3)), 3.43 (3H, s, K)(CHa)); tic (100 MHz, CDC}4,

24 °C): 144.0 (8«C), 142.1, 141.6, 140.0, 139.9 (&x), 134.3 (4C), 131.7 (7C), 131.3,
129.4, 129.1, 127.4, 126.9, 126.7 {B4), 122.7 (3C), 113.7 (8C), 110.5 (2C), 53.5 & 48.7

(N®(CH3)2); 3madcm 3050, 2957, 1492, 1466, 1442, 1291, 1176, 1133, 1105, 930, 861, 842,
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821, 762, 697Found: C, 77.20; H, 5.58; N, 3.58%. Calc. feei2NOCI: C, 77.41; H, 5.72;

N, 3.61%.

Preparation of 2-hydroxy-1,1-dimethyl-5,6-diphenyl-1,2-dihydr obenzo[cd]indo}1-ium 2-

carboxyacetate4.13.

Dimethylamino aldehydé.10( 100 mg, 0. 28 mmol ) and Mel dr 1
were dissolved in anhydrous methanol (10 mL) under nitrogen and stirred at room temperature
for 24h. The solvent was removaetvacuoand the crude oilvastitrated with EtO, yielding

a precipita¢ which was isolated and recrystallised from ethyl acetate toddiBsas an off

white solid (63 mg, 49%), m.p. 1688 1°C. U+ (400 MHz, CDC4, 24 °C): 7.80 (1H,d,J=7.3

Hz, 3H), 7.72 (1H, br s, ), 7.70 (1H, d, J = 6.9 Hz;H), 7.58 (2H, m, 7, 8H), 6.867.06

(10H, m, ArH10), 3.50 (6H, s, K)(CHg)2), 3.31 (2H, s, El); Uc (100 MHz, CDC4, 24 °C):

173.4 C=0), 144.4 (8¢C), 141.9, 141.8, 140.0, 139.8 (&), 134.1 (4C), 132.3 (ArCy),

131.5 (7C), 129.4, 129.3, 127.7, 127.4, 127.3, 12626.7 (ArCy), 123.1 (3C), 113.7 (8C),

49.6 N)(CHa)2), 38.8 CH2); 3madcm® 3050, 2415, 2117, 1889, 1723 (C=0), 1587, 1464,
1440, 1407, 1366, 1259, 1179, 1138, 1097, 985, 930, 821, 752, 71EF06@6;; C, 73.50; H,

5.27; N, 2.87%. Calc. for£H2sNOs: C, 73.88; H, 5.53; N, 3.08%.
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Preparation of 3-cyano-3-( (-@lithethylamino)-4 6 diph&nylnaphthalen-1 6

yl)propenenitrile, 4.16.

Dimethylamino aldehydd.10 (100 mg, 0.28 mmol), malononitrile (60 mg, 0.91 mmol) and
ethylenediamine diacetate (10 mg, 0.06 mmol) were dissolved in anhydrous methanol (10 mL)
under nitrogen and refluxed for 24 h. The solvent was remiovweztuoand the crude product
was purified by flash column chromatography (4:1 hexane: ethyl acetate) toddigeas a
yellow solid (100 mg, 53%), m.p. 13810°C. iiH (400 MHz, CDC}, 24 °C): 8.45 (1H, d, J =
1.0Hz, 3H),7.447 . 56 ( 4, HB, 06 o), 6B%6.96 (10H, m, AiH1g), 2.82 (6H,s -8 0
N(CHa)2); liC (100 MHz, CDC#4, 24 °C): 161.3 () , 1 4-Q),.143.9,181®, 141.6, 139.4,
132.4, 131.9, 131.5, 130.5, 129.8, 129.7, 128.3, 127.5, 126.6, 126.5, 126.3, 110:2),(Ar
116.2 & 114.6 (br 2 XC [ N 65.5 (2C), 45.5 (NCH3)2) ;mada@m® 3027, 2980, 2939, 2868,
2834, 2792, 2220 (CIN), 2207, 1 eNy, 3183, 11544 7 ,
1126, 1074, 1034, 1016, 999, 926, 908, 841, 753, B@nd: C, 83.92; H, 5.26; N, 10.74%.

Calc. for GgH21N3: C, 84.18; H, 5.30; N, 182%.

Preparation of methyl (E)-2-cyano-3-(8'-(dimethylamino)-4',5'-diphenylnaphthalen-1'-

yl)propenoate,4.17.

Dimethylamino aldehydd.10 (75 mg, 0.21 mmol), methyl cyanoacetate (0.075 mL, 0.85
mmol) and ethylenediamine diacetate (6 mg, 0.03 mmol) wesolved in anhydrous
methanol (10 mL) under nitrogen and refluxed for 24 h. The solvent was remoxzaalioand

the crude produawaspurified by flash column chromatography (4:1 hexane: ethyl acetate) to
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give4.17 as a yellow solid (80 mg, 87%), m.f%5t168°C. (H (400 MHz, CDC4, 24 °C): 8.95

(1H, s, 3H), 7.58 (1H, d, J = 7.3 Hz, Afl1), 7.397.51 (3H, m, AtH3), 6.876.97 (10H, m,
Ar-Hig), 3.94 (3H, s, OB3) , 2. 7 7-N(CH8a));, UC (4Q0 MHz CDC}, 24 °C): 161.8

(C=0), 156.7 (3C), 148.4( 80, 142.9,142.3,142.0,138.9, 132.6,131.6, 131.5, 130.5, 129.9,
129.8, 127.9, 126.4, 126.2, 126.1, 118.7-CAw), 117.4 CN), 87.5 (2C), 52.7 (GCH3), 45.7
(N(CH3)2); 3madcmi’2 167 (CIN), 1638 (C=0), 1433, 137
918, 849, 756, 69F;ound: C, 80.53; H, 5.70; N, 6.57%. Calc. forl>4N20,: C, 80.53; H,

5.99; N, 6.48%.

Preparation of 1-( 1 &dimktéyl-5 6 diph&nyl-1 6 ;diBydrobenzo[cd]indol-1 Gum-2 -6

yl)-2,6-dioxocyclohexanl-ide, 4.19.

Dimethylamino aldehydé.10(100 mg, 0.28 mmol), 1-8yclohexandione (28 mg, 0.25 mmol)

and ethylenediamine diacetate (5 mg, 0.03 mmol) were dissolved in anhydrous methanol (10
mL) under nitrogen and refluxed for 24 h. The solvent was remiowatuoand the crude oil
wastitratedwith EtO, yielding a precipitate which was isolated giv&9 as a yellow solid

(35 mg, 31%), m.p. decomp, > 1%0. 0 H400 MHz, CDC4, 24 °C): 7.53 (1H, d, J = 7.3 Hz,
84), 7477 . 51 ( 2,H;H)6m, 74833 (1H, dH), 7.13(1Ed T=134, 1.
Hz ,-H)26857.04 (10H, m, AiH10), 3.62 (3H, s, K)CHa), 3.23 (3H, s, K)CH3), 2.442.50

(2H, m, (H2CH.CHy), 2.172.32 (2H, m, G&2CH>CHy), 1.962.05 (2H, m, CHCH2CHy); iC

(100 MHz, CDC#4, 24 °C): 195.4 & 193.4G= O) , 1 4@®,148.4,(1408,840.6, 137.6,
137.5, 134.1, 130.8, 130.1, 129.6, 127.5, 127.3, 126.5, 126Q16Ar, 11-0).,0 1(1326. 2

C), 101.3 (ArCy), 89.8 (2C), 55.5 & 50.2 N™)(CHs)2), 37.7 & 36.7 (3, &), 21.5 (4C);
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3madcmt 3028, 2965, 2927, 2868, 158/2R (C=0), 1444, 1431, 1401, 1384, 1349, 1179,
1120, 1073, 998, 982, 941, 844, 754, 726, 68RMS(ESI) calcd forCziH2sNO, ([M+H]*):

446.2120found:446.2137

Preparation of N, N-Bis(4 6 ;diph&nyl-8 -@imethylamino naphth-1 -@nethylidene)1,2-

ethanediamine 4.21.

Dimethylamino aldehydd4.10 (100 mg, 0.28 mmol), nitromethane (0.05 mL, 0.85 mmol) and
ethylenediamine diacetate (8 mg, 0.04 mmol) were dissolved in anhydrous methano)) (10 mL
under nitrogen and stirred at room temperature for 24 h. The solvent was remeeaedo

and the crude oivastitrated with E£O, the resultant precipitate21 was isolated as a yellow
solid (22 mg, 69%), m.p. 21821°C. i H400 MHz, CDRCl, 24 °C): 9.27 (2H, s, B), 7.69
(2H, d, J-H=7.307.33 Hz(,4R:Mdm, 7385 ( 2H,-H)d68%2J =
6.97 (20H, m, AH10), 4.05 (4H, s, €l2), 2.78(12H, s, 8, -N{@Hs3)2); tC (100 MHz, CDC}4,

24 °C): 163.6CH ) 1 5Q), 148.4,(1438.4, 141.7, 135.8, 134.7,131.4, 130.9, 130.4, 130.3,
130.0, 129.9, 127.3 (A€13) , 1 2-6), 125.8( 1285 (AC2) , 1 1-6), 62.3 CHR)P

44.9 (NCHs3)2); 3madcmt 3075, 2865, 1632, 1492, 1440, 1390, 1354, 1276, 1183, 1146, 1114,
1036, 928, 833, 758, 69FRMS (ESI) calcd forCs:HaNa ([M+H]*): 727.3800 found:

727.3771
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Crystal data

Table4.30. Crystallographic data for dimethylamino naphthaleh@, aldehydet.10, Knoevenagel productsl6, 4.18, 4.19 and bridged dimine4.21.

4.9 410 412 413 416 418 419 421
Formula CoaH2N CasH21NO CasH22NO. CasH22NO. CagH21Ns. Ca9H24N20; C31H27NOs. CsoHaeN4
CI.CH.Cl C3H304 CiHs CHCl;
Formula weight 323.42 351.43 472.81 455.49 491.61 432.50 564.90 726.93
Crystal system Monoclinic Monoclinic Orthorhombic Triclinic Triclinic Monoclinic Monoclinic Orthorhombic
Spacegroup C2lc P2i/n P21212; P-1 P-1 P2i/n 12/a Pbca
alA] 22.0584(7) 12.6676(5) 6.1138(3) 6.0395(3) 8.6923(3) 10.6932(3) 19.4622(12) 9.8042(2)
b[A] 9.7183(2) 9.9541(3) 11.1707(5) 13.8019(8) 12.6464(5) 8.4601(3) 9.9340(8) 15.4073(4)
c[A] 16.5596(4) 15.1783(6) 33.8350(17) 14.6137(9) 12.8192(5) 25.0272(8) 29.6756(15) 52.7317(11)
U] 90 90 90 67.400(5) 81.716(3) 90 90 90
b [ A] 99.142(3) 108.164(4) 90 86.108(4) 77.638(3) 101.328(3) 93.325(5) 90
I°] 90 90 90 81.742(4) 78.624(3) 90 90 90
V [A9] 3504.78(16) 1818.53(12) 2310.78(19) 1112.84(12) 1341.80(9) 2219.99(13) 5727.7(6) 7965.5(3)
Z 8 4 4 2 2 4 8 8
I [g cm? 1.226 1.284 1.359 1.359 1.217 1.294 1.310 1.212
T[K] 150.01(10) 150.00(10) 150.01(10) 150.01(10) 100.00(10)  150.01(10) 150.01(10) 150.01(10)
! A) 0.71073 0.71073 0.71073 0.71073 0.71073 0.71073 0.71073 1.54184
m(mm™) 0.070 0.078 0.415 0.093 0.071 0.082 0.350 0.542
unique refl. 35872 19390 15877 23808 43402 20457 20831 20439
Ref I, I 3568 3708 5702 6361 6656 5513 5880 7645
R1 0.0476 0.0721 0.0594 0.0644 0.0727 0.0399 0.0805 0.0524
WR2 0.1015 0.1890 0.1074 0.1326 0.1296 0.1027 0.1354 0.1278
Dr(r) [e A3 0.15£0.17 0.67£0.32 0.49£0.64 0.44£0.29 0.35£0.34 0.31£0.23 0.40£0.37 0.21/0.19
Crystallisation Solvent n-hexane EtOAC CH.ClI; EtOAc/CHCI; Toluene EtOAC CHCI3 CHxClz/n-hexane
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Chapter 5

Synthesis of Symmetrical Naphthaléggstemdo Investigate the

Effect of CompetindgPeri-Interactions



Introduction

Nu E Nu E Nu E Nu E
— — —
Y Y
— >
Ph Ph H H E Nu
51 5.2 5.3 5.4

Figure 581. Generalised nucleophile/electrophile interactions in pephthalenes whereby the second set of-pesitions

demonstrate; a Ph-Ph repulsiorb.1, an ethylene bridgs.2, no substitutiors.3and the equivalent nucleophile/electrophile
interaction5.4.

Throughout our work, modifications have been made to the naphthalene scaffold (see Chapters

3 and 4) in order to explore how an interaction between a nucleophile and an electrophile across

theperi-positions is affected (Figure 5.1). For example; the twkybphenyl groups in Chapter

4 allowed for the interactingeri-groups to be forced into closer proximify.l), whereas the

installation of a 4, fethylene bridge in Chapter 3 results in the groups being forced a@art (

Building upon this, we set oth explore what effect the addition of a competing symmetrical

interaction, at the opposiperi-positions, has on the original interaction, investigating whether

the interactions will ceexist or compete within the same molecule. As discussed in CHapter

a clear trend is observed in the size of thedwmangles at the point of naphthalene ring fusion

(9/26) i n mol ecul B3Figure5.1). e trene fallews that at ;miteraction t u

distances less than ~25éxcangl e (o)t hiasm ¢ mal lopmposi te (2

observed when the interaction distance increases above ~2.5 A. In the plupsystenb.4,

where the two interactions occurring acrosspée-positions are chemically equivalent, three

questions arise:

1) Will the twoexacyclic anglesbe identicaland thus generate symmetrical molecule

expressing two identical interactions?
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2) Will one peri-interaction be favoured over the othegsulting in a nosymmetrical
structure demonstrating two unique interactions?
3) Inthe case of the most electrophilic groups, will the interaction result in the formation

of a long NC bond at one or both setsp#ri-positions?

In order to investigate these questions, we herein report the design and synthesis of a range o
naphthaleng bearing a dimethylamino group and an electrophile at both getsi-ositions.

The electrophilic group will be varied, utilising an aldehyde, ketone or substituted alkenes of
differing electrophilicities. The molecular structure of each target willdtermined by single

crystal Xray diffraction, in order to assess the effect of the partiqéarinteraction, with
comparisons being drawn throughout to the previously reported dimethylamino naphthalene

reactivity series'’
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Investigation into Symmetrical Systems with TwdVie2N---C

Interactions
\ o H
NH, SN _—N
Cl
a
. + \®)\ —b>
" "
NH, /N\ /N\ (@]
5.5 5.6 5.7 5.8

Scheme 33. (a) KOH, Mel, DMSO, RT(b) DMF, RT to 33C.

Our initial target was to synthesis a naphthalene demonstrating two gets-imiteracting
dimethylamino and aldehyde groups. The first approach involved the use of electrophilic
formylation (Scheme 5.1). To start g@aminonaphthaled&.5was fully N-methylated to give
bis-naphthylamine5.6 with a VilsmeierHaack reaction then employed in order ds-
formylate the vacanperi-positions. Reaction dfis-naphthylanine 5.6, with two equivalents

of the reactive chloroiminium catidB.7, resulted in the substitution of two formyl groups on
the naphthalene ring. Despite the dimethylamino groups being expected to direct the
substitution to their opposifera-positions, the only isolated product was found to béike
formylated naphthate5.8in 21% as a deep yellow solid. The structure of the prdil8etas
confirmed by the two sets of aldehyde peaks intth@and*C NMR spectra of 10.42/10.34
ppm and 191.1/189.8 ppm. An aromatic singlet peak of 7.85 pptal INMR spectrum
indicaiedthat the formylation had occurred at thitho andpara positions on one side of the
naphthalene ring system. Thery structure obis-aldehyde5.8 was determined at 150 K
using a crystal grown from a DCM solution. To crystallographically unique moleaudes
found in the asymmetric unit fdsis-aldehyde5.8, with the two molecules displaying very
similar group orientation. As shown in Figure 5.2, an intermolecular hydrogen bond is formed

across the peri-positions with N--H-C(=0O) angles of 89.2/8%7and distances of
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2.549(2)/2.534(3) A for the two molecules. Alternatively, no such bond is formed between the

remaining dimethylamino group and thetho-aldehyde group in each case.

1

Figure 582. Molecular structure 05.8.

Formylaion of theortho and para positions on one side of the naphthalene ring is justified
when the additions are looked at in a stepwise fashion (Scheme 5.2). Before addition, the
electron donating capabilities of the dimethylamino groups mean thpathgositions (and

thus the twoC-H peri-positions) are the most activated sites for substitution. However,
following the first formylation to giveb.9, the desired interaction across fheri-positions
occurs, generating an Wé---C=0 contact involving the nitrogen lone pair. This resul a
significant reduction in the electron donation of this dimethylamino nitrogen tpaie
position. Consequently, the favoured site of attack for the second formylation bemtinoes

to the dimethylamino group which is not involved in the attragberi-interaction 5.8), as

opposed to the deactivatpdra-position 6.10).
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5.8

Scheme B4. In the formylation 06.8, addition of the first aldehyde group.) deactivate the remaining pargposiion,
giving 5.8instead.

In an alternate approach, dhs(dimethylamino)naphthalen®.6 was lithiated withn-butyl
lithium in refluxing hexane, precipitating theés-lithiated compounds.6aafter three day¥
Reaction of lithiated sai.6awith DMF at 0°C resulting in thesolation ofbis-aldehyde5.10
in 40% yield as a dark yellow solid (Scheme 5.3). mmoealdehydes.11was also isolated
from the reaction as an orange solid in 19% yield. The introduction of peaks at 10.66 ppm and
191.0 ppm in théH and**C NMR spectralang with the loss of two aromatic proton peaks to
leave just two doublet signals confirmed the structure obihaldehydes.10 Similarly, the
structure of thenoncealdehydes.11was confirmed by peaks at 10.62 ppm and 191.6 ppm in

the'H and**C NMR ectra for the newly added aldehyde group.
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Scheme 35. (a) nBuLi, hexane, reflux; (b) DMF, THF, € to RT; (c) Isobutyric anhydride, THF°C to RT.

Treatment of thdis-lithiated salts.6awith isobutyric anhydride in a similar fashion gave the
bis-isopropyl ketonés.12as a brown solid in 29% yield. The successful addition of the two
isopropyl ketone groups is evidenced by peaks of 209.1 ppm and 167@®rcthe carboyl
groups in thé*C and Infrared spectra, with the isopropyl protons accounted for with peaks at

1.90-2.00 and 0.8@..35 ppm in théH NMR spectrum.
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Table 531 Selected geometric data fsymmetrical naphthalenés1Q, 5.12aand5.12band the monaubstituted
analogues$.13(R=H) and5.14(R='Pr).

Compound d/A elA d/° (/o (/o
5.10 (R = H) 2.566(2) 1.213(2) 119.1(1) 37.7(2F1.1(2) -50.1(2)
5.1 2.489(6) 1.213(5) 113.5(3) 44.5(5)85.2(5) 57.3(5)
5.12a (R =Pr) 2.604(2) 1.221(2) 108.3(1) -30.8(2)/96.7(2) -63.1(2)
2.640(2) 1.216(2) 109.0(1) -29.8(2)/97.6(1) -61.8(2)
5.12b (R ='Pr) 2559(2) 1.217(2) 105.4(1) -42.3(2)/84.3(2) -70.9(2)
2547(2) 1.220(2) 104.3(1) -52.1(2)/74.6(2) -75.9(2)
5.14 2.613(6) 1.213(4) 106.1(2) -35.6(3)/92.1(3) -70.3(3)
Compound VIEN, b o/ ul/e VKN 5 /°929b
5.10 (R = H) 123.7(1)  116.2(1)  122.6(1)  117.7() 121.6(1)
513 124.3(4)  116.0(3)  122.2(4)  119.2(3) 120.6(3)/121.5(4)
5.12a (R =Pr) 123.8(1)  116.6(1)  123.7(1)  116.7(1) 121.5(1}
123.5(1)  116.8(1)  123.7(1)  116.2(1) 121.7(1}
5.12b (R =Pr) 123.3(1)  116.9(1)  123.9(1)  117.0(1) 121.4(1}
122.7(1)  117.3(1)  123.3(1)  117.2(1) 121.5(1}
5.14 1235(2)  117.0(3)  123.8(3)  116.0(3) 122.3(2)/121.3(3)

(3 = torsion angle: 2 x (§)C-N-C(Ar)-C(H), ( = torsion angle: O=@(Ar)-C(H), ¢ = plane of symmetry in the structure.

Crystals of thédvis-aldehydes.10were grown via slow evaporation of a DCM solution and the
X-ray structure of one of these crystals determined at 150 K. Interestinghjisisopropyl
ketone5.12two different crystal polymorphs were obtained via slow evaporation of either a
DCM/hexane(5.129 or EtOAc/hexane 5.12b) solution. The structures for each of the
polymorphs were determined at 150 K. Selected geometric data for the compainds 2a

and 5.12b are shown in Table 5.1, alongside their equivaleminesubstituted analogues

(aldehydes.13and isopropyl ketong.14).
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Figure 583. Molecular structure of the symmetrical {asiklehydes.10.

The bis-aldehydeb.10 (Figure 5.3) is located on a centre of symmetry and thus the molecule
possesses two identicats ofperi-interactions, showing that the interaction betweerp#re

groups are working in tandem and not competing with one another. As a result of the increased
symmetry of the structure, tlexcangle at the point of naphthalene ring fusion has aszé

to 121.6(1). This causes an increase in the2Nte-C=0 contact distance &f10to 2.566(2)

A compared to 2.489(6) A in the equivalembnosubstituted naphthalene. An increase in the
Birgi-Dunitz angles between the interacting group®bserved from 113.5(3)5.13 to
119.1(1y (5.10. Furthermore, the aldehyde group itself is rotated closer to the best naphthalene
plane by 7.2in compared to thenoneanalogue, likely due to the incredsmntact distance

and thus reduced steric influge from the approaching dimethylamino group. With regards to
the inplane angular displacements of gezi-substituents, there is very little difference, except
that the aldehyde group #110is displaced further towards tbetho-carbon of the naphthere

ring, again contributing to the increase contact distance. The aldehyde groupsori®atid

5.13 are displaced by equal amounts to one side of the naphthalene plane, whilst the
dimethylamino groups is displaced to the other side, however by aasect extent in thes-

aldehyde.
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The two polymorphs obis-isopropyl ketones.12 (Figure 5.4), one triclinic§.123 and the
other monoclinic %.12b), eachpossess two crystallographically unique molecules in their
asymmetric unit. Furthermore, as foum thebis-aldehyde5.10each of the four molecules
sits on a centre of symmetry and presents two identical sperighteractions. As a result,
four examples of a N-C=0 interaction in theis-isopropyl ketones.12 are available for

comparison agast the naphthalene equivalent possessing one petiahteractions.14

Figure 584. Molecular structures of the four crystallographically unique molecul&sld The triclinic syster.12a(top

row) and the monoclinic systebnl2b(bottom row).
Despite being structurally identical, the four moleculebisketone5.12 display a range of
Me2N---C=0 contact distances, with three out of the four molecules displaying a contact
shorter than thenoneanalogues.14 All four molecules show close strucal similarity with

respect to the Burgdunitz angle of approach, the carbonyl bond length and the angular
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displacements of the two interactipgri-groups. The two molecules of polymorphil2a
possesses NC=0 separations of 2.604(2) and 2.640(2) A mehs the molecules of
polymorph5.12b demonstrate separations of 2.547(2) and 2.559(2) A. A distinct trend is
observed in the displacements of pegi-groups to either side of the naphthalene plane. As the
contact distance lengthens the extent to whigy tre displaced increases, for example; in
5.12a3 the contact of 2.640(2) A displays deviations of 0.285 &m@63 A for the
dimethylamino and ketone groups respectively. Wheread B displacements of 0.113 and
-0.114 A are observed for the contat®.547(2) A. The Nmethyl groups of the nucleophile

are therefore displaced more evenly to either side of the naphthalene plane in the polymorph
5.12bwhich displays shorter contacts and lesser out of plane displacements, optimising the
nitrogen lone paioverlap with the antibonding orbital of the carbonyl group. géreketone

group rotates further from the idealised naphthalene plane as the contact distance decrease:
likely due to the steric interference of the approaching nucleophile and in oogintise the

angle of its approach. Despite the relatively larger deviations in the contact distanegs, the
angle at the point of naphthalene ring fusion is almost constantl21.%) in all four

molecules, with théis-aldehydes.10showing asimilar angle (121.6(2).

The two polymorph$.12aand5.12b are an excellent example of how the crystal packing
environment of the compound in question can influence the result obtained and how in all cases
demonstrated throughout this thesis, that #&ults discussed are specific to that crystal
structure. Nevertheless, the results obtained are accurate and important, but if possible, all
attempts should be made to obtain different polymorphs of the compounds in question, so that

the interaction of ir@rest can be fully explored.
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Scheme 36. (a) TFA, E£O, RT.

Reaction of thévis-aldehyde5.10with one equivalent of trifluoroacetic acid (TFA) in26t
resulted the precipitation of t,eonchemiaminal salt.15as a yellow solid in an 84% yield
(Scheme 5.4). NMR analysis of hemiamibal5in DMSO-ds shows an averaged structure
corresponding to the reversible protonation of both sgteigroups with a very broad peak

in the'H NMR at 9.21 ppnfor the two aldehyde protons. Furthermore, the two dimethylamino
groups are represented as a sharp singlet, opposed to the expected two peaks of #mel NMe
N(+)Me2 groups, again suggesting an averaged structure. Peak& 38 ppm and 159.5 ppm

in the!®F and'*C NMR spectra confirm the presence of the trifluoroacetate counterion.

\ o H \ @ OH

_— N
a
- = 2Cl

®

N— H NZ_

H O \ o H \

5.10 5.16

Scheme B87. (a) Ethereal HCI, DCM, RT.

The reaction was repeated, using an excess of TFA in order to protonate both of the aldehyde
groups, however the sammonchemiaminal5.15 was obtained following the addition of
approximately one equivalent. This is due to the low polarity of diethyl,etlech prevents

the second protonation from occurring due to rincehemiaminal salt5.15 precipitating

from the solution. In order to achieve the desired double protonation, the product must remain
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soluble following the first initial protonation andetfefore a more polar solvent is required.
The solvent was replaced with DCM and the acid of choice altered to ethereal HCI. This led to
the precipitation of the desirdals-chloride salt5.16 as a pale yellow solid in 79% yield,
following the addition of w&ll over two equivalents of acid. Despite its low solubiltty,and

13C NMR spectra were obtained ig-ahethanol for the chloride sdt17.

\\N® OH
©
2Cl
D;C—0 NS

Figure 585. NMR structure of bishloride salt5.16when dissolved in-&1eOH 6.17).

Analysis of the NMR spectra indicated that a second protonation had occurred along with
addition of CROD from the NMR solvent (Figure 5.5). TherMethyl protons were all shifted
upward of 3.52 ppm, indicating two positiyetharged dimethylamino groups, to give four
singlet peaks corresponding to three protons in the range o82%2pm. TheH and®*C

NMR data suggests that two different interactions are present in the compound, the first a bond
formation reaction to ge the hemiaminal group with signals for the @-H group of 7.14

and 115.0 ppm. While the other is due to the@D solvent adding to aldehyde, witH and

13C NMR signals at 5.86 and 109.1 ppm respectively. Addition of the solvent is likely due to
the formation of the opposite heminal, which widens thexcangle between the unreacted
peri-groups and prevents the formation of a second {aenmal group. Akernatively, the
dimethylammonium groups forms a hydrogen bond to the aldehyde oxygen, catalysing the

addition of the slightly nucleophilic GJOD solvent.
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Table 532. Selected geometric data forono 6.15 and bis 5.16) TFA and tloride salts of bisaldehydes.10and the
unsubstituted analogue TFA s&ltLl8

5.15: X = NMe, Y = CHO

5.16: X = "NHMe, Y = CHO

T 518:X=Y=H
Y"a.“x
Compound d/A d/A flA f PA elA
5.15 1.645(2)  2.918(2)  2.325(2)  2.602(2)  1.349(2)
5.16 1.603(5)  3.170(5)  2.317(5)  2.630(5)  1.363(4)
5.18 1.628(5) - 2.332(5)  2.565(5)  1.362(4)
1.624(5) - 2.331(5)  2.559(5)  1.352(4)
Compound aN-CHs/ A PN-CH3/ A o /° 20 (5/°
5.15 1.492(2)/ 1.500(2) 1.461(3)/1.459(2) 112.7(2)/129.42) 0.7(2)
5.16 1.499(4)/1.507(4) 1.492(5)/1.486(5)  112.2(3)/132.5(3)  6.1(3)
5.18 1.501(4)/1.496(4) - 113.4(4)/128.8(4)  11.6(3)
1.500(5)/1.499(4) - 113.4(4)/129.3(4)  18.6(3)

2= aminal NCH; bond lengths? = other dimethylamino MCH; bond lengths(¥ = torsion angle: C(ARN(+)-C-C(Ar).

Suitable crystals of theis-aldehydemone andbis-salts5.15and5.16 were grown via slow
evaporation of acetonitrileand acetonitrile/methanol solutions respectively. Thea)x
structures of both salts were determined at 150 K, with geometridata¢ach compound
summarised in Tablg.2, along with same data for the corresponding aminabsk8twith just

one set operi-interactions.
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Figure 586. Molecular structures of cations 53@op left) and 5.15 @p right). The view along the naphthalene plane of
cation 5.15 is shown (bottom) demonstrating the displacements of the two unreactadptiiients.

In the bis-aldehydemonaosalt5.15one dimethylamino group has added to a carbgrylip
which has potonated, and demonstrates a slightly elongated loi@ Bond of 1.645(2) A
compared to thenonoaldehyde sal6.18 (1.624(5)/1.628(5) A) as shown in Figure 5.6. A
slight decrease is also observed in the amir@Hbond length, evidencing that a loweguee
of N-C bond formation results in the-@ bond possessing marginally more C=0 character.
The bondegberi-groups lie almost exactly in the naphthalene plane, generating a(#))
C(OH)-C(Ar) torsion angle of just 0.7(2)Formation of the aminal between the first set of
peri-groups causes a widening of the opposkeangle at the point of the naphthalene ring
fusi on (8 dhis rasdts id e distance between the second speréfjroups
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(2.918(2) A) being todarge for a MeN---C=0 interaction to occur. Consequently, the
aldehyde group is rotated, positioning its proton towards the nucleophilic nitrogen in order to
generate a hydrogen bond of 2.35 A, and the dimethylamino nitrogen continues to lie in the

ideaised naphthalene plane, the aldehyde group is displaced from it by 0.408 A.

Figure 587. Molecular structures of the iation5.16 (left) and a demonstration of how this salt is packed within the
crystal lattice (right), looking down the b axis.

Protonation of the remaining free dimethylamino group inbisealdehydebis-chloride salt
5.16does not result in the formation of aniaal at the second set péri-positions. Instead,
the protonation of nitrogen results in a reversal of the hydrogen bond observed in the TFA salt
5.15 in which the aldehyde group is rotated so that there is a short-E&ER™ interaction
of 1.63 A (Figire 5.7). In order to allow this contact, the tperi-groups are splayed even
further apart, generating a significantly widerearangle of 132.5(3) As a consequence of
this, akin to theeri-phenyl repulsion study of Chapter 4, the&CN\Naminal bond ahe opposite

peri-positions is shortened by 0.042 Ato 1.603(5) Ainlengthexah ngl e (2) i s n
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112.2(3Y. A molecule of water, which hydrogen bonds to the two chloride ions, is present in

the asymmetric unit displaying-@CI®) contacts of 223 and 3.217 A.

Scheme B8. (a) CH(CN), (*NHsCHz-)2( OAc (cat.), CHOH, 65°C; (b) NCCHCO:Me, CHOH, (*NHsCHz-)2(OACk

(cat.), 65°C
Condensation obis-aldehyde5.10 with active methylene compounds malononitrile and
methyl cyanoacetate (Scheme 5.6) yielded the expected Knoevenagel condensation products
5.19and5.20 In both cases, aldehydelQ the chosen methylene compound and EDDA
(catalyst) were refluxed in methanol. Once cooled, the reactions yielded orange precipitates of
alkenes5.19and5.20in 68% and 78% vyields respectively. The structure ofvikelinitrile
5.19was confirmed by th&H NMR peak at 8.69 ppm for the vinylic protons, with signals for
the nitrile groups observed at 114.1 ppm and 2227 ionthe *C NMR and infrared spectra.
Similarly, the structure of thieis-cyanoesteb.20demonstrates #H NMR signal at 9.27 ppm
corresponding to the vinylic proton as well as a peak at 3.94 ppm for the methoxy ester
moieties. The*C NMR spectrum evidenced the presence of the nitrile groups with a peak at
115.8 ppm, and signals at 164.0 and 53.1 ppm confirming the methoxy ester grbafh |
alkenes5.19 and 5.20 the Oopen formdé structure 1is

dimethylamino group shift(12 2.72 ppmp.2Q 2.66 ppm).
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Table 533. Selected geometric data ftive bis dinitrile £.19 and methyl ganoester%.20) and their monesubstituted
analogues.21and5.22

Compound d/A elA d/° G/o (/o

5.19 (R = CN) 2.507(2) 1.350(2) 115.6(1) -44.0(2)/87.4(1) 53.9(2)

5.21 (R = CN} 2.413(2) 1.354(2) 112.1(1) -49.7(2)/81.5(2) -56.5(2)

5.20 (R = COMe) 2.445(2) 1.352(2) 110.7(1) -46.9(2)/85.4(2) 61.3(2)

5.22 (R = CQMe) 2.505(2) 1.349(2) 116.2(1) 34.5(2)/93.8(2) 55.2(2)
Compound VIEN] b °/ ul/e VKN 2 /°926

5.19 (R = CN) 123.8(1) 116.3(1) 121.0(1)  119.3(1) 121.3(1}
5.21 (R = CN} 1243(2) 115.9(1) 1202(1) 120.3(2)  120.4(1)/122.6(2)

5.20 (R = COMe) 123.9(1) 116.0(1)  120.4(1)  120.2(1) 121.2(1y
5.22 (R = COMe) 123.2(1)  116.8(1)  122.5(1)  117.9(1)  122.6(1)/121.4(1)

(3 = torsion angle: 2 x (§JC-N-C(Ar)-C(H), (¥ = torsion angle: C=@(Ar)-C(H), ° = plane of symmetry in the structure.

Crystals of theébis-dinitrile and-cyanoesteb.19and5.20were obtained via slow evaporation

of DCM/hexane solutions. The-bMay structure of each was determined at 150 K (Figl8g 5

with selected geometric data summarised in Table 5.3. Data for the equivalent analogues
containing one set gberi-interactions are also showBoth bis-alkenes5.19 and 5.20 are

located on a centre of symmetry and thus each molecule possesses tigalidets ofperi-

interactions.
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Figure 588. Molecular structure of the bidinitrile 5.19(left) and bismethyl cyanoestes.20(right).

Across the threbis-interaction example$(10 5.19and5.20 the MeN---C contact distance
reduces from 2.566(2) A in thas-aldehyde5.10to 2.507(2) A in thebis-dinitrile 5.19to
2.455(2) A in thebis-cyanoeste5.20 The dimethylamino group is displaced towards the
electrophile in the plane of the ptethalene by a similar amount in all three cases, while the
electrophile is displaced away from the dimethylamino group by a decreasing amount across
the series. As the MH---C distance decreases, the distribution of thaéthyl groups of the
nucleophilewith respect to the naphthalene plane becomes more even, allowing for a more
optimal orientation of the nitrogen lone pair in the direction of the electrophile. This trend is
matched by the electrophilic moiety, which rotates further from the idealipbthadene plane

as the contact distance decreases. The notable consistencgxatéingles of the symmetrical
bis-interaction compounds is continued as HattBand5.20demonstrate angles of 121.3(1)

and 121.2(P)respectively, an average of te@oangles observed in themonaginteraction

analogues.
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5.23 5.23
Solid state Solution

Scheme 89. (@)Me | dr umé sOHaRTi d, CH

Conditions for the condensationlwt-aldehyde5.10wi t h Mel dr umdés aci d
altered slightly, with the catalyst removed and the reaction stirred at room temperature. This is
due to the increased acidity of Mel drumos
the presence of the EDDA edyst. The reaction after 24 hours yielded an orange precipitate
which was isolated in a 49% yield. NMR analysis of the product confirmed thdtighe
condensation had occurred with a peak in'th&dMR spectrum at 8.24 ppm for the vinylic
protons. Mainteance of the Mel drumds acid cyHand ¢ di
13C NMR spectra with peaks of 1.85 ppm and 165.6/162.7 ppm for the ring methyl and carbonyl
groups respectively. The downfield shift of the vinylic protons (similar to alkéri€sand

520 supports that compound is in the 6open
however, taken of the recrystallised product, suggests that in the solid state the two cyclic
diester rings are not equivalent, with two significantijedent carbonyl stretching frequencies

observed at 1729 and 1636°¢tm
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Table 534. Selected geometric data fihve bisMe | dr u mdé s a %£.23and ttieemomn@analogues2é

Compound d/A el A d/A aN-CHs3/ A PN-CH3/ A o /°0206 /o
523  1.676(4) 1.465(4) 2.615(4) 1.497(4)/1.500(4) 1.455(4)/1.458(5) 113.7(3)/126.4(3) 0.5(3)
524  1.651(3) 1.471(3) - 1.495(3)/1.508(2) - 1133(2)/128.1(2) 17.1(2)

2= N*-CHs bond lengths? = other dimethylamino MCH; bond lengths(¥ = torsion angle: C(AFN(+)-C-C(Ar).

Crystals of thebisMe | d r u mo 5.23 aerekobtaned via slow evaporation of a DCM
solution, with the Xray structure of one of those crystals determined at 150 K (Figure 5.9).
Selected data from the structure oftieMe | d r u mo s 5.2Band thenené¢Mevied r u mo6 s

acid analogué&.24are simmarised in Table 5.4.

Figure 589. Molecular structure of zwitterio.23 showing the two different interactions between the same groups.
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Whilst NMR evidence indicates that thesMe | dr umoé s 5.28Bexii watsi ven t
formdéb in solution, the structur al anal ysi
adopted, with a very long 1.676(4) A®Glbond betweenneof the two sets aperi-positions.
Ther e GN--CaconMet of 2.615(4) A beeen the second pair of groups. This molecule
thus demonstrates two different interactions between the same pair of groupsCIperiN
bond, which is 0.025 A longer than tm®nesubstituted analogue, represents a slightly earlier
point in bond formatiorfthan themonaanalogue), resulting in a slightly shorter and therefore
less broken alkene bond. Theoangle between the bondeeéri-groups is slightly wider in

the bis-derivative 5.23 than the moncanalogue 5.24 with the oppositeexcangle
demonstratig the reverse, with thieis-analogue angle being significantly narrower. This is
likely a result of the attractive interaction between the second gwtrbfjroups, which is
evidenced by the angular displacement of the dimethylamino group towardstrstigimly
retreating electrophile, with a BUr§iunitz angle of 111.3(8) The strength of this attractive
interaction leads to a MK---C contact of 2.616(4) A, which behaves as a very weak mimic of
the ethylene bridge of the acenaphthene derivativesigied in Chapter 3, restricting the
extent to which the opposite lomgri N-C bond can form. The difference between the two
dimethylamino groups is shown clearly by the longe€MNs bonds in the zwitterionic group
(1.497(4) and 1.500(4) A) compared tcetheutral dimethylamino group (1.455(4) and
1.458(5) A). The bonded dimethylamino group positions itméthyl groups evenly to either
side of the naphthalene plane, with the vector of the lot@ Ibdnd parallel to that of the
idealised naphthalene plankéhe opposite noihonded dimethylamino group displays a slight
rotation of the Nmethyl groups, generating torsion angles##.2(4)/57.4(# to theortho-
naphthalene ring carbon. This rotation results in the axis of the nitrogen lone pair lying at 15.6
to N---C=C vector. Each of the foyreri-substituents across the molecule lie very closely to

the idealised naphthalene plane, minimising the strain on the backbone system.
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5.23 5.25

Scheme 80. (a) MeOH, RT.

When dissolved in a range of organic solvents (e.g. DCM, MeOH an IO} the bis-

Mel dr umd s aR®ia3demahstratesa detp oramge coloured solution. Over the course
of a week, the colour of an NMR solution5.23in ds-MeOH changed dramatically, with the
orange colour fading completely to give a colourless solution with a colourless crystalline
material in the base of the tube (Scheme 5.8). The NMR sample was analysed again no signals
correspondingtothle | dr umé s a%a3absed/edr Thewciydtals were isolated from

the solution to reveal a 95% yield and their structure determined at 150 K, with selected data
given in Table 5.5. As shown in Scheme &8l Figures.10, the new colourless matenehs

found to be azeping.25 which crystallised alongside a disordered methanol molecule, which

is split over four possible positions. NMR analysis of the crystalline solid confirmed the
azepine ring formation with th#H NMR peaks at 3.783.85 and 3.11 pm for the two
methylene groups and-Methyl group respectively. Shifts of 6.92 and 3.33 ppm for the vinylic
proton and dimethylamino group of the oppositeCNbondedperi-groups in thetH NMR

spectrum were all observed.

228



Figure 590. Molecular structure of th6.25caused by a reaction between the interacting-gesiips to form an azepine

ring.
Previously, the formation of azepine ring systems has been demonstrated and discussed ir
acenaphthene derivative in Chapter 3. In thesamples, as shown in the mechanism in
Scheme 5.9, the azepine ring is formed due to the donation ohaetiyl hydride ion to the
electrophilic alkene, demonstrating a typee@-amino effect reaction. The resultant iminium
cation5.26and stabilised carbanidn27subsequently react to form the azepine Erith The
bisMe | dr umo s 5.2b6s lakinvoathe iaceraphthene derivatives in Chapter 3, with the
ethylene bridge replaced by the newly forme@€NMond at the oppositeeri-interactions. This
allows for a higher degree of rotation for the free dimethylamino group, allowing for optimal
orientation for thetert-amino reaction to proceed. In a similar vein to similar reactions
demonstrated by Matyust al the reaction requires alar media in which to perform the
rearrangement, with the reaction in this case requiring milder conditions than the similar

reactions reported which require heating.
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5.23

5.25 5.27

Scheme 81. Proposed mechanisfor the formation of the azepine ringSr25via a type 2 teramino effect reaction.

Formation of the azepine ring ;125 results in a widening of thexaangle at the point of
naphthalene ring fusion from 126.43n 5.23 to 127.8(3) in 5.25 This widening is
complimented with a narrowing of the equivalent angle between t8ebNndperi-groups

from 113.7(3Y in 5.23to 113.0(3) in 5.25 As a result of this, the long-8 bond is shortened

by 0.024 A to 1.652(4) A, almost the same length as imiheeanalogues.24(1.651(3) A).

The azepine ring also introduces a degree of strain into the naphthalene scaffold, péth the
methylene anditrogen groups displaced from the idealised naphthalene plane by 0.409 and
0.346 A respectively to opposite sides of the naphthalene plane. This introduces a torsional

twist along between the MW™-C bond and theeri-n ap ht hal e n%of -8.43Pbons
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compared to the almost planar orientation of 0%5i(8%b.23 Azepine5.25demonstrates very

similar ring bonds lengths( bandc) as the acenaphthene equivaled)3.42

Table 535. Selected geometric data fazepines.25

Compound d/A el A o /°0206 alA b/A c/A G/e

5.25 1.652(4) 1.467(5) 113.0(3)/127.8(3) 1.454(4) 1.565(5) 1.541(4) -9.1(3)
(3 = torsion angle: C(ARN(+)-C-C(Ar).

To conclude, we have demonstrated that the introduction of an identical
nucleophile/electrophile interaction at the opposite sepesf-positions on a naphthalene
backbone, has a notable impact on the interaction observed. For moderately weak interactions
such as those i5.10 5.12 5.19and5.20the two interactions form symmetrical structures. In
the bis-aldehyde $%.10, -dinitrile (5.19 and -isopropyl ketone §.12g derivatives the
introduction of the second set of interactions resulted in an increase in the obsemMed®/le
contact distance, whilst in the remainibig-isopropyl ketoneq.12b and-cyanoesterH.20
derivatives a decrease in the contact distanceolaerved. Most notable in all cases was the
consistency of thexoangles across the series, with all the examples falling in the range of
121.2121.7, whereas thenoneanalogues can deviate by up to°Zd example in thenonc
dinitrile analogue. Wherthe attraction between the groups became stronger irbithe

Me |l dr umo s 5.2B@neiset gpdridsubstituents took precedent, forming a very loag N

C bond (1.676(4R), whilst the oppositeeri-substituents formed an Mé---C=C interaction
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(2.616(9 A). The strong electrophilicity of the free polarised alkene resulted in the transfer of
a hydride anion from one of the-mNethyl groups, leading to the synthesis of azepi2&
Azepine5.25 demonstrates a shorter, but nevertheless j@mgN-C bond (.652(4) A) as a
result of the strainegara-azepine ring system. Protonation of bigaldehyde takes place on

the oxygen atom, resulting the formation of a long (1.645(2) A) amir@l dond. Further
protonation takes place on the opposite dimethylangrmmup forming a C=©-H-N®
hydrogen bond, resulting in a shortenedCNaminal bond (1.603(5) at the other side of the

molecule.
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Investigation into Unsymmetrical Systems with One MgN---C

Interactions

One of the byproducts in the synthesis bis-aldehyde5.10 was found to be thenonc
aldehyde5.11, which could have formed either as a result of incomplete lithiation or
incomplete reaction with DMMVono-aldehydeb.11presents only one set péri-interactions,

but also boasts a freggara-dimethylamino group that not only has an electron donating
capability but could cause a minor pie--H repulsion with theperi-naphthalene hydrogen
atom. Consequently, the conditions for the synthesis aghtireealdehye5.11were adjusted

in order to maximise its yield (Scheme 5.10).

\ ® \ 0. _H
N —N L _N
o
_ = _ =
/N\ /N\ /N\
5.6 - N 5.11
5.6b

Scheme 82. (a) nBuLi, hexane, reflux; (b) DMF, THF, € to RT.

In order to maximise the yield of tmeoncaldehydes.11, theequivalents of lithiating agent

used was dropped, giving a 1:1 ratio of-bi§dimethylamino)naphthalen®6 and n-BuLi
(Scheme 5.10). Previously, the precipitate formed during the reaction was isolated, with the
supernatant removed and quenched. In thse, the supernatant could contain rienc
lithiated compound.6b and thus the supernatant was kept. Finally, the equivalents of DMF
added following the lithiation were reduced in order to reduce the chances of double addition
in molecules where the dasiredbis-lithiation had occurredAs a result of these changes, the

desiredmoncaldehydes.11was isolated in an increased 35% yield as a low melting orange
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solid. Despite numerous combinations of solvents and growing conditions, crystalsl of

suitable for Xray structure determination were not obtained.

\ O H \ @ OH
__N ~N
a
- Cl
/N\ /N\
5.11 5.28

Scheme 83. (a) HCI, EtO, RT.

Reaction ® moncaldehyde5.11with one equivalent of ethereal hydrochloric acid in diethyl
ether (Scheme 5.11), resulted in protonation of the aldehyde oxygen atom to give the aminal
derivative5.28 which was isolated from the reaction as a beige solid in 87%. WR
analysis of the product confirmed the formation of the aminal structure with peaksti the
and*C NMR spectra of 7.18 ppm and 109.1 ppm respectively for the methine group. The
infrared spectrum also confirms addition to give the aminal form matharbonyl stretching
frequency observed. Unfortunately, the aminal S28displayed a degree of hygroscopicity,

with most attempts at crystallisation resulting in the formation of oils or very fine oily powders

thus a structure was not obtained.

o (0] Ph
(6]

Oe : Oe
B — e

/N\ /N\

S)
Cl

5.1 5.29

Scheme 84. (a) Benzoyl chloride, ED, RT.

Benzoylated sakb.29was generated by the carefubpgwiseaddition of 1M benzoyl chloride

to a solution oimoncaldehydes.11in diethyl ether (Scheme 5.12lnmediately, an orange
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precipitate formed, which was collected via filtration under a nitrogen stream, due to the
hygroscopic nature of the salt, in a 63%ld. The structure of the benzoylated chloride salt
5.29was evidenced by peaks in tHé and*3C NMR spectra for the methine group of 7.15
ppm and 115.7 ppm respectively. Furthermore, distinct downfield shifted resonances of
4.21/3.89 ppm and 56.9/49ppm are shown in thtH and*3C spectra corresponding to the
aminal dimethylamino group. A carbonyl stretching frequency of 160b6ismbserved in the

infrared spectrum.

Figure 591. Molecular structure of the decomposition prod6c32 (left) and a demonstration of the planar conformation of
the free dimethylamino group (right).

Crystals of the benzoylated s&l29were obtained when the sample was dissolved and left in
DCM over the carse of a week. The thin orange needles were found to be extremely
hygroscopic once removed from solution, thus the crystals were placed in a sample of silicon
oil. The structure of one of these crystals was determined at 150 K (Figure 5.11) to reveal that
the initial benzoylated produbt29had decomposed, resulting in the formation of fused ring
chloride salt5.32 (Scheme 5.12). Elimination of the benzoate to give the decomposition
product5.32 may have resulted from the donation of plaga-nitrogen lome pair through the
naphthalene ring system, resulting in a temporary dicat@®Scheme 5.13). Cleavage of an
N-methyl group %.31) from theperi-bonded dimethylamino group frees the nitrogen lone pair,
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which can form geri N=C double bond, restorirgyomaticity to the aromatic ring. The free
dimethylamino group 05.32remains conjugated with the N=C double bond as evidenced by

its planar geometry, with the sum of the angles around the nitrogen atom adding up%o 359.9

H\Q/H
H
\® /. o_ _Ph \e M Ny M o M
~ — I
N v\([)]/ QN \ N \ 5 N—
o - MeOH o o
- 21 T > J c = al
o - HClI
G ° | (lN N

'N\_ PN PEERS PN

5.29 5.30 5.31 5.32

|

Scheme 85. Proposed mechanism for the decomposition of benzoylatesl 2aib give the fused ring systé&hB2

a
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Condensation ahonoealdehydes.11with active methylene compounds malononitrile, methyl
cyanoacetate and rdethyl malonate (Scheme 5.14) yielded the expected Knoevenagel
condensation products335.35 In each case, aldehy8el 1, the chosen methylene compound
and EDDA (catalyst) were refluxed in methanol, cooled, the solwastremoved, and the
resultant crde orange oils were purified via flash column chromatography. Moderate yields of

72,42 and 69% were obtained for the dinitbild3 cyanoesteb.34and diesteb.35derivatives

respectively.
CN co,Me
\ \ o  H \
—N ZCN —N —N Z >Co,Me
D —— U ——
/N\ /N\ /N\
5.33 5.11 5.35

CO,Me

5.34

Scheme 86. (a) CH(CN)z, CHsOH, (*NHaCHz-)2( OAc) (cat.), 65°C; (b) NCCHCO:Me, CHOH, (*NHsCHz-)2('OAC)
(cat.), 65°C; (c) CH(CO2Me), CHsOH, (*NHsCH2-)2("OAC) (cat.), 65°C.

The structure of the dinitrile derivativ®33 was confirmed by the peak in tHel NMR

spectrum at 8.69 ppm for the vinylic proton. Furthermore,'#8eNMR spectrum revealed

peaks at 165.8 ppm and 115.4/114.0 ppm for the vinylic carbon and nitrile gesppstively,

while a nitrile stretching frequency of 2218¢im observed in the infrared spectrum. Similarly,

the structure of cyanoester derivati84is evidenced by resonances in theand**C NMR
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spectra for the vinylic (9.16 ppm and 161.7 ppmgthoxy (3.92 ppm and 52.8 ppm) and nitrile
(116.5 ppm) groups. Infrared peaks for the nitrile (2219)cand ester (1718 chy stretching
frequencies are also observed. For the di&s8&r the vinylic group was evidenced with peaks

of 8.77 ppm and 158.ppm in the'H and**C NMR spectra, whilst the methyl ester groups
reside at 3.85/3.61 pprtH) and 52.7/52.1 ppntiC). A carbonyl stretching frequency of 1727
cmit is shown in the infrared spectrum for the two ester groups. In all three examples, the
dimethylamino groups resonate at less than 2.93 ppm itHIINMR, indicating further that

they exist in the neutral form.

Table 536. Selectedyeometric data fodinitrile, methyl cyanoester and methyl diester derivattv885.35and the
unsubstituted dinitrile and methyl cyanoester analogu2$and5.22

Compound d/A el A d/° (/0 B/o (5/0
5.33a (R = NMe) 2.455(2) 1.356(2) 116.3(1) 54.9(3)/77.8(2) -10.4(2)/121.7(2) 53.1(2)
5.33b (R =NMe) 2.512(2) 1.350(2) 117.2(1) 43.0(3)f90.5(2) 17. 7(3);113 0(2) 49.9(2)

521(R=H)!  2.413(2) 1.354(2) 112.1(1) -49.7(2)/81.5(2) -56.5(2)
5.34 (R=NMe) 2.482(2) 1.342(2) 110.0(1) 34.1(2)/96.7(2) 14. 4(2);113 4(2) 58.8(2)
522(R=H)  2.595(2) 1.349(2) 116.2(1) 34.5(2)/93.8(2) 55.2(2)

5.35(R=NMe) 2.674(3) 1.348(3) 121.6(2) -28.0(3)/99.8(3) 19.0(3);110.1(3) -47.6(3)

Compound VIEX] b o/ u/o VKN 2 /°026
5.33a (R = NMa) 1235(2) 1158(2) 122.2(1) 1194(2)  120.3(2)/122.7(2)
5.33b (R = NMe) 123.8(2) 116.1(1) 121.4(1) 119.622)  120.8(2)/122.8(2)

5.21(R = H)! 1243(2) 1159(1) 1202(1)  120.3(2)  120.4(1)/122.6(2)
5.34 (R = NMe) 1240(1) 1158(1) 120.8(1) 120.1(2)  120.7(1)/123.3(1)

5.22(R = H) 123.2(1)  116.8(1) 1225(1)  117.9(1)  122.6(1)/121.4(1)

5.35 (R = NMe) 1215(2) 118.1(2) 122.0(2) 118.9(2)  123.7(2)/120.4(2)

(3 = torsion angle interacting NMe2 x (H;)C-N-C(Ar)-C(H), (¥ = torsion angle for free NMe2 x (H)C-N-C(Ar)-C(H), U = torsion
angle: C=CC(Ar)-C(H).

Crystals of three Knoevenagel produ&s33 5.34 and 5.35 were grown via the slow
evaporation of DCM, DCM/hexanes and CHGblutions respectively. In each case the

structure of a suitable crystal was determined at 150 K, with a summary of selected geometric
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data for the three Knoevenagel produbt83-5.35 and their monesubstituted analogues
(where applicable) are shown in TalBe6. The dinitrile derivative5.33 contains two
crystallographically unique molecules in the asymmetric unit which present quite different
MezN---C=C contacts of 2.455(25339 and 2.512(2) A§.33b), both of which are a little
larger than thenoncanalogue. The former, demonstratestrotes of the dimethylamino and

al kene 2gn dwakinsto tifat’bf the even shorteoneanalogue (2.413(2) A), whilst

the longer distance of the latter is accompanied with a less even distribution efrtthi
groups to either side of the napH#ree plane, suggesting a greater degree of donation from the
lone pair into the aromatic system. Tperi-carbon of the electrophile and thmara-
dimethylamino group db.33aare displaced to the same side of the idealised naphthalene plane
by 0.247 and 029 A respectively, whilst the interacting dimethylamino group lies directly in
the naphthalene best plane. On the other handpdhecarbon in5.33bis displaced even
further from the idealised plane (0.402 A), with tha&ra and peri-dimethylamino groug
displaced to the opposite side by 0.144 and 0.279 A respectively. Tlanm angular
displacements of both molecules are similar to those ahtieanalogue, with a largexxo

angl e ( 2)5.380{1208(2Y) asch resuht of the increased cantdistance.

Figure 592. Molecular structures of the two crystallographically uniqgue molecules of dirbt3@(5.33aleft and5.33b
right).
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In contrast, the cyanoester derivatbz84demonstrates a reduction in thedMe-C=C contact
distance to 2.482(2) A from 2.595(2) A in thonoeanalogue (Figure 5.13). The naphthalene
scaffold demonstrates a high degree of strain around its two camdiah fcarbons, with a
torsion angle for the MC(peri)-C(peri)-C atoms of 18.8(2) With respect to which ring of the
naphthalene system they are substituted, the two dimethylamino groups remain close to planar,
whilst the electrophile is displaced signéitly. These twists and displacements result in the
orientations of the Nnethyl groups of the nucleophile and the alkene of the electrophile
remaining very similar to theimoneanalogue, with a more favourable Bamjnitz angle
observed (110.0(1ys 116.2(1)). Notable changes are observed in the angular displacements
of the interactingeri-substituents, whereby the dimethylamino group is displaced at a larger
angle toward the electrophile which shows close to no displacement. This is in stark contrast
to themonoeanalogue which shows a strong displacement of the both the nucleophile and
electrophile in the same direction. Furthermore, ékeangles in5.34 have reversed with

respect to those of thhroneanalogue, as a consequence of the short calitdance.

Figure 593. Molecular structure of the methyl cyano ester deriveiiae.
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The diester derivativé.35demonstrates a long Me---C=C contact distance of 2.674(3) A
(Figure 5.14). Consequently, the interacting dimiketmyno group is rotated such that the lone

pair is split between donation toward the electrophilic alkene and into the aromatic naphthalene
s y s t % Time ipt&tactingeri-groups shows the lowest combined angular displacement, with
exaangles that matctie increased contact distance. The naphthalene scaffold remains planar
unlike that 0f5.34 with the two dimethylamino groups displaced marginally (0.115@4d3

A) to opposite sides, whereas the bulkier electrophile is displaced more significaftBoBy

A, a factor that contributes to the larger contact distance observed.

Figure 594. Molecular structure of the methyl diester derivatv@s

Between all three structures, a clear trend is seen in the orientation of thpafeee
dimethylamino group. The shorter the-MNC contact between the interactipgri-groups, the

larger the angle between the nitrogen lone pair angeheN---H vector;5.33a 52.9, 5.34
49.2,5.33h 48.1, 5.35 44.2. This results in a greater donation of nitrogen lone pair into the
naphthalene ring system. Furthermore, in each case example, the nitrogen substituents are
orientated in order to position the nitrogemdopair closest to thperi-hydrogen atom,

minimalising steric contacts between the atoms. Utilising this information, we proposed that if
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the free dimethylamino group was protonated, a steric repulsion between the
dimethylammonium hydrogen and tperi-hydrogen atoms will occur. This repulsion could
result in a widening of thexaangle between the two groups, akin to that of the phenyl groups
studied in Chapter 4, causing the angle between the intergodingroups to become

narrower.

CN CN
—N ~ CN —N ZCN
a
- Cl
®
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5.33 5.36
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CO,Me CO,Me
\ \@
—N ~~ ~CO,Me —N COyMe
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@
~N
N H™
5.35 5.38

Scheme 87. (a) Ethereal HCI, EO, RT.

In order to explore whether or not protonation would occur on thepiesedimethylamino
group, one equivalent of ethereal HC| was added to a solution each of the three Knoevenagel
products5.335.35in diethyl ether to give salt.365.38(Scheme 5.15). Each reaction, upon

addition of the acid yielded a precipitate, with eaeng isolated under a flow of nitrogen due
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to the materials demonstrating a degree of hygroscopicity. Analysis of the products isolated
from the reactions of dinitrile and cyano ester derivatv@8 and 5.34 were found to the
desired protonated salts.36 and 5.37, with the protonation occurring on the free
dimethylamino group, confirmed by peaks in theNMR of 3.33 ppm %.36 and 3.34 ppm

(5.37. Theperi-i Nt eraction remains in the O&éopen |
dimethylamino shifts of Z1 and 2.64 ppm in thi&l NMR spectra observed f6r33and5.34
respectively. The vinylic protons aperi-alkene carbon are identified by peaks at 8.56/163.1
ppm 6.33 and 2.64/158.55(34) in the'H and'3C NMR spectra. For the diester derivative

5.35 analysis of the isolated orange solid revealed the product to be that of the dichloride salt
5.38,where not only the free dimethylamino group has been protonated, but so too has the
former alkene carbon between the two ester moieties. As evidencedyXR peaks of

5.25 and 6.23 ppm for the methine protons and downfield resonances of 3.76 and 3.01 ppm for
the N*)-methyl protons. The ester groups are retained as peaks {fCttNMR and infrared

spectra of 167.0/166.0 ppm and 1723%ame observed.
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Figure 595. Molecular structure of the methyl diesteradition’5.38

Rhombus shaped crystals of the dichloride S88were isolated from an acetonitrile solution

and the structure of one determined at 150 K (Figure 5.15). As suggested by the NMR data,
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protonation of the free dimethylamino group has occurred as well as the formation-@& an N

bond between the twperi-groups, with the resultant carbanion undergoing protonation. The

effect of the NP-H---H repulsion is difficult to assess and quantify using this example as the
exo-angle contraction caused by thara-fully formed N-C bond naturally causes a widening

of theoppositeexaangle between the two repelling atoms.
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Table 537. Selected geometric data fdinitrile derivatives5.21, 5.33 5.39 5.40and5.36shown in Figure 5.16. CompouBd36has been measured at various temperatures betwe20®0

Compound T/K d/A el/A d o/ 2o/ ®6 |/ N-CHz?/ A N-H---H°/ A E /e (/o
521 150 2.413(2) 1.354(2) 112.1(1) 120.4(1)/122.6(2) 1.455(2)/1.464(2) - -49.7(2)/81.5(2) - -56.5(2)
5.33 150 2.455(2) 1.356(2) 116.3(1) 120.3(2)/122.7(2) 1.445(3)/1.451(3) - 54.9(3)/77.8(2) -10.4(2)/121.7(2) 53.1(2)

2.512(2) 1.350(2) 117.2(1) 120.8(2)/122.8(2) 1.455(2)/1.456(2) - 43.0(3)/90.5(2) 17.7(3)F113.0(2) 49.9(2)
5.39 150 2.846(3) 1.348(3) 133.0(2) 128.5(2)/111.3(2) 1.460(3)/1.460(3) - 27.5(3)F100.8(2) - 35.9(3)

2.755(3) 1.343(3) 122.7(1) 127.3(2)/111.7(2) 1.455(3)/1.461(2) - -45.8(3)/82.1(2) - -51.9(3)
5.40 100 2.359(2) 1.360(3) 113.8(1) 117.7(2)/126.3(2) 1.465(3)/1.466(2) - 37.0(3)L94.9(2) - 51.2(3)
5.36 200 2.167(5) 1.369(4) 113.2(2) 117.8(2)/126.5(3) 1.462(5)/1.476(4)  2.07 -48.9(5)/82.3(4) -28.7(4)/98.2(4) -53.0(4)
5.36 180 2.151(4) 1.374(4) 113.5(2) 117.8(2)/126.7(2) 1.460(4)/1.476(4) 2.08 -49.5(4)/81.5(4) -29.0(4)/98.2(3) -52.1(4)
5.36 160 2.120(4) 1.375(4) 113.5(2) 117.3(2)/126.7(2) 1.463(4)/1.477(4)  2.08 -49.2(4)/81.3(3)  -29.0(4)/97.6(3) -51.9(4)
5.36 150 2.098(4) 1.378(4) 113.4(2) 117.1(2)/127.1(2) 1.465(4)/1.475(3) 2.09 -49.1(4)/81.0(3) -29.1(3)/97.8(3) -51.4(4)
5.36 140 2.046(4) 1.381(4) 114.0(2) 116.8(2)/127.4(2) 1.463(4)/1.477(3)  2.09 -49.7(4)/80.1(3)  -29.3(3)/97.4(3) -49.8(4)
5.36 138  2.021(4) 1.384(4) 114.3(2) 116.7(2)/127.5(2) 1.468(4)/1.474(3) 2.09 -49.5(4)/79.9(3) -29.4(3)/97.1(3) -48.7(4)
5.36 136 1.981(4) 1.391(4) 114.6(2) 116.4(2)/127.6(2) 1.468(4)/1.476(3) 2.10 -49.5(4)/79.3(3) -29.8(3)/97.2(3) -47.8(4)
5.36 134 1.932(4) 1.401(4) 115.0(2) 116.0(2)/128.1(2) 1.472(4)/1.480(3) 2.11 -49.6(4)/78.6(3) -30.3(3)/96.7(3) -46.6(4)
5.36 132  1.888(4) 1.408(4) 115.2(2) 115.6(2)/128.4(2) 1.472(4)/1.481(3) 2.12 -49.2(4)/78.2(3)  -30.7(3)/96.2(3) -45.6(4)
5.36 130 1.855(4) 1.415(4) 115.3(2) 115.4(2)/128.6(2) 1.478(4)/1.482(3)  2.13 -49.1(4)/77.7(3)  -30.9(3)/96.1(3) -44.7(4)
5.36 120 1.793(4) 1.424(4) 115.8(2) 114.7(2)/129.2(2) 1.486(3)/1.487(3) 2.14 -48.2(4)/77.1(3) -31.7(3)/95.6(3) -43.0(4)
5.36 110 1.762(4) 1.431(3) 115.8(2) 114.5(2)/129.1(2) 1.486(3)/1.490(3)  2.14 -48.3(3)/76.8(3)  -32.0(3)/95.1(3) -42.2(4)
5.36 100 1.749(3) 1.431(3) 115.9(2) 114.3(2)/129.3(2) 1.486(3)/1.490(3) 2.14 -48.0(3)/76.4(3) -31.9(3)/95.2(3) -42.0(4)
5.36 90  1.734(3) 1.437(3) 115.9(2) 114.1(2)/129.5(2) 1.489(3)/1.493(3)  2.14 -47.8(3)/76.5(3) -32.3(3)/94.8(3) -41.8(4)

2N-CHs bond lengths in the interacting dimethylamino grdlqgach hydrogen assigned via a riding model, thus the bond lengths are fide0,98A and C(ARH: 0.93A (5 = torsion angle: 2 x C(§FN-C(peri)-
C(ortha); (! = torsion angle: 2 x C(§-N(H)-C(peri)-C(ortho); (¥ = torsion angle: C=&(peri)-C(ortha).
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Figure 596. Structures of a variety of dinitrile derivative1,1 5.33 5.39, 5.4Q 5.36a (150 K) and5.36b(100 K)

Crystals of the dimethylammonium dinitrile s&l86 were successfully grown via the slow

evaporation of an acetonitrile solution. The salt crystallised in the orthorhombic space group

Fdd2 with one molecule of water per two cations and two chloride anidrescrystal structure,

which was determined at 150 K, demonstrates a surprisingly shoi-Mé=C contact

distance of 2.098(4) A (Table 5.7), the results of a much more significant repulsion between

the dimethylammonium group and theri-hydrogen atomThis interaction liega.1 A within

the sum of the van der Waals radii for the two interacting atbmsthermore, this interaction

is 0.31 A shorter than the same interaction in the unsubstituted anal@ju€igure 5.16),

which possesperi-hydrogen atoms at the omte set ofperi-positions. The interacting

dimethylamino group is twisted, displacing itsniethyl groups unevenly relatively to the

idealised naphthalene plane. This orientation is a direct consequence of -tifeplamnie

displacements of both the dimgtamino (0.206 A) and dicyanoethenyD(242 A) groups

from the idealised naphthalene plane. As a result, the axis of the nitrogen lone pair lies at an

246



angle of 7.3to the NC vector, with a Brgi-Dunitz approach angle (NC=C) of 113.4(2%
optimal for overlap of the nitrogen lone pair with the antibonding or bi t al of tF
N-C bond lengths of the-shethyl groups show sligletongaton (1.462(5)/1.476(4)compared

to the equivalent bonds in a molecule with a larger contact distance 524.
1.455(2)/1.464(2) A)Moreover the alkene bond is lengthened by 0.024 A compared to the
unsubstituted equivalebt21, which is measured at the same temperature, suggesting that the
salt5.36arepresents a point further along the reaction pathwathéaddition of the tertiary
amine to the alkene. The dimethylammonium group.86ais similarly positioned to the
equivalent (unprotonated) group5r83 however now the NH proton is involved in a van der
Waals contact with theeri-hydrogen, wheresathe nitrogen lone pair i8.33 was not.
Meanwhile, the Nmethyl groups have rotated slightly compared to tho$e38 in order to
minimise steric interactions with thertho-naphthalene ring proton. Theeri N*-H---H
repulsion (2.09 A) results in a wading of theexc-angle between the groups to 127.2,()ith

the oppositexaangle narrowed to 117.12p large contribution factor to the reduced distance
between the opposifeeri-amine and alkene. The dimethylammonium group forms a hydrogen
bond to he chloride anion (N-CI distance: 3.02 A), with a water molecule bridging two

chloride anions. (Figure 5.17).
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Figure 597. Crystal packing fothe salt5.36aat 150 K: a pair of chloride anions bridged by a water molecaifel each
forming a hydrogen bond tom36acation (above); full crystal packing arrangement (below).
The temperature at which the crystal structurd.86was determined was lowered to 100 K,
resulting in a significant change in the structure of the cation. Naturally upon cooling, the
crystal lattice contracts, the contraction in this example applied significant enough pressure to
the cation such that théndethylamino and dicyanoethenyl groups were forced into even closer
proximity. This enabled the two groups to react to together to form the zwitteB6ih in

which the nitrogen atom is positively charged and the carbanion is stabilised by the teo nitril
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groups. At 100 K, the Mnethyl bonds have lengthened in response to the positive charge on
the nitrogen atom, increasing from 1.465(4) and 1.475(3) A at 150 K to 1.486(3) and 1.490(3)
A at 100 K, however they remain shorter than the dimethylammoniunathl! bond lengths

of 1.495(3) and 1.500(4) AThe former elongated alkene bond5r86a(1.378(4) A) has
broken to give a noticeably short carbzarbon single bond (1.431(3) A) ;36bsuggesting

that the bond in question still maintains a degree of lddobnd character. A very long-

bond has formed between the tperi-substituents (1.749(3) A) which is 0.349 A shorter than

in the structure at 150 K, this bond is aligned approximately alongdkes of the unit cell.
Contraction of the cell upon obing (from 150 K to 100 K) does not occur in a isotropic
fashion, with the most notable contraction occurring alongcthgis by ca. 2.4%, smaller
changes on tha axis (+0.7%) and thé axis ¢0.4%) are observed. The overall packing
arrangement observedl 150 K (Figure 5.17) is maintained in the structure at 100 K. As shown
by the overlay of the open (150 K) and closed (100 K) forms in Figure 5.18, despite the
significant alteration of the now bondpdri-groups, the remainder of the backbone and their

relative orientations remain very similar.
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Figure 598. The molecular structure of the protonated cattoB6at 150 K (left) and 100 K (rightAn overlg of the two
structures atLl50 K (blue) and 100 K (yellow) demonstrates the changes in the overall skeleton (bottom).

The data collected at 150 K and 100 K evidences the change perikiateraction but does
not shed light on the nature of this conversion as the temperatuveeigtb It may be that as
the temperature is lowered and the cell begins to contract, the conversion may not occur until
a critical pressure is applied, meaning that at a certain temperature the reaction will proceed.
Or perhaps, as the cell contracts at@asingly lower temperatures, theri-interaction could
become narrower, with each molecule adjusting appropriately in tandem with each other.
Alternatively, the structure observed could represent an average of two forms (open and

closed), which at diffieent temperatures are present in varying ratios. In order to further explore
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this, the crystal structure 05.36 was determined at a set of additional intermediate
temperatures above and below the already obtained 150 K and 100 K temperatures. It is worth
noting that the structural changes from the open fmB6ato the zwitterionic forns.36bare
reversible, andfter cooling to 100 K and warming up to 150 K the structure reverts back to
5.36a The most notable structural changes took place between 130 K and 140 K, so this region
was explored in greater detail via smaller temperature increments of 2 K. Within these
increments, a test for hysteresis was performed in that after the ramping from 140 K to 130 K,
the crystal was heated back up in the same increments and recollected at each temperature. T
data summarised in Table 5.8 and in the graphs in Figure 5.18nd#ates naignificant
differences were observed in the crystal structure at the same temperature after the temperatur
variants and thus no hysteresis was observed. In the temperatures abeM&)R0&Nd below
(120-90K) this key region, the rate ofahge in thgeri-interacting/bonded atoms are relatively
similar and significantly smaller. From 140 to 130 K there is a sharp increase in the contact
distance reduction of aimost 0.2 A, with a complimentary sharp increase is observed for the
adjacent cartn-carbon bond of the alkene/alkane (Figure 5.19). This indicates that within this
region lies the transition from two chemical reagents (amine and alkene) to a single bonded

moiety.
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Table 538. Selected geometric data fdinitrile 5.36as the temperature is increases from 130 K to 138 K.

C? H/G)NMez
Compound T/K d/A elA d o/ 2/ /P06 N-CHz2/A N-H---HP/ A e /e (p/0
5.36 138 2.018(4) 1.392(4) 114.1(2) 116.5(2)/127.4(2) 1.468(4)/1.473(3)  2.10 -49.3(4)/79.93) -29.6(3)/97.2(3) -49.5(4)
5.36 136 1.983(4) 1.396(4) 114.4(2) 116.2(2)/127.5(2) 1.467(3)/1.478(3)  2.10 -49.4(4)/79.2(3)  -29.6(3)/97.5(3) -48.0(4)
5.36 134 1.938(4) 1.400(4) 114.7(2) 116.0(2)/128.0(2) 1.480(3)/1.475(3)  2.11 -49.4(4)/78.5(3)  -30.2(3)/97.0(3) -46.9(4)
5.36 132 1.894(4) 1.411(4) 115.2(2) 115.6(2)/128.2(2) 1.479(4)/1.480(3)  2.12 -48.7(4)/78.4(3)  -30.6(3)/96.8(3) -45.6(4)
5.36 130 1.856(4) 1.416(3) 115.3(2) 115.3(2)/128.6(2) 1.478(3)/1.481(3) 2.13 -49.2(8)/77.4(3) -30.7(3)/96.2(3) -44.9(4)

2N-CH; bond lengths in the interacting dimethylamino grdlxgach hydrogen assigned via a riding model, thus the bond lengths are fide0,98A and C(ARH: 0.93A(F = torsion angle: 2 x C(FN-C(peri)-
C(ortha); ' = torsion angle: 2 x C(§-N(H)-C(peri)-C(ortho); (¥ = torsion angle: C=&(peri)-C(ortha).
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Figure 5100. Four structures which were analysed in aigedensity studies.

To explore the distribution of bonding electron density further two changes are made to the
standard crystallographic procedure. Firsalbfgreat care is taken to collect as much data as
possible and as accurately as possibleosd#lg, after establishing the molecular structure, the
electronic distributions around each atom are modelled by a series of multipolar functions,
carried out with the program suite MoPfolwo particular results come from thiEhe first is

a deformation map which is the difference between this modelratcbtained with just
isolated atoms and so shows the accumulations and depletions of charge on the formation of
bonds. Secondly the topology of the 3D total charge density map is examined as proposed by
Bader!3 A so-called (3.-1) critical point is found between bonded atoms, which are linked by

a bond pathwhich is a line of maximum electron density. The critical point is point of zero
gradient in the total charge density, but combines two maxima (perpendicular to the bond) and
one minimum along the bond. This point is used as a characterisation poird,tiwneotal

charge density can be recorded. Furthermore, the second derivative of the charge density i.e
the rate of change of the density, known as the Laplacian, is measured. This value is typically
strongly negative for bonding regions, but positiveweak interactions. Thus, in unpublished

work from the Wallis/Coles groups the charge densities of several naphthalengeenvith
interactions or bonds between Megroup and an electrophilic double bond have been
determined, with only negative Laplaciafts the compounds with Me2l8 < 1.65 Ang

(Tables 5.9 and 5.10yWhatis lacking is an exploration of the region 1-831A, for this
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reason the charge density distributions for the chloridebsz was determined at 150 and
100 K, in collaboration with Dr. Wim Klooster at the National Crystallographic Service at the

University of Southampton.

Table 539. Charge density parameters at the-NC (3,-1) critical point for compounds.36g 5.36h 5.24and5.21

Compound T/K d/A ) 1 eA3 Laplacian / eA®
5.36a 150 2.098(4) 0.403 +3.771
5.36b 100 1.749(3) 0.866 +0.859
5.24 100 1.6467(5) 1.195 -2.924

5.21 100 2.416(2) 0.213 +2.199

Table 540. Charge density parameters at the alkene/alkas@ 3,-1) critical point for compounds.36a 5.36h 5.24and

5.21
Compound T/K d/A ) 1 eAs Laplacian / eA®
5.36a 150 1.378(4) 2.346 -23.633
5.36b 100 1.431(3) 2.030 -15.677
5.24 100 1.4703(5) 1.812 -13.019
5.21 100 1.3659(2) 2.250 -20.098

Data at the (3;1) critical points found for the N-C and GC(CN). interactions/bonds i6.36

at 100 and 150 kregiven in Tables 5.9 and 5.10 along with the corresponding data from the
charge density determinati on, at 1bMDand, of
5.21 (Figure 5.20). The charge density data 3a24 and5.21 was measred earlier by Dr.
Mateus Pitak in collaboration with the Wallis group and will be published soon. Fort N
interaction, on cooling from 150 to 100 K, the charge density has increased from 0.403 to 0.866
eA2 an intermediate amount of bond formatlmetween the dinitril®.21(0.213 eA®) and the

Me | dr umod s 5.2€r95eA)t Thereeis also a decrease in the size of the Laplacian,
consi stent with greater degree of bom2d for
suggests a fully feoned N-C(Hs) bond has a charge density about 1.6 @Ad a Laplacian of

-8.5 e&5. For the GC alkene/alkane bond, the charge density decreases on cooling, with the
weakening of the bond and the Laplacian increases. These values fit nicely in between the
corresponding values for t hbe2ladd5:24 with longex a n c

and short NC interactions respectively.
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Scheme 88. (a) nBulLi, hexane, reflux; (b) Carbon$#C DMF, THF, 0°C to RT; (C)CHz(CN)z2, CHsOH, (*NHsCHz-)z(-
OACc) (cat.), 65°C; (d) Ethereal HCI, EO, RT.

The data obtained across the temperature range for compod®donfirmed that as the
temperature was reduced, the molecules in the unit cell proceeded along the reaction pathway
for the Michael addition of a nucleophile tgari-electrophile. However, the structural data
does not confirm whether the molecules arpattaking in the same structural changes at once,
or whether the structure observed is an average of the two fo&Baand5.36bin varying
ratios. To solve this problem, we sought to conduct solid state NMR (SSNMR) analysis on the
crystals of5.36 with a particular focus on thgeri-carbon atom of the alkene. We chose to
monitor this atom due to its significant and notable shift during the structural transformation
from 5.36ato 5.36k, as the vinylic protonc@. 160 ppm) is converted to the methinewgrydca.
100 ppm). Due to the low natural abundance36f (1%), the synthetic pathway for the
synthesis 0b6.36was adapted in order to enrich this carbo’@ (Scheme 5.16). Following

the monalithiation of 5.6, N,N-dimethylformamide(carbony}*C 99 atom % was addedo
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the lithiated salb.6bwith the*C enriched aldehydg41isolated as an orange solid in a 35%
yield. A small portion of thé*C enrichedis-aldehyde was also isolated in a 10% yield. The
successfuaddition of the desired carbonyl was confirmed by a peak ifHH¢MR at 10.41

10.88 ppm for the aldehyde proton with a latgle'3C coupling constant of 186.4 Hz. The
most dominant peak in th3C NMR spectrum of 191.5 ppm corresponds to the enrictrédica

atom of interest. Condensation of the aldeh¥d&l with malononitrile under the same
conditions as described f&6r33yielded the desired enriched dinitrile derivativ&2 as an
orange solid in a 64% yield. The vinylic protorbo#2in theH NMR is identified as a doublet
peak at 8.5@.93 ppm with a largéH-1°C coupling constant of 172.8 Hz. The transformation
from an aldehyde to an alkene causes¥8eNMR peak to shift from 191.5 ppm to 165.3 ppm.
Finally, the enriched dinitril®.42was protmated via the addition of ethereal HCI yielding a
yellow precipitate5.43 which was isolated in a 60% vyield. The structure of the hygroscopic
solid, which was isolated under a flow of nitrogen, was confirmed by a broad doublet at 8.90
ppm in the!H NMR spectrum which matched that of the renriched compoun8.36 The

vinylic *3C atom was found to resonate at 162.5 ppm ini8eNMR spectrum. Crystals of
5.43were obtained via slow evaporation of an acetonitrile solution, which eventually yielded
yellow needles of the desired s&lt3 These crystals were screened viaa) crystallography

to ensure that the crystals obtained were of the same polymorph as those investigated in the

previous temperature variant study, which they were.
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Preliminary resultshave been obtained by Dr. lvo Heinmaa at Metional Institute of
Chemical Physics and Biophysits Tallinn, Estonia by recording a CPMAS (Magic Angle

Spinning) spectrum at 90 MHz at different temperatures, which are shown in Figure 5.21.

—
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Figure 5101 CPMAS spectrum at 90 MHz for the carbon enriched dinitrile derivatd@over a range of temperatures
39-230K.

At 230 K, the labelled carbon appearsat154 ppm and as temperature decreases this peak
shifts upfield slightly reachinga. 146 ppm at 140 K. By 120 K this peak starts to shift

downfield, and at temperatures lower than this, the signal collapseshavély any signal
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observed at 74 K and on further cooling a very broad signal is seenkat/A39120 K the
measured bond length is 1.793(4) A and the solid state NMR results suggest that this bond is
still only partially formed since for the known Meldnd s d e b.24wahtaiNC bond of
1.651(3) A (150 K), the SSNMR at room temperature shows a cfe@r signal at 94 ppm. In
summary the charge density and SSNMR data suggest that even at low temperatufe, the N

bond is only partially formed and tladkene only partially broken.
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Table 541. Selected geometric data forethyl cyanoesteds.34at 150 K and its chloride saf.37at 260, 150 and 100 K.

Compound T/K d/A elA d/° 2/ /P06
5.34 150 2.482(2) 1.342(2) 110.0(1) 120.7(1)/123.3(1)
5.37 260 1.753(6) 1.443(5)  115.5(3) 114.1(3)/128.9(4)
5.37 150 1.705(3) 1.452(3)  115.2(2) 113.7(2)/129.0(2)
5.37 100 1.697(4) 1.453(4)  115.3(2) 113.7(2)/129.4(2)
Compound N-CHz=2 /A N-H---HP/ A (5/0 /o (g/0
5.34 1.461(2)/1.462(2) - 34.1(2)/96.7(2) 14.4(2)I113.4(2) 58.8(2)
5.37 1.485(4)/1.489(5) 1.97 -56.2(5)/67.1(5)  -37.0(5)/89.7(5) -46.4(6)
5.37 1.490(3)/1.497(3) 2.14 -55.7(3)/66.7(3)  -36.5(3)/89.7(3) -45.7(3)
5.37 1.489(3)/1.496(3) 2.15 -55.7(4)/66.7(3)  -36.3(3)/89.5(3) -45.3(4)

2N-CH; bond lengths in the interacting dimethylamino grdugach hydrogen assigned via a riding model, thus the bond lengths are fixed,
N-H: 0.98A and C(ARH: 0.93A( = torsion angle: 2 x CEHN-C(peri)-C(ortho); U = torsion angle: 2 x C(i+N(H)-C(peri)-C(ortho);
= torsion angle: C=&(peri)-C(ortho).

Crystals of the dimethylammonium cyanoester Sa@¥were also grown via slow evaporation

of an acetonitrile solution. Surprisingly, the salt crystallised in the same orthorhombic space
group as the dinitrile equivalebt36 (Fdd2) with one molecule of watgrer two cations and

two chloride anions. In addition to this, the unit cells of both of the compduB@ga: 44.36

A, b:22.77 Ac: 7.04 A) and5.37(a: 48.25 A,b: 22.79 A.c: 6.67 A) are remarkably similar

to one another, with the most notable difference shown imathgis. Consequently, the
molecules 06.37pack in a very similar manner to that®B86 (Figure 5.22), with the major
difference in the asymmetric unit beiniget substitution of thérans-nitrile moiety for the

methoxy ester.
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Figure 5102 Crystal packing fothe salt5.37at 150 K: a pair of chloride anions bridged by a water molecule and each
forming a hydrogen bond tof37 cation (above); full crystal packing arrangement (below).

Initially, the structure of cyanoest&r37was determined at 150 K (Table 5.11) and despite the
similarities with the dinitrile sal6.36 the structure was found to reside in the closed form
(Figure 5.3). The structure exhibits a long®lbond of 1.705(3) A, with the adjacent former
alkene bond elongated to 1.452(3) A. Exeangle between the now bondeeri-groups has
narrowed (113.7(2) resulting in a widening of the opposérc-angle to 129.0(2) increasing
the contact distance between the dimethylammonium hydrogen atom guetithgdrogen,

with a N\H---H contact distance of 2.14 A.
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Figure 5103 The molecular structure of threethyl cyanoester catidh37at 150 K (left)An overlgy of the methyl cyano
ester5.37(green) and the dinitril&.36 (blue) cations at 150 K (right) demonstrates the similarities between the two
molecules.
The structure of cyanoestBr37 was also determined at 260 and 100 K in order to assess
whether the crystal underwent the same transformations as that of the dinitrie3&ah
contraction (albeit minor) was observed on the unit cell but only ia (&7%) ancc (-0.2%)
axes, with no change occurring in thexis when the crystal was cooled from 260 to 100 K.
The zwitterionic NC bonded structure &.37was maintained when the crystal was warmed
to 260 K, with an elongation of 0.048 A and a rethrcof 0.009 A observed for the-8 and
C-C bonds of the zwitterion respectiveljurther to this and in alignment witte data obtained
for 5.36across a larger temperature range, the elongation of@bdhd allows for a widening
of the excangle betwen the peri-bonded atoms, narrowing the opposi@cangle.
Consequently, there is an increase in the steric repulsion betweerpetheand
dimethylammonium hydrogen atoms, due to a shortet-NH contact (1.97 A). Cooling of
the crystal from 150 to 10R has very little impact on the observed structural data, unlike in
the same 50 K range for the dinitrile salB6 This compound is a potential candidate for
SSNMR studies for comparison with the previous described work on dinitrile deria3&e
but having a shorter NC bond which shows a lower sensitivity to temperature.
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Table 542. Selected geometric data farange of dinitrile £.10Q 3.21, 3.38h 4.16 5.21, 5.33a/band5.36a/h) and the
cyanoesterl.98 4.18 5.22and5.37).

Compound T/K d/A elA
1.98* 150 2.941 1.350
3.21 150 2.830 1.340
3.38b 150 2.755 1.343
5.22 150 2.595 1.349
5.33b 150 2.512 1.350
5.33a 150 2.455 1.356
5.21 150 2.413 1.354
4.16 100 2.359 1.360
5.36a 150 2.089 1.378
5.37 260 1.753 1.443
5.36b 100 1.749 1.431
5.37 100 1.697 1.453
4.18 150 1.672 1.454

1.1004 150 1.604 1.493
1.1004 150 1.586 1.487
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Figure 5104 Graph demonstrating the correlation between a decrease iN-th€ contact distances and an increase in the
adjacent GC/C-C bond length.

The structural dateelating to NC bond formation and C=C breakinftainedoothby Wallis

et al!*and in this thesis for the interact®of a dimethylamino group with either a dinitrile

or cyanoestetterminally substituted alkene isummarised in Table 5.12Zhe data for

ethenedinitrilesand ethencyanoesters are combined since their interactions in a given system

are reasonably similafhe data (plotted in the graph in Figure 5.24) demonstrates a clear trend

that as the N-C contactdistance (d) reduces, eventually forming a bond, the length of the

corresponding alkene bond (e) increases. This increase is indicative of the breaking of the
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alkene bond to give an alkane bond as th€ bond is formed. The dinitrile and cyanoester
chlornde salts5.36and5.37are examples of structures with-NC distances in the range 2.3

1.7 A are of significant importance as lengths in this range have not been observed before.
Further work in this area to extend the diversity of structures in theebgalered range relating

to compound®$.36and5.37 could include making salts with alternative anions, seeking out
alternative polymorphs and making small structural modifications to the naphthalene scaffold.
Further structures in this region will helproplete a map of the reaction coordinate for the
Michael addition of an amine to a polarised alkeaed studies of their charge density

distributions may help identify the position of the transition state for such a reaction.
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Experimental

General. Solution NMR spectra were measured on a Jeol ECLIPSE 400 spectrometer at 400
MHz for H and at 100.6 MHz fol*C using CDJ as solvent and tetramethylsilane (TMS) as
standard unless otherwise stated, and measured in p.p.m. downfield from TMSuwpling
constants reported in Hz. IR spectra were recorded on a Perkin Elmer SpectrumIFO0 FT
Spectrometer using Attenuated Total Reflection sampling on solids or oils and are reported in
cmt. Mass spectra were recorded at the EPSRC Mass Spectr@eetrg at the University

of Swansea. Chemical analysis data were obtained from Mr Stephen Boyer, London
Metropolitan University.

Carbon'*C CP MAS NMR spectra were recorded on Bruker AVANICEpectrometer at 8.5

T magnetic field, with*C resonance fregucy 90.41 MHz using a cryoMAS NMR probe for

1.8 mm od SiN4 rotors and a Hélow cryostat from Janis Research Inc. The temperature was
controlled by a LakeShore 633206 temperatu
According to earlier calibrationthe temperature of rotating sample was 5% higher than the
readout temperature of the controller and was corrected correspondingly.

Spirtlattice relaxation times of carbons were measured in aTLthagnetic field with 4 mm
sample. It turned out, that thelaxation of carbons is very slow;¥¢ = 170 s, whereas the
relaxation of protons is conveniently fast*T=0.94 s at 308 and 13 s at 39 K (at 360 MHz,

8.5 T field). It was not possible to recotdC MAS NMR spectrum at 8.5 T with cryoMAS
probe with simple one pulse excitation, despite ‘i enriched sample. Therefore, in all
cryoMAS experiments a 2 ms cross polarization (CP) was used. The sample spinning speed in
cryoMAS experiment was 22.5 kHz.t Ahat high spinning speed the proton decoupling at
comparatively low power level was not effective and the resolution in cryoMAS spectra is

lower than that in the spectrum recorded at 14.1 T field. In a N2 atmosphere, the RF amplitudes
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at CP were approxiately 78 and 55 kHz fofH and*3C, respectively. Due to the arcing of

long CP pulses in a He atmosphere, the RF power was turned down to 32 and 18 kHz,
respectively. At CP low power levels the signal was about 1.5 times smallesp@&tteum in

figure 5.2L wasrecorded in N2 atmosphere down to 85 K, and below that, in He atmosphere.

The intensities are normalized by the number of scans.

Preparation of 4,8 Bis(dimethylamino)naphthalenel,3-dicarbaldehyde,5.8.

To an ice cold solution of anhydrous DMFA{R.), phosphoryl chloride (1.56 mL, 16.82 mmol)

was added and stirred for 30mthd.,5-Bis(dimethylamingnaphthalen®5.6 (1.50g, 7.01

mmol) in anhydrous DMF (7 mL) was added dropwise and the solutisstirred for a further
30mins before being heated to 35°C for 1h. The reaction was cooled and poured onto a mixture
of ice/NaOH solution (37% w/v). The solution was extraetéti EtOAc (3 x 30 mL) and the
combined organicaerewashed with water (1 x 30 mL), 10% LiCl solution (2 x 30 mL), brine

(1 x 30 mL), dried over MgSfand filtered.The solvent was removead vacuoto give a
yellow/green oil which was purified by flaslolamn chromatography (1:1 EtOAc/petrol-40

60), to giveb.8as a yellow solid (0.40 g, 21%), m.p.-988 . UH ( 4003 24H®@:, CD
10.42 & 10.34 (2H, s, 1-8HO), 7.94 (1H, d, J = 8.5 Hz;13), 7.85 (1H, s, H), 7.49 (1H, t,

J = 8.1 Hz, &), 7.37 (1H,d, J = 7.4 Hz, H), 3.22 (6H, s, N(CHa),), 2.65 (6H, s, 8
N(CHs)) ;C (100 MHz, CDC, 24 °C): 191.1 & 189.8 (1 3-CHO), 157.3 (8C), 150.9 (4

C), 133.6, 133.5, 133.4, 128.4 (Ay), 127.0 (6C), 124.4 (2C), 122.5 (5C), 120.7 (#C), 46.3

& 44.9 (4, 8N(CHz3)2); 3madcm® 2862, 2832, 2791, 1664 (C=0), 1600, 1581, 1559, 1507,
1449, 1382, 1360, 1315, 1177, 1157, 1053, 1038, 1012, 972, 952, 81&piAd: C, 71.27;

H, 6.74; N, 10.20%. Calc. fori@H1sN202: C, 71.02; H, 6.66; N, 10.36%.
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Preparation of 4,8 Bis(dimethylamino)naphthalenel,5-dicarbaldehyde,5.10

In a threeneck flask, 1,5-bis(dimethylamingnaphthalene5.6 (4.00 g, 18.69 mmol) was
dissolved in anhydrous hexanes (30 mL) and stirred winBdLi (1.6M in hexanes, 35.00

mL, 56.07 mmol) was steadily added at room temperature. The solution was refluxed for 3
days, over which a light brown precipitate formt€dhe reaction was cooled, the precipitate
was allowed to settle and the supernatamts thenremoved. The solid was suspended in
anhydrous THF (25 mL), cooled to 0°C amthydrous DMF (5.79 mL, 74.76 mmol) added,

the solution was left to stir for 24h. The yellow/brown solution was quenched wh(30

mL) and the reactiomwas extracted with EtOAc (3 x 50 mL). The combined organics were
washed with brine (1 x 50 mL), dried over Mg§&@iltered and concentrated vacuoto give

a deep orange oil, which was purified by flash column chromatography (40:60 EtOAc/petrol
40-60), to gve 5.10as a dark yellow solid (2.05 g, 40%), m.p. 45803 . aH (400 N
CDCls, 24 °C): 10.66 (2H, s,-15-CHO), 7.67 (2H, d, J = 7.8 Hz; B-H), 7.25 (2H, d, J = 7.7

Hz, 3, 7-H), 2.75 (12H, 5,4 8N(CH3)2) ; U C ( 1 0 Q, 24ME):z191.0 GAP5ECHO),

153.6 (4, 8-C), 132.5 (1, 5-C), 130.5 (4a 8aC), 126.7 (2, 6-C), 116.7 (3, 7-C), 44.4 (4, &
N(CH3)2) mad@n? 2952, 2832, 2864, 2789, 1658 (C=0), 1500, 1477, 1455, 1401, 1364, 1321,
1235, 1185, 1125, 1047, 969, 946, 903, 846, 754, F@0nd: C, 71.19; H, 6.67; N, 10.48%.

Calc. for GeH1sN202: C, 71.02; H, 6.66; N, 10.36%.
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Preparation of 1,1-(46,80-bis(dimethylamino)naphthalene 16,86 -diyl)bis(2-

methylpropan-1-one),5.12

In a threeneck flask, 1,%is(dimethylamingnaphthalene5.6 (1.00 g, 4.67 mmol) was
dissolved in anhydrous hexanes (15 mL) and stirred whiiLi (2.5M in hexanes, 5.60 mL,

14.02 mmol) was steadily added at room temperature. The solution was refluxed for 3 days,
over which a light brown precipita formed'® The reaction was cooled, the precifgtavas
allowed to settle and the supernataasremoved. The solid was suspended in anhydrous THF
(15 mL), cooled to 0°C and isobutyric anhydride (2.32 mL, 14.02 mmol) added, the solution
was left to stir for 24h. The yellow/brown solution was quenchéld WO (30 mL) and the
reactionwas extracted with EtOAc (3 x 50 mL). The combined organics were washed with
brine (1 x 50 mL), dried over MgS¢iltered and concentrated vacuoto give an oil which

was purified by flash column chromatography (20:80 A&t(etrol 4060), to give5.12as a

brown solid (0.48 g, 29%), m.p. 14583 . udH (4003 MHQ®:,7.15Z.26C4H, m,

26,0 -306® 0®)0A903.00 (2H, m,-CH(CHz)2), 2.302. 88 (12 H,-, v-8 ®d
N(CHas)2), 0.861.35 (12H, vbrm, CH(H3)) ; U C ( 10 G, 24E)z209.1CEAD,|
150. 2 04606128068 (br), -1269,07 106r-T), 4888888 702
( 4 6 BN(CH§2p 1.5 CH(CHa)2), 20.1 & 17.4 (CHCH3)2) ;ma/@n?® 2965, 2940, 2864,

2832, 2789, 1673 (C=0Q)1509, 1477, 1377, 1313, 1135, 1015, 974, 842, 818,Fid: C,

74.23; H, 8.37; N, 7.69%. Calc. fopfi3oN202: C, 74.48; H, 8.46; N, 7.90%.

267



Preparation of 4-(dimethylamino)-1,5-diformyl -N,N-dimethylnaphthalen-8-aminium

trifluoroacetate, 5.15

Bisaldehydes.10(100 mg, 0.37 mmol) was dissolved in anhydrous diethyl ether (10 mL) and
trifluoroacetic acid (6 drops) was added dropwise with a-ogidured precipitate forming
immediately. The solution was stirred for a further 2h before the solid was collected by
filtration, washed with cold anhydrous diethyl ether and dried under vacuum to give the desired
product5.15as a pale brown solid (119 mg, 84%), m.p.-15%8 . UH ( 4 ¢DMS@H z ,
24 °C): 9.21 (2H, br s,-15CHO), 7.89 (2H d, J = 7.8 Hz, 2 6-H), 7.8 (2H, d, J = 7.7 Hz,

3-, 7-H), 3.05 (12H, s, 4 8N(CH3)2) ; U C ( 1-DKSOMHKCL): 1595 (q, Ir= 32.6

Hz, C=0), 150.9 (4,8-C), 131.4 (1, 5-C), 127.9 (4a 8aC), 126.8 (2, 6-C), 118.6 (3, 7-C),

115.8 (g, d, £ 292 Hz, CE), 47.3 (4, 8-N(CH3)2); U F  ( 3 7 66-DM3$0z 24 °@):-73.93

(CR) ;madam? 1669 (C=0), 1500, 1449, 1408, 1356, 1338, 1187, 1168, 1121, 972, 846, 795,

717;Found: C, 56.09; H, 5.14; N, 7.17%. Calc. fagkioFaN204: C, 56.25; H, 4.98; N,.29%.

Preparation of 5-(dimethylammonio)-6-formyl -2-hydroxy-1,1-dimethyl-1,2-

dihydrobenzo[cd]indol-1-ium dichloride, 5.16

Bisaldehydes.10(100 mg, 0.37 mmol) was dissolved in anhydrous dichloromethane (10 mL)
and ethereal hydrochloric acid (2M, 0.55 mL, lrifnol) was added dropwise with a light
coloured precipitate forming immediately. The solution was stirred for a further 3h before the
solid was collected by filtration, washed with cold anhydrous diethyl ether and dried under
vacuum to give the desired piect5.16as a pale brown solid (100 mg, 79%), m.p. Decomp >

143 . U H ( 4 @-Methkhd24 °C)d8.63 (1H, d, J = 7.8 HzH), 8.24 (1H,d, J = 7.8
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Hz, 8H), 8.18 (1H, d, J = 7.8-R), 8.12 (1H, d, J = 7.8 Hz;8), 7.14 (1H, s, H), 5.86 (1H,
s, 6C(OH)(OCD)H), 3.91 (3H, s, IN(CH3)), 3.58 (6H, 2 X s, D(CH3)2), 3.52 (3H, s, 1
N(CH3) ) ; U C ( 4Metand22C): 148.2 (8sC), 140.8 (5C), 135.4 (2C), 134.2
(7-C), 133.6 (6C), 130.9 (8KC), 127.3 (4C), 125.9 (3C), 121.4 (5&C), 117.4 (8C), 115.0
(2-C), 109.1 (%C(OH)(OCDs)H), 54.9 (EN(CHs)), 57.0 (OCD3), 49.3 (v. br IN(CH3)), 48.4
(v. br 5N(CH3)2) ;mada@n? 3513, 3393, 3076, 3008, 2909, 2473, 1656 (C=0), 1628, 1600,

1507, 1459, 1299, 1187, 1138, 1084, 959, 922, BB2, 745, 695.

Preparation of 3,3-Cyano-( ( 4 6bis(dithéthylamino)naphthalenel & 6-diyh)kiisé

propenenitrile, 5.19

Bis aldehyde 5.10 (100 mg, 0.37 mmol), malononitrile (61 mg, 1.11 mmol) and
ethylenediamine diacetate (7 mg, 0.04 mmol) were disddlveanhydrous methanol (5 mL)
under nitrogen and refluxed for 2h, during which a precipitate formed. The reaction was cooled
and the solidvascollected by filtration, washed with cold methanol and dried under vacuum
to give the desired produbtl9as anorange solid (93 mg, 68%), m.p. Decomp >200 G H
(400 MHz, CDC4, 24 °C): 8.69 (2H,s,-3 -6 7.59 (2H, dd,, -B)0p 6= 7
7.37 (2H, d; 3OO 2. 82H¢ 1-A@®Hs, ULOH 100G MHz
24°C):164.0(3, -Q4§ 153.-8)004DD1.BOELDDY. 6O P2DD5. 2 (
, 8200119.60)003444.1 (2 X -@BN)4 5, 10BAGHE);6( 2
3madCM*3 0 4 3, 286 2, 2830, 2788, 1322, 2202, 1084, NA3, 1°¢
978, 844, 808, 775, 752, 71Bpund: C, 71.85; H, 5.10; N, 22.56%. Calc. fopHisNe: C,

72.05; H, 4.91; N, 22.92%.
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Preparation of Dimethyl 3,3-(46,806 -bis(dimethylamino)naphthalene16,66-6

diyl)(2E,2'E)-bis(2-cyanoacrylate),5.20

Bis aldehyde5.10 (150 mg, 0.56 mmol), methyl cyanoacetate (0.13 mL, 1.39 mmol) and
ethylenediamine diacetate (10 mg, 0.06 mmol) were dissolved in anhydrous methanol (10 mL)
under nitrogen and refluxed for 3h, duringigiha precipitate formed. The reaction was cooled
and the solidvascollected by filtration, washed with cold methanol and dried under vacuum
to give the desired produbt20as a pale brown/orange solid (187 mg, 78%), m.p. Decomp >
20B3. UH (4003 MEQ):9.12GINCS-3 -HB),&.58 (2H, dd, J = 7.8, 1.4 HZA®

, 0B)07.30 (2H, d, J = 7.8 Hz,88, G6A)03.94 (6H, s, OR3), 2.66 (12H, s, &, 8B
N(CHs)2) ; G C (10 G 24ME)z164.0CEAY,1160.3 (3, -@,d53.1 (45, 80C),

131.8 (48>, 8aC), 128.4 (26, 60C), 126.3 (B3, 53C), 118.7 (8, 70C) , 115. 8 ( (
96.9 (2, -@,53.1(CCHs) 45.0 (46, 8B N(CH3)2) mad@n*2 939, 2871, 2838,
1701 (C=0), 1567, 1505, 1436, 1395, 1340, 1258, 1PBH, 1092, 1045, 982, 848, 805, 762,

715; Found: C, 66.51; H, 5.47; N, 13.08%. Calc. feit24N404: C, 66.59; H, 5.55; N, 12.95%.

Preparation of Bis-4§8&dimethylamino-bis-1§56(2,2-dimethyl-4,6-dioxo-1,3-dioxan-5-

methylidine)naphthalene,5.23

Bis aldehyde5.10( 200 mg, 0.74 mmol) and Mel dr umods
dissolved in anhydrous methanol (10 mL) under nitrogen and stirred at room temperature for
24h, during vhich a precipitate formed. The soldscollected by filtration, washed with cold
methanol and dried under vacuum to give the desired prédigas an orange solid (190 mg,

49%), m.p. Decomp>180. UH ( 40 03 2M4F:8.24¢2BICI| J=1.3 HzH), 7.42
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(2H, d, J- =Ma. 67.88, (RH, dd,-Hd =3.70.67-( 1820,
N(CH3)2), 1.85 (12H, s2-(CH3)) ; G C ( 10 G, 2ME)z165.6@0E2I7 (2 £=0),
148.5 -©®40 133 . £a@®1.2@C),129.-7 -®Ho6 123 .-®A(7206

( 3,6-0),d03.7 (2C), 90.8 (5C) , 4 8 . -F(OHiz}4),@7.0 (2C(CH3)2) ;madcM™ 2993,

1750, 1729 (C=0), 1636 (C=0), 1617, 1453, 1399, 1373, 1340, 1291, 1211, 1176, 1095, 1000,
978, 944, 844, 70Cound:C, 63.92; H, 6.03; N, 5.41%. Calc. fopsBlsoN20s: C, 64.30; H,

5.74; N, 5.36%.

Spiro-( 2 6 6-Gimethyi-8 6 6 ddjood ® & bdjoBaded ® 6 A ,oriethyl-
200, 300, 4he@hyd®lei-azemno[5, 7 ,§-6-( 1 6dihgdido-1 65 106

dimethylbenzo[cdindolium -2 -§1)-2,2-dimethyl-4,6-dioxo-1,3-dioxan-5-ide, 5.25

BisMe | dr umé s 5.286l00mg, @.19imma) in MeOH and was left for 7 days at room
temperature, resulting in a loss of its strong orange colour and the formation of the white solid.
The solution was cooled to maximise precipitation and the S@ilvascollected via filtration

(95mg, 95%), m.p. Decomp>220 U H ( 4 0 &Clp, 4+€); 7.3CQH, d, J = 7.6 Hz,
48), 7.19 (1H,Hd, 7J 1=2 7(.16H,Hzd:H),8.99 (14 d, 3=778 1.
Hz,-H)806 6.92 (1H, -HJ3.753. &5 1( &H , H4MNP 2D0683- ( 6 H,
N*(CHa)2) , 3. 11-NCHy)H, Is., 85 &by, 3H,7 72-GHAL.743(H6H, 2 0 0
2-(CHa)2) ;C (1IDO MHz, CDClz, 24°C): 168.9 (4 xC=0), 165.3, 150.5, 145.7, 135.9, 130.8
(Ar-Cs) , 1 2-Q@), 127.0( 1250 (AC2),1 20 . €) ,( 7H1-8).,7 1142, 185.7( 8 b
(2&HW2.1(2C) , 9 &), 69.8(5E)0, 64C)3 (55E) (53N @Ha)4), 1 6

40. 9-C&4@NKCHs) , 29. 4 &C(CBsD), 3.3 (220GH)D; 3madcmt 1774
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(C=0), 1735 (C=0), 1608, 1397, 1367, 1287, 1254, 1179, 1075, 1025, 926, 7980u8a;

C, 64.42; H, 5.67; N, 5.21%. Calc. fopsBz0N20s: C, 64.36; H, 5.79; N, 5.36%.

Preparation of 4,8-Bis(dimethylamino)-1-naphthaldehyde 5.11.

1,5Bis(dimethylamingnaphthalenes.6 (1.00 g, 4.67 mmol) was dissolved in anhydrous
hexane (15 mL) and stirred whiteBuLi (1.7M in hexanes, 2.75 mL, 4.67 mmol) was steadily
added at room temperature. The soluti@s refluxed for 3 days, over which time a light brown
precipitate formed. The solid was suspended in anhydrous THF (15 mL), cooled to 0 °C and
anhydrous DMF (0.43 mL, 5.61 mmaljasadded. The solution was left to stir for 24 h. The
yellow/brown solutionwas quenched with 2 (30 mL) and the reactionasextracted with

ethyl acetate (3 x 30 mL). The combined organic layers were washed with brine (30 mL), dried
over MgSQ, filtered and concentratea vacuoto give a deep orange oil. Purification by flash
column chromatography (40:60 ethyl acetate/petreb@0gave the produd.1l1las a dark
orange solid (0.40 g, 35 %), m.p.-483 . UH (400 3 MMHE); 10.201E| s,-1
CHO), 7.93 (1H, dd, J = 8.7, 1.4 HzH), 7.52 (1H, d, J = 7.8 Hz;/H), 7.42 (H, t, J = 8.0

Hz, 6:H), 7.25 (1H, dd, J = 7.3, 1.4 Hz;H, 6.98 (1H, d, J = 7.8 Hz-B), 2.89 (6H, s, 4
N(CHs)2), 2.67 (6H, s, N(CH3)2) ; 0 C ( 10 @, 24E):2191.6 CHHAY,I1154.1 (4C),

150.8 (8C), 131.3 (xC), 130.8 (8aC), 130.0 (4aC), 126.0 (2C), 125.8 (6C), 121.1 (7C),

117.9 (5C), 113.3 (3C), 44.9 (2 x NCH2)2) ;ma/@m® 2939, 2864, 2827, 2782, 1666 (C=0),
1599, 1576, 1507, 1451, 1405, 1400, 1358, 1353, 1323, 1202, 1183, 1144, 1080, 1049, 1011,
972, 812, 795, 765, 69Found: C,74.14; H, 7.26; H,11.51%. Calc. for4El1sN20: C, 74.35;

H, 7.49; N, 11.56%.
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Preparation of 5-(dimethylamino)-2-hydroxy-1,1-dimethyl-1,2-dihydrobenzo[cd]indol-

1-ium chloride, 5.28

Mono-naphthaldehydb.11(360 mg, 1.49 mmol) was dissolved in anhydrous diethyl ether (15
mL) and ethereal hydrochloric acid (1M, 1.49 mL, 1.49 mmol) was added d@pwih
immediate formation of a beige precipitate. The solution was stirred for a further 3 h. before
the solid was collected by careful filtration under a flow of nitrogen. The solid was washed
with cold anhydrous diethyl ether and dried under vacuugiviothe desired produbt28as

a beige solid (362 mg, 87%), m.p. Decomp >3160 H ( 4 0 0,-MEHHANOL,R4 °C):

8.64 (1H, d, J = 8.7 Hz-H), 8.32 (1H, d, J = 7.8 Hz;H), 8.22 (1H, d, J = 7.8 Hz;i9), 8.08
(1H,t, J = 7.8 Hz,-H), 7.95 (1H, dd, & 7.3, 0.9 Hz, &), 7.18 (1H, s, H), 3.54 (12H, s, 1

, 5-N(CHa)2); iC (100 MHz, d-METHANOL, 24 °C): 145.3 (8«C), 139.1 (5C), 134.1 (2a

C), 130.8 (7C), 128.7 (8kC), 123.6 (5&C), 123.0 (3C), 122.7 (4C), 122.3 (6C), 116.9 (8

C), 109.1 (2C), 46.1 (&, 5-N(CHa)2); 3malcn® 3006, 2827, 2696, 2598, 2447, 1507, 1474,

1427, 1395, 1321, 1283, 1207, 1181, 1159, 1142, 1107, 993, 948, 810, 713, 680.

Preparation of 2-(benzoyloxy)5-(dimethylamino)-1,1-dimethyl-1,2-dihydrobenzo

[cd]indol-1-ium chloride, 5.29

Mono-naphthaldehydb.11(250 mg, 1.03 mmol) was dissolved in anhydrous diethyl ether (15
mL) and benzoyl chloride (1M, 1.29 mL, 1.29 mmol) was added dropmitbeimmediate
formation of an orange precipitate. The solution was stirred for a further 30 mins before the
solid was collected by careful filtration under a flow of nitrogen. The solid was washed with

cold anhydrous diethyl ether and dried under vacunmgivte the desired produbt29as an
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orange solid (247 mg, 63%), m.p. Decomp 3 85 H400 MHz, @-DCM, 24 °C): 8.99 (1H,
d, J=7.4 Hz, &), 8.17 (1H, d, J = 8.5 Hz-K), 8.088.12 (2H, mo-PhH), 7.91 (1H, d, J =
0.8 Hz, 2H), 7.767.77 (2H, mp-Ph, ZH), 7.65 (1H, dd, J = 7.8, 0.9 HzH, 7.53 (2H, dd,
J=7.6, 0.8 Han-PhH), 7.15 (1H, d, J = 7.8 Hz;H), 4.21 (3H, s, IN(CHa)), 3.89 (3H, s, 1
N(CHs)), 3.07 (6H, s, BN(CH3)2); i G100 MHz, d-DCM, 24 °C): 165.4C=0), 152.4 (5C),
145.8 (£C), 135.6 p-Ph-C), 130.8 6-Ph-C), 129.5 (86C), 129.4 (n-Ph-C), 127.8 (7C), 126.9
(i-PhC), 125.9 (6C), 125.6 (5&C), 124.3 (3C), 119.1 (2aC), 117.4 (8C), 115.7 (4C), 100.8
(1-C), 56.9 & 49.4 (IN(CHa)2), 44.3 (5N(CHa)2); 3madcm® 3341, 3090, 2946, 1606, 1539,
1481, 1407, 1367, 1347, 1293, 1198, 1149, 1090, 1039, 827, 808, 76Epuld; C, 69.30;

H, 6.18; N, 7.28. Calc. for £2H23N20.Cl: C, 69.01; H, 6.06; N, 7.32%.

Preparation of 2-Cyano-3-( 4, 68bi(dimethylamino)naphthalen-1 -§l)propenenitrile,

5.33

Mono-naphthaldehyd®.11 (750 mg, 3.06 mmol), malononitrile (300 mg, 4.59 mmol) and

ethylenediamine diacetate (54 mg, 0.3 mmol) were dissolved in anhydrous methanol (10 mL)

under nitrogen and refluxddr 24 h. The methanol was removadacucto give a deep orange
oil which was purified by flash column chromatography (20:80 ethyl acetate/petédl)4t
give product.33as an orange solid (649 mg, 72 %), m.p.-108 . 0 H400 MHz, CDBCl,,

24°C):8.69 (1H,d, J=09Hz;B) , 7.99 (1H, d-H),7.48 (1Kt B3=78,

Hz ,-H)6,6 7. 44 (1H, d-t),, J7 =37 .81 H,0.3H),RAI(1H2D.

d, J = -1.,2 2H 29,3-NEBB)Y, 2.6656H, s8 H(CHa)z); i G100 MHz, CRCl,

24 °C): 165.8 () , 15-@).,9 1(580).,2 13%16) 8 (8&h 1 ( 2-8p 4
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126.-¢) ,( 6162Q).,5 1(282p.,3 121D 9 { 3@ ATB4RTIIE0(2CI N) ,
113.-2),76.8@C),453 (4 N(CHz)2) , 4 4N(CBI3)2) e 2938, 2864, 2837,
2788, 2218 (CIN), 1574, 1555, 1544, 1507, 1
1076, 1045, 977, 919, 837, 812, 798, 774, F4&Ind: C, 74.30; H, 6.34; N, 19.34%. Calc. for

CisHisN4: C, 74.46; H, 6.25; N, 19.30%.

Preparation of Methyl (E)-3-(448&bis(dimethylamino)naphthalen-16yl)-2-

cyanoacrylate,5.34

Mono-naphthaldehyd8.11 (200 mg, 0.88 mmol), methyl cyanoacetate (0.16 mL, 1.44 mmol)
and ethylenediamine diacetate (16 mg, 0.09 mmol) were dissolved in anhydrous methanol (10
mL) under nitrogen and refluxed for 5h. The methanol was remiovealcuoto give a deep
orange oil, whith was purified by flash column chromatography (15:85 EtOAc/petrél030

to give5.34as an orange solid (120 mg, 42 %), @833 .0 H ( 400 GiH24/°C):CD
9.16 (A1H,s, ) , 7.99 ( 1H,H)d, 7J 50 8.17H,#kd746@HtT 7. 8
=78Hz64), 7.31 (1H,-H)d, 73 027 .(3LHHzH)}3.920BH,s, 7. €
OCH3) , 2. 92-N(CBs)d),, sS2 . 6436N(CI8a)yd),; si,C 8(01 B0y, MPL):, CLC
164.7 €=0), 161.7(3C) , 15@).,8 1(540p.,2 1(3810) 7 (8&p2 (2308
C), 126).,8 1(263p.,7 1(241p.,8 1(1859H.1B65CI7NM) , 1-C)3946(2( 36
C), 52.8 (OCH3) , 4 5N(GH3)d) 8 6 4 4AN(CH3)2) L@ 2942, 2864, 2830, 2786,
2219 (CIN), 1718 (C=0), 15 7 6Found: €,0(048; H16%6; 5 ,

N, 13.07%. Calc. for H21N3O2: C, 70.57; H, 6.55; N, 12.99%.
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Preparation of Dimethyl 2-((4§8&bis(dimethylamino)naphthalen-16yl)methylene)

malonate,5.35

Mono-naphthaldehydb.11(120 mg, 0.53 mmol), dimethyl malonate (0.1 mL, 0.85 mmol) and
ethylenediamine diacetate (9 mg, 0.05 mmol) were dissolved in anhydrous methanol (10 mL)
under nitrogen and refluxed for 24h. The methanol was remowetuocto give a deep orange

oil, which was purified by flash column chromatography (15:85 EtOAc/petré@@)Qto give

5.35as an orange solid (130 mg, 69 %), m.p-882 . uUH (40 eCIhMHLC): 8.7€ D
(AH,s,3H) , 7.96 (1H, d-H),, J7.=43B.(21H), 0250 ddE 5D. 7
J = 7.3H0.9.48, (Ad, dH),, JI6.=0973. &,1 H,-H¥B.8E ], =2
(3H, s, OG13), 3.61 (3H, s, 083) , 2. 8 7-N(CBa)d),, s2 . 6436N(CH3)d),; si, C 8
(100 MHz, CDClz, 24 °C): 167.7 & 166.0 (2€=0), 152.4 (4C) , 1 5@),150.8(38)p
131.2)(8a8@) 6 (2@H4 1(22p.,1 1(2%5p.,6 1(261p.,0 1(1586. 5
C), 118.0 (2C) , 1 1-B), 3.7 (GBHY), 52.1 (CCH3s) , 45N(EH2)4) 80 45. 0 (
N(CH3)2) mad@n' 2978, 2946, 2864, 2827, 2778, 1727 (C=0), 1697, 1599, 1578, 1507, 1433,
1362, 1349, 1261, 1224, 1181, 1151, 1069, 974, 939, 918, 814, 7750t08; C, 67.19; H,

6.79; N, 7.53%. Calc. forH2aN204: C, 67.40; H, 6.79; N, 7.86%.

Preparation of 2-Cyano-3-( 4 dimethylammonio-8 -§dimethylamino)naphthalen-1 -0

yl)propenenitrile chloride, 5.36

Dinitrile derivative’5.33 (100 mg, 0.34 mmol) was dissolved in anhydrous diethyl ether (10
mL) and ethereal hydrochloric acid (1M, 0.34 mL, 0.34 mmol) wasa@ditopwise with

immediate formation of a yellow precipitate. The solution was stirred for a further 3 h. before
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the solid was collected by careful filtration under a flow of nitrogen. The solid was washed
with cold anhydrous diethyl ether and dried unggezuum to give the desired prod&cB6as

a yellow solid (80 mg, 71%), m.p. 14703 .U H ( 4 0 0 -®43124 ?C): 8.8b (1H, br d,

J = 8.-1),88&(H §8), 7.83 (1HH),7.71((H, bed, B=7BHH z ,
34),7.60(1H,d, J=78 HH),, 770. 54 (1 H;:H) d, 3J 33NHEB)IHEB, :
2. 71 (-6l(8ks3)2)sl,GLE MHz, CDRClz, 24 °C): 163.1(X) , 1 50),122.9(b8 6

4€ , 13X 2 L186a6)6, (1bxO).160 1(26%) 7 L1264 2(.2H (70
121.-@) ,( 5101 8-C)0114(71&A133 @I N) , TB, 44 QNHECH{).) 45.4

( 8NBCH3)2); 3malcm®3 431, 3022, 2973, 2206 (CIN), 15
1362, 1326, 1320, 1187, 1147, 1128, 1043, 990, 967, 887,/82, 749, 692, 65%ound: C,

66.04; H, 5.69; N, 16.98. Calc. fordEi1dN4CI: C, 66.15; H, 5.86; N, 17.14%.

Preparation of (E)-1 -§2-cyano-3-methoxy-3-oxoprop-1-en-1-yl)-8 -§dimethylamino)-

N,N-dimethylnaphthalen-4 @minium chloride, 5.37.

Methyl cyanoesteb.34 (120 mg, 0.37 mmol) was dissolved in anhydrous diethyl ether (10
mL) and ethereal hydrochloric acid (1M, 0.37 mL30mmol) was added dropwise with a
yellow precipitate forming immediately. The solution was stirred for a further 3h before the
solid was collected by careful filtration with a nitrogen flow, washed with cold anhydrous
diethyl ether and dried under vacutmrgive the desired produst37as a yellow solid (80 mg,
60%), m.p. 1241273 . i H400 MHz, CDRCly, 24 °C): 9.00 (1H, s,-8l), 8.90 (1H, br d, J =
8.1 My, 33683 (1H:H)t, 7J7F TL16, HHyy, @76. 514 - 2™H,
, -H),895(3H,s, OCls) , 3. 4 3-NHEHs)2) ,s , 2 .4604 -N(CH83)}d), i G400 8 6
MHz, CD:Clz, 24 °C): 163.7¢=0), 1585 (3C) , 15-0).,5 1A 48®.,3 AA#XD, 7 ( :
131. ) (844@0).,8 (260 0 126G H7 1(22p.,8 1(240p.,2 1(15856. 0
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C), 1154 Cl N) , Ch 53D (QCHR), 4 6 . IN'H(CHE):2), 4 5 . 2N(QHEP ;madcMi
12167 (CIN), 1636 (C=0), 1505, 1459, 1438,

Found: C, 63.10; H, 6.17; N, 11.31. Calc. fasiz2N3O.Cl: C, 63.42; H, 6.16; N, 11.68%.

Preparation of 5-(dimethylamino)-4-(3-methoxy-2-(methoxycarbonyl)-3-oxoprop-1-en

1-yl)-N,N-dimethylnaphthalen-1-aminium chloride, 5.38

Di-methyl ester derivativ8.35(140 mg, 0.39 mmol) was dissolved in anhydrous diethyl ether
(10 mL) and ethereal hydrochloric acid (1M, 0.39 mL, 0.39 mmol) was added dropwise with a
pale orange/brown precipitate forming immediately. The solution was stirred for a further 2h
before thesolid was collected by careful filtration with a nitrogen flow, washed with cold
anhydrous diethyl ether and dried under vacuum to give the desired pbo88ias orange

solid (67 mg, 79%), m.p. Decomp> 830 U H ( 4 ¢DMS®,R4°C): 835 (1H, d,3

7.8 Hz, ArH1), 8.19 (1H, d, J = 7.8 Hz, A1), 7.82 (1H, t, J = 7.3 Hz-R), 7.407.50 (2H,

m, 3, 4H), 6.23 (1H, d, J = 3.2 Hz,{)), 5.25 (1H, d, J = 3.2 Hz, {{CO,CH)>), 3.83 (3H,

s, O(H3), 3.76 (6H, s, N*(CH3)2), 3.34 (3H, s, O8), 3.01 (64, s, SHN*(CHa)2); Ui G100

MHz, ds-DMSO, 24 °C): 167.0 & 166.00:0), 147.6 & 147.4 (5 8aC), 136.7 (ArCy), 128.5

(7-C), 128.1, 124.6, 124.4, 122.2, 120.2, 114.8CAY, 81.7 (2C), 59.4 (EN*(CHa)2), 53.7 &

53.1 (2 x GCH3), 52.0 CH(COCHa)z), 44.6 (5N*(CHa)2) ;mad@m™ 3453, 3371, 3028, 2493,
2437, 1742, 1723 (C=0), 1604, 1477, 1442, 1345, 1328, 1254, 1231, 1198, 1177, 1112, 1015,
995, 933, 840, 779, 75BRMS(ESI) calcd forCaoH2sN204 (M*): 357.1814 found:357.1821
HRMS(ESI) calcd forCaoH2eN2042* (M?*): 179.094, found179.0947 Found: C, 55.80H,

6.16; N, 6.44. Calc. for £H26N204Cl2: C, 55.95; H, 6.10; N, 6.52%.
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Preparation of 4,8Bis(dimethylamino)-1-naphthaldehyde ¢3C enriched),5.41

1,8 Bis(dimethylamino)1-naphthalen&.6 (2.88 g, 13.50 mmol) was dissolved in anhydrous
hexane (20 mL) and stirred whiteBuLi (1.7M in hexanes, 7.94 mL, 13.50 mmol) was steadily
added at room temperature. The solution was refluxed for 3 days, over whicHigihtéeown
precipitate formed. The solid was suspended in anhydrous THF (20 mL), cooled to 0 °C and
anhydroustC=0) DMF (1.00 g, 13.50 mmolyasadded. The solution was left to stir for 24

h. The yellow/brown solution was quenched wi#OH30 mL) andhe reactiorwasextracted

with ethyl acetate (3 x 30 mL). The combined organic layers were washed with brine (30 mL),
dried over MgSQ@ filtered and concentraté vacuoto give a deep orange oil. Purification by
flash column chromatography (40:60 etlagetate/petrol 480) gave the produd&.4las a

dark orange solid (1.22 g, 35 %H (400 MHz, CDC4, 24 °C): 10.4110.88 (1H, d, J = 186.4

Hz, 3CHO), 7.98 (1H, d, J = 8.5 Hz;H), 7.55 (1H, dd, J = 7.7, 4.5 HzHD, 7.46 (1H,t, J =

4.4 Hz, 6H), 7.28 (1H, dd, J = 7.4, 1.0 Hz9), 7.00 (1H, d, J = 7.8 Hz;8), 2.93 (6H, s, 4
N(CHa)2), 2.70 (6H, s, &(CHs)2); UC (100 MHz, CDCY, 24 °C): 191.5 3CHO); HRMS

(ESI): Found: 244.1534 (M+, C14'3CH19N20 requires: 244.1536 (M+H

The bisaldehyde wa further isolated as a yellow solid (0.38 g, 108k).(400 MHz, CDC4,

24 °C): 10.4410.91 (2H, d, J = 187.1 HZCHO) , 7.67 (2H, d dH), 725 = 7.
(2H, d, J =H)7.&.HR5, (-AEH))706 (100Mblz, COED 24 °C):
191.1 CHO); Found: C, 71.05; H, 6.80; N, 10.17%. Calc. @#3CoH1sN202: C, 71.30; H,

6.66; N, 10.29%.
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Preparation of 2-Cyano-3-( 4, 68bi(dimethylamino)naphthalen-1 -§l)propenenitrile

(*3C enriched),5.42

Enrichednaphthaldehyd&.41 (500 mg, 1.93 mmol), malononitrile (191 mg, 2.90 mmol) and
ethylenediamine diacetate (36 mg, 0.20 mmol) were dissolved in anhydrous methanol (10 mL)
under nitrogen and refluxed for 24 h. The methanol was renmowagucto give a deeprange

oil which was purified by flash column chromatography (10:90 ethyl acetate/petédl) 4t

give product.42as an orange solid (360 mg, 64 %)H400 MHz, CI3CI, 24 °C): 8.568.93

(1H,d, J=1728 Hz,-B) , 8. 01 ( 1H,-Hd7.447). 5=2 8(.2BH&IH ZI®7 5200
(1H, dd, J -H)7, 37. Q2 0( Hx,-H)d7,0 2J. 9=5-N(CH89), BI6S,, 340
( 6 H, -NfCHs)2)80C(100 MHz, CQCI, 24 °C): 165.3 (&); HRMS (ESI) calcd for

C1°CHaoN4 ([M+H] *): 292.1649 found:292.1649

Preparation of 2-Cyano-3-( 4ddmethylammonio-8 -gdimethylamino)naphthalen-1 -6

yl)propenenitrile chloride (*3C enriched),5.43

Enriched dinitrile derivative.42(180mg, 0.62 mmol) was dissolved in anhydrous diethyl ether
(10 mL) and etherealyidrochloric acid (1M, 0.62 mL, 0.62 mmol) was added dropwise with
immediate formation of a yellow precipitate. The solution was stirred for a further 3 h. before
the solid was collected by careful filtration under a flow of nitrogen. The solid was washed
with cold anhydrous diethyl ether and dried under vacuum to give the desired [raidas

a yellow solid (120 mg, 60%) H400 MHz, CRXC | 24 AC): 8.90 -(1H,

H), 8.318.75 (1H,d, J=174.7Hz;88) , 7. 83 ( 1 H:H),7.75(1H, brd, B=78 Hz
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Hz ,-H)3,6 7.58 (1H,H)d, 7J 5= -Hj.18H 3H 24 0-NR@Hb)2), 2.1, 4 0

( 6 H, -NE&H3)2) 816100 MHz, CI3CI, 24 °C): 162.5 (X).
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Crystal Data

Table5.43. Crystallographic data fob.8,5.10 5.128 5.12h 5.15and5.16

5.8 5.10 5.12a 5.12b 5.15 5.16
Formula C16H18N202 C16H18N202 C22H30N202 C22H30N202 C18H19F3N204 C16H22CI2N203
Formula weight 270.32 270.32 354.48 354.48 384.35 361.25
Crystal system Triclinic Monoclinic Triclinic Monoclinic Triclinic Monoclinic
Space group P-1 P2i/c P-1 P2i/c P-1 P2i/c
alA] 8.7039(4) 5.2514(3) 8.7767(3) 13.2495(3) 7.1968(4) 18.9199(9)
b[A] 9.6406(5) 10.5173(6) 9.6203(3) 20.0128(3) 10.4570(6) 7.4230(4)
c[A] 17.7773(8) 12.5755(6) 13.1840(4) 7.49379(12) 11.8913(7) 12.1934(6)
Ue] 79.812(4) 90 80.495(2) 20 103.791(5) 20
b [ A] 77.968(4) 95.232(5) 79.042(2) 94.6596(16) 90.051(4) 95.572(5)
I°] 80.418(4) 90 68.274(3) 90 90.731(5) 90
V[A] 1422.86(12) 691.66(7) 1009.76(6) 1980.48(6) 869.03(9) 1704.38(15)
Z 4 2 2 4 2 4
J [g cmd 1.262 1.298 1.166 1.189 1.469 1.408
T [K] 150.00(10) 150.01(10) 150.01(10) 150.01(10) 150.00(10) 150.01(10)
! (A) 0.71073 0.71073 0.71073 0.71073 0.71073 0.71073
m(mm™) 0.084 0.087 0.074 0.076 0.125 0.397
unique refl. 13235 2901 59803 35689 9488 14009
Ref I, 6558 1591 5003 4893 4178 3446
R1 0.0573 0.0494 0.0508 0.0492 0.0556 0.0649
WR2 0.1219 0.1182 0.1434 0.1084 0.1092 0.1721
Dr(r) [e A9 0.32+0.24 0.24+0.26 0.44+0.21 0.34+0.19 0.29+0.25 0.62+0.32
Crystallisation Solvent CH.CI; CH.ClI, CH.Cly/n-hexane EtOAc n-hexane CH3CN CH3CN/CH;OH
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Table 544. Crystallographic data fob.19 5.20, 5.23and5.25

5.19 5.20 5.23 5.25
C2oH1sNs C24H24N4O4 CagH30N20s CagH30N20s.
Formula
CHsOH
Formula weight 366.42 432.47 522.54 554.58
Crystal system Monoclinic Monoclinic Monoclinic Triclinic
Space group P2:/n P2:/n P2i/n P-1
alA] 8.38310(10) 7.0648(3) 12.2841(3) 8.2532(6)
b[A] 5.95530(10) 11.8381(3) 9.5178(2) 9.4964(6)
c[A] 19.8861(3) 13.3127(4) 22.3033(4) 18.1537(11)
U] 90 90 90 77.630(5)
b [ A] 93.2110(10) 102.415(3) 98.736(2) 84.033(5)
9°] 90 90 90 73.806(6)
V [A9] 991.23(3) 1087.36(6) 2577.40(10) 1333.15(16)
Z 2 2 4 2
I [g cmd 1.228 1.321 1.347 1.302
TI[K] 150.00(10) 150.01(10) 150.00(10) 150.01(10)
/A 1.54184 0.71073 1.54184 0.71073
m(mm?) 0.611 0.092 0.825 0.096
unique refl. 10062 13182 5041* 11364
Ref I, | 2 1 1946 3150 5041* 6108
R1 0.0386 0.0515 0.0714 0.0820
WR2 0.1047 0.1104 0.1784 0.1950
Dr(r) [e A9 0.28£0.21 0.27+0.26 0.41+0.29 1.11+1.03
Crystallisation Solvent CH.Cla/n-hexane CH.Cla/n-hexane CH.Cl; CHsOH
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Table 545. Crystallographic data fob.325.37. Data for5.36and5.37have been taken for the structures at 150 K.

5.32 5.33 5.34 5.35 5.36 5.37
Formula CaaHisNz. CasH1sNs CisH21N30, C20H24N204 CigH19N4. C10H22N300.
CIH:0 Cl.HOos Cl.HOp 5
Formula weight 264.74 290.36 323.39 356.41 335.83 368.85
Crystal system Orthorhombic Monoclinic Monoclinic Monoclinic Orthorhombic Orthorhombic
Space group Pna2, P2i/c P2i/c P2, Fdd2 Fdd2
alA] 7.0958(8) 20.7770(7) 7.5185(3) 11.0036(5) 44.3599(14) 48.2500(11)
b[A] 21.837(3) 9.3348(2) 19.7652(6) 7.1553(3) 22.7723(6) 22.7902(6)
c[A] 8.2661(9) 18.1408(6) 11.8570(3) 11.7448(4) 7.0406(4) 6.66764(17)
V| 90 90 90 90 90 90
b [ A] 90 114.584(4) 103.387(3) 92.687(4) 90 90
I°] 90 90 90 90 90 90
V [A9] 1280.8(3) 3199.46(19) 1714.13(10) 923.70(6) 7112.3(5) 7331.9(3)
Z 4 8 4 2 16 16
I [g cmd 1.373 1.206 1.253 1.281 1.255 1.337
T[K] 150.01(10) 150.01(10) 150.00(10) 150.00(10) 150.01(10) 150.00(10)
/ (A) 1.54184 0.71073 0.71073 0.71073 0.71073 0.71073
m(mm™) 2.548 0.074 0.083 0.090 0.223 0.229
unique refl. 6456 24059 13061 10212 11234 27649
Ref I, 2411 7948 4251 4615 4014 4465
R1 0.0613 0.0637 0.0523 0.0456 0.0411 0.0351
WR2 0.1494 0.1268 0.1103 0.0946 0.0822 0.0753
Dr(r[e A7 0.54£0.25 0.23£0.33 0.24+0.19 0.26+0.20 0.18£0.18 0.20£0.22
Crystallisation Solvent DCM CH.Cl, CH.Cly/n-hexane CHCls CHsCN CHsCN
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Chapter 6

Structural Models for the Study of the Felémh Theory



Introduction

Nucleophilic addition to a carbonyl group is one of the most important reactions utilised by
synthetic organic chemists, allowing for the synthesis of a plethora of functionalities via C

C bond f or mat i ochital cardon gentre lsas a significanninfliénce on the
stereoselectivity of the resultant produether through 1, Zasymmetric induction, if the
starting materilais optically pure, or via diastereoselectivity if the starting material is racemic.
The ability to predict and control the manner by which the nucleophilic addition takes place

has prompted the proposal of many models.

CramandElhaféa nt r oduced the first si gnnicdrtaicnamt m
catalytic reactionf the type shown (Scheme GHat diastereomer will predominate, which

could be formed by the approach of the entering group from the least hinderecheil¢he
rotational conformation of the € bond is such that the double bond is flanked by the two
least bulky groups attached to the adjacent asymmetric €elmtressence, the rule stated that

in the pr e-sheahambondhe attadk atthe lbanyl group is based on steric

hi ndrance. i€diamobdcdse dnoidretto t wo rul es, -chirad pend
carbon substituents, the favoured trajectory of the nucleophile and the other reagent present in
the reaction. As shown in Schemd,Ghe generalised ketor&l, with a large (L), medium

(M) and smal | -carlSop, canreactivia twa tonformationdJdependant on two

rules: 1) the Cranchelate rul@!! or 2) the Cram rufe
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I
! Metal
Nu ! Nu HO, Nu
R ¢ o : oL L N
VaNp el
_-Metal ! Nu L R
ok | S M SV
M 1 R M
6.2 I 6.3
0 R
Large (L) > Medium (M) > Small (S)
L\ek groups in order of decreasing steric bulk
A R
2)
6.1 R i R Nu OH
M T (0] : s o M OH u S
Q — L N
| Nu —_— —
L—" NP ! 4@5 L Nu R R
,/ R ~
s ! L 5 s M
6.4 6.5

Scheme 89. Re a c {liral ketoef.1d@monstrating 1) Cre8amwe 2heCmgwds ul el
6.5.
TheCramc hel ate rule is obeyed i f chelati-on b
chiral carbon substituents (aided by a metal cation) can occur, locking in the confo@rtion
and placing t he éitBedsida of the plaNed As@ result, gthe nuolaophilic
attack proceeds via the small est6.3@haGram i t u e
chelate product). Since its proposal, this model has been shown to be highly reliable, with

numerous examps shown in the literaturé

Torsional effects not considered

C=0 is considered giving eclipsed conformation

bulkiest group

o M‘QOH
S M
Nue - L
Nu R
F RAL 75

90° trajectory

of nucleophile X 6.6

Steric repulsion between
'L'and 'R groups

Scheme 60. Summry of the hall marks of Crambs model6 | eading
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The Cram rule approach applies for-cartbomses
substituents and the carbonyl group could not occur. Thus, the reactiventatdor6.4 is
preferred based upon steric reasoning. However, the carbonyl group in this model is deemed
to be the group with the | argest astitod.hisc b u
overestimated the size of the carbonyl groupwaodld result in an unfavoured steric repulsion
bet ween oO6L6 and OROG, especially in ketones
rehybridizing under the influence of the approaching nucleophile, the conformation adopts the
highly unfavoured dipsed conformatiol.6, as shown in Scheme26Furthermore, the model

was found to be i nac c u-chada carbon bubstituentsiveas polar. Ifmo r
this occurs, the most polar group assumed

remaining substituents.

)

S . S
5 T M Nucleophile HO - M
2 —_— N
3 +< - <
R" 9 “ad NS RO
6.7 6.8
s. 9 ™ vdoH
N>
— 2
R Nu
el 75 R

Scheme 61 Nucl eophi I-dhlorokae tt arcek adc arndiUngl®t o Cornforth

In 1959, Cornforttet all® presented an adapted model based (pona més whi ch o
the mostelectronwithdrawing groupanti to the carbonyl group. Using the example of
nucl eophi | i-chloraketore 6.8, heoafgued that ddientation of the chloride group
anti to the carbonyl group, causes the dipolethe C=0 and &Cl bonds to lie antiparallel to

each other (Scheme 6.3). In turn, this allows for easier polarisation of the carbonyl group, which

h e s thastaemsarked éffect on the energy required to form the transition state with a
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nucleophilic agerdand thus gives hydroxd.8 The rest of Cornfort|
same as Crambébs and thus the problems rel at

nucleophilé addition persistet?.

(<]
u

R
E
|
cHr%
¥

L R L S S M
Felkin-Anh
6.9 6.10 Product

S M 2)

<
-
py)
)]
(@)
Z
c
%) <
o P
-
<
Pyl
w
o
T
-
@,
T
=z (@]
I/Z
- c

Anti Felkin-Anh
6.11 6.12 Product

Scheme 62 Nuc | e o p h ichiral ketoaeb.t vim thé twaopbssilile conformatiorsgand6.11), leading to the
Felkin-Anh 6.10 and anti FelkirAnh 6.12) product.

Following several important contributions from Felkimnh?2 and Eisensteif®?4the Cram
rueevoh ed t o become ¢ ommo rRANyh 6k nnoowdne | as Ktehye tdoF
of the model and {subsituentwihadhe Brgestwtarke butk tvas tissignbde
as OLG6, with it being placed or trépolsioo and | t
generating an approach site for the nucleopdiiet o t he oO6L&6 group. Th
possible conformation®(9 and6.11), as shown in Scheme 6.4, for the nucleophilic attack.
The most energetically favoured conformation was foundet6.9, as the trajectory of the
nucl eophile passed over t he sArhlptoduct6.16 S6 ¢
opposed to passi negll whick results inghe ankedkin-fnh prodpct (
6.12 This idea built successfully on the work of Karab&ttd, which through extensive

analysis of the most stable transition states of reactions of this type, states that the nucleophile
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must gproach the carbonyl carbon via the leaisdered path. Moreover, the Felidmh
model conformation means that as the nucleophile is approaching the carbonyl carbon, it passes
through a staggered conformati@l3d reducing the steric torsional repulssofscheme 6.5),

unlike in the Cram rule model (Scheme 6.2).

Torsional strain accounted for which

L'is considered the leads to fully staggered conformation

bulkiest group

OH

v o j _on
ﬁ R L

~109° trajectory N 6.13

of nucleophile Substituents around the
ketone minimised

Scheme 63. Summary of the hallmarks of the Felkinh model, leading to a preferred staggered transitional conformation
6.13

The fawurability of conformatior6.9 was further reinforced by the works of both Burgi and

Dunitz2%3%and also Anh and Eisenstéfnyhich demonstrated that the nucleophile prefers not

to attack the carbonyl at the previously assumédBg@le, but instead at an angle of ~4.Gh

angle that becamPukRnbwnaang!l &nd EBdu@la e me 6. 5

Rl

Figure 6105 Angle of approacli doj a nucleophil€RzN) to an electrophiléC=0), demonstrating the consequential
pyramidalisation( qojf the electrophile carbon
The work of Biirgi and Dunit?2?°32as previously discussed in Chapter 1, utilised thayX
structural data of six known alkaloid®14-6.19(Figure 6.2). They identified that each of the
structures could be represented as a point on the reaction coordinate along the reaction pathwa

for nucleophilic addition to a carbonyl group.
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Figure 6106 The six alkaloid structures.14-6.19which provided the basis for the work bir@i, Dunitz and Sheftei® 32

These structures helped to shape the understanding of how a nucleophile approaches a carbon
group, leading to the discovery of the Bamyinitz angle. Furthermore, as the distance between
the interacting nucleophile and carbonyl decreased, an increase in pyramidalisation of the
carbon from its trigonal plane was observed (Figure 6.1). This is a phenomenon that occurs as
the planar trigonal carbonylegins to become tetrahedral in nature. However, in all of the
molecules described in the study, the ketone involved in the interaction or reaction was either
in a ring or -chialdarborocentréh i vVaet, na moddls are reported in the
liter at ure that demonstrat e -thoat darbonh Bubstityenteia r r a

tandem with a nucleophile approaching akin to the BDrgiitz angle.

Herein are described four str uct-hraKketomeo de l
A series of substituted naphthalenes demonstratnginteractions have been designed and
synthesised in order to mimic a range ofardinates along the reaction pathway of
nucleophilic attack on a carbonyl group attached to an asymmetrically substéciied atom.

The molecules are in racemic form. Modification of either the naphthalene skeleton (at the
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opposing second setpérrposi ti ons) or the nucleoph-ilic
chiral ketone substituents, which contain three substgueidifferent sizesd ®allo= H,

0 Mdiumb = CHs and 6 &Arged = PhH will remain consistent. In each case the molecular
structure determined by single crystatay diffraction will be used to observe both the Felkin

Anh orientation and BurgDunitz effects simultaneously.
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Synthesis of the Target Compounds

®
y B
H
o (0] Me o O Me
o oH Ph o Ph B=HDMAP
a b = Na
R B ————

6.20 6.21

Scheme 64. (a) 1-phenylethylmagnesium bromijéfeTHF, -78 to 25°C; (b) Reaction with a range of bases.

The first target for preparation was tperi-hydroxyketones.21 (Scheme 6.6)Ring opening

of lactone 6.20** by the Grignard reagentl-phenylethylmagnesium bromitfegave the
expected keton6.21 in a 23% yield A shift in the*C NMR signal of the lactone carbonyl

from 174.4to 210 ppmin 6.21, coupled with'H NMR signals at4.65 and 1.63 ppm
corresponding to t lcalonylarfd théeprotens pfrtherethyhgroup t o
respectively, confirm its structure. Despiite ketones.21 being a solid at room temperature,
exhaustive attempts to grow suitalskystals for structural analysis failed, in each case yielding
solvatedoils or amorphous powdershe hydroxyl group ir6.21 allows for deprotonation to

occur with the potential that the oxyanion salts formed may be more crystalline. The pKa of
the hydoxyl group was estimated to be similar to that of a phenolic proton (9.980phathd
62lwasreactedwith seri es of bases wi tGompoundgliwasg p K
reacted with the strong bases 1,1-@Bamethylguanidine (TMG) (pKa 13.6 BMSO*®) and

sodium hexamethyldisilazide (NaHMDS8j)itially, NMR analysis of both reactions revealed
notable shifts indicating that a deprotonation had occurred, however NMR analysis of the same
samples after 24 hoursvesaled an almost complete decomposition of the santiplis.
important to note that the ketoB&p o s s e s fpretsn (p&an~2@), which could potentially

be targeted by not only the chosen base, but also by the subsequently desired oxyanion acros
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theperi-positions, generating an enolate anmqbtential site for decompaosition to oc¢iigure

6.3).

Figure 6107. Reaction 06.21with a strong base could result in the loss of either acidic proton (red).

Previous analogous resufisdemonstrate that the weaker basdimethylaminopyridine
(DMAP) was not a strong enough base to deprotonate a rangeridiydroxy ketones
however, the reaction @é21with DMAP was performed on the basis that if deprotonation did

not occur, a hydrogebonded complex could still allow for structural analysis of fgbg-

hydroxy ketone. Unfortunately, despite yielding a crystalline solid, structural analysis of the
product indicated two problems, 1) as previously observed, deprotonation had notaaken pl
with the DMAP hydrogen bonding to the target hydroxyl proton and 2) the structure contained
six crystallographically unigue (or 3 pairs of interacting) molecules in the ASU, and two of
these were significantly disordered. As a result, the structuoalehnobtained gave poor
accuracy with regards to important structural parameters, such as bond lengths and angles

making it unsuitable for use in this study.
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In an attempt to prepare a more crystalline hydroxyketone, the target was redesigned to
incorporate a phenyl ringara to the interacting hydroxyl group (Scheme 6.7). Synthesis of
the new targes.24 began with the bromination of the lactah20 with excess liquid bromine

in chloroform, with the desirechonebrominated lacton®.22 isolated as thenly major
product in a 90% yield. The structure®22 was confirmed by the loss of an aromatic triplet

in the'H NMR spectrum along with the presence of the characteristic two signals for a bromine

containing molecular ion in the accurate mass spectrum.

(0] O H Me
o o) o) 0
o OH Ph
og —— e —
Br Ph Ph
24

6.20 6.22 6.23 6.

Scheme 65. (a) Br, CHCE, RT; (b) Phenyl boronic ad, Pd(PPh)s (5 mol%), kCOs, MeOH, reflux; (c) Oxalyl chloride,
DCM, RT; (d) 1-phenylethylmagnesium broneif THF, -78 toRT.

A SuzukiMiyaura coupling & 6.22 with phenylboronic acid initially seemed to yield no

notable organic product when extracted with a range of organic solvents. However, the base

(K2COs) required for the catalytic turnover of the palladium catalyst (PdjpPhad

hydrolysed the lactone, generating the hydroxy &22a most likely as gootassiumsalt

(Scheme 6.8). Acidification of the aqueous portions yielded a milky precipitate which was

extracted with ethyl acetate to eventually give a crude yellow solid.

0 O~_ _OH O
0 OH 0
Br Ph Ph
6.22 6.22a 6.23

Scheme 66. (a) Phenyl boronic acid, Pd(PB)a (5 mol%), KkCOs, MeOH, reflux; (b) Oxalyl chloride, DCMRT.
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In order to regenerate thperi-lactone the crude solid was stirred with excess oxalyl chloride

in DCM, generating the reactive acyl chloride intermediate, which underimesitu
cyclisation to give the desired produgP3 as a crystalline yellow solid in a 30% vyield.
Regeneration of the lactone was demonstrated by a carbonyl carbon peak at 167.3 ppm in the
13C NMR spectrum, whilst the addition of five aromatic protons in‘theéNMR spectrum
indicated a successful incorptice of a newphenylring by the SuzukiMiyaura coupling. The

ring opening of phenyl substituted lactah&3 was carried out via the same methodology as

for lactone6.20, giving the desire@eri-hydroxy ketones.24in a 31% yield. Similarly, ahift

in the 13C NMR signal of the lactone carbonyl from 174.4 ppn2608®.0 ppmin 6.24 was

observed along with theH NMR signals atl.55and4.35 ppm for thenethyland U-protons

respectively
H
_\ @ \ o Me
6.25 6.25a 6.26

—N ; : —N ; :
Scheme 67. (a) nBuLi (1.6M), EtO, RT, (b) 2-phenylpropanoyl chloridé’, THF, -78°C to RT, (c) Brz, CCk, RT; (d)
Phenyl boronic acid, Pd(PRJx (10 mol%), KCOz, DMF, H0, reflux.

The synthesis of compou®d26 with aMe>N---C=0 interaction began with thgeri-lithiation
of 1-dimethylaminonaphthaler@25with n-butyl lithium, generating a palgellow precipitate

of the lithiated sal6.25a(Scheme 6.9). The supernatant was removed and the lithiated salt was
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reacted with dreshly prepared solution d&-phenylpropanoy! chlorigf’ to give the target
ketone6.26 as a yellow oil in a 46% yield. Despite every effort the oil did not crystallise, thus
in a similar fashion to theeri-hydroxylketone, the target was modified to incorporate a phenyl
group para to the interacting dimethylamino group. Compou626 was successfully
brominatedparato the dimethylamino group via the slow addition of a solution of bromine in
carbon tetrachlade, giving the desiredhonesubstituted produds.27 as an orange oil in a
50% vyield. The structure & .27 was confirmed by the loss of an aromatic trigletNMR
spectrum. A SuzukMiyaura coupling of6.27 with phenylboronic acid gave the target
compaind 6.28 as an orange solid in a 65% yield and its structure was confirmed by the

introduction of five additional aromatic protons in #itfeNMR spectrum.

Br NO, Br
a b
_— _ =
6.29 6.30 6.31
c,d
H _ _
—N Ph —N Li —N Br
o
6.33 6.32a 6.32

Scheme 68. (a) NBS, DMFRT:38 (b) Fuming HNG, AcOH,RT;38 (c) Fe, Fe(Ill)Ck, AcOH, EOH, 100°C;3° (d) Mel,
K2CQOs, CHsCN, 50°C;%° (e) nBuLi (2.5M), THF-78 to 25°C; (f) 2-phenylpropanoyl chloridé] THF, -78 to 25°C.
Compound.32which contains an ethylene bridgarato the dimethylamino and bronperi-
groups was prepared according to known literature procefid?t¢Scheme 6.10). To begin,
acenaphthené29) wasmoncebrominated at th&-positionparato the ethylene bridge with
N-bromosuccinimide@.30) before beingperi-nitrated via the addition axcess fuming nitric

acid in acetic acid to give.31.3¢ Reduction of the nitro group with iron(lll) chloride and iron
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powder resulted in the amino compound, which Wadimethylatedin situ to give 6.32,
following the methods described by Riaal3® Following the general methods described for
the synthesis d4.26, compounds.32 wasperi-lithiated withn-BuLi at-78°C over 3h §6.323
before a freshly prepared solutionphenylpropanoy! chlorief’ was added, resulting in the
isolation of the keton€.33 as a yellow solid in a 36% yield. The successful addition of the
ketone is evidencedy a peak in thé3C NMR spectrum at 208.2 ppm and a stretching

frequency of 1686 crhin the infrared spectrum.

NO,
Br Br Ph  Ph
: : L
—_—
Ph  Ph
6.34 6.35 6.36
c, d
H _ _
\ o Me \ ® \
—N Ph —N Li —N
O
() —— | —— D
Ph  Ph Ph  Ph Ph  Ph
6.38 6.37a 6.37

Scheme 69. (a) Phenyl boronic acid, Pd(OA)L0 mol%), kCOs, H20, DMF, 100°C;*° (b) Conc. HNG, DCM, 25°C;**

(c) Fe, Fe(lll)Ck, AcOH, EtOH, 100C;* (d) Mel, KCOs, CHsCN, 50°C;* (e) nBuLi (2.5M), THF,80 °C; (f) 2-

phenylpropanoy! chloridé’, THF, -78to 25°C.

To pushthe peri-groups in28 closer together, the 4;dphenyl derivatives.37 was identified
as a targetThe synthesis of compoun@.37 was achieved by an adaptation of the methods
previously described by Pkt al3® (Scheme 6.11). However, this synthesis began with the
double SuzukMiyaura coupling of 1,8libromonaphthalené.34 with phenylboronic acitf
to give the fluorescent 1-@phenylnaphthalen@.35. Nitration 0f6.35 as described by House

et al*! resulted in the formation of teonenitrated naphthaler&36, which was reduced and

N-dimethylatedn situto give the desired-dimethylamine4, 5-diphenytnaphthalen&.37.3°
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Compound6.37 was peri-lithiated with an excess aif-butyl lithium in refluxing hexane,
generating a grey precipitate of the lithiated 6&@7a The supernatant was removed and the
lithiated salt was reacted withfeshly prepared solution @&phenylpropanoyl! chlorigf’ to

give the targe638as a o6cri spy yellow foambé in a 37
evidenced bya peak in thé*C NMR spectrum at 203.24 ppm and a stretching frequency of
1675 cm' in the infrared spectrum corresponding to the carbonyl of the ketone.
Recrystallisation of the 6crispy foamB fro

as thin hexagonal plates.
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Structural Analysis

Table 646. Selected geometric details for the four target compo@rit#s6.28 6.33and6.38

9

Compound d/A el A d/e f1A (/o (/o Pyre U e/ b o/ u/e VIEN] 2 /°00
624  2.631(2) 1.216(2) 118.5(1) 2.500(3) - 83.6(2) 0.060(2) 122.4(2) 117.0(2) 124.7(2) 115.8(2) 122.2(2)/121.9(2)
628  2.576(2) 1.221(2) 104.9(1) 2.498(3) -73.9(2),52.5(2) 95.0(2) 0.080(2) 122.3(1) 117.7(1) 122.6(1) 117.2(1) 122.3(1)/121.5(1)
633  2.801(2) 1.215(2) 112.3(1) 2.559(2) -87.7(2), 40.8(2) 96.5(1) 0.056(1) 123.2(1) 117.7(1) 123.7(1) 117.3(1) 127.3(1)/112.4(1)

6.38 2.490(2) 1.214(2) 103.0(1) 2.462(2) 81.3(2),-45.0(2) 95.2(2) 0.097(2) 122.6(1) 117.5(1) 123.8(1) 116.6(1) 119.6(1)/124.4(1)
(3 = torsion angle: C1:N1-C1-C2 & C12N1-C1-C 2 P = tdsion angle: O=&-C(Ph), Pyr = pyramidality, deviation of carbonyl carbon from the plane of the three neighbouring atoms towpedisQretom

" M " M " M " M
e e e e
0 \ o \ o \ o
OH Ph N Ph —N Ph —N Ph
Ph Ph . Ph  Ph
6.24 6.28 6.33 6.38

Figure 6108 Structures of the ketonés4, 6.28, 6.33 and6.38.



To explore how the strength of the nucleophile effected both the Fatiirprearrangements
andBurgi-Dunitz angle during the earlier stages of nucleophilic attack on a carborsthls

of theperi-hydroxyl and-dimethylamino ketone8.24 and6.28 were grown (Figure 6.4). This
was achieved via slow evaporation of DCM/CEI(#.24) and DCM 6.28) solutions and the
X-ray crystal structures were determined at 150K and 100K respectively (Figure 6 &g®bele
molecular geometry information for the compounds discussed is shown in Table 6.1. In a
similar fashion to theeri-hydroxyl ketone series discussed in Chaptér2l and6.28 display

the expected angular displacements of the two interapgriggroups, resulting in Nu-C=0
separations of 2.631(2nd 2.576(2) A respectively. Birfiunitz angles of 118.5(1jor the
former and nearer optimal 104.9{1yr the more potent nucleophilic centre in the latter are
observed, with both molecules displacihgit peri-groups marginally to opposite sides of the
naphthalene plane. The larger Béginitz angle observed i6.24 could result from the
dimethylamino nucleophile (C(naph)(Mez) bond 1.442(2) A) sitting 0.083 A further from

the naphthalene rinthan the hydroxyl group (C(napf)(H) 1.359(2) A).

Figure 6109 Mol e c ul ar -chirdl ketones.24 (leé)snd6.28(ridit). The substituents phenyl (blue), methyl
(purple) and proton (orange) of thécarbon have been colour coded.

The nitrogen atom lone pair of the dimethylamino group is orientated towards theditg

" * or biperachrboa &t antahgke of 20 the N--C vector (Figure 6.6). Furthermore,
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the two Nmethyl groups arpositioned either side of the naphthalene plane with G{€)
C(H) t or si of -729(2) lare s52.5(2)(Figure 6.6). A greater degree of
pyramidalisation is observed 28 (0.080(2) A) compared 16.24 (0.060(2) A), as expected

due to the increased nucleophilic potency of NMersus the OH group.

Figure 6110 The molecular structure é£28s h o wn wi teye view(top ieft) ad the FelkiAnh prearrangement
(top right). The molecular structure 624 (bottom left) is shown alongside the crystal packing arrangemeh2é{bottom
right) indicating the hydrogen bonds and close corgtettween the atoms. The substituents phenyl (blue), methyl (purple)
and proton (-eartban hayebeen oolour todes. U
In both compound6.24 and6.28, the bond from the stereocentre toijpeo-c ar bon - o f
phenyl ring is positioned orthogahwith respect to the carbonyl group (Figure 6.6), with the
O=CC-C(pso t or s i &)rof -88.6(8flare 95.0(2P respectively, demonstrating the

expected FelkirAnh orientation thus clearly supporting that model for nucleophilic attack on

303



a n -chigal carbonyl group. The phenyl ringara to the nucleophile ir6.28 lies almost
perpendicular to the best naphthalene plane by 92, 8##)imising the steric repulsions of the
two rings, whil st al so Pp'r essteanctkiieamgbring bfBdep hpehn
however, is tilted by only 59.7(3ith respect to the naphthalene plane, a consequence of
minimising the contacts between the ring with other molecules in the packing lattice. The
molecules 0f6.24 are linked together via hydrogen bonds between hydroxyl and carbonyl
groups (GH---O=C: 1.9 A). The two shortest intermolecular contacts occur between the

met hyl group protons aorthodt lpeg on amist { &li ggrue ea

\ o Me
—N Ph

6.33

Figure 6111 Structures of -chirdiketore@38y|l ene bridged U

Interactions between theperi-groups of such naphthalenes can be influenced by
functionalisation at the opposing, second s@eokpositions as demonstrated in the previously
discussed works of Suzuki and Ishigdkiy the installation of a short ethylene bridge.
Following the synthesis of the acenaphthene degpezddimethylaminoketone6.33 (Figure

6.7), suitable crystals were obtained via slow evaporation of a DCM/hexane solution and the
X-ray crystal structure determined at 150 K (Figure 6.8). The strainmadnibered ring
(previously shown in Chapter 3) leads to a significant increase in the sepaetii@en the
interactingperi-groups, with a MgN---C distance of 2.801(2) A compared to 2.576(2) A in the
4-phenyl substituted analogBe28. Moreover, a difference of just underPlb theexcangles

at the ring fusions between thetperi-p osi t ands o6 shows how th
compressed the distance between one gerefing carbon atoms and widened the separation
between the others (i.e. 127.3(1) vs. 112%1p.33and 122.3(1) vs.121.5Cin 6.28).
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Figure6.112 The molecular structure éf33(top left) demonstrating a birdsye view(bottom middle) and the Felki\nh
prearrangement (right). The substituents phkaboyHavdean! ue) ,
colour coded.

The peri-groups 0f6.33 display angular displacements and deviations from the naphthalene
plane (to opposite sides) similar to thosé.88, with the distance between the two naphthalene
peri-carbons increasing to 2.559(2) A in thenfiar compared to 2.498(2) A in the latter. The
increased separation between plegi-groups results in the nitrogen lone pair no longer being
oriented optimally for interaction with the carbonyl group and instead being found at an angle
of 25.3 to the N--C vector. The Ki3)C-N-C-C(H) torsion angles are37.7(2) and 40.8(2)
indicate that the nitrogen lone pair are partially conjugated with the aromatic system as opposed
to being involved in thperi-interaction. As a result, a smaller pyramidalisatiorhefdarbonyl

carbon of 0.056(1) A is observed, similar to that of the weaker OH nucleopBitiDespite

this, the bond from the stereocentre toiisea-c a r b o n -phehyl rindnig stillpositioned

almost orthogonal to the carbonyl group with aitoesn  a% af 19@5(1f, @nd with the
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dimethylamino nucleophile approaching along a 112°3Blirgi-Dunitz trajectory (Figure

6.8).

Me
—N Ph

Ph Ph

6.38

Figure 6113 Structures of the ped i p h echinallketodes.38

In contrast t06.33 the synthesis oberi-diphenyl derivative 6.38 (Figure 6.9) replaced the
tethering ethylene bridge with two phenyl rings, causing a repulsion between tiperiwo
phenyl groups. Bcrystallisation 06.38from n-hexaneesulted irhexagonal plateand theX-

ray structuref one of them wadetermined at 15R (Figure 6.10)The twoperi-phenyl groups

are tilted at 69.0(2) and 67.8{2) the same direction to the best naphthaleaaglresulting

in a widening of the nearbgxca ng!| e ( 2 6 ). The @ppdsitXaas(gll )e ( 2)
compressed to 119.6f1)with the distance between the tweri-naphthalene carbon atoms
reducing to 2.462(2) A. This results in a shortenegNeC distance of 2.490(2) A, compared

to the 4phenyl analogues.28 (2.576(2) A). As a consequence of the shorter contact, a

pyramidalisation of 0.097(2) A of the carbonyl carbon is observed, the largest seen in the series.

The dimethylamino nitrogen longair is orientated at 2(.4o the MeN---C vector towards
theantibonding ~* orbital, whilst the methyl
wi t h tor s ofBl.3@nand46.6(2y.(This arrangement is partially due to the
minimalisaion of the H--C contact distances between trtho-naphthalene H and-@ethyl
protons with one of the dhethyl groups. The two interactipgri-atoms of6.38deviate from
the naphthalene plane by no more than 0.02 A and demonstpém@angular disacements

that are in accordance with those6o28 and6.33 Meanwhile, theperi ipsocarbons of the
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phenyl groups deviate from the naphthalene plane by 0.110 and 0.152 A. As is consistent
throughout the series, a near orthogonal positioning of the lvondthe stereocentre to the
ipsoc ar bon of the phenyl r i ng of 95.2(2) brsl @eBungie d Wi
Dunitz angle of 103.0(2)s observed for the approaching dimethylamino nucleophile (Figure

6.10).

Figure 6114. The molecular structure 6f38(top left) and the Felkihnh prear r angement (top right)
view of the tilted phenyl rings (bottom), where the oppositequérstituents have beemited. The substituents phenyl
(bl ue), met hyl ( pur pl earborehave bepnrcolduroccoded, or ange) of t
The aim of the series described in this work was to synthesise and obtain structural models
which demonstrated the commordpserved BiirgDunitz anglé®2°32alongside the rarely
observed FelkbAnh prear r angement f or n u-chira cagbdniatbm. b at

all cases this was successful. Compoundd4 and6.28 allowed for the direct aoparison of

two nucleophiles which possess different strengths. This was confirmed by the reduction in the
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