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Abstract

A b st r a c t

This thesis describes an investigation o f  the weak non-covalent interactions between the 

71-system o f an aromatic ring and various functional groups.

The first section com prises a review  o f the current literature on the through space aromatic 

ring interactions based on theoretical, b iological and experim ental chem istry and especially  

focuses on the 7i-interactions involving a functional group.

The second section describes the synthesis of a series of novel 9,10-propanoanthracenes, 

with a common framework, consisting of a rigid structure containing two independent 

aromatic systems and a flexible bridge. The central carbon atom of the bridge can be 

substituted with two different functional groups, which are held in close proximity to the 

centre of one of the aromatic rings. This gives rise to two possible conformers, whose 

population relies on the difference in the strength of the interactions between the aromatic 

ring and each substituent of the bridge, relative to the solvent being employed. The 

conformational equilibria of each derivative were studied by NMR spectroscopy using 

variable temperature techniques and solvents. The presumed equilibria under those two 

variables were compared in order to give some insight into the nature of the n interactions 

involved.

The thesis concludes with a formal account of the experimental procedures used, the 

compounds prepared and an appendix detailing theoretical data obtained by computational 

chemistry and crystal structures data.
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Chapter 1 Introduction

1.1 -  Introduction

This thesis is concerned with the synthesis of a series of molecules, which, through 

dynamic NMR measurements, can function as conformational balances in order to probe 

the weak non-covalent interactions between an aromatic ring and various functional groups. 

It is therefore appropriate, in the present section, to discuss the nature of such non-covalent 

^-interactions and their relevance in molecular recognition and drug design. In addition, the 

theoretical approach to through space interactions involving an aromatic system will be 

elaborated.

Consequently, this introduction is divided into three parts. The first defines and examines 

some of the fundamental aspects of the interactions involving an aromatic ring and also 

provides a brief account of the most common ^-interaction viz., the arene-arene interaction, 

with emphasis being placed on their crucial role (in dictating of molecular geometry) in 

biological and synthetic systems. In order to better understand the behaviour of the 

aromatic system, the second part of this chapter provides an overview of the interactions 

between an arene and X-H (X = C, O, N), and a third part is concerned with the importance 

of cation-rc interactions in biological systems.

1.2 -  Interactions between aromatic rings

A vast number of both natural and synthetic molecules possess at least one aromatic ring 

moiety, and, in recent years, the ability of the ring to participate in non-covalent inter- and 

intramolecular interactions has become increasingly apparent. Studies have indicated the 

key role of these interactions in such diverse areas as protein folding, base pair stacking in 

DNA, host-guest binding, crystal engineering, drug-receptor interactions and other 

molecular recognition processes.1 Consequently, the understanding of such interactions 

becomes crucial for the design of new efficient drugs and ligands, as well as for the 

development of new materials. Considerable research efforts have therefore been initiated 

in order to understand the behaviour of aromatic rings in 7i-stacking phenomena.

=  15 =



Chapter 1 Introduction

1.2.1 -  The nature of n-n interactions

1.2.1.1 -  Quadrupole moment

The quadrupole moment of an aromatic system, simply defined as the molecular charge 

distribution, is considered to be the most reliable theoretical basis for consideration of n-n 

interactions.2 The quadrupole moments of several aromatic units were determined from 

studies of the electric field-gradient birefringence. The large negative value of the 

quadrupole moment of benzene ( -3 3 .3 x l(T 40 C.m2) can be visualised using the familiar 

picture of delocalised negative charge above and below the plane of the six carbon atoms, 

and consequently, the positive charge is distributed around the edges (Figure 1). In 

hexafluorobenzene, the electron charge density is now contained in the plane of the carbon 

ring and the sign of the quadrupole moment changes to + 3 1 .7x l(T 40 C.m2 due to the 

strong electronegativity of the fluorine atoms.

"0
©

C O
© C O

C O
5' 5

Figure 1 Schematic representation of the quadrupole moments of benzene and hexafluorobenzene

Interestingly, the quadrupole moment of 1,3,5-trifluorobenzene ( + 3. lxlO~4()C.m2) is 

approximately the sum of the quadrupole moments of benzene and hexafluorobenzene, thus 

demonstrating the bond additivity of this molecular property.

1.2.1.2 -  7r-stacking geometry of benzene molecules

The benzene dimer has often been chosen as a model system for the investigation of 

n-n interactions and, in their early gas-phase studies, Klemperer and co-workers3 found this 

dimer to be polar in its ground vibrational state. Its polarity was attributed to the presence 

of a permanent dipole. Since all geometries in which the planes of the two benzene 

molecules are parallel give a nonpolar dimer, these stacking possibilities were eliminated.

=  16 =



Chapter 1 Introduction

For a better understanding of the different arrangements of two aromatic rings in close 

proximity the following terms are chosen to describe the different geometries (Figure 2) 

and their stability will be discussed later in this chapter.
H

T -shaped
or

ed ge-to -face
(b)

planar sandw ich  
or

p arallel-stacked
(a)

p arallel-d isp laced
or

offset-stacked
(c)

Figure 2 Proposed lowest energy geometries of the benzene dimer

Although early molecular modelling calculations predicted that porphyrin rings would have 

parallel-stacked structures, this contradicted experimental studies in which only the 

parallel-displaced arrangement was observed. In light of this, by considering the 

electrostatic charge distribution of the 7t-system, and envisaging the aromatic ring as a 

quadrupole, Hunter and Sanders4 performed simple electrostatic calculations for the 

benzene dimers and developed a series of rules for a qualitative understanding of 

7C-7C interactions. They proposed a model of a 7t-system with an aromatic ring described as 

two regions of negatively charged 7i-electron density surrounding a positively charged 

o-framework as depicted in Figure 3. Thus, T-shaped and parallel-displaced geometries 

were found to be the preferred arrangement.

©

©] ©^ ~ P ©

©

T-shaped stacking

d D

© 

d D

Parallel-displaced stacking

Figure 3 T-Shaped and parallel-displaced stacking of the benzene dimer indicated by the quadrupole 
moments o f the benzene ring
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Chapter 1 Introduction

These crucial insights lead to a qualitative understanding of n-n interactions and indicate 

that the interactions between two aromatic rings are predominantly controlled by 

n-n repulsions and n-o attractions. As a consequence, these rules provide great power in 

molecular design.

Electrostatic and ab initio MO calculations5 have shown that the three edge-to-face 

geometries (a), (d) and (f) have potential minima but the differing computational 

approaches gave variant potential minima geometries to those depicted in Figure 4. For 

example, some of these variants can be obtained by simple rotation of the upper ring around 

its six-fold axis with respect to the lower ring. However in all cases, the geometries (a) and 

(f) exhibited the lowest energies (-9.2 to -10.0 kJ.m ol'1)5 and the calculated ring 

centre-to-centre distance in the T-shaped stacking arrangement (a) is 5.0-5.2 A. Assuming 

that the ring radius and the C-H bond length in a molecule of benzene are 1.40 and 1.08 A 
respectively, the distance between the proton of the upper ring and the lower aromatic 

centre is then 2.5-2.7 A, and corresponds to an interacting H-to-ring centre perpendicular 

distance.
H

(c)
T -shap ed

(a)
T -shaped

(d) (e) (f)
parallel-d isp laced  p lanar-sandw ich d isp laced  T -shap ed

F igu re  4 Representation of the possible geometries of the benzene dimer
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Subsequent work by Hobza et al.6 supported these ideas and four potential minima were 

identified using high quality ab initio calculations. The parallel-displaced stacking (d ) , the 

T-shaped (a) and the displaced T-shaped geometry ( f)  were all found to be very close with 

similar stabilisation energies (Figure 4 and Table 1).

Interaction energy 

(kcal.m ol1)

Interaction energy  

(k J .m o l1)
R(A)

(a) -1.893 -7.91 5.00

(b) -1.658 -6.93 5.10

(c) -0.682 -2.85 6.22

(d) -1.978 -8.27 3.85

(e) -0.853 -3.57 3.90

(f) -1.921 -8.03 5.05

T ab le 1 Interaction energies for different geometries o f the benzene dim er and distance R between the two 
aromatic centres6

This study found that the potential minimum for the stacking in structure (b )  was 

considerably less than in the other three (a), (d )  and (f) . The extra stability of the T-shaped 

(a) was provided by an increased entropy distribution due to the free rotation of this 

structure. The calculated stabilisation enthalpy of the dimer (-10.0 kJ.m ol'1) agreed with 

that found from the bulk properties of benzene (-9.6 k J .m o l1) indicating that dispersion, 

and not electrostatic forces, was largely responsible for the attractive edge-to-face 

interactions, leading to the T-shaped arrangement. Additionally, the distance R in geometry 

(a) agreed with the experimental values obtained in solid benzene.

The crystalline form of a supramolecular system maximises the dispersion interactions and 

minimises the repulsion forces, thus bringing to light some information on the structures of 

molecular complexes and the nature of the non-covalent interactions between the binding 

partners in the solid state. Interestingly, only two of the most stable structures of the dimer, 

(a) and (d ) , are observed in solid benzene as well as in crystalline proteins showing a 

preference for the T-shaped arrangement, in which the distance between the ring centres is 

5.025 A.7 Recently, ’H NMR investigations of the dipolar coupling in liquid benzene8 have 

provided some evidence for T-shaped stacking which was up to 2.93 kJ.m or1 

(0.7 kcal.moF1) more stable than the parallel-sandwich structure.
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Chapter 1 Introduction

In conclusion, theoretical and experimental studies, crystal structure data and measurements 

of gas phase complexes have all indicated that the T-shaped rc-stacking arising from the 

quadrupole moment of the aromatic units is preferred.

7.2.2 -  7T-7T interactions in organic molecules

1.2.2.1 -  Aromatic-aromatic interactions in biological systems

Despite their weakness compared to other non-covalent interactions such as hydrogen 

bonding, n-n interactions play a vital role in the conformation of biological 

macromolecules, such as DNA or proteins, and also in biological molecular recognition. 

The important influence of these intramolecular edge-to-face interactions on self-assembly 

phenomena emerged and their abundance in proteins was initially shown in the early work 

of Burtley and Petskola who examined 34 high resolution three-dimensional protein 

structures. They demonstrated that, on average, 60% of aromatic side chains (Phe, Trp, Tyr) 

were involved in aromatic-aromatic interactions, with 80% of these interacting groups 

separated by seven or more amino acids. Additionally, the phenyl ring centroids were 

preferentially separated by a distance of between 4.5 and 7.0 A, with a 90° dihedral angle 

being most common. Thus, the T-shaped structure was the most predominant type of 

n-n stacking in this complete survey based on distances and dihedral angle. The authors 

also suggested that the total contribution of n-n interactions was comparable to the free 

energy of protein folding. These results were confirmed by the analysis performed by 

Thornton9 where the T-shaped arrangement was found most often in the 162 Phe-Phe 

interactions in proteins. In their investigation of 505 high resolution X-ray crystal structures 

of proteins, McGaughey et a l.n) found that the parallel-displaced structure was

2.1-4.2 kJ.m or1 (0.5-1.0 kcal.mol'1) more stable than a T-shaped structure for the full set of 

aromatic side chain amino acids. The competition between these two geometries was 

investigated by studies of preferential arrangement of aromatic amino acids in a-helices.11 

Indeed, the preferred structure of the aromatic pair was dependent on the distance of the 

two aromatic rings, their location in the protein, either in the core or on the surface, and on 

the nature of the investigated amino acids (Figure 5).

=  20 =



Chapter 1 Introduction

Phe 498

Trp 4 9 4

Figure 5 Example of interacting aromatic pair in i and i+4 positions in a-helix

Interactions of phenylalanine in the i position of an a-helix with natural and unnatural

aromatic groups in the i+4 position have stabilising effects of -0.4 to 3.3 kJ.mol"1 (-0.1 to
1 12-0.8 kcal.mol" ), and the Phe-Phe interaction provides the greatest stability. Additionally,

7i-7i interactions have a crucial role in the stabilisation o f the folded arrangement o f proteins

and, even in the core of the helix, the presence of phenylalanine and other aromatic side

chains can increase the overall helicity by a factor of 2. These interactions are also critical

for the 3D structure of double helical DNA by controlling the base-stacking interactions
13which determine the sequence-dependent structure and properties of DNA. Using the 

model of aromatic-aromatic interactions described by Hunter,14 calculations enable the 

reproduction of the experimental conformational preference of different DNA sequences.

1.2.2.2 -  n-n Interactions in specifically designed synthetic organic
molecules

Accurate studies on arene-arene interactions are far from trivial due to the complexity of 

molecular systems in which multiple intra- and intermolecular interactions contribute to the 

total stabilisation energy. Nevertheless, this research area of specifically designed

molecules where the conformation depends on attractive or repulsive arene-arene

interactions has expanded in the last decade.15 From the large volume of work in this area 

to date, only a few relevant examples of molecular systems designed to study

7i-7i interactions will be discussed.16
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1.2.2.2.1 - In tram olecu lar non-covalent tz-tz in teractions

As we have seen, attractive interactions between two aromatic rings with similar electron 

density will favour the T-shaped and parallel-displaced arrangements. Parallel stacking is 

an important arrangement both in the solid state and in solution especially when 

substituents on the rings can modify the electron density, for example when one of the 

aromatic systems becomes electron deficient whilst the other is electron rich. Accordingly, 

a series of 1,8-diarylnaphtalenes l 17 have been synthesised in order to establish the role of 

electron charge transfer in arene-arene interactions and their optimum orientation 

(Figure 6).

X AG* (kJ.m ol'1)

la o c h 3 58.2

lb c h 3 60.2

lc H 61.5

Id Cl 64.9

le c o 2c h 3 70.7

If n o 2 72.4

Figure 6 Barrier to rotation AG^ (kJ.mol ) in (CD3)2SO for substituted 1,8 diarylnaphtalene molecules 1

Due to the enforced face-to-face arrangement of the two aryl substituents in 

1,8-diarylnaphtalenes, it proved possible to measure the barrier to rotation of the aryl units. 

This barrier depended on the strength of the parallel-stacked interactions in the ground 

state, which was much larger when the substituent X was electron withdrawing. This study 

demonstrated that there was an increase in stability for the parallel-stacked structure of 

electron deficient rings relative to electron rich ones, agreeing well with the Hunter and 

Sandler rules described earlier (Section 2.1.2) 4

Another interesting investigation of the parallel-stacked structure was performed by 

]H NMR experiments in (CD3)2SO of the ester linked aromatic units 2-718 which afforded 

linear or U-shaped conformations. Stabilisation of the folded conformation (U-shaped) 

depended on the formation of intramolecular interactions between the two planar aromatic
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groups, and the nature and magnitude of these interactions were determined by ‘H NMR 

spectroscopy (Figures 7 and 8).

NO
OH

CH

n o 2

o h

CH

Figure 7 Compounds used to probe intramolecular aromatic interactions in benzene

The presence of a small substituent at the central carbon in 2-7 provided non equivalent 

geminal protons and NOE experiments enabled the distance between the two aromatic units 

to be calculated. Similarities in the chemical shifts of the aromatic protons and the vicinal 

spin coupling constants in the *H NMR spectra were observed for the monoester 2 and its 

symmetrical diester analogue 3, which indicated that there was an absence of 

intramolecular interactions between the two aromatic systems in the diester 3, and similarly 

in the esters 4 and 5. Nevertheless, the !H NMR signals of the aromatic protons of the 

unsymmetrical diester 7 were shifted upfield indicating the formation of intramolecular 

interactions. However, the nature of the interactions responsible for the U-shaped 

conformation was not determined and thus, those interactions could be dispersion (van der 

Waals interactions), charge-transfer or quadrupolar controlled.
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NO.NO;

N 02 n o 2

Figure 8 U-Shaped geometries of 7 stabilised by n-n  interactions

If van der Waals interactions were the most important, the symmetrical anthracene 

derivative 5, which has the largest van der Waals contacts, should have exhibited the 

greatest effect rather than the structure 7. Furthermore, no charge-transfer bands were 

observed in the UV spectra. As the quadrupole moments of the aromatic units were of 

opposite sign, the electrostatic interactions between the dinitrophenyl and anthracene units 

are responsible for the stabilisation of the U-shaped conformation. Contrastingly, in the 

symmetrical esters 3 and 5, the quadrupole interaction was repulsive, indicating the absence 

of intramolecular interactions.

Jennings et a l. ]9 were the first to carry out detailed studies on the imine 10 in order to 

quantify attractive intramolecular edge-to-face interactions both in the solid state and in 

chloroform solution (Figure 9).

10

Figure 9 Edge-to-face interaction between the naphthalene unit and the benzene ring in the imine 10

Although the !H NMR spectrum revealed an upfield shift of the naphtyl proton Ho, the 

X-ray structure indicated the formation of intramolecular edge-to-face stacking between Ho 

and the benzyl ring. In this conformation, Ho was projected into the aromatic face of the 

benzyl substituent at a close-contact perpendicular distance of 2.68 A and offset by only 

0.39 A from the aromatic centre. The same group also synthesised and studied the preferred 

conformation of other flexible acyclic molecules 11 , whose structures were comparable to 

that of 10.16a,2C 1 A similar stacking arrangement was observed both in solution and by X-ray
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crystallography due to the formation of this intramolecular edge-to-face interaction 

(Figure 10).

compd Ar W X Y

11a 1-naphthalene C(M e)2OH N Ph

l i b 2-BrC6-H4 M e N Ph

11c 1-naphthalene Et N Me

l i d 2-M eOC6H4 Me N -0 Ph

l i e 2-CF3C6H4 M e N-O H

I l f 1-naphthalene Me N -0 C 0 2Me

H g 1-naphthalene Me CH Me

Figure 10 Structure of imines l la - g  enable to form an edge-to-face interaction between the aromatic 
substituent and the benzene ring

X-ray crystal structures of the major atropisomers of l l c - f  showed that the hydrogen Ho (on 

position 6 of the 2-substituted ring as depicted in Figure 9) projected into the aromatic face 

of the benzyl group at a perpendicular distance of 2.57-2.73 A and were offset from the ring 

centre by 0.19-0.48 A. Furthermore, the 'H NMR signal of Ho was found to be shifted 

upfield on cooling, thus demonstrating that the two conformational states A and B were in 

equilibrium at room temperature. On decreasing the temperature, the rate of conformational 

interconversion was reduced with conformer A being favoured (Figure 11).

I /  K
/  = 5 = =

C onform ation A C onform ation  B

Figure 11 Conformation equilibrium between the folded conformation A and the stretched B

The stabilisation enthalpy of the folded conformer A, experimentally estimated to be up to 

-6.69 kJ.moF1 (-1.6 kcal.mol’1), is in agreement both with the experimental value in the 

benzene dimer and with theoretical calculations for the benzene dimer in the T-shaped 

structure (-6.3 to -8.2 kl.mol"1). In 1994, Wilcox and co-workers measured the equilibrium 

between the folded and the open conformation of 12 in order to estimate the strength o f the 

edge-to-face interactions (Figure 12).21
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B

12a R = H 
12b R = CH3 
12c R = OCH3 
12d R = CN 
12e R = N 0 2 
12f R = I

Figure 12 M olecular torsional balance 12a-f described by W ilcox to quantify aromatic edge-to-face 
interactions. T-Shaped aromatic interactions are effective only in the folded conformation A

This novel system was described as a “molecular torsion balance” since the two limiting 

conformations A and B are separated by a considerable barrier to rotation, ca. >75 kJ.moF1 

(18 kcal.moF1). An X-ray diffraction study of 12e and the observed upfield shift of the H() 

signal in the 'H NMR proton spectrum confirmed stabilisation of conformation A by 

edge-to-face interactions. The folded conformation was therefore preferred by 

AG° = -1.67 to -2.72 kJ.m ol1 (-0.4 to -0.65 kcal.mok1) depending on the nature of the

substituent R. The highest stability was observed for compounds with electron deficient
22aromatic rings (12d and 12e). The molecular torsion balance 13 was also synthesised 

(Figure 13).

13a X = N 0 2 
13b X = CN 
13c X = Br 
13d X = I 
13e X = CH3 
13f X = OH 
13g X = NH2X

13

Figure 13 M olecular torsional balance 13 designed to study the substitution effects on the aromatic edge-to- 
face interactions

The magnitude of the energetic preference for the folded conformation was not affected by 

the electron withdrawing or electron donating character of the substituent. However,
23computational investigations suggested that the preference for the folded conformation, 

which can arise from the attractive edge-to-face interactions may have been underestimated
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by neglecting the effects o f  solvents, since solvation may shift the equilibrium in favour o f  

the non-folded conformer.

1.2.2.2.2 -  In term olecu lar n-n  interactions and  organic host-guest com plexes

The importance o f  non-covalent interactions in m olecular association provides a suitable 

basis for developing organic host-guest com plexes that illustrate particularly efficient and 

straightforward approaches to molecular recognition.lc’24 H ost-guest chem istry has attracted 

considerable interest in recent years and many synthetic receptors, such as cyclophanes 

(or m olecular tweezers), have been designed to investigate the intermolecular 7u-stacking 

interactions between substrate and receptor. Com plexation o f  a substituted naphthalene by a
25cyclophane was studied by Diederich and co-workers in 1986, and an electron deficient 

guest exhibited favourable interactions with the receptor (Figure 14). In this complex, the 

cyclophane was envisaged to be an electron donor host and a more stable complex 14 was 

formed with an electron deficient guest.

Cl'

14

X = CHiOH, OH, NHo OCH3 CH3 OAc, C O .C H 3 C(XH, N 0 2 CN 
Y = CH2OH, OH, NH2”0 C H 3i' CH3 CHO, N 0 2~ CN,’ C 0 2H, N 0 2’ OAc

Figure 14 Average geometry of complexes formed between the cyclophane and the substrate

For the successful design of binding receptors in host-guest chemistry, the stereoelectronic 

complementarity between host and guest, as well as the preorganisation of the binding site 

prior to complexation,26 are two crucial principles. Formation of a complex induced a shift 

of the signals of the naphthyl protons in the 'H NMR spectrum and the more electron poor 

the substituents on the naphthyl ring, the deeper the guest could be accommodated in the 

cavity formed by the host. The stacking of the naphthalene in the host cavity gave rise to an
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edge-to-face arrangement between the four aromatic rings of the receptor and the naphthyl 

protons and this emphasised the importance of polar contributions in n-n interactions. 

Molecular recognition of ethyl adenine was investigated in an elegant fashion by Rebek et 

al.21 who studied the binding affinity of receptor 15 towards a series of adenine derivatives. 

Ethyl adenine was hydrogen bonded to the imide group of the receptor with both Watson- 

Crick and Hoogsteen base-pairing, as illustrated in Figure 15.

/Is

N N

H H

O. N

N N

Figure 15 Complex receptor-adenine stabilised by hydrogen bond and n-n interactions

These H NMR binding studies revealed a high association constant for complexation of 

adenine by the hosts (240 M '1) whereas replacement of the anthracene unit by a methyl 

group led to a decrease in stability (75 M"1). Stabilisation of the adenine substrate by the 

anthracene system was thus explained by the ^-interactions between the adenine 

components and the anthracene unit, as well as by preorganisation which was induced by 

the rigidity of the host-guest couple.

Within the last twenty years, molecular tweezers have been subjected to extensive studies

as a new molecular architecture for receptors. The rigid structure of 17, designed and
28 0 synthesised by Zimmerman, forced the chromophore substituents to be approximately 7 A

apart, ideal for a planar aromatic guest, such as 2,4,7-trinitrofluorenone 18 (Figure 16). This

guest was chosen as it contained two significantly electron deficient aromatic rings which

would demonstrate the importance of electronic properties in 71-71 interactions.
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n o 2

R = N+(Me)3 17a
R = C(Me)3 17b

Figure 16 Zim m erm an’s molecular tweezer 17 and structure of a studied substrate 18

Complexation studies, performed by *H NMR spectroscopy in chloroform revealed that the 

signals of the protons of 18 were shifted upfield, indicating the formation of the host-guest 

complex. It was observed that 18 was bound five times more strongly by the electron poor 

receptor 17a than by the alkyl substituted analogue 17b (697 M"1 and 149 M'1 respectively). 

Consequently, the association constant increased on enriching the electron density of the 

receptor, confirming the importance of the stereoelectronic complementarity in the 

stabilisation of the host-guest complex by aromatic interactions.

Klarner and co-workers29 have extensively studied molecular tweezers and clips as 

synthetic receptors beginning with the depicted structures because of their preorganised belt 

geometry (Figure 17).

19

Figure 17 Structure of Tetramethylene-bridged Tweezers 19 and 20 used as receptor for aromatic substrates

However, bond angle distortions require little energy and, therefore, should induce a certain 

flexibility in these systems, allowing the receptor “arms” to be expanded and compressed 

during substrate complexation in a manner comparable to the working principle of 

mechanical tweezers. Furthermore, the size and shape of the receptor cavities can be
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modulated by the number of spacer units incorporated. The potential surface both for the 

inside and the outside of the cavity of the receptor was calculated by various methods. All 

agreed that this potential was drastically more negative inside the tweezer cavity than 

outside. Therefore, complexation of the substrate occurred inside the cavity instead of 

above the central aromatic spacer unit.

The association constants Ka of tweezers 19 and 20 with the following series of substrates 

were consequently estimated by !H NMR spectroscopy in chloroform (Figure 18 and

Table 2).

21 22 23 24 25 26 27 28

Figure 18 Series of substrates for the complexes with 19 and 20

Substrates
(M-‘)

Receptor 19 Receptor 20

21 1 1 0 1 0

22 85 < 1

23 40 < 1

24 45 80

26 2 0 < 1

27 n/a 1 1 0 0

28 8 < 1

Table 2 Association constants Kd ( M 1) of complexes with 19 and 20 as receptors at 21 °C. Because of the 
high stability of the complex 19-27, association constants cannot be determined using the *H NMR method.

Examination of these results revealed that the complexes formed with receptor 19 show a 

stronger binding interaction than those formed with receptor 20, thus agreeing with 

theoretical calculations.
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19-27 com plex 20-27 complex

Figure 19 Diagrams for crystal structure determination of the complexes of the substrate 27 with both 
receptors 19 and 20

The crystal structure of the 19-27 complex (Figure 19) exhibited three n-n stacking 

interactions which strongly stabilise the substrate in the receptor cavity. Indeed, the 

favoured stacking of the aromatic ring of 27 permitted the formation of two edge-to-face 

interactions with both receptor arms, as well as a parallel-displaced interaction with the 

aromatic system at the end of the molecule. Furthermore, the crystal structure of the 20-27 

complex did not exhibit this arrangement and one only edge-to-face interaction was 

observed. Thus, the crucial importance of the geometric topology of the tweezers for the 

binding properties was confirmed in this study. The authors extended this investigation to a
30wider series of molecular tweezers and clips and the crystal structure of the complex 

between the receptor 28 with 24 is shown in Figure 20.

Figure 20 Structure of dimethylene-bridged clip 28 and single crystal structure of the complex between the 

receptor 28 and the substrate 24

In this complex, the molecular plane of the substrate in the receptor cavity was almost 

parallel to the receptor arms (anthracene unit) and perfectly orthogonal to the central spacer

28 28-24 com plex
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unit. 'H NMR spectroscopy of the complex at high temperature showed a rotation of the 

substrate inside the cavity around an axis parallel to the central spacer unit. This molecular 

clip was an efficient receptor for electron-deficient neutral substrates, such as the nitrile 24, 

due to the complementary nature of the electrostatic potential of the substrate to that inside 

the receptor cavities. Moreover, these results emphasise the two crucial principles for host 

design in molecular recognition, viz., that both the shape and electrostatic potential must be 

complementary, and this leads to a rationalisation of complex formation of various
31aromatic hosts and cyclic peptides.

Hunter and co-workers have intensively studied n-n interactions using a double mutant 

cycle for measuring edge-to-face interactions (Figure 21).

ACj a  - A ( i b

AAG, K_n) = A G a - A G b - AG(- + AG]

i>

C D

Figure 21 Chemical double mutant cycle to measure the magnitude (AAG) of the terminal edge-to-face 
aromatic interaction in complex A

The X-ray crystal structure of complex A showed the presence of an edge-to-face 

interaction and removal of one or the other aromatic rings (A to B or A to C) resulted in the
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loss of the 7i-7i interaction, but also could affect the other contributing interactions, e.g. the 

hydrogen bonds. The double mutant D took into account these secondary changes such that 

the sum AAG(7C-7c) represented only the energy of the edge-to-face interaction. Therefore, 

the authors argued that the difference of free energies of the non-substituted edge-to-face 

interaction would be -1.4 kJ.mol"1 and that changing the substituents X and Y would affect 

the free-energy relationship giving interaction energies ranging from +1.2 kJ.mol"1 to 

-4.6 kJ.mol"1. Interestingly, the binding energy was related to the rigidity of the backbone 

and replacing the flexible diphenylcyclohexyl spacer unit by a diphenylnorbornane unit 

afforded a higher association constant since the guest was a better fit in the host cavity. ' A 

decrease of the edge-to-face interaction energy was observed as a result. However, in a 

recent paper, Hunter has extended his work to three different double mutant cycles34 in 

which the unsubstituted edge-to-face interaction was -1.4 kJ.mol"1.
3 SThe binding strength between two Tt-systems was shown by Smithrud and Diederich to be 

highly solvent dependent in a study of complexation of pyrene with cyclophane 29 

(Figure 22).

Figure 22 Complexation of the cyclophane 29 with pyrene

The association constant was determined in 18 solvents of different polarity and a linear 

relationship was obtained between the free energy of complex formation and the empirical 

polarity parameter £V(30) (Figure 23). The entire polarity scale showed that apolar 

host-guest complexation decreased from water (-AG° = 9.4 kcal.m ol1) to non-aqueous 

polar protic solvents, to dipolar aprotic solvents and to apolar solvents like carbon disulfide 

(-AG°= 1.3 kcal.mol’1).
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10
K O  a

’2 CDCI.  
^ C 6D6

0  4- 
30 35 40 45 50 55

kcal.m ol1
60 65

Figure 23 Dependence of the free energy of complexation of the cyclophane-pyrene complex, 
-AG° (kca l.m o l1) on the polarity £’r(30) (kca l.m ol1)

The authors argued that it was the solvent properties which induced almost exclusively the 

observed differences in the binding strengths. Solvent molecules with high cohesive 

interactions interacted more favourably with bulk solvent than with the free apolar surfaces 

of the receptor or pyrene molecules and therefore, free energy was gained upon the release 

of surface-solvating molecules to the bulk solvent during the complexation step. Thus, with 

the highest cohesive interaction and the lowest molecular polarisability, water was the best 

solvent for apolar binding.

All previous studies on intra- and intermolecular interactions involving two aromatic 

systems viewed an aromatic ring as a quadrupole, thus explaining the T-shaped and 

parallel-displaced stacking as the most stable geometries for the complexation of two 

similar aromatic rings. The importance of the participation of these interactions to the 

binding energies in host-guest complexes and in protein folding is now well-established but 

their exact role as well as their quantification in a general fashion has not yet been defined 

as the strength of the 7t-7t interactions is dependent on many factors, for example steric 

accessibility, electron density of the ring and solvation.
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1.3 -  Interactions between an aromatic ring and a functional 
group

Although a prevalence of arene-arene interactions exists in the literature, other interactions 

involving an aromatic ring have been found in natural and synthetic molecules. As the 

aromatic ring can be envisaged as a “hydrogen bond acceptor” 113 with its 7t-electron cloud 

sitting above and below the plane of the ring, its close proximity to electron deficient 

functionality, such as an acidic proton, can generate a weak hydrogen bond interaction. 

Consequently, based upon these facts, many researchers have investigated these weak 

interactions of a soft acid, such as C-H or X-H (X = N, O, etc.) with the 7i-system which 

was envisaged as a soft base.

1.3.1 -  Hydrogen bonding to aromatic n systems

1.3.1.1 -  The C-HIn hydrogen bonds

1.3.1.1.1 -  Definition and physical properties

The concept of the C-H /71 interaction was introduced by Nishio et a l.,36,37 and, over the last 

twenty years, the importance of this interaction in host-guest complexes and in the structure 

of proteins and nucleic acids has been highlighted. The C-H /71 interaction belongs to the 

borderline region of hydrogen bonding but can be considered as such, inasmuch as some 

proton donor properties of the C-H bonds are involved in the interaction.38 Although the 

enthalpy for a single unit of C-H /71 interaction is approximately 2.1-4.2 kJ.m ol'1 

(0.5-1.0 kcal.mol'1), which was smaller than the calculated energies of the “true” hydrogen 

bonds involving a 71-system (8-12 kJ.m ol'1), this interaction is thought of as a weak
38hydrogen bond.' At the weakest limit, a hydrogen bond can hardly be distinguished from 

van der Waals interactions (dispersion interaction and exchange repulsion). However, the 

C-H/7C hydrogen bond is entropically advantageous and many C-H groups may participate 

simultaneously in the interaction with a 71-base without considerable loss of entropy.39 

Therefore, the total energetic contribution of the combined effect of such multiple 

interactions becomes significant such that the C-H /71 interaction may be considered as one 

of the driving forces to constrain a peptide conformation formed between side chains in
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close proximity and to direct the specific conformation in most proteins 40 The most 

important stabilisation factor of the C-H/7U interaction largely comes from the dispersion 

interaction, although electrostatic interactions also contribute to ca. 20% of the total energy 

of the interaction. Although not essential, electrostatic interactions, which are orientation 

dependent, determine the geometry of the C-H/n complex and, for example, the position of 

a molecule of methane in the most stable methane-benzene complex, which is above the 

aromatic plane with one hydrogen directed towards the centre of the ring with the C-H***7i 

angle approaching 180°.40,41 Thus, the orientation of the C-H proton towards the aromatic 

ring affects the binding strength. However, the proportion of the electrostatic forces is 

dependent on the degree of hybridation of the carbon atom in the C-H bond. High level
3 2ab initio calculations estimated that this proportion increased from sp -C H  through sp -CH 

to sp-CH. Consequently, the stronger the proton donating ability of the C-H bond the 

stronger was the stabilising effect (sp-CH > sp2-CH > sp3-CH > CHX3 > CH3X ) ,42 and, the 

C-H proton acidity affected the distance between the hydrogen atom and the 7t-plane 

following the same trend. Despite broad interests in the C-H/7t interaction in many areas of 

chemistry and biology, very little is known about its physical origin, and knowledge of this 

interaction essentially arises from the understanding of crystal packing, host-guest 

complexation and conformational preference.

1.3.1.1.2 -  Intramolecular C-H/n interactions and conformation o f  organic 
compounds

Initially, Wilcox and co-workers studied the conformational equilibrium of the torsional 

balances 12 and 13 (Figures 12 and 13, Chapter 1.2.2.2.1), in order to establish the 

71-stacking interactions between two aromatic rings. However, the replacement of the 

phenyl ester by an isopropyl ester in the flexible unit of the balance was also investigated in 

order to examine the strength of the aryl-alkyl interactions (Figure 24).22 A series of methyl 

ester analogues were also prepared to act as a control of the C-H/tc interactions as the 

C-H proton of the methyl ester would be too far from the target 71-system and no 

stabilisation of the folded conformation by non-covalent interactions would be expected. 

Indeed, no preference for either state of the methyl ester has been observed.
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r  = n o 2

R = CN 

R = Br 

R = I 

R = CH 3 

R = OH 

R = NH 2

From Table 3, the folding energy AG° for the isopropyl esters is larger than that of their 

phenyl ester analogues indicating that dispersion forces are the driving forces for aromatic 

interactions, instead of electrostatic forces. Interestingly, the two isopropyl groups can 

generate more C-H /71 interactions than a phenyl group and Nishio43 argued that, even weak, 

co-occurring C-H/tc interactions can stabilise a conformation more than the n-n interactions 

involving the phenyl group thus justifying the higher folding energies obtained for the 

isopropyl esters.

AG°fold (± 10%) 

Methyl ester 

kJ.mol ' 1 (kca l.m ol1)

AG°f0ld (± 10%) 

isopropyl ester 

kJ.m ol" 1 (kca l.m o l1)

AG°lold (± 10%) 

phenyl ester 

kJ.mol 1 (kcal.mol ')

30a 0.46 (0.11) -2.13 (-0.51) -0 . 8 8  (-0 .2 1 )

30b 0.25 (0.06) -2.67 (-0.64) -1.25 (-0.30)

30c -0.25 (-0.06) -1.92 (-0.46) -0.96 (-0.23)

30d 0.08 (0 .0 2 ) -2.26 (-0.54) -1.09 (-0.26)

30e -0.17 (-0.04) -1.84 (-0.44) -1.13 (-0.27)

30f -0.12 (-0.03) -1.96 (-0.47) -0.96 (-0.23)

30g -0.25 (-0.06) -1.42 (-0.34) -0.75 (-0.18)

Table 3 Folding energies AG° of methyl, isopropyl and phenyl esters (k J .m o f 1 and kcal.mol"1)

CHCH

A B

Figure 24 Conformational state for alkyl ester 30

30a

30b

30c

30d

30e

30f

30g
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One year later, Nishio and co-workers published a study on the C-H /71 interactions in

exhibited short C-H»»*7t distances, even shorter than the sum of van der Waals radii, 

indicating that aromatic interactions were involved. Moreover, the C-H hydrogen atom was 

positioned above the 71-plane in order to participate in this interaction. The authors 

highlighted the importance of this interaction in maintaining the folded structure of 

peptides, leading to the specific 3D geometry of proteins and enzymes. Thus, the C-H /71 

interaction was responsible for peptide structure and its stability. Also from their 

investigations of the intramolecular C-H /71 interactions in the crystal structures of organic 

compounds,45 29% of the studied molecules contained short C-WJn intramolecular distances 

(< 3.05 A). Interestingly, the shortest distance for a 5-membered C-H /71 interaction was ca. 

2.63 A with this distance increasing in larger-membered interactions. Formation of 

intramolecular hydrogen bonding is favoured in the 5- and 6-membered rings and this 

confirms the similarities between the C-H /71 interactions and hydrogen bonding, indicating 

that the crystal structure is not only dependent on interactions such as hydrogen bonding or 

van der Waals interactions, but is also affected by the C-H/n interaction geometry. 

Consequently, the most stable geometry of procaterol hydrochloride hemihydrate 31 in 

solution exhibits a short distance between the isopropyl group and the aromatic ring (Figure

Figure 25 Structure of Procaterol hydrochloride hem ihydrate 31 found in the crystal state and in  solution 
where the isopropyl group resides above the aromatic ring and is stabilised by C-H In interaction. (Dark blue) 
nitrogen atom, (red) oxygen atom, (light blue) carbon atom.

peptides, using the crystal structure database 44 Amongst the investigated compounds, 42%

25).
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46The conformation of benzyl formate 32 can be either folded or stretched and the 

magnitude of the NOE enhancements can afford an estimation upon the conformational 

ratio (Figure 26).

Folded

V
Y
o

32 Stretched

Ratio o f NOE 
(folded/stretched) : 1 0 %

Figure 26 Conformational equilibria of benzyl formate 32

NOE enhancement is dependent only on the distance between two nuclei, and is a powerful 

means to detect the through space proximity of two atoms, without consideration of their 

connectivity. Consequently, an increase in the ratio of the folded to the stretched conformer 

was reported after modifying the electron density of the aromatic ring by replacing a 

hydrogen atom by an electron donating substituent X, leading the authors to suggest that 

stabilisation of the C-H/7E interaction occurred by partial transfer of charge from the 

7i-orbital of the aromatic ring to the o*-orbital of the C-H bond.47

Similarly, NOE enhancements, combined with molecular mechanic calculations,43’48 were 

used by Nishio in a study of a series of organic compounds capable of forming 5-membered 

C-H/7t interactions (Figure 27).

36 37 38

Figure 27 Benzylic derivatives in which a C-YPn interaction can occur between the aromatic ring and the 
proton, in bold style
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The results obtained from the NOE experiments were also confirmed by upfield shifts in 

the *H NMR spectra of the signals of the donor C-H atoms in the folded conformation as 

this proton is expected to lie above the Tt-system and be subjected to the diamagnetic 

anisotropy of the aromatic ring. Substitution in the aromatic ring in a series of compounds 

was investigated in order to show the effects of the perturbation of the electron density of 

the aromatic ring on the strength of the C-H/7t interaction. In the presence of “true” 

hydrogen bonding, an electron-donating substituent on the hydrogen acceptor should favour 

the interaction, and the results obtained in this study displayed this trend, therefore 

providing experimental support for the hydrogen-bond-like character of this interaction. 

The effects of the electronegativity of the proton of the C-H donor have also been 

highlighted and indeed, the acidity of the proton of the C-H donor increased with the 

electronegativity of the atom in position a (C =0 < NMe < O). Acidity increased in the 

order 37 < 36 < 35 indicating that the more acidic the hydrogen atom, the stronger the 

C-H/7T interaction. In amide 38, the significant NOE enhancements indicated the 

stabilisation of the folded conformer. The flexibility of 38 enabled the isopropyl group to 

adopt a favourable position in order to participate in the C-H/71; interactions as it can 

approach the aromatic system in the perpendicular plane, allowing the maximum overlap of 

the Och and p* orbitals. Another aspect of the C-H/7t interaction is the effect of additional 

effects on the benzylic position. By comparison of the results obtained for 32 with that of 

33, and 34 with 35, the electronic effect of the introduced methyl group was shown to be 

negligible, confirming the hydrogen-bond-like character of the C-H/7T interaction.

Ab Initio MO calculations, performed two years ago by Nishio and co-workers49 on 

substituted aromatics which were able to adopt a folded conformation stabilised by C-H/7t 

interactions, failed in predicting the correct conformational equilibrium, thus highlighting 

the limits of the calculation methods. Indeed, it appears that the importance of the C-H/tc 

interaction in the stabilisation of these model structures is neglected, and this emphasizes 

the need for a geometry prediction programmes to take into account the magnitude of this 

interaction.
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1.3.1.1.3 -  Crystal packing and C-H/n interactions in molecular recognition

The C-H /71 interaction participates in stabilising the 3D structure of proteins50 and 

host-guest complexation,51 even if it does not act as the most predominant force.52 

Host-cavity inclusion has been investigated in the crystalline structures of numerous 

host-guest complexes, where one of the participating molecules contains at least one 

aromatic ring.53 Interestingly, the conformation of many structures was maintained in 

solution, and the relative strength of the total participation of the C-H /71 interactions in 

complex formation could be studied. As an example of the importance of this interaction in 

host-guest complexation, the tetramer 3954 has been designed as a multidentate host with a 

bowl-shaped cavity capable of multi hydrogen-bonding fixation of guests, such as simple 

alcohols.

H
39

C om p lex  w ith  b u ta n -l-o l

Figure 28 Structure of the calix[4]arene 39 and its complexation with butan-l-ol stabilised by the 
combination of hydrogen bonding and C-H/n interactions between the four aromatic rings o f the receptor and 
the aliphatic chain of the alcohol.

Binding studies of 39 with several guests were investigated by NMR spectroscopy and the 

binding constants were observed to increase with the length of the guest chain in the order, 

ethanol < propanol < butanol, with branching, i.e. in the order, 

ethanol < Ao-propanol < ter/-butanol, highlighting the minor effects of steric hindrance. In 

essence, with a long aliphatic chain, the protons of the methyl groups can interact with the 

four aromatic rings in the host cavity and gave better stabilisation of the host-guest 

complex. The X-ray structure55 of calix[4]arene 40 from acetone showed the presence of 

two molecules of acetone; one in the host cavity with a short distance between the protons
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of the methyl groups and the centre of the rc-systems, the other one outside, stabilised by a 

weak interaction with the nitrobenzyl group substituent on one ring of the host (Figure 29).

Figure 29 Structure o f the calix[4]arene derivative 40 in complexation with 2 molecules of acetone. The 
methyl groups are directed onto the aromatic rings of the receptor. (Dark blue) nitrogen atom, (red) oxygen 
atom, (light blue) carbon atom

Evidence for intermolecular C-H/71 interactions in biology has been given from the 

participation in the stabilisation of protein complexes,56 and a relevant example is provided 

by the complex of D-galactose/o-glucose binding protein with p-D-glucose.57 In this 

complex, the hexose ring is trapped between the aromatic side chains of T rpl83 (on the 

p face) and Phe 16 (on the a  face) at van der Waals distance.

W 1 8 3

Figure 30 Complexation of (3-D-glucose by the D-galactose/D-glucose binding protein

A highly important property of the C-WJn interaction is the ability to persist in polar protic 

media, such as water, due to the predominant participation of the dispersion force in the 

binding energy, whereas in polar organic solvents, binding is facilitated through effective
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hydrogen bonding.58 Coulombic forces and “true” hydrogen bonding, on the contrary, are 

not very effective in polar protic solvents.36 Therefore, when considering biochemical 

processes, the C-H /71 interaction can play a role in aqueous as well as in nonpolar media.

1.3.1.1.4 — Interactions involving alkyne groups

An interesting case study of the competition C-H/71 and 71-71 interactions concerns the 

presence of a terminal ethyne group which can act as a hydrogen bond donor 

(C-H/7iar interaction) and also as an acceptor (C-H/7tc=c interaction). The X-ray crystal 

structures of ethynylbenzene, 1,4-diethynylbenzene and 1,3,5-triethynylbenzene were 

determined by Boese and co-workers,59 and, although having a similar core, these 

compounds gave different crystal packings. The geometry of 1,4-diethynylbenzene in the 

solid state was stabilised by T-shaped C-H/tic=c interactions between two ethynyl groups 

and was the sole intermolecular interaction (Figure 31a).

174.8°

\  2.596 A

" H

II II

Figure 31a Packing structure of 1,4-diethynylbenzene Figure 31b Packing structure of
1 ,3,5-triethynylbenzene

Remarkably in this solid state structure, the C-H***7i angle was approximately 180°, which 

has been found to be most favourable for the C-H /71 interaction and the intermolecular 

distance was comparable to that of hydrogen bonding. However, the crystal packing of 

1,3,5-triethynyl benzene did not show the same short contact interaction, and the dimer 

showed that the closest contact with the alkyne proton being just above the aromatic ring
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(Figure 31b). Conversely, in the crystal stacking of ethynylbenzene, C-H/7tar interactions 

were observed.

Figure 32 Interactions C-H/;tar and C-H/ 7tCc  present in the crystal structure o f ethynylbenzene

Five molecules were found in the unit cell, with two and a half in the asymmetric unit, with 

half of the molecules being disordered. Two short contact distances were observed between 

the alkyne proton and the benzene ring, and a further intermolecular interaction involved 

the 7tc=c system. The angles between the planes of the benzene rings lay between 80 and 

90° and the shortest C-H/ti distance was 2.82 A, which is comparable to the distance 

between two benzene rings in the T-shaped conformation (2.76 A). It is remarkable that 

ethynylbenzene melts at -45 °C, much lower than benzene itself, whereas the melting points 

of 1,4-diethynylbenzene and 1,3,5-triethynylbenzene are 97 and 104 °C respectively. This 

indicates that the crystal packing of ethynylbenzene is not as efficient as that of the benzene 

and demonstrates the weakness of the C-FL% interaction. The magnitude of the C-H/tc 

interactions has been estimated by high level ab initio calculations41 and the interaction 

energy for the acetylene-benzene complex was predicted to be -11.8 k J.m o l1 

(-2.83 kcal.mol"1), a more negative value than the ethane-benzene complex 

(-7.61 kJ.mol"1). This large negative value is the result of the large attractive electrostatic 

interaction in the acetylene-benzene complex and the most favourable geometry is 

T-shaped stacking between the acetylene and benzene, with a distance of 3.5 A between the 

centre of the benzene ring and the carbon atom of the acetylene. This attractive force 

elongates the C-H bond of the acetylene to give a stronger interaction with the aromatic 

ring (Figure 33).60

H

H
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H
1.0754 A

1.0773 A
H

H
H

H R
2.412 A

A B

Figure 33 Optimised geometry of acetylene- 
benzene complex with bond distances

Figure 34 Two possible geometries for ethylene- 
benzene complex

In comparison, two stable geometries A and B have been found for the benzene-ethylene 

complex. In contrast to the acetylene-benzene complex, the T-shaped structure A was not 

the most stable and the calculated interaction energy of the complex B was less negative

of the stabilisation of the ethylene-benzene complex, as with the acetylene-benzene 

complex, although the significant difference in interaction energies of the geometries A and 

B are due to their orientation dependency.

1.3.1.1.5 -  C-H/n interactions in organic reactions

In addition to the prevalence for the C-H /71 hydrogen bonding in biology and biochemical 

processes, the role of this interaction in the stereoselectivity of organic reactions has been 

increasingly studied. These reactions include Diels-Alder reactions where the interaction 

vindicates the formation of the em/0 -adduct, 61 catalytic enantioselective reactions,62 

photoreactions, chiral resolution63 and transition metal complexes. Since an extensive 

review about the importance of this interaction in organic reactions has just been 

published,64 a brief account on the most relevant reactions where the C-H /71 interactions 

influence stereoselectivity, will be discussed in this section.

(-7.36 and -8.61 kJ.mol"1 respectively). However, these electrostatic forces are responsible
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The coupling of l,3-bis(bromomethyl)-7-7-butylpyrene 41 with a series of

l,3-bis(mercaptomethyl)benzenes 42 gave the syn adduct as the sole product when R = Me 

or Et, whereas the anti conformer was formed exclusively when R = F or OMe (Scheme 

l ).65

/-Bu F

/-Bu
or

a n t is yn
/-Bu

SHHS
+

/-Bu

R = Me, Et R =F, OMc
41 42

43a 43b
Scheme 1 Coupling reactions of l,3-bis(brom om ethyl)-7-/-butylpyrene 41 with
1,3-bis(mercaptomethyl)benzenes 42

Interaction between the pyrene aromatic ring and the substituent Me or Et favoured the syn 

adduct as the exclusive product in terms of C-H/71 hydrogen bonding, whereas the fluorine 

atom or the methoxy group led to a repulsive dipolar interaction with the pyrene ring, 

justifying the formation of the anti adduct as the sole product. Therefore, the selectivity of 

this reaction is based on a compromise between the attractive (C -H /71) and repulsive 

(electrostatic, steric) forces.

Nucleophilic addition to a series of ketones 44 has recently been studied by ah initio 

calculations66 and stabilisation of the transition state geometry by C-H/71; interactions 

vindicated the structure of the preferred product (Figure 35). The relative stability of the 

rotamers 44a and 44b was attributed to the formation of 5- or 6-membered C-H /71 bonding 

(Figure 36).
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m ajor p roduct

4

Ph

44

O H

Ph

46
m in or product

Figure 35 Suggested model for addition of nucleophiles to alkyl 1-phenylethyl ketones 44

5 -m em b er  
CH/7t b o n d in g

6 -m em b er  
C H /rt b on d in g

44b

HiC

44(1

Figure 36 Possible rotamers of alkyl 1-phenylethyl ketones 44 and CHIn hydrogen bonds suggested for 

rotamers 44a and 44b

The abundance of rotamers 44a and 44b decreased from R = Me to R = Et and R = i-Pr 

while that of rotamer 44b increased with the same substitution pattern. However, the 

rotamer 44d has not been observed because of the unfavourable electrostatic interaction. 

The relative abundance of the four rotamers is shown in the Table 4.

R 44a 44b 44c 44d

c h 3 95.9 - 4.1 0 . 0

c 2 h 5 94.3 2 . 6 3.1 0 . 0

/-C 3 H 7 90.2 8.4 1.4 0 . 0

/ - C 4H c; - 1 0 0 . 0 0 . 0 0 . 0

Table 4 Rotameric abundance (%) of alkyl 1-phenylethyl ketones 44

The approach of a nucleophile (LiH) to the prevalent conformer (44b when R = r-C4H9, all 

other cases 44a) can take place more easily from the less-hindered side of the carbonyl 

7r-face. Therefore, rotamers 44a and 44b would lead to the formation of 45 as the 

predominant product whereas nucleophilic addition to the rotamer 44c would give a 

1:1 mixture of 45 and 46. Similarly, the origin of the diastereofacial selectivity for the
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oxidation of sulfides 47 into sulfoxides 48 was studied by ab initio calculations (Figure 

37).67
R

48a 47a 48b

Figure 37 Diastereoselective oxidation of the sulfides 47 into the sulfoxides 48

The relative abundance of rotamer 47a was found to be predominant, and oxidation of this 

rotamer led to the two possible diastereoisomers 48a and 48b. A significant preference for 

the oxidation of the least hindered lone pair occurred, corresponding to the formation of 

diastereoisomer 47a. The relative abundance of the rotamers of the sulfides 47 and ratio of 

the diastereoisomers 48a and 48b are reported in Table 5.

Relative abundance Product ratio

47a 47b 47c 48a/48b

CH, 87.9 6 . 6 5.5 3.1

c 2 h 5 92.4 3.2 4.4 3.2

i-C3 H 7 95.1 2.3 2 . 6 3.6

CC4 H 9 99.0 0 . 1 0.9 49.0

Table 5 Relative abundance of rotamers 47a, 47b and 47c of 1-phenyl sulfides 47 and the observed 
diastereoisomeric ratio of the oxidation products 48a and 48b

The above results obtained for nucleophilic attack on the series of ketones 44 highlights the 

importance of the stabilisation of the transition state geometry by the C-H/ti interaction 

leading to diastereofacial selection to provide the products.
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Although the C-H/7t interaction can be considered as one of the weakest types of hydrogen 

bonding, it may well become highly significant in terms of stabilisation after consideration 

of the additivity of a number of C-H/7T interactions occurring in any system is taken into 

account. With a predominant role in biological, biochemical and chemical processes, this 

interaction plays a similar role to that of the classical hydrogen bond and must be 

considered in any molecular modelling programmes. Until now, the potential use of the 

C-H/n bonding interaction has barely been exploited despite the constant efforts of many 

research groups. Learning more about this interaction can be thought of as one of the most 

fascinating challenges in chemistry and biochemistry.

1.3.1.2 -  X-H/7T Hydrogen bonding involving a 7r-system as acceptor and 
an electronegative atom as donor

1.3.1.2.1 -  X-H /k Hydrogen bonding in biological systems

Conventional hydrogen bonding interactions, i.e. X-H#,#A, in which both X and A are very 

electronegative atoms, is well-established in playing a crucial role in the folding of 

proteins,68 protein-ligand recognition, as well as in enzymatic activity.69 However, weaker 

hydrogen bonding, and consequently “non-conventional” hydrogen bonding, also 

contributes a stabilising influence in structural biology. This “non-conventional” hydrogen 

bonding occurs between a donor X-H, in which X is either an oxygen or nitrogen atom, and 

the 7i-cloud of an aromatic system acting as a hydrogen bond acceptor. Each amino acid can 

be envisaged as a hydrogen bond donor and because of their side chains substituents, some 

can possess an additional donor centre (Lys, Arg, Asn, Gin, His) thus increasing the 

probability of N-H/7T hydrogen bonding occurring. The first relevant example of N-H/rc 

hydrogen bonding in proteins was shown in the X-ray structure of bovine pancreatic trypsin
70inhibitor (BPTI). The two faces of the aromatic system of the tyrosine chain interact with 

two different N-H protons, one 7t-hydrogen bonding with the glycine amide and the other 

with asparagine. The short distances H***;t-centre were found to be 3.5 and 3.6 A and the 

angles N-H*—7c were 4° and 18° respectively. With an extensive study on the X-H/rc 

interaction in 592 high-resolution protein crystal structures,71 the distance between X and 

the centre of the aromatic system was estimated at ca. 3.4 -  3.8 A with an X-H***7t angle at 

ca. 8 -  16°, corresponding to a T-shaped geometry. In 1986, the X-ray structure of the
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hemoglobin protein complex with a ligand exhibited a similar N-H/n hydrogen bond with 

the N-H proton of the asparagine chain directed towards the centre of an aromatic ring of 

the drug.72 Empirically calculated potential functions suggested that the amide-benzene 

hydrogen bond was approximately 12.5 kJ.m ol'1 (3 kcal.mol"1), with the nitrogen-benzene
O TO

distance between 2.9 and 3.6 A. More recently, a great number of proteins presenting 

N-H/tc interactions have been studied and recurrent patterns have been observed for side 

chain 7t-hydrogen bonds of peptides. Stabilisation of strand edges and helix termini can be
71governed by interactions between partners far apart in sequence and X-H/7T interactions 

can be envisaged as determining the secondary structure of proteins. Conversely, O-H/71 

interactions are less ubiquitous in proteins than the N-H analogue but can act in exactly the 

same manner. The lower number of 0-H/7T interactions may arise from the ability of the
71hydroxy group to rotate to find a partner for a conventional hydrogen bonding. However, 

O-H/ti interactions often occur in protein-water complexes and also contribute to the 

hydration energy.74 Thus 7t-interaction with a molecule of water inside hydrophobic cavities
7 Smay significantly contribute to the stability of the protein structure. Although these 

interactions are weak alone, in combination, they can play a crucial role in structure 

stabilisation, drug recognition, DNA recognition or enzymatic action, comparable to 

conventional hydrogen bonding thus should be considered as a proper hydrogen bond in the 

determination of the 3D structure of proteins.

1.3.1.2.2 -  Solvation o f  benzene. Physical properties o f  the X-H /n hydrogen bonding

In section 1.2.1.2, the complexation of two molecules of benzene was investigated in order 

to rationalise the n-n interactions and their more stable geometries, and consequently, 

replacing one molecule of benzene by a H-bonding molecule can permit the investigation 

of the stability of the X-H/benzene complexes and their optimised geometries. Some 

theoretical and experimental studies on the solvation of benzene with different X-H 

partners, have been reported.76 Spectroscopic measurements of water-benzene and 

ammonia-benzene complexes revealed the position of the X-H donor to be above the 

benzene plane and indicating that benzene was acting as a proton acceptor.77,78 There have 

been many relevant theoretical studies on the solvation of benzene,78 however, Tsuzuki and 

his group published fundamental paper on the comparison of the O -H /71, N-H/tt and C-H /7T
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interactions using high level ab initio calculations. 79 The geometries of ammonia-benzene,

water-benzene and methane-benzene investigated41 are depicted in Figure 38 and the

calculated interaction energies of these geometries, as well as the intermolecular distance R,

i.e. the distance X***centre of the ring, are reported in Table 6.

H
..........n- h

H/
Nj •- N—H |

R H H; H n 1
H

' < _ >
A B

< ^
c D

R
1
H

X/o........
\X f

H

H

J

< _ >
E

< ^  
F G II

Figure 38 Possible geometries for ammonia-benzene and water-benzene complexes

ammonia-benzene water-benzene methane-benzene

A B C D E F G H

E,„, (kcal.mol' ) -2 . 2 2 -2.07 -1.72 -1.84 -3.02 -3.17 -2.77 -1.45

E,„, (kJ.m ol'1) -9.30 -8.65 -7.19 -7.69 -12.62 -13.25 -11.58 -6.06

R (A ) 3.6 3.6 3.6 3.6 3.4 3.4 3.4 3.8

Table 6 Total energy E,(lt (kcal.mol ' 1 and k J .m o l1) o f the different ammonia-benzene, water-benzene and 
methane-benzene complexes and the distance R (A) between the centre o f the benzene ring and the centre 
atom of the other molecule

The attraction between benzene and either ammonia or water is weaker than that for a 

conventional hydrogen bond and the interaction energy calculated for the ammonia- 

benzene complex was approximately 40% that of the hydrogen bond for the water dimer 

(30% for the methane-benzene complex). Although the monodentate complex A is more 

stable than the bi- and tridentate complexes B and C, the largest energy difference was only 

2.09 k J.m ol1. Also, the stabilisation energies of these three complexes were similar and 

these facts could explain the different types of orientations found in the crystals.80 The 

authors compared the X-H/7T interactions with those of C-H/7t system as the same forces 

govern these interactions: charge transfer was not essential for the attraction and orientation
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o f  th e  X - H / t i  i n t e r a c t io n s  a n d  th e  e l e c t r o s t a t i c  f o r c e s  w e r e  m a i n ly  r e s p o n s i b l e  f o r  th e  

m a g n i tu d e  o f  th e  to ta l  e n e r g y  E,ot. C o n s e q u e n t l y  th e  o r d e r  o f  m a g n i tu d e  o f  th e  E,(), v a lu e s

Furthermore, the dispersion interaction also plays an important role in the magnitude of the

X - H / t i  interactions, as it does with the C-H/7T interactions. In the calculated energies of the

water-benzene and ammonia-benzene complexes with a long intermolecular interaction

(> 4.0 A), a substantial attraction of the two partners still persisted, confirming that the

driving forces were not short-range interactions, such as charge transfer, but long-range

(dispersion and electrostatic). The optimised minimum intermolecular distances for

ammonia-benzene, water-benzene and methane-benzene complexes were calculated to be

3.4, 3.6 and 3.8 A respectively. The difference in intermolecular interactions may arise

from the difference in the van der Waals radii of the proton-donating atoms

(O: 1.40 A, N: 1.55 A, C: 1.75 A), and from the magnitude of the participating electrostatic

forces. Furthermore, the calculated interaction energy of the ammonia-benzene complex in

its most stable geometry (geometry A, Ei0{ = -9.30 kJ.moF1) agreed well with the
1 81experimental value (-10.20 kJ.mol" ). Under physiological conditions, the side chain of 

Lys is most often protonated and therefore the attractive interactions are cation/rt bonding 

instead of N-H /71 interactions and the properties of the ammonia-benzene complex are not 

valid anymore (vide infra).

The stabilisation energy of the formamide-benzene complex has been calculated up to be
1 I 82-17 kJ.mol (-3 kcal.mol" ) in the gas phase, which is slightly stronger than a 

71-71 interaction and two energetically similar conformations have been found for this 

complex: the parallel-stacking A and the T-shaped geometry B, in which an N-H/7: 

interaction occurs (Figure 39).

agrees with the order of electronegativity of the proton-donating atoms (C < N < 0 ) .77b

o

1
NH

A B

Figure 39 geometries of the formamide-benzene 
complex

Figure 40 pyrrole dimer
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The pyrrole dimer (Figure 40) displays a T-shaped geometry, with an angle of ca. 50°
83between the planes of the aromatic rings and an N-H/7T interaction.

The energetically attractive X-H/7T hydrogen bond, where X = O, N or S, is weaker than a 

classical hydrogen bond but stronger than C-H /71 bonding. Contraction of the X-H bond is 

often observed in the 7:-hydrogen bond and leads to a shift of the X-H stretch to a higher 

frequency in the IR spectrum. This feature has been described as an anti-hydrogen bond, 

since the opposite phenomenon, i.e. elongation of the X-H bond, is observed in the classical
84hydrogen bond, which has more recently been renamed as a blue-shifted hydrogen bond.

In their investigation of the X-H/71; hydrogen bond using the Cambridge Structural 

Database, Malone and co-workers found that the commonly depicted T-shaped geometry

where the hydrogen is directed towards the centre of the aromatic ring is rarely adopted and
80that the preferred geometry involves one carbon of the aromatic ring.

X-H /71 interactions have also been investigated in crystal structures of
852- and 3-aminophenols Figure 41a and 41b).

/
N

/* '
, ' 'H

/

H
-H

H-

Figure 41a Interactions in the crystal structure Figure 41b Interactions in the crystal structure
of 2-aminophenol of 3-aminophenol

These compounds show an N-H/tc interaction and the hydroxy group is engaged in a 

stronger conventional hydrogen bond with the nitrogen atom as acceptor, agreeing with the 

rules of Etter86 which state that the strongest possible hydrogen bond forms between the 

most powerful donor and acceptor available. Moreover, crystal structure of 

(S)-2,2,2-trifluoro-l-(9-anthryl)ethanol performed by Rzepa in 199187 exhibited two
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interesting intermolecular 0 -H/7t interactions which favoured the formation of a dimer in 

solid state whereas an intermolecular interaction between the hydroxy and the CF3 groups 

was expected . 88 Although this interaction generated an unusual 0 -H***7i angle of 87°, the 

corresponding distance of 2.3 A reinforced the presence of an hydrogen bond.

1.3.1.2.3 -  X-H /n Hydrogen bond in designed synthetic receptors

Considering the abundance of “non conventional” hydrogen bonding in biological systems, 

its importance in the stabilisation of the 3D structure of proteins and the extensive number 

of systems designed to study 7t-7i interactions, few examples of hydrogen bonding to a 

7t-system have been investigated in host-guest recognition. The most relevant work has 

been reported by Hunter and co-workers with the complexation of a series of six-membered

ring 1,4-dicarbonyl systems with cyclophane 49 (Figure 42). 89

o; o<
- N

O O

49

(a)

M e

O o - T v o  0 ^ T > 0  o = K o  o
HN— '--- ' O— '--- ^ s

(b) (C) (d) (e) Me (f)

Figure 42 Inclusion complexation of cyclic 1,4-dicarbonyls by the m acrocyclic tetramide receptor 49 and 
potential interactions stabilising the complex

substrate Association constant (M 1)
A8 com plexation for amide NH 

o f 49 (ppm)

(a) 2.3 ± 0.4 x 102 + 1.1

(b) 1.0 ± 0 .5  x 10() + 1.5

(c) 8.5 ± 0 .4  x 102 +1.2

(d) 3.4 ± 0.6 x 102 +0.8

(e) 2.6 ± 0.4 x 102 +0.8

(f) 1.1 ± 0 .2  x 102 +0.8

Table 7 Association constant (M"‘) and ‘H NMR data for com plexation by the cyclophane 49
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They studied the association constant of the complexation of 49 with the substrates (a)-(f) 

in chloroform using 'H NMR and the results are reported in the Table 7. From these results,

1,4-cyclohexanedione (c) is bound to the receptor by hydrogen bonding between the two 

carbonyl groups and the four N-H protons, and a similar binding arrangement is observed 

for the complexation with substrates (a), (d), (e) and (f)- However, the complex of diamide 

(b) is stabilised by additional N-H /71 hydrogen bonds and the crystal structure of this 

complex90 clearly shows the N-H protons of (b) directed towards the aromatic ring of the 

cyclophane 49. Interestingly, the binding forces within this complex are strong enough for 

it to persist in water (0.7 x 101 M '1).

The association constant, determined by H NMR spectroscopy in chloroform, of the 

complex between the cyclophane receptor 50 and a serotonin mimic was 

4.8 ± 1.3 x 103 M’1. Furthermore, the complexation induced a significant downfield shift in 

the signal of the N-H proton of the guest, ca. 5.46 ppm, supporting the formation of an 

N-H/7C hydrogen bond between the N-H proton of the guest and the central aromatic ring of 

the anthracene unit. Because of the stabilising effect of the hydrogen bond between the 

hydroxy group of the guest and the receptor, the serotonin mimic was assumed to adopt a 

T-shaped structure towards the anthracene (Figure 43).

H j - n

50 R = COoCH,

Figure 43 N-H/n interaction in the complex formed between the cyclophane receptor 50 with serotonin 
mimic
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In order to provide som e new insights into O-H /71 interactions, N ish io et al. studied the 

conformation o f alkyl benzyl alcohols 5191 for which the three stable rotamers depicted in 

Figure 44, can be considered to be stabilised by C-H /71 and O -H /71 interactions.

51a 51b 51c

R = CH3, C2H5, /-Pr, /-Bu

Figure 44 Most stable rotamers of 51 and possible interactions involved

In the rotamers 51a and 51c, only one intramolecular 7t-interaction can occur (C-H/tc in 51a 

and 0-H/7C in 51c), whereas both can occur in rotamer 51b, although the latter conformer 

shows two unfavourable H/H interactions. Table 8 shows the relative abundance of the 

three conformations of 51 estimated by ab initio calculations and also as determined by the 

ratio of NOE enhancements of the protons Ha and Hb when Hx was irradiated.

R
51a 51b 51c

Calculated NMR Calculated NMR Calculated NMR

c h 3 19.7 25.3 29.0 18.1 51.3 56.6

c 2h 5 17.7 21.7 26.1 17.9 56.2 60.4

/-Pr 12.7 11.1 14.3 17.3 73.0 71.4

/-Bu 1.0 - 0.9 10.6 98.1 89.4

Table 8 Relative abundance (%) o f the stable rotamers of 51 calculated by ab initio method and by 'H  NMR 
experiments

Similarities between the theoretical calculations and experimental results demonstrate the 

strength of the O-H/71 vs. C-H/7T interactions and the rotamer 51c is always favoured. 

However, from the low ratio of rotamer 51b, the authors argued that intramolecular 

7t-interactions may not be strong enough to compensate for the steric repulsion between the
92vicinal C-H protons . We believe that the significantly more bulky hydroxy and alkyl 

functionalities interacting with the phenyl ring led to a crowded conformation, thus
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justifying the low ratio of the rotamer 51b, to a greater extent than the repulsion between 

protons.

The crystal structures of biological and synthetic molecules, as well as a wide range of 

host-guest complexes have all given undeniable evidence for the existence of hydrogen 

bonding towards the aromatic ring, and calculations have provided a theoretical estimation 

of the binding strengths. From these theoretical values, X-H/7C hydrogen bonding (X = O, 

NR) is weaker than a conventional hydrogen bond yet stronger than a C-H/7T interaction. 

However, no experimental comparison of the relative strengths of O-H /71 vs. N -H /71 

interactions has been reported to date.

1.4 -  Cation/7r interactions

1.4.1 -  Cation/n interactions in biological structures

1.4.1.1 -  Binding interaction in the side chains of proteins

As previously discussed, the amino groups of the side chain of proteins are often protonated 

under physiological conditions and can exhibit a stabilising cation/7t interaction with an 

aromatic moiety in close proximity. To a first approximation, cation/7t interactions can be 

considered as an ion-quadrupole interaction between a positively charged group, such as an 

ammonium cation, and the electron rich 7r-cloud of an aromatic ring.93 In an 

ammonium-aromatic side-chain interaction, the methylene group directly adjacent to the 

positively charged group of Lys and Arg carries a substantial positive charge and thus 

contact between this CH2 and the face of an aromatic is also a cation/71 interaction. This 

geometric interaction is commonly observed in proteins94 and may be driven either by a 

cation/7r interaction between the CH2 (5+) and the 7r-cloud or by a hydrophobic effect. In an 

investigation of peptides95 designed to study in-depth the behaviour of a cation towards an 

aromatic ring, it was established that the magnitude of the interaction was dependent on the 

orientation of the cationic and aromatic units and was comparable to a classical hydrogen 

bond. In an a-helix, the /, i+4 Trp-Lys pair provided no additional stability to the helix96 

while an i, i+4 Trp-Arg pair provided -1.7 kJ.mol"1 (-0.4 kcal.m ol'1).97 However, the 

interaction energy of an i, i+4 Trp-His+ pair was estimated to be -3.3 to 5.0 kJ.m ol'1 (-0.8 to
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-1.2 kcal.m ol'1),98 whereas the neutral Trp-His pairing interaction was 0.4 kcal.mol'1

relative to solvation in water. Within proteins, a cation /71 interaction can occur between

Phe, Tyr or Trp and Lys, Arg or protonated His.99 In water, their binding energies lie

between -1.7 and -10.0 kJ.m ol'1 (-0.4 and -2.4 kcal.mol’1) but are lower than those predicted

theoretically (-13.4 to -15.0 kJ.m ol'1).100 For the aromatic residues, Trp is the most common

7i-system participating in these interactions with a remarkable 26% of all Trp residues

involved in energetically significant cation/71 interactions,101 and theoretical studies have

established that it can form the strongest interaction with a cation. Of the cationic amino

acids, only Arg and Lys have been well-studied and cation/71 interactions involving Arg are

more likely to be formed. The difference in geometries between the aromatic ring and Arg

or Lys may explain the predominance of Arg interactions. This amino acid preferentially

interacts with a 71-system in a stacked geometry, hence increasing the hydrophobic

contribution but, the interaction between Lys and an aromatic ring does not involve this

additional interaction (Figure 45). In many crystals structures, ‘ the arginine-aromatic ring

complex adopts predominantly the parallel geometry but a few examples shows both
102geometries, for example in lactoferrin.

Parallel

(stacking)

Perpendicular 

(Hydrogen bonding)

Arginine (Arg)H,N. (IN

Tryptophan (Trp)NH NH

Histidine (His)

Phenylalanine (Phe)

Lysine (Lys)

h o ­mo
Tyrosine (Tyr)

Figure 45 Parallel and T-shaped geometries for Side-chain amino acids involved in cation/n interactions
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IQ3
Interestingly, in the human growth hormone receptor extracellular domain ‘ and in human 

prolactin receptor extracellular domain,104 several aromatic and cationic side chains from 

different strands of the protein involving both Lys and Arg, interact to form an extended 

series of cation-71 interactions. In the former example, parallel stacking is the geometry 

most commonly found and the cation/71 interactions work in tandem within the molecule. A 

systematic study of 17 residue peptides105 demonstrated that the pH, the distance between 

the interacting residues and the aromaticity of the Phe residue were critical to the stability 

of the helix. Furthermore statistics showed that 60% of cation /71 interactions in proteins 

were at least partially solvent-exposed indicating that these interactions play an important 

role in stabilising the protein on the solvent-exposed surface.96,97,101,106 The binding energy 

of the cation/71 interaction in proteins can also be enhanced by a mixture of organic/aqueous 

solvents and Kostic and co-workers94 studied association constants of protected single 

amino acids in chloroform/methanol/water mixtures, and found that the Lys-Phe and 

Lys-Tyr were -14.2 and -12.1 kJ.mol’1 respectively (-3.4 and -2.9 kcal.m ol'1), whereas these 

values become -10.0 and -8.78 kJ.mol’1 in water (-2.4 and -2.1 kcal.m ol'1). Clearly, cation/7t 

interactions are ubiquitous in biological systems and contribute to the stabilisation of the 

geometry of proteins, both in a-helical structures107 and in designed (3-hairpins.108

1.4.1.2 -  Binding of Acetylcholine

Acetylcholine esterase hydrolyses acetylcholine (ACh) to choline and acetate, and is 

viewed as a perfect target for demonstrating the importance of cation/7t interactions within 

biological systems.109 Prior to the determination of the structure of the esterase, it was 

assumed that the quaternary ammonium ion of ACh was stabilised by an anionic unit 

present in the binding site. However, the X-ray structure of the esterase showed that the 

active site, which was at the bottom of a deep cavity surrounded by 14 aromatic residues, 

possesses an aromatic Trp residue which could interact with the quaternary ammonium 

cation of ACh. This Trp was thus crucial in the active site.93

Further work established that the protonated buffer molecule 52, and the Trp of the binding 

site of ACh-binding protein are stabilised by cation/7t interactions and the protonated 

ammonium centre is surrounded by four aromatic residues which permit a short contact 

distance between the cation and the Trp residue (4.1 A) as depicted in Figure 46 .110 Similar
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cation/rc interactions have been subsequently observed for a large number of nicotinic ACh 

receptor agonists.111

Y18S

Y192

W 143

Figure 46 Cation/7t interaction between yV-2-hydroxyethylpiperazine-Ar -2-ethane sulfonic acid 52 and Trp in 
the ACh binding site of an ACh-binding protein

1.4.2 -  Energetic and geometric features of cation/n interactions

The early gas phase studies of Kebarle112 revealed that the K+-water interaction energy was 

surprisingly weaker than that of the K+-benzene complex (75 and 79 k J.m o l1 respectively). 

Subsequently, Meot-Ner113 established that a more complicated cation could also bind 

strongly with an aromatic system, as exemplified by the case of the NH4+-benzene complex 

whose binding energy was similar to that of the K+-benzene complex. Although alkylation 

of the ammonium cation can decrease the strength of the binding force, the energy of the 

NMe4+-benzene complex was calculated to be 38 kJ.mol'1, and, as such, was comparable 

with that of the NMe4+-water interaction (Table 9)

Cation Molecule

Experimental binding 

energy 

kJ.mol" 1 (kca l.m o l1)

Com putational binding 

energy 

kJ.m ol" 1 (kca l.m o l1)

I t c 6 h 6 160.1 (38.3) 183.1 (43.8)

Na+ QH* 117.0 (28.0) 113.3 (27.1)

K+ C 6 H6 80.3 (19.2) 62.7 (15.0)

K+ h 2o 74.8 (17.9) -

N J i f Q H o 80.7 (19.3) 74.8 (17.9)

N M e / Q H e 39.3 (9.4) 42.6 (10.2)

Table 9 Binding energies A // in k J .m o l1 (kcal.m ol1) o f different complexes estimated by ab initio 
calculations and experimental values under gas-phase conditions
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As the theoretical and gas phase results are in agreement, cation /71 interactions are generally 

investigated by computational studies. Comparison of these interactions in alkali metal 

cation-benzene complexes shows the trend: Li+ > Na+ > K+ > Rb+ (66 kJ.mol 1 by ab initio 

calculations) which is the classical sequence for electrostatic interactions. If the cation/7r 

interaction predominantly consisted of polarisability, dispersion forces or charge transfer, 

the largest cation, Rb+ would have generated the strongest binding force. Since this is not 

the case, the cation/7r interaction is therefore highly governed by electrostatic attraction of 

the interaction between the cation and the permanent quadrupole moment associated with 

the 71-system. However, participation of donor-acceptor, charge-transfer and dispersion 

forces may become significant with a large organic ion as the polarisability could become 

more important than in the case of Na+.114 The optimised geometry of the K+-benzene 

complex shows the cation positioned above the benzene along the 6-fold axis and the 

distance between the centre of the Na+ cation and that of the benzene ring is estimated at 

2.4 A. Ab initio computational studies115 of the Na+-7i system indicated that the electrostatic 

interactions between the charged species and the quadrupole moment of the aromatic ring 

contribute predominantly to the stabilisation of the complex. Moreover, replacing the alkali 

metal ion by N H / did not affect the contribution of the electrostatic potential to the total 

binding energy. Computational calculations of the HiCC-benzene complex led to the 

conclusion that the monodentate complex was the most stable, with a binding energy of 

-114.5 kJ.mol’1 (vs. -103.2 kJ.mol’1 for the tridentate com plex).116 IR and NMR 

experiments of the H 3 0 +-benzene complex117 showed that the hydronium cation can bind to 

aromatic systems in a similar fashion to that of K+cation leading the authors to suggest that 

the electron-rich arene can participate in the biological transport of a proton via the 

complexation of the hydronium ion with 71-systems.

1.4.3 -  Cation/n interactions in synthetic receptors

As several forces contribute to molecular binding, such as hydrophobic interactions in 

water, studies of the contribution of a specific interaction are far from trivial and the most 

convincing evidence for the cation/7t interaction arises from systematic studies of a series of 

analogous molecules. Indeed, a large series of measurements on the complexation of
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substrates with a designed receptor in solution can provide some insight into the importance 

of non-covalent interactions, such as the cation/7r interaction.

1.4.3.1 -  Host-guest complexation in aqueous solvents

In water, a cation is highly solvated and the binding cavities of the synthetic receptors must 

therefore compete with solvation to bind the cation tightly. Fortunately however, some 

synthetic receptors can attract the cation away from the water and into the hydrophobic 

cavity leading to a strong attractive interaction with the organic cation. The necessity of 

using water as solvent is to mimic physiological conditions in order to give some insight 

into biological recognition. To solubilise the receptor in water, a polar group is often 

inserted, for example a charged functionality, however the cation can also interact with the 

receptor though conventional electrostatic interaction between charged species and this can 

complicate the interpretation of the origins of the complexation.

Dougherty and co-workers have performed an extensive study of cation/7t interactions with 

the series of cyclophanes 53 in which the anionic carboxylates enable the species to be 

soluble in water (Figure 47).

53a

CsO.C

53b R = cyclohexyl 
53c R = 2,5-furan 
53d R = 2,5-thiophene

Figure 47 Synthetic receptors used to study the cation/71 in teractions
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Surprisingly, the cyclophane 53a was found to be a better receptor for quaternary
92 {18ammonium and iminium ions than for the corresponding neutral molecules. ’ Therefore 

the complex of 53a with the methylquinolinium cation 54b was more stable than that with 

the neutral quinoline 54c although the cationic substrate was more highly solvated 

(Table 10). Replacement of the two benzene rings of 53a by cyclohexyl units, leading to 

53b affected the strength of the interaction and the cation was bound less tightly to 53b 

than to 53a, proving once again that the stabilisation of the cation in the hydrophobic cavity 

was by electrostatic interactions with the 7i-systems. Additionally, in the presence of two 

further electron rich systems, such as furan 53c) or thiophene (53d) replacing the two 

original benzene rings reduced the binding strength to the quaternary ammonium 

substrates.119

54e 54f 54g

Figure 48 Examples of substrates used for complexation studies with the receptors 53

In the complexation of the receptor 53a with the substrate 54d, the polar group NMe3+ is 

inserted into the hydrophobic cavity of the receptor, not the hydrophobic r-butyl group. 

Binding studies of these receptors with the neurotransmitter Acetylcholine (ACh) 54e 

indicated that the magnitude of the association constant Kd (Kd = 2 x 104 M 1) was 

comparable to that of natural ACh receptors (Table 10).120

54a 54b 54c 54e 54f 54g

-AG° 28.0 31.8 2 2 . 6 24.2 30.1 26.3
kJ.mol’ 1

(kcal.m ol'1) (6.7) (7.6) (5.4) (5.8) (7.2) (6.3)

Table 10 Free enthalpy of complexation AG° for the 1:1 complexes o f 53a in aqueous deuterated borate 
buffer (pD = 9)
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Schneider and co-workersld’121 corroborated these observations through an investigation of 

the binding of the cyclophanes 55 in water The positively charged azacyclophane 55a 

bound arene and nucleoside molecules more strongly than its saturated analogues and this 

binding energy was reduced from 4.18 to 5.43 kJ.mol"1 (1 to 1.3 kcal.mol’1) on removal of 

an aromatic unit. Receptors 55b and 55c were also synthesised, when the anionic charge by 

insertion of benzyl ring was removed from the hydrophobic cavity.

(H 2C )6 (C H 2)6

Figure 49 Schneider’s synthetic receptors

Neutral aromatic substrates exhibited a stronger binding interaction in the positively 

charged cavity of the receptor 55a than in the cavities of 55b and 55c. However, similar 

affinities between aliphatic substrates and the three receptors 55 indicated that hydrophobic 

interactions could be the driving force for complex formation. Further experiments were 

performed with these receptors to quantify the cation/71 interaction and Schneider’s group 

proved that the binding energy was proportional to the number of aromatic rings 

surrounding the cationic centre, i.e. the free energy increased with the number of phenyl 

rings involved, and that each cation/7t interaction contributed up to -2.1 kJ.mol"1

(-0.5 kcal.mol"1) of binding energy per phenyl ring.
1 ^2Schwabacher “ also studied the complexation of charged cyclophanes 56a and 56b, which 

have a similar structure but oppositely charged cavity with the idea that comparison of the 

binding magnitude of the same substrate with these two receptors would provide some 

valuable insights into the cation/71 interaction.
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\  56a X = P(CH,)2+ 
/  56b X = P 0 2‘

CCV

57b R = CH,CO,H, X = SO3- \-------£
57c R = CH2C 0 2H, X = H

58

Figure 50 Representation of several synthetic receptors. The cavity o f the receptor 56a is positively charged, 
whereas the binding cavity of 56b is negative.

Unlike the cyclophane receptor 55a where the charged units were introduced to solubilise 

the receptor in water and were positioned far away from the binding cavity, the charge in 

the receptors 56 are adjacent to the binding cavity in order to study their participation in the 

complexation of aromatic substrates. From these studies, the authors found a stronger 

binding interaction between naphthalene and the cationic receptor 56a than that for the 

receptor 56b, demonstrating once again the participation of the cation /71 interaction in 

stabilisation of the complex.

Additional studies of host-guest complexes in water led to the synthesis of new receptors, 

such as 57 and 58, which have been shown to be the most efficient receptors for ammonium 

and iminium cations to date, and several reviews are dedicated to the investigations of their 

properties.123 Under slightly acidic conditions, the phenyl groups of the calix[4]arene 57a124 

are bound with a trimethylanilinium substrate and on increasing the pH, the phenolic 

groups are ionized with the receptor becoming much more electron-rich, inducing a 

stronger cation/7t interaction, which can overcome the hydrophobic interaction that 

dominates complexation at low pH.
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As several X-ray structures of proteins display a carboxylate group close to the face of the 

aromatic ring, Smithrud125 mimicked this observation with his receptors 59 (Figure 51). 

From his studies, Arg and Lys derivatives are bound to the receptor 59a in water 

(AG° = -5.02 to -6.27 kJ.moF1) while no binding is observed on the aromatic surface of 

59b, highlighting the role of the aromatic ring in the stabilisation of a salt bridge.
o o

59a 59b

Figure 51 Sm ithrud’s synthetic receptors to demonstrate the role o f the aromatic system in molecular
recognition

Diederich and co-workers126 designed the tricyclic inhibitors 60 to bind in the o-pocket of 

thrombin as a Trp lies at the bottom of this hydrophobic pocket as depicted in Figure 52.

Tyr60A

HN
Trp60DHO'

60a
HN

HN,

T rp 215

’N G ly  193

O '- i

A s p l8 9

G ly 2 16

NH G1* 21 9

S er i 95

N H 2

Figure 52 Schematic representation of the binding mode of the designed inhibitor ±-60a in the active site of 
thrombin and structure of the tert-butyl analogue 60b

Protein crystallography indicated that there was a cation /71 interaction between the 

ammonium tail of the inhibitor 60a and the Trp215 aromatic residue. Replacing the
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tert-butyl derivative 60b with the ammonium derivative 60a, the free enthalpy energy

increased by 11.7 kJ.m or1 (2.8 kcal.mol'1) because of cation/7t interaction.

Recently, studies of cation/7r interactions in aqueous solution involving cationic amino

acids in proteins have attracted attention.127 For example, Schrader and co-workers
128designed amino-acid receptors to study the binding interactions of Lys, His and Arg, 

adrenaline,129 and small peptides130 via. ion-pairing and cation/7: interactions (Figure 53).

MeO

MeO

EtO OEt

EtO OEt
n o 2

61a 61b
—o

61c

Figure 53 Amino-acid receptors 61a, 61b and 61c for amino-acids, adrenaline and small peptides 
respectively

Additionally, many novel receptors have recently been designed for selective a cation
131binding. Thus, all of the receptors investigated have brought to light the importance of 

the cation/7: interaction in the stabilisation of the structure of proteins and demonstrated that 

this interaction is viable in aqueous solution.

1.4.3.2 -  Host-guest complexation in organic solvents

An aqueous solution requires the presence of hydrophilic functional groups in the receptor 

to provide solubilisation of the receptor, and therefore, necessitates a contribution from 

Coulombic interactions which can interfere with cation/7: interactions. Moreover, the 

association energy must be greater than the solvation penalty caused by the complexation 

of the substrate. Therefore, organic solvents are a good alternative to use in order to
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eliminate the importance of the hydrophobic driving force that can dominate attraction in 

aqueous solution.

NMR studies of the neutral calix[4]arene 57c (Figure 50) in organic solvents indicated that 

the positively charged part of trimethyloctylammonium was bound in the cavity.1243

h o 2c

o r

RO RO

OR

z 63a R = CH2C 02H
62 63b R = CH3

Figure 54 Receptors for studies in organic solvents

118However, NMR experiments in chloroform on the receptor 62, (Figure 54) which is a 

neutral analogue of 53a, revealed the ability of 62 to bind positively charged substrates, 

such as the adamantyltrimethylammonium cation 54a, however no complexation was 

observed with neutral hosts such as quinoline and isoquinoline. The free energy enthalpies 

AG° of the complexes of ammonium cations and the receptor 62 lie in the range of 

8.4-12.5 kJ.m ol'1 (2-3 kcal.m ol1) and these important results show the crucial role of the 

positive charge and the stabilisation of the complex by CH/71 interactions. Using 

cryptophane 63b, Collet132 established the unprecedented complexation of the N M e / 

cation in (C D C O 2 with an association constant Ka of 2.25 x 105 M’1, which corresponds to 

a AG° value of -30.9 kJ.mol’1 (-7.4 kcal.mol'1). In solution, this is larger than that of the 

NMe4+-benzene complex as calculated by gas-phase experiments (AG° = -14.6 kJ.m ol'1). 

Strong binding interactions have also been observed between the receptor 63a (with n = 3) 

and choline, acetylcholine, and various quaternary ammonium ions, but these were weaker 

than those obtained with a larger cavity (with n = 5), thereby demonstrating that a loose
132association was preferred over a tight fitting. ‘
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133Closed and open cyclophane receptors, 64a and 64b respectively, have been used to 

complex with NMe4+ (tetramethylammonium picrate TMAP) or ACh (acetylcholine picrate 

AChP), and both receptors gave similar association constants with both picrate salts 

(Table 11).

64b64a

65a R = H 
65b R = Me 
65c R = Ts

Figure 55 Structures of the close-chain and open-chain receptor 64a and 64b and the protonated azaphane 
65 which exhibits a cation/7t interaction

TMAP AChP

/fa (M ') AG°
kJ.mol- 1 (kcal.mol-1)

K.d (M -1) AG°
k J .m o l 1 (k ca l.m o l1)

64a 29.7 -8.36 (-2.00) 13.1 -6.31 (-1.51)

64b 17.0 -6.98 (-1.67) 17.6 -7.06 (-1.69)

Table 11 Association constants K.d (M-1) in CDC13 and free energies o f binding AG° (kJ.m ol- 1 and 
kcal.mol-1) for the 1:1 complexes of TMAP and AChP with cyclic and open-chain esters

Thus, Roelens and his group argued that the cation /71 interaction was a sizable attractive 

force even without a preorganised structure of the receptor, which contradicts the rules 

established by Etter, emphasizing the importance of a preorganised structure for a better 

molecular recognition.26 Furthermore, by comparison of the association constants of further 

analogous receptors in which the number of aromatic rings was variable, they established 

that the free energy increased per additional aromatic ring. The cavity of the azaphane 65134 

is much too small to bind to alkali cations but is suitable for the inclusion of a proton. Its 

structure has been designed such that the lone pair of the nitrogen atom is directed towards 

the central cavity and the X-ray crystal structure of protonated 65a revealed a distance of 

2.13 A between the proton and the benzene ring. This is in fact less than the sum of the van
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der Waals radii of H and C. The N-7C distance of protonated 65a was measured to be 2.97 A 

whereas the same distance in the neutral derivative was calculated to be 3.01 A. Thus, 

protonation of the 65a leads to a constriction of the cavity due to the formation of a NH+/7t 

interaction.

Host-guest complexation in organic solution is accordingly an active research area for 

probing the importance of cation/71 interactions and cyclophanes,135 crown ethers,136 cyclic 

peptides137 and other calix[4]arenes138 have all been designed as cation receptors. 

Comparison of the experimental results obtained from these synthetic receptors with those 

from advanced computational studies highlight the complexity of this interaction.

1.5 -  Conclusions and perspectives

Over the last thirty years, supramolecular chemistry, crystallographic databases, gas-phase 

studies and theoretical investigations have all combined to enhance our knowledge of 

non-covalent aromatic interactions and highlight their importance in biology. Research on 

such aromatic interactions has indicated that the aromatic ring can behave as a hydrogen 

bond acceptor, although weaker than the classical hydrogen bond, and furthermore, that 

electrostatic forces are the predominant interactions which govern aromatic interactions. 

Although the aromatic ring has a large contact surface, thereby increasing van der Waals 

interactions and the desolvation penalty, this large surface enables several interactions to 

occur with one aromatic ring, and this fact must be taken into account when estimating the 

total binding energy. A detailed understanding of these interactions and the development of 

the general rules for the behaviour of aromatic systems have yet to be established. 

However, with increasing interest in this area, an understanding of aromatic interactions 

may lead to the introduction of powerful computer models for accurate prediction of 

models in drug design and molecular recognition.

Although well documented, n-n interactions still attract interest, in order to optimise the 

geometry of the edge-to-face and parallel-displaced stackings, and also to provide more 

accurate energy models. By way of contrast, X-H/71 interactions are less investigated. 

Cation/71 interactions are also well documented due to their importance in biological 

systems but, additional aromatic interactions still present a challenge for chemists, 

biologists and physicists as they cannot be accurately measured. Furthermore, since
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solvation plays a vital role in complex formation within biological and chemical systems 

but is not fully understood, much research remains to be done in this area.

Many synthetic systems have been designed to investigate the magnitude of aromatic 

interactions but straightforward comparison of different aromatic interactions remains 

problematic. For example, comparison of the O-H/71 and N-H/ti interactions has never been 

experimentally performed on the same synthetic system due to the difficulty of changing 

one parameter without modifying the complete system. Varying distances and angles in 

these systems would affect the aromatic interactions, and therefore a synthetic model 

molecule is required to rationalise the relative strengths of these different aromatic 

interactions in comparable systems.
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2.1 -  Objectives

As we have hopefully gathered from the foregoing introduction, although considerable 

research efforts have been devoted towards studying non-covalent interactions involving an 

aromatic system, there have been relatively few studies to quantify these phenomena in 

terms of functional group-arene interactions due to the difficulty in measuring such small 

energies. This objective was accordingly the focus of our own work. In a previous study 

within our group,139 a system was designed in which such weak interactions can be 

quantified by a dynamic NMR study of conformational equilibria. Thus, the 

propanoanthracene skeleton 66 was selected to examine through space ^-interactions with 

various functional groups (Scheme 2).

A B
66

Scheme 2 Conformational equilibrium of the propanoanthracene 66

This framework consists of a rigid structure containing two independent aromatic systems 

and a flexible three-membered ring bridge, whose central carbon atom can possess two 

different functional groups X and Y. The flexibility of the bridge can place either of these 

substituents in proximity to the centres of one of the aromatic rings, thus leading to through 

space interactions which are large enough to be measured. As different substituents will 

affect the conformational equilibrium between A and B, the relative abundance of each 

conformer in solution provides a measure of the relative interaction energies. Thus, the 

propanoanthracene skeleton can be envisaged as a conformational balance to compare the 

relative strengths of the interactions between aromatic rings and functional groups. 

However, when X = Y = CH2 are formally joined to form a cyclopropane unit, this 

molecule is perfectly symmetrical and hence was used as our standard since any 

interactions between the aromatic ring and either of the substituents will be identical.

=  73 =
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The conformational equilibria of this system can be quantified using NMR spectroscopy. 

Experiments at low temperature will reduce the conformational motion of the flexible 

bridge and thus allow a measurement of which conformer is preferred. The proportion of 

each conformer in solution can be calculated using the coupling constants between the 

protons on the bridge (Scheme 3).

B

6

A

Scheme 3 Detailed structure of the propanoanthracene 66

Thus, the coupling constants between Hio and H n a and those between Hio and Hub are 

characteristic of each conformer. The conformational equilibrium can be calculated from 

the observed coupling constants, which will lie between that of the theoretical 100% 

conformer A and that of the theoretical 100% conformer B, depending on the extent of the 

equilibrium. Additionally, and of great significance for our work, is that the conformational 

ratio of A and B is expected to be highly sensitive to the effects of solvent and temperature 

and these dependences could be investigated in the evaluation of the coupling constants. 

With a suitable framework for the study of weak interactions between functional groups 

and aromatic systems in hand, we then turned our attention towards an appropriate starting 

material, which could be easily functionalised in order to develop a diverse array of 

geminally substituted compounds. We decided to utilise the known symmetrical aromatic 

ketone 67, as the carbonyl moiety could be readily elaborated to give a range of derivatives 

with the essential three-membered propano bridge in place (Scheme 4).

68

Scheme 4

=  74 =



Chapter 2 Results and Discussion

In addition to the ketone 67, access to the alkene 68 was also considered to be of value in 

expanding the range of available derivatives.

2.2 -  Synthesis of propanoanthracenes 

2.2.7. - Ketone 67

Ketone 67 was originally synthesised by Hoffmann and Karama140 by the two-step route 

shown in Scheme 5. In the first step, tetrabromoacetone141 was prepared by the reaction of 

bromine, hydrobromic acid and acetone in the absence of light for ten days. Subsequent 

reaction of tetrabromoacetone with anthracene in the presence of a zinc/copper couple in 

dioxane at 80 °C led to the cycloaddition product 67 in 22% yield. In this reaction, the 

intermediate oxoallyl carbocation 69 underwent a [4+3] cycloaddition with anthracene to 

afford 70, which was reduced in situ to give the desired ketone 67. However our initial
139attempts using this method yielded the expected compound 67 in a low yield of 3% with 

a significant amount of polymeric material being formed, and final purification of the 

ketone was far from trivial.

OTMS
Br Zn, CuCl, TMSC1

67

Schem e 5 First synthetic pathway for the ketone 67 developed by Hoffmann and Karama

Thus, Motherwell and N ic139 developed a synthetic route to 67 incorporating a 

base-induced rearrangement of a-bromoaldehyde 72, into a-hydroxyketone 73, based on a 

similar reaction of l-brom o-l-formyl-bicyclo[2,2,2]octane142 by Corey. The use of 

potassium hydroxide as the base and THF as the solvent resulted in the highest yield and

= 15 =
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purity of 73. The a-bromoaldehyde 72143 was synthesised by the Diels-Alder reaction of 

2-bromopropenal and anthracene, and was subsequently treated with potassium hydroxide 

in THF, presumably to generate in situ 9 ,10-dihydro-11-formyl-l l-hydroxy-9,10- 

ethanoanthracene, which then underwent spontaneous rearrangement to a-hydroxyketone 

73. Deoxygenation of 73 with samarium diiodide then gave the desired compound 67 

(Scheme 6).

x CHO Br2 .Et,N r _ / C H O  CQQ
CC14. 0 °C = = Br K2C03, A

4 days
8% 71 76% 72

KOH, THF, H20 
58%

Sml2 , THF

69%

67 73

Schem e 6 Synthetic pathway for the ketone 67 developed by Motherwell and Nic

Whilst this route clearly provided access to the ketone 67, the isolation and purification of 

dienophile 71 proved troublesome and it was only obtained in approximately 10% yield due 

to its inherent instability. The subsequent Diels-Alder reaction was therefore carried out 

immediately after distillation.

As bromination of acrolein was the most problematic step, a new route to the 

a-bromoaldehyde obviating the need for the preparation of 2-bromopropenal 71 was 

accordingly developed. In the event, though the simple expedient of carrying out the 

Diels-Alder reaction between acrolein and anthracene as the first step followed by 

bromination of the cycloadduct, the desired compound was routinely produced in good
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Aldehyde 74 was initially synthesised following the procedure of Weiss and Rush144 using 

a sealed tube heated at 180 °C for 2.5 hours. Thus, the Diels-Alder adduct 74 was isolated 

in very good yield (Scheme 7).

.CHO
toluene, 2.5h 

180 °C, autoclave

89%

Scheme 7

Acno

74

Since microwave irradiation is an efficient alternative for conventional heating in 

cycloaddition reactions and, in particular, for Diels-Alder reactions,145 we were, of course, 

attracted to this possibility. However, the use of polar solvents is crucial for effective 

microwave heating and the original thermal cycloaddition reaction was carried out in non­

polar toluene. Due to the poor solubility of anthracene in polar solvents, the use of a solvent 

mixture capable of solubilising the starting material while still able to absorb microwave 

irradiation was investigated. The highest reaction temperature was reached when using a 

1:4 mixture of acetonitrile in toluene. Although a short reaction time was expected using 

microwave heating, complete conversion required a temperature of 165 °C for 90 minutes 

in order to provide 74 in virtually quantitative yield (Scheme 8).

Subsequent bromination of the aldehyde 74 using bromine in either CH2CI2 at room 

temperature146 or in dioxane at -5 °C147 gave the a-bromoaldehyde 72 in very good yield. 

This indicated that that dioxane had no obvious deleterious or positive effect on the 

bromination and as a result, CH2CI2 was chosen as the more efficient solvent for this 

reaction (Scheme 8).

acrolein (2eq.) 
MeCN/toluene 1:4

microwave irradiation 
165 °C, 90 min.

98%

4 c h o

Br2, CH2C12, 
lh, r.t.
83 %

74
Br2, CH2C12, dioxane 

-5 °C, lh 
81%

72

Scheme 8
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a-Bromoaldehyde 72 was converted into a-hydroxyketone 73 following the procedure 

previously developed within the group (Scheme 6). Interestingly, in addition to 73, the 

rearrangement step provided the byproduct 75. Initially, we considered that 73 and 75 were 

in equilibrium, an equilibrium similar to that seen in the Amidori rearrangement, which 

occurs for a-hydroxyketones as shown in Scheme 9.

Scheme 9 First supposed mechanism for the formation of 73 and 75

Although this mechanism would indicate that the equilibrium could be shifted in favour of 

the formation of 73, all of our attempts to isomerise the byproduct 75, using MgSOa, 

Amberlyst 15 or KOH, failed. Alternatively, the following mechanism would account for 

the formation of both regioisomers, and also explain the failure of our attempted 

isomerisations (Scheme 10).

hcO

75

73

(a)

72 75

73

Scheme 10 Supposed mechanism for the formation of the two a-hydroxyketones 73 and 75

= 78 =



Charter 2 Results and Discussion

As demonstrated in Scheme 10, initial displacement of Br~ by OH' leads to the possibility 

of either of two groups migrating. Pathway (a) leads to the formation of 75 while 73 is 

obtained via pathway (b). Compound 73 was isolated as the major product possibly as a 

consequence of the operation of strain effects which should favour location of the sp2 

carbonyl carbon on the central atom of the bridge. The yield of this reaction is limited by 

the formation 75.

y^CH O KOH, THF, H20 H0V ^ = ° Sm, CH2I2, THF

r.t., 2.5 h ^ -78 °C to r.t. /* rj £ x ^

72 56% 73 73% 67

Scheme 11

Finally, the sequential electron transfer based reduction of 73 using freshly prepared 

samarium diiodide afforded the expected ketone 67 in good yield (Scheme 11). This 

modified and more efficient route allowed us to synthesise the key compound 67 with its 

structure confirmed by X-Ray studies, in 31 % overall yield.

c

Figure 56 X-Ray structure of the ketone 67

2.2.2 -  Synthesis of alkene 68 and its cyclopropane analogue 76

In order to access alkene 68 from our ketone 67, a number of possible methods for 

exomethylenation was explored. For example, the method of Oshima and co-workers for 

methylenation, converted the cyclic ketone 77 into the alkene 78 using a 

dihalogenomethane, zinc and titanium tetrachloride (Scheme 12).148
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Scheme 12

This particular procedure, based on the formation, in situ, of the Lombardo reagent149 was 

introduced for the preparation of methylene compounds from readily enolisable ketones, 

and as such, appeared the most appropriate method for the synthesis of 68 from ketone 67 

(Scheme 13).

TiCl4, Zn, CH2I:

THF, r.t.

75% 6867

Scheme 13

The alkene 68 allowed us to expand the series of required derivatives and was the precursor 

compound to, amongst others, the cyclopropane 76.

Although many variations of the Simmons-Smith reaction, including the use of 

Zn/CuCl/CHhh,150 Zn/TiCl4/CH 2Br2 ,151 Zn/CTLB^ under sonication,152 have been reported, 

unsatisfactory yields for the cyclopropanation of unfunctionalised olefins have encouraged 

researchers to find an even more reactive cyclopropanating reagent. In the event, the 

Furukawa modification, namely treatment of Et2Zn with CH 2I2 , proved to be the most
153convenient method for cyclopropanation of alkene 68. The progress of the reaction could 

not be followed by chromatography since the starting material and the cyclopropane have 

the same Rf. However, on quenching the reaction after 2 days at room temperature, 

complete conversion of alkene 68 to cyclopropane 76 was achieved (Scheme 14).

Et20 , 0 °C to r.t.
2 days

68 76
85 %

Scheme 14
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The signal of the protons of the cyclopropane unit appeared as a singlet at -0.15 ppm in the 

]H NMR spectrum, highlighting the symmetry of the entire molecule and the equivalence 

of conformers A and B. Thus, conformational equilibria results of the motion of the bridge 

will not be affected by functional groups interacting with the aromatic rings and this 

derivative can be a standard for our studies upon the conformational equilibria.

2.2.3 -  Synthesis of propanoanthracenes

With a suitable route to the desired ketone 67 and the alkene 68 now established, the 

preparation of the functionalised derivatives required for our studies was then pursued.

Our designed conformational balance was expected to be highly sensitive to small 

differences in the interaction energy between the aromatic system and the various 

functional groups but would also be affected by the steric bulk of the substituents. In this 

respect, it is relevant to note that the distance d between the functional group Y and the 

aromatic quaternary carbon varies from 2.8 A (for Y = F) to 3.2 A (for Y = S) (Figure 57). 

This distance is sufficiently close to the sum of the van der Waals radii of the aromatic 

carbons and the appropriate atoms to make the results of value for other systems.

Figure 57 Distance d between the functional group Y and the aromatic quaternary carbon

As we have seen in the introductory review, formation of O-H/tc hydrogen bonding 

between a hydroxy group and an aromatic system has been demonstrated and therefore the 

effects on the conformational equilibria of an oxygenated substituent as the functional 

group X, initially attracted our attention.

X

=  81 =
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We therefore envisaged the synthesis of various alcohols where X represents the hydroxy 

group while Y is either a hydrogen atom, or one of the various simple but pertinent alkyl 

groups, differing in their orbital hybridisation. These alcohols in term would then provide 

direct access to the corresponding ethers, and comparison of the conformational equilibria 

of the ether derivatives and their hydroxy precursors would then allow us to gain some 

insight into the magnitude and nature of the hydrogen bonding. In the situation where X 

and Y form a cyclic unit containing an oxygen atom, the effects induced by the presence of 

the conformationally locked oxygen atom and the strained ring could then be studied. 

Finally, in similar fashion and in order to investigate the interactions of the amino group 

with an aromatic system, an analogous series of nitrogen derivatives were also synthesised.

2.2.3.1 -  Synthesis of a series of propanoanthracenes bearing an 
oxygenated group on the central carbon of the flexible bridge

2.2.3.1.1  -  Preparation o f  alcohol derivatives fro m  the ketone 67

The first compound to be prepared was the secondary alcohol 77, obtained by smooth 

reduction of ketone 67 by sodium borohydride in a mixture of THF and methanol 

(Scheme 15).

NaBH4, THF, MeOH

67

r.t., 18 h 

92% 77

Scheme 15

As mentioned previously, we were interested in introducing various alkyl groups to the 

ketone functionality of 67, offering a series of tertiary alcohols. Reaction of ketone 67 with 

methyl magnesium bromide provided a 1:1 mixture of desired tertiary alcohol 78 and 

recovered starting material. This was due to the Grignard reagent acting as a base, to form 

the magnesium enolate and leading to the recovery of starting material after aqueous 

work-up. However, alkyl cerium reagents have been reported to be very efficient in 

addition reactions to readily enolisable carbonyl com pounds.154 The use of a cerium based 

electrophile was therefore investigated for the synthesis of the tertiary alcohols. The

=  82 =
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corresponding methyl cerium reagent was prepared according to a literature procedure155 

and its reaction with ketone 67 provided 78 as the sole product (Scheme 16).
CHo

MeLi, CeCl3, THF

-78° C to r.t. /

67 93% 78

Scheme 16

As discussed earlier, the proximity of an aromatic ring with an unsaturated carbon-carbon 

bond generates an interaction of significant magnitude, as in case of the ethylene-benzene 

and acetylene-benzene complexes. Increasing the acidity of the proton of the substituent on 

the central carbon would modify the strength of the interactions between the bridge 

substituent and the aromatic ring, and to investigate this theory, an unsaturated alkyl group, 

containing either an sp or sp hybridised carbon atom was introduced. To probe this 

particular interaction, vinylic alcohol 79 was our next target.

Sargent and co-workers156 reported the reaction of cyclohexanone with 1.3 equivalents of 

vinyl magnesium bromide in THF leading to 1-vinylcyclohexyl alcohol. Under these 

conditions, only 12% conversion of ketone 67 into 79 was observed and increasing the 

number of equivalents did not improve the yield and byproducts were formed. However, 

the low yield of this reaction may arise from the poor solubility of vinyl magnesium 

bromide in THF at room temperature. However, by changing the reaction solvent to 

dichloromethane, an increased yield of 36%, of 79 was isolated and unreacted starting 

ketone was recovered (Scheme 17).

In order to complete the series of alcohols, addition of an ethynyl moiety to the ketone 67 

was carried out using the cerium reagent generated in situ from trimethylsilylacetylene,

67 36% 79

Scheme 17
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cerium (III) chloride and rc-butyllithium. All of the methods described in the 

literature157’158,159 use the same methodology, the only variable being the number of 

equivalents of the organocerium reagent. On using two equivalents, the propargylic alcohol 

80 was obtained in 38% yield with the remainder being recovered starting material. 

However, the use of 5 equivalents of the organocerium reagent led to complete conversion. 

Fluoride anion induced removal of the trimethylsilyl moiety160 finally provided the desired 

propargylic alcohol 81 (Scheme 18).

,TMS

TMS
OH

-78 °C to r.t.

71% 80

TBAF1M, THF 

r.t., 30 min 

87%

Scheme 18

Comparison of the terminal alkyne with cyano group also offered interesting possibilities 

and the cyanohydrin 83 was deemed to be a good substrate to provide this information. The 

use of TMSCN as the source of cyanide in the presence of a Lewis acid161 offered a mild 

alternative for the synthesis of cyanohydrins and led to the formation of the intermediate 

silyl protected derivative 82 (Scheme 19).

OTMS

67

TMS-CN, Znl2

CH2C12, 4 h, r.t.

64%

TBAF, THF 

20 min, r.t.

82

M HC1, THF/H20  

30 min, r.t.

81% 83

Scheme 19

Although 82 was easily synthesised, deprotection of the hydroxy group and purification of 

the free cyanohydrin 83 was more problematic. Under basic conditions, such as the use of 

tetrabutylammonium fluoride in THF, the only compound to be isolated was the ketone 67, 

formed by loss of CN' as depicted in Scheme 19. Removal of the trimethylsilyl group was 

then attempted in aqueous HC1 but the resultant cyanohydrin appeared to be highly
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insoluble in dichloromethane or diethyl ether since extraction of 83 into ethyl acetate and 

purification on silica gel led to regeneration of the starting ketone 67, the only solution 

found in order to purify 83, was to wash the white powder thoroughly with 

dichloromethane.

2.2.3.1.2 -  Synthesis o f  ether derivatives fro m  the tertiary a lcohols 78 and  81

Since replacement of the proton of the hydroxy group by a methyl group would preclude 

any possibility of 7t-facial intramolecular hydrogen bonding, comparison of the alcohols 

with their corresponding ethers could also provide some valuable information on the 

relative strengths of the involved interactions. In the first instance, ether 84 was obtained by 

deprotonation of the tertiary alcohol 78 with potassium hydride and reaction of the resulting 

anion with dimethylsulfate (Scheme 20).

KH, DMSO, 20 min, r.t.

then
Me2S 0 4, DMSO, 15 min, r.t. 

84 %

Scheme 20

Methylation of the propargylic alcohol 81 to give 85 was then attempted using the same 

procedure described for the formation of the ether 84. However, under these conditions, 

ketone 67 was the only isolated product. Elimination of the protected ethynyl unit was also 

observed using the silylether 80 as the reactant (Scheme 21).

OH

67

KH, DMSO 

then
Me2S 0 4, DMSO

80 R = H
81 R = TMS

OCH,

1) NaH, THF, -78°C

2) Me2S 0 4, 24h, r.t.

62 %
81 R = II

85

Scheme 21
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At this stage, examination of the literature162 revealed that acetone can in fact be used as a

protecting group for terminal alkynes and deprotection can be induced under basic 

conditions with heating (Scheme 22).

o

In our case, the presence of the strong potassium base deprotonated the hydroxy group at 

room temperature leading to elimination of the ethynyl group and formation of the ketone 

67. As a result, the synthesis of ether 85 was investigated under different conditions. 

However, reaction of 81 with Me3 0 BF4 in dichloromethane163 led to recovery of starting 

material. The ether 85 was finally obtained following procedure reported by Diederich and 

co-workers164 for methylation of a tertiary alcohol group in the presence of NaH in THF 

(Scheme 21).

2.2.3.1.3  -  Synthesis o f  the epoxide 86  and  the oxetane 87

The epoxide and the oxetane were synthesised in order to provide a series of 

conformationally locked cyclic ethers for comparison with the acyclic variants described 

above. Thus, the alkene 68 reacted smoothly with racta-chloroperbenzoic acid in CH2CI2 at 

room temperature to give the epoxide 86 in excellent yield (Scheme 23).

+

Scheme 22

w-CPBA, CH2C1
.0

68 92 % 86

Scheme 23
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Okuma and co-workers had previously described the ring expansion reaction of the epoxide

Although this is a powerful nucleophilic methylene-transfer reagent, in our hands, only 

traces of the oxetane 87 were observed and the starting epoxide 8 6  was recovered. 

Curiously however, when the same reaction was performed using ketone 67 and a large 

excess of dimethyloxosulfonium methylide, a 1:1 mixture of epoxide 8 6  and oxetane 87 

was produced (Scheme 25).

Isolation of 8 6  and conversion to 87 was attempted by sequentially increasing the number 

of equivalents of reagent and the reaction time, but no further conversion was observed. As 

both the epoxide 8 6  and oxetane 87 were formed, the reaction pathway in Scheme 26 was 

proposed wherein, after reaction with one equivalent of ylide, a competition exists between 

ring closure to give the epoxide or nucleophilic attack of a second equivalent of ylide, 

followed by ring closure leading to oxetane 87.

moiety using dimethyloxosulfonium methylide via in situ formation of the ylide 8 8 165 in the 

presence of strong base (Scheme 24).

(CH3)3SOI
/-BuOK, /-BuOH

R'
+ (CH3)2so2

88

Scheme 24

.O
(CH3 )3 SOI, /-BuOK 

+
/-BuOH, 2 days, 50°C

67 86 87

50 % 48 %

Scheme 25
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R Oii+

o11+

?xr
R’

> = 0  + — s - c h 2I - (CH3)2S02 R R' - (CH3)2S 02 r  r '
8767 88 89

X ,  + (CH 3)2S02
K K

86

Scheme 26 Suggested mechanism for the formation of epoxide 8 6  and oxetane 87

As equivalent yields of 86 and 87 were obtained, the rate of the ring closure reaction and 

that of the nucleophilic attack are similar, indicating that intermediate 89 may be stabilised 

by the presence of the two aromatic rings. The potassium cation can be envisaged as being 

coordinated to the negatively charged oxygen atom and to the aromatic ring, while, on the 

other side of the bridge, the positive charge on the sulphur atom may cause the sulfoxide 

moiety to become close to the aromatic system, facilitating the attack of a second 

equivalent of ylide, whilst slowing the rate of ring closure to form the desired epoxide 86 

(Figure 58).

The failure of epoxide 8 6  to react with the ylide 8 8  indicated the poor electrophilicity of the 

carbon atom of the epoxide cyclic unit and that the opening of the ring appeared less trivial 

than expected. In order to study the reactivity of 8 6 , the opening of the epoxide unit to the 

diol 91 was attempted.

89

Figure 58
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Initially, the reaction was investigated using various basic conditions, NaOH in DMSO at 

reflux , 166 KOH in TH F167 or LiOH in THF/H2O at reflux , 168 but only the starting epoxide 

was observed. This transformation was then attempted in the presence of H2SO4 in 

THF/H2O , 169 and after stirring overnight, the rearrangement product 92 was isolated as the 

sole product (Scheme 27). Under these acidic conditions, the carbocation intermediate was 

formed and instead of being trapped by a molecule of water, underwent a hydride shift 

(or loss of a proton to give an intermediate enol) to form aldehyde 92 (Scheme 27).

H2 S0 4  conc.

th f/h ô ,
x ' = /  24h, Ft. \ = /

8 6  90 91

62 %

Scheme 27

As investigating a milder alternative to sulphuric acid for opening the epoxide, a catalytic 

amount of tosic acid in a mixture of THF and H2O was used and led to the formation of 

product 92 as well as 93 as the major component (Scheme 28).

86

.OH

+

93

—  O
TsOH cat., THF/H20

r.t. 24h

92
14 % 53 %

Scheme 28
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Two different mechanisms can be envisaged for the formation of 93 from the intermediate 

carbocation 90, either by elimination of a bridge proton via an Ei mechanism as depicted in 

Scheme 29 or via in situ E2 dehydration of the diol 91 involving protonation of the tertiary 

hydroxy group.

OHOH

OH

90

.OH

93

- H-,0

Schem e 29

2.2.3.1.4 -  Replacement o f  the hydroxy group by a fluorine atom

The introduction of a fluorine into organic compounds can increase lipophilicity and 

consequently, absorption of fluorinated molecules into biological membranes . 170 In 

consequence, incorporation of a fluorine atom or fluorinated groups into biologically active 

compounds is an area of intense interest in medicinal chemistry, since the physical, 

chemical and biological properties of the parent molecule can be modified drastically. 

Substitution of a hydrogen atom by fluorine is an excellent strategy for reinforcing drug- 

receptor interactions (electronic modulation), facilitating the path through lipid bilayers 

(lipophilic modulation) and inducing conformational change metabolism (steric 

parameters). The van der Waals radius of the fluorine atom (1.47 A) is between that of 

oxygen (1.52 A) and a hydrogen atom ( 1 . 2 0  A), also allowing it to be claimed as an isostere 

for the hydroxy group.

=  90 =
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Therefore, studies on the replacement of the hydroxy group in 78 by a fluorine atom on the 

resultant conformational equilibria were of considerable interest. The synthesis of 94 from 

the tertiary alcohol was initially attempted in the presence of DAST. However, the high 

hydrolytic sensitivity of this common fluorinating agent led it to act as a proton source for 

dehydration of the tertiary alcohol to the alkene 95. Even in the presence of an inorganic 

base to neutralise the acidity of the reaction mixture, only complete conversion into the 

alkene 95 was observed (Scheme 30).

-78 °C to r.t. 
24 h

95 7878 %

Scheme 30

-78 °C to r.t. 
24 h

9486 %

Fortunately however, morpholinosulphur trifluoride, which has been shown to be a good 

alternative for nucleophilic fluorination due to its increased thermal stability, did lead to 

complete conversion of alcohol 78 into the derivative 94 (Scheme 30). Under these reaction 

conditions, compound 96 was also obtained by fluorination of the corresponding secondary 

alcohol 77 in 82% yield (Scheme 31).

OH

77

-78 °C to r.t. 
16h

9682 %

Scheme 31
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2.2.3.2. -  The synthesis of a series of propanoanthracenes bearing a 
nitrogen-containing functional group on the central carbon of the flexible 
bridge

With a series of propanoanthracenes bearing oxygen containing functional groups in hand, 

we then focused our attention on the synthesis of an analogous series of nitrogen containing 

functional groups.

Thus, the conformational equilibrium of oxazolidine 97 should provide a direct comparison 

of the degree of intramolecular interaction between the aromatic ring and each heteroatom 

(Scheme 32).
HN

HO'

TsOH cat., benzene 
reflux, 3 days

Scheme 32

171The general method for oxazolidine formation as described by Hancock and Cope was 

used, whereby ethanolamine was heated in the presence of 67 in benzene containing a 

catalytic amount of tosic acid, under Dean and Stark conditions. A large excess of
172ethanolamine and a six-hour reflux provided a 1:1 mixture of the starting ketone 67 and 

the expected oxazolidine 97 by NMR spectroscopy (Scheme 32). Unfortunately, 

chromatography on silica gel or alumina led to decomposition of the oxazolidine 97. 

Extending the reflux period to 5 days and using an excess of ethanolamine of 

2 0  equivalents, did not displace the equilibrium in favour of complete conversion into 9 7 . 

Purification of 97 was further hindered due to its high moisture sensitivity.

2.2.3.2.1 -  Synthesis o f  amine derivatives where the functional group is connected to 
the central atom o f the flexible bridge

Replacing the hydroxy group of the tertiary alcohol 78 by an amino group would provide 

valuable information on the relative strengths of the interactions generated by the presence 

of a nitrogen versus an oxygen atom with an aromatic ring. Coutts et al. reported the

=  92 =
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synthesis of an amino substituted quaternary carbon 101 from the disubstituted alkene 98 in
173three steps via the (3-iodo-isocyanate derivative (Scheme 33).

I2. AgCNO HClconc. LAH, DME

n h 2r R> ^  
h 3c  n h 2

98 99
'O 100 101

Scheme 33

According to this procedure, the alkene 6 8  should react with iodine and freshly prepared 

silver isocyanate174, but this reaction led to the recovery of the starting material 

(Scheme 34).
-I

I2, AgNCO, Et20  |" NCO
X *

r.t., 36h

102 

Scheme 34

103

In consequence, we investigated the nucleophilic addition of the methyl group to an 

unsaturated nitrogen-containing functional group such as a substituted imine, seen as a 

potential source of nitrogen to provide the amino functionality.

The stereoselective addition of organometallic reagents to N-(ter/-butanesulfinyl)imines has 

been previously described175 and was accordingly selected (Scheme 35).

m r 3  HC1, MeOH R2 v  ' N H 2  R3 , . > * N H 2

toluene R >  n X + R fi N " R +
‘ additive R ‘ R2 °  R * R2 0  R ‘ R * R ‘

M =MgBr, Li,

Additive = Me3 Al, Et2 AlPh, BF3 .Et2 0 , Et2 Zn, CeCl3

Scheme 35

Thus, ketone 67 was transformed by the use of /m -butylsulfinam ide into sulfinylimine 

104, the precursor of tertiary sulfinamide 105 and quantitative conversion was achieved by 

employing Ti(0 -zPr4 ) 176 as the additive, with heating (Scheme 36).
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y — + .s.,
/ /  %  h 2n  'B u

Ti(0-j'Pr) 4  (5 eq.), THF

20h, 60 °C 
100%

67 104 105

Scheme 36

A variety of methods were employed in attempted introduction of the methyl group to the 

sulfinylimine 104, such as the use of methyllithium, methyl Grignard reagent, and 

alteration of the solvent or the additive. However, in all cases, the starting material 104 was 

recovered, either due to lack of reaction or because the organometallic reagent acted as a 

base instead of a nucleophile leading, after work-up, to the recovery of 104 without any 

trace of the expected sulfinylamine 105.
1 77A convenient protocol was eventually found though use of the Ritter reaction, a common

1 78method to convert tertiary alcohols into amines. Jirgensons et al. established a

convenient method using chloroacetonitrile, to give the chloroacetamide 106 from the 

alcohol 78. Subsequent cleavage of the acetyl group with thiourea quickly gave the 

intermediate isothiouronium salt which decomposed slowly to the desired amine 103 

(Scheme 37).

o
C1CH2 CN, AcOH,

h 2s o 4, c h 2c i2

78 77% 106

thiourea, AcOH, 
EtOH, reflux, 20h

107 103
64%

Scheme 37
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Our next target molecule was the propargylic amine 108. The reported syntheses of 

propargylic amines are based on the conversion of the hydroxy group of the propargylic 

alcohol analogues into a good leaving group which was subsequently displaced by sodium

amide to provide the amino group . 179 However, reaction of the propargylic alcohol 81 with
1 80mesyl chloride under basic conditions led to the elimination in situ of the newly formed 

leaving group as depicted in Scheme 38.

109

NH

108

OH

81

110

Scheme 38 M echanism for the formation of 110

The elimination reaction was shown to be much faster than the formation of 109 since 110 

was the only isolated product and no trace of 109 was detected.

Previously, the Ritter reaction allowed the conversion of the tertiary alcohol 78 into 106 

and the synthesis of propargylic amine 108 was attempted in an analogous manner. In this 

instance however, 111 was formed as the sole product (Scheme 39).

QH C1CH2 CN, AcOH 

H2 S04, 0°C, lh

90% i n

Scheme 39
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Alternatively, acid-catalysed formation of 111 could occur by following the Rupe
181rearrangement of the tertiary a-acetylenic alcohols and a speculative mechanism for the 

formation of 111 is shown in Scheme 40.

#  #  r H+: N__=

- H->0

Scheme 40 Suggested mechanism for the formation 111 by elimination of the protonated hydroxy group 
followed by hydration of the triple bond

In a second approach which unfortunately paralleled our failure with the methyl Grignard

reagent, reaction of ethynylmagnesium bromide or (trimethylsilyl)ethynylmagnesium
182bromide with sulfinylimine 104 was likewise unsuccessful and the starting material was 

recovered.
183 184Synthesis of the O-benzyloxime 113 ‘ via the oxime 112 was then carried out in order to 

attempt subsequent addition of the ethynyl moiety. The nucleophilic addition to the C=N 

bond of an oxime functionality is a synthetically important and well-established method for 

preparing many types of nitrogen-containing compounds. Although, alkoxylamines have 

been synthesised by the reaction of oximes with organocerium reagents , 185 the present 

reaction using O-benzyloxime 113 resulted only in the recovery of starting material 

(Scheme 41).

67

NH2 OH, pyridine 

EtOH, reflux, 16h

95 %

N -O H

112

BnBr, NaOH, Bu4Br 

CH2 C12 /H 2 0 , r.t., lh

57 %

N-OBn

113

TMS— === , CeCl3  ' 
n-BuLi, THF, -78°C to r.t. / \

\

Scheme 41
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In the event, the addition reaction of either an organolithium or organocerium reagent to 

oxime ether 113 was unachievable even if this method is a well established procedure . 186 

Although recovery of the starting material could be due to a slow rate of reaction, it may 

also suggest that the organocerium reagent coordinated to the N atom and acted as a base, 

despite the fact that they are generally considered to be less basic and more nucleophilic 

than their lithium counterparts.

Another attempt to produce the propargylic amine 108 was initiated with the synthesis of
187the nitrone 114 from the ketone 67. Merino and co-workers have reported an improved 

method for the synthesis of nitrones by the activation of ketones with a stoichiometric 

amount of a Lewis acid, in particular ZnCh. Various procedures for the addition of
I 88organometallic reagents to the nitrone functionality are described in the literature, but, in 

similar fashion to the sulfinylimine and the amine ether, none proved successful in forming 

the adduct 115 (Scheme 42).

Bni
“= N t

CH2 C12  40°C, 24h

11511420 %67

Attempted conditions : (a) TM S-=, E t2 Zn, toluene, r.t., 24h189

(b) TM S-=, w-BuLi, THF, -78°C to r.t., 20h 1 9 0

(c) TM S-=, CeCl3, /i-BuLi, THF, -78°C to r.t.

Schem e 42

In summary, the conversion of the hydroxy group into a leaving group leads to spontaneous 

elimination and the Rupe reaction occurs under acidic conditions instead of the expected 

Ritter reaction. Reactions of imine derivatives with organometallic reagents are either too 

slow or allow the reagent to act as a base. In all of these cases, reactions led to the recovery 

of starting material. Thus, the failure of all synthetic approaches and other priorities forced 

us to abandon the synthesis of propargylic amine 108.
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A further amino derivative capable of yielding valuable information was the derivative 

bearing an amino and a cyano group as substituents on the central carbon of the bridge. The 

conversion of a carbonyl group into an a-amino-nitrile in one pot, via the formation of an 

iminium ion is, of course, the basis of the Strecker reaction. Thus, a combination of sodium 

cyanide and ammonium chloride under an atmosphere of ammonia 191 provided the amine 

116 in 56% yield.

NaCN, NH4 C1, NH3

%  MeOH, 8  days, r.t. 

56 %

Schem e 43

Two types of intramolecular interactions with the aromatic unit may occur in the a-amino- 

nitrile derivative 116. The first of these results from the presence of the electron deficient 

carbon atom of the cyano group whilst the other derives from the presence of the amino 

group which could, in similar fashion to the hydroxy group, have potential hydrogen bond 

donor capacity. This competition should affect the conformational equilibrium. In addition, 

comparison of this conformational balance with the results using the cyanohydrin 83, 

would give a relative quantification of the strength of the intramolecular interactions 

involving the aromatic ring with either an amino or a hydroxy group.

2 .2 3 .2 .2  -  Synthesis o f  am m onium  salts fro m  the am ines 103 and  116

As described in the introductory chapter, non-covalent interactions between charged 

species and aromatic rings have been widely explored since cation /71 interactions in the 

active sites of enzymes are particularly useful for drug design in both synthetic and
192biological systems. Host-guest complexation, based on cation /71 interactions in organic 

solutions is currently an active research area and cyclophanes, cyclic peptides and 

molecular clefts are the most versatile hosts to explore these interactions.119 Ma and
93Dougherty established that there is an electrostatic attraction between a cation and the 

permanent quadrupole moment associated with a 71-system. Based on the exchange from 

NH4+ to NMe4+ cation, they demonstrated that a large increase in the ionic radius, generated
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a reduction in the cation-7i interactions, as expected in an electrostatic model, especially as 

no hydrogen bonds of the type N-H***7t were involved.

Accordingly, the potential interactions between an ammonium cation and the aromatic 

system were crucial for our research programme. Further exploration of these cation/71 

interactions as a function of the solvent was perceived as being fundamentally important. 

We thus prepared the hydrochloride salts 117 and 118 (Scheme 44).

103 R = CH3 117 R = CH3 95%

116 R = CN 118 R = CN 8 6 %

Scheme 44

The preparation of the mesylate salts 119 and 120 was also carried out from the 

corresponding free amines 103 and 116 respectively, in order to study the influence of these 

counter anions on the conformational equilibria.

NH2 .MsOH
EtOAc, CH3 SO3 H

10 min, 0 °C to r.t.

116 R = CN 120 R = CN 81%

Scheme 45

2 .2 3 .2 .3  -  Synthesis o f  propanoanthracene deriva tives w here the fu n c tio n a l groups  
X  and Y fo rm  a N -spiro-heterocycle

Initially, it was desired to obtain the smallest possible nitrogen-containing ring on the 

central carbon of the flexible bridge. Thus, we focused our attention on the synthesis of the 

aziridine 121 in order to provide a direct comparison with its epoxide analogue. The first 

pathway attempted was based on the Staudinger reaction of intermediate azide 122 using
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triphenylphosphine to afford the required aziridine 121,193,194 via the formation of an 

intermediate ylide, and driven by the loss of nitrogen (Scheme 46).

The formation of the desired azide 122 was achieved via SN2 opening of the epoxide 86 

under harsh conditions.

.o

195

86

NaN3i NH4 C1, CH2 C12

MeOH/H20  
reflux, 4 days

81%

NH
PPh3  THF

■

r.t. to reflux

122 121

Schem e 46

However, reaction of 122 with triphenylphosphine in either toluene or THF did not give the 

desired aziridine 121 and 92 was the sole isolated product. Mechanism involving hydride 

migration is represented in Scheme 47.

NH

OH

122

NHNH

Schem e 47

Thus, another synthetic pathway was investigated. Atkinson and co-workers have 

previously described the synthesis of aziridines using in situ oxidation of 

2,4-dinitrobenzenesulphenamide by lead tetraacetate and subsequent trapping of the nitrene 

by the corresponding precursor alkene.196 Following this procedure, only the starting alkene 

68 was recovered (Scheme 48). The lack of reactivity may be explained by the fact that the 

starting alkene 68 was not sufficiently electron-rich to enable the trapping of the 

sulphenylnitrene formed in situ.
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N 0 2  pb(OAc) 4

Scheme 48

The copper-catalysed olefin aziridination reaction in the presence of PhI=NTs is a
197well-established stereospecific route to aziridines. In similar fashion however, reaction of 

alkene 6 8  with freshly prepared copper triflate (II) and PhI=NTs failed and the starting 

alkene was recovered (Scheme 49).

PhI=NTs, Cu(OTf)2, MeCN

— * .......................................*^ — ' molecular sieves
5 8  0°C to reflux overnight 1 2 4

Scheme 49

1 98Finally, the procedure described by Hassner to form an aziridine led to success. This 

methodology involved the addition of IN3 to a double bond followed by reduction of the 

azide group and elimination of iodide leading to an aziridine moiety. Modification of the 

first step by changing the solvent from acetonitrile199 to dichloromethane200 afforded the 

intermediate azide 125, which was subsequently reduced to the aziridine 121 (Scheme 50).

LiAlH4, EtzO

68 70% 125 74% 121

Scheme 50
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In order to complete our series of propanoanthracene derivatives, we envisaged the 

synthesis of the azetidine 130 via the p-lactam 128, following the pathway depicted in 

Scheme 51.

128

O

130

Schem e 51 Investigated retrosynthetic pathway for azetidine 129

The most appropriate synthetic method for the required p-lactam was the [2+2]

cycloaddition of chlorosulfonyl isocyanate with the alkene 68.201 Our first attemptzuz,zuj> led 

to a mixture of the isomerised alkene 95 and the P-lactams 126 and 127 (Scheme 52).

.2 0 2 ,2 0 3

1)C1-S02 -N=C=0, 
CH2 C12, 24h, r.t.

2) Na2 S 0 3,
k 2 c o 3, h 2o

+

126 127

10% 34%

Schem e 52

Isomerisation of the alkene 68 most probably occurred as a result of acidic conditions204 

since the moisture sensitivity of chlorosulfonyl isocyanate provided some traces of HC1. As 

the two alkenes 68 and 95 were then in competition in the reaction mixture, 127 was 

formed as the cycloaddition adduct of chlorosulfonyl isocyanate with the isomerised alkene 

95. Moreover, although the reductive removal of the N-chlorosulfonyl group was expected 

during the second step, the recovered p-lactams still contained the chlorosulfonyl group. 

A large excess of DIB AH was therefore used in the reduction of 126 to the expected 

p-lactam 128 (Scheme 53) but this reducing agent was insufficiently powerful to convert 

the P-lactam into the azetidine.
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126 128

Schem e 53

Careful examination of the literature then revealed that Chmielewski and co-workers had 

faced the same difficulties in the reaction of alkenes with chlorosulfonyl isocyanate and 

found that by storing the reagent over potassium carbonate for 2 days and then performing 

the reaction in the presence of an inorganic base, isomerisation of the starting material was 

impeded.205 Following this procedure, no trace of the isomerised alkene 95 nor the 

cycloadduct 127 were observed but these reaction conditions provided a mixture of the 

p-lactams 126 and 128 and the byproduct 129 (Scheme 54).

1)C1-S02 -N=C=0, 
Na2 C 03, CH2 C12, 

48h, r.t. O O

68 126 128 129

39% 26% 32%

Schem e 54

In Scheme 55, the mechanism of the formation of p-lactam 126 can be represented by the 

pathway (a) whereas a competing elimination reaction206 provides the byproduct alkene 129 

following the pathway (b).
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pathway (a)

126

pathway (b)

O

129

Schem e 55 Mechanisms suggested for the formation of 126 and 129

Although the p-lactam 128 was not reduced by DIBAH, a large excess of lithium 

aluminium hydride provided the desired azetidine 130 in a good yield. Furthermore, 126 

was directly converted into 130 using this reducing agent (Scheme 56).

LiAlH4  Et2 0 , CH2 C12

126 R = S 0 2 C1 
128 R = H

reflux, 3 days

64%
76%

130

Schem e 56

Thus, the conformational equilibria of the azetidine 130 will be compared not only with 

that of the aziridine 120 in order to study the effects of the size of the functionalised ring on 

the strength of the intramolecular interactions, but also with that of the oxetane analogue 

87. Moreover, it will be possible to observe the influence of the more acidic proton in the 

amide functionality of the p-lactam 129 by comparison with the azetidine 130.
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2.2.3.3 -  Substitution of the aromatic ring in propanoanthracenes

Even although the conformational equilibria are highly sensitive to the nature of the 

functional groups on the flexible bridge, they are also strongly dependent on the electron 

density of the aromatic scaffold. Modification of the electron density of the original 

aromatic ring via introduction of powerful electron withdrawing or donating groups on one 

of the aromatic rings would clearly alter the strength of the intramolecular interactions. 

Initially, we investigated the mononitration of ketone 67 to make one of the aromatic rings
207electron deficient. Although the Barrett group has reported the mononitration of 

naphthalene using nitric acid and a catalytic amount of ytterbium triflate, this procedure 

was not as selective as hoped and numerous inseparable nitrated products were formed with 

none being predominant. We were however attracted to a report by Ohwada et a /208 in 

which selective nitration of the analogue, dibenzobicycIo[2.2.2]octadienone 131, on carbon 

C2 was shown to provide a 1:1 mixture of ketones 132 and 133 (Scheme 57).

h n o 3, Ac2 0,CH 2 C12

78 % 132

+

133

Schem e 57

Initially use of this method with ketone 67 led to the recovery of starting material, but after 

increasing the temperature to 0 °C, a mixture of two products, the mononitrated 134 and 

2,6-dinitropropanoanthracenone 135, were isolated in 8% and 6% yield respectively. 

Finally in the presence of nitromethane as co-solvent and at a lower reaction temperature,209 

134 was formed as the sole product (Scheme 58).

o 9n

134

HNO3 , A c 20 ,  0  °C, 24h

67
Conditions:

HNO3 , A c20 ,  M eN02  

CH2 C12, 0 °C, 24h 71% 0%

Schem e 58
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The structure of 135 was established by ]H NMR which clearly showed that nitration had 

occurred on both aromatic rings. Dinitration can occur on C(> or C7 leading to 135 and 136 

respectively as shown in Figure 59 and in each case, the signal for the aromatic rings would 

be similar. However, the chemical shifts for H9 and H 10 were identical indicating that these 

protons were on the same chemical environment, corresponding to structure 135.

135 136

F igure 59 Structures of 2,6-dinitropropanoathracen-12-one 135 and 2,7-dinitropropanoanthracen-12-one 
136

From the results of the two procedures, reaction temperature and solvent were predominant

factors for nitration. Although Masci studied the effects of organic solvents on electrophilic
210nitration of various aromatic systems, and established that nitromethane gave the lowest 

reaction rate, there is no obvious correlation between the order of selectivity and physical 

or chemical properties of the solvents. In the present reaction, formation of the nitronium 

species needed to be carried out at 0 °C and then aged in an ice bath for a one day period, 

otherwise 135 was the only product. From these two crucial observations, decreasing the 

reaction rate of the aromatic nitration by changing the solvent and lowering the temperature 

ensures the highest selectivity and formation of 134.

OH
NO'

137134

SnCl2 2H20  
HC1 conc., THF 

4h, r.t. 
61 %

CeCl3, MeLi, THF HO' OH

-78°C to r.t.

138 139 140

54 % 26 %

Scheme 59
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The asymmetric ketone 134 contains one substituted, electron deficient aromatic ring, and a 

non-substituted, more electron rich aromatic system. This compound was prepared as a 

precursor for the tertiary alcohols 137 (Scheme 59). However, the nucleophilic addition of 

a methyl group to the ketone did not proceed using the procedure previously described for 

the parent alcohol 78 and modification of the number of organocerium equivalents used had 

no effect on the results.

Thus, amine 138 was suggested as a good alternative to the nitro product to provide the

desired framework with two aromatic rings electronically different. This derivative, easily
211prepared by reduction of the nitro group of 134 was then converted into two 

diastereoisomers 139 and 140 according to the procedure employed for the synthesis of the 

tertiary alcohol 78. By increasing the number of equivalents of the organocerium reagent to 

6, the corresponding alcohols were produced in good yield as a mixture of two separable 

diastereoisomers (Scheme 59).

Comparison of the conformational equilibria observed for tertiary alcohol 78 with that of 

the alcohols 139 and 140 was anticipated to provide valuable data on the effects of 

modification of the anisotropy of the ring current present in the aromatic ring and on the 

resultant strengths of the through space interactions generated by the presence of the 

hydroxy group. Investigation of various substituents on the aromatic ring, whilst varying 

the functional groups on the central carbon of the flexible bridge, will be highly informative 

and represents one of the longer term aims of this project.

=  107 =



Chapter 2 Results and Discussion

2.2A  -  Synthetic summary

The series of propanoanthracenes with the central carbon atom of the flexible bridge 

substituted by oxygen, nitrogen and fluorine containing functional group as summarised in 

Figure 60, has been prepared.

OH

R = H 77
r  = c h 3 78
R = CH=CH2 79
R = CCH 81
R = CN 83

R = c h 3  84 
R = CCH 85

X = NH7  103
X = NH?.HC1 117 
X = NH9.MsOH 119

X = NH, 116
X = NHt.HCI 118 
X = NHi.MsOH 120

X = CHi 76 
X = O 8 6  

X = NH 121

X = O 87 
X = NH 130

128

R = H 96
R = CH3  94

X = CH3, Y= OH 139 
X = OH, Y = CH3  140

Figure 60

Each derivative of this series has been synthesised in order to measure the conformational 

preference and hence to compare the intramolecular non-covalent interactions which are 

preferred in the proximity of the precisely located aromatic ring.
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2.3 -  Experimental techniques used to estimate the
conformational equilibria in solid and liquid states

2.3.1 -  NMR spectroscopy

The structure of the molecules prepared has been especially designed to enable each 

derivative to be studied by NMR spectroscopy in order to bring to light the conformational 

preference of the substituents X and Y for each derivative and to measure this 

conformational equilibrium. However, their interconversion energy barriers are rather small 

and the usual approach of reaching the slow exchange limit on the NMR timescale by 

operating at low temperature failed. At 163 K, the symmetrical cyclopropane 76 presented
13a severely broadened C resonance at 14 ppm in CFCl3 :CD2Cl2 (4:1) solution. A 50:50 

ratio of resonance signals was expected at very low temperatures due to the symmetry of 

the molecule and, indeed, two separate signals of equal intensity and linewidth were
13detected in the solid-state C CPMAS spectrum for the cyclopropane methylene carbons at

9.2 and 20.2 ppm at ambient temperature. Using these values as boundary values in the

slow exchange region and assuming that the coalescence temperature in the solution state is

less than 163 K, the interconversion energy barrier was estimated to be < 27 kJ.m ol'1 from 
212the following equation :

AG -  RTc

Where:

22.96 + In —
Sv

Equation (1)

AG is the interconversion energy barrier (J.mol’1)

R is the universal gas constant (R = 8.315 J.KJ.mol"1)

Tc is the coalescence temperature (in K)

5v is the difference of chemical shifts for the methylene carbons of the cyclopropane

(in Hz)

As a consequence of this fast exchange rate between the two conformers A and B on the 

NMR time scale at room temperature, only averaged chemical shifts and coupling constants 

are observed. These can nevertheless be used to determine the ratio of A and B in solution.
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2.3.1.1 - Dihedral angle

The torsional angle of our system is shown in the following Newman projection 

(Scheme 60).

B

Schem e 60 Newman projection of the conformers A and B 

If the conformer A predominates, the dihedral angle \j/ would be larger than 60° giving
3 3iio-iia > îo-i lb from the Karplus equation. If the other conformer predominates, (j) would 

be larger than 60° leading to Vjo-i ia < Vio-i ib.
Theoretical calculations, performed by Dr. A. Aliev, have been used to predict the dihedral 

angles <J> and \j/ in this framework (Figure 61) and the results are given in more detail within 

the appendix for better coherence.

Y

6

\j/~80‘ »~35'

F igure 61 Dihedral angles of the series of derivatives 6 6

Thus, the overall range of dihedral angles (j) and \|/ has been estimated to be 32-42° and 

75-81° respectively (See Appendix 1) and are directly associated with the values of the
3 3coupling constants ' /io-i ia and Jio-i ib for one conformer.

=  1 1 0  =



Chapter 2 Results and Discussion

2.3.1.2 - Determination of the predominant conformer by NOE 
measurements

The nuclear Overhauser effect is a convenient method to determine the through space 

proximity of two nuclei. Its magnitude, called the NOE enhancement, is not dependent on 

the connectivity of the two nuclei but only on the internuclear distance r .213 The NOE 

enhancement p is proportional to r 6. As a result, the magnitude of NOE decreases suddenly 

on increasing the distance and therefore, it is a short-range effect. Furthermore, NOE 

enhancement exhibits the spatial arrangement of the molecule generated by the presence of 

intra- or intermolecular interactions. This NMR experiment can be important in 

determining the geometry of conformers in a rapidly exchanging mixture. The magnitude 

for the signal of each conformer reflects its spatial arrangement and is proportional to the 

population of the conformer in solution.

For example, selective excitation of the substituent X = CH3 generated enhancements 

and rjb on the protons H n a and Hub, respectively. The distances between the substituent X 

and Hi ia and Hub, ra and r\> respectively, were estimated by gas phase optimised geometries 

for each derivative in both conformations and the results are reported in Appendix 2. 

However, the fast rotation of the methyl group of tertiary alcohol 78 along the C i2-CMe 

bond leads to an averaged position for the methyl protons corresponding of the averaged 

position H* and the approximative distances ra and rb for each conformer are reported in 

Figure 62.

✓ ^ M e

/  i \ > „H......
- - « v

= 2.826 A2 . 6 0 3  A  =  rb

Conformer A

2.588 A = raH O

—H

Conformer B

F igure 62 Determination of the averaged position H* and distances between the substituent on C 1 2 and the 
bridgehead protons in the two conformations of 78
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An example of NOE enhancement is shown in Figure 63 for the alcohol 78 after selective 

excitation at the frequencies of the signal corresponding to the methyl protons.

C H 3

9 ,1 0 1 lb ,1 3 b

1 la , 13a

I J I J L

O H

0 J

F igure  63 Top: ‘H NMR spectrum of 78 in CDC13 at 298 K. Bottom: selective NOE spectrum of 78 in 
CDC13 at 298 K.

213Using the initial rate approximation, the experimental enhancement ratio leads to

the determination of the predominant conformer by the equation:

E quation  (2)

To illustrate the use of Eq (2), the enhancement ratio for protons HA and He Ct|a/t|b) was 

experimentally found to be 0.59 on the selective NOE spectrum (Figure 63). For the 

conformer A in which the hydroxy group lies above the aromatic ring, the distance ratio 

(fa/nO"6 was estimated to be 0.61 and agrees well with the experimental enhancement ratio,

T]a _  (  Ya ^

rjb I rb .
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whereas the distance ratio for the conformer B was 5.71. Thus, the NOE experiment is an 

efficient method to determine the predominant conformer by comparison between the 

experimental and calculated enhancement ratios.

2.3.1.3 - Determination of the conformational populations using the 
coupling constants between the protons on the central bridge in CDC13 
solutions

The coupling constants between the protons at the bridgehead, H9 and H 10, and those on the

bridge, H u and H 13 can give direct access to the population of each conformer A and B in
3 3solution, if the boundary coupling constants, Jio-iia and Jio-iib, for both conformers are 

known. These boundary values are the coupling constants found for one conformer in 

solution. Thus, as the motion of the bridge is a fast process on the NMR time scale, 

conformational equilibrium induces the presence of both conformers in solution, and 

therefore, only average chemical shifts and coupling constants are observed in the NMR 

spectra. An exact measurement of these constants for each conformer was not possible due 

to conformational equilibria but estimation can be made due to the similarity in the 

framework of each compound. The largest coupling constants for A equals the smallest in 

B and the converse also applies as the result of the symmetry of the framework (Scheme

61).

A B

Scheme 61

The calculated boundary values, were found to be 3Jio-iia = Jl = 7.3 Hz when X is directed 

towards the aromatic ring, and 3Jio-iia = Js = 1.1 Hz when X is away from the ring 

(See Appendix 1 ). Coupling constants, Vio-iia and 3Jio-iib, for the disubstituted derivatives
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are dependent on the dihedral angles (J) and V|/ and also on the electronegativity of the 

substituent. The electronegativity of the substituents in the series of derivatives synthesised 

is comparable, but this approximation cannot be validated for the presence of a fluorine or a 

hydrogen atom as the substituent. Therefore, the values of Jl and Js for the derivatives with 

X =H are 7.9 Hz and 0.9 Hz respectively.

The population of the conformer A, for each derivative is called, Pa and that for the 

conformer B (Pb) is 1-Pa- For clarity, these conformation ratios will be given as 

percentages and, therefore PB = 100 —P*. Thus, the values for coupling constant between
139Hio and Hi ia can be calculated from the following equation :

Pa , ( P* ) , . , , Pa , ( ,  Pa \~ J l O Ma  =  . J L +  1 -----—■ . J S  and 'JlO,llZ> = ----- .Js+ 1 — —  I
100

f  Pa ) , Pa t (
.Js and J  io,hzj = -----.Js +

I iooJ

oo
Pa ,

1 ----------- . J l Equations (3) and (4)
100 J

Where:

Pa the proportion of time spent in the conformer A

the coupling constant between the protons Hio and Hi ia in the conformer A

Js the coupling constant between the protons H i0 and Hi ia in the conformer A

3Jio-i ia the observed average coupling constant between the protons Hio and H n a 

Jio-iib the observed average coupling constant between the protons Hio and H u b

Consequently,

„ (Jl-'ViO.II^) (3J  10,1 lo Js)
Pa — x lO O —---------------------- x i o o  Equation (5)

( J l  — Js) (J l  — Js)

Furthermore, the equilibrium constant Ka can be directly calculated from the proportion of 

time spent in the conformer A by the equation (6):

^  _ Pa
~  1 0 0 - P  Equation (6)

From equation (5), the sum of the coupling constants 3Jio-i ia and 3Jio-i ib are approximately 

equivalent to the sum of the boundary values JL and Js providing an internal check in the 

system studied. Therefore, the variation in the electronegativity of the substituent, as well 

as its orientation relative to the coupled proton pairs, does not have an effect on (J L + J s )

for a series of propanoanthracenes with the same framework. Assuming that the boundary 

values Jl and Js are accurate within ±0.3 Hz, the error of the population measurements is 

estimated as ±5%. The agreement between the population values calculated using two
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different 3Jio-na and 'Vio-iib couplings for each compound is within 0-2%. In the case of the 

derivative 94, V Hf couplings are also used, and these vary over a significantly larger range 

of values than Vio-i ia or 'Vio-iib providing a better accuracy for population estimated.

With a method to determine the conformational ratio now established, the free energy 

difference AG° at a given temperature can be calculated according to the following 

equation (5):

AG° = —RT  In K a Equation (5)

AG° Free energy difference between conformers (J.moF1)

R Universal gas constant (R = 8.314 J.K^.mol *)

T  Temperature (K)

Ka equilibrium constant determined from the conformational ratio

2.3.1.4 -  Temperature dependence

Varying the temperature is another technique of generating perturbation in the 

conformational equilibria by slowing down the motion of the bridge and consequently 

increasing the lifetime of conformers on the NMR time scale. Initially, !H NMR studies at 

low temperature were attempted to determine the major conformer by reaching the slow 

exchange limit, but only the time averaged picture was observed until reaching the freezing 

point of the solvent. Nevertheless, conformational ratios and chemical shifts of the 

substituents are significantly affected by the change of temperature and enable the 

confirmation, and even the determination, of the more stable conformer of some 

derivatives. As with the coupling constants, the observed chemical shifts reflect the protons 

of the conformational balance and are an average between the theoretical chemical shifts of 

the protons of the conformer A and those of the conformer B, and consequently modifying 

the conformational ratio of one derivative affects the chemical shifts of the protons on the 

bridge and the substituents X and Y. The benzene ring current effect increases the electron 

density on the substituent directly above the 7t-system compared to that on the other 

conformer, thus the chemical shift of the substituent directed towards the aromatic ring 

would be upfield in comparison to its chemical shift in the other conformer. Since accurate 

determination of the theoretical chemical shifts of the protons of X and Y in each
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conformer A and B is not possible, a less direct method based on temperature dependence 

would enable a significant modification of the conformational ratio by increasing the time 

spent in one of the conformers. The following case histories are illustrative.

2.3.1.4.1 -  Effects o f  temperature on the conformational equilibrium o f  the ether 84

A relevant example to illustrate the effects of temperature gradient on the conformational 

ratio and chemical shifts is that of ether 84 at low temperatures. At ambient temperature, its 

conformational ratio is 70:30 in CDCI3 and the Table 12 reports the *H NMR spectrum data 

of 84 at different temperatures in a 4:1 mixture of CFCl3 :CD2Cl2 while the *H NMR spectra 

are provided in Appendix 3.

H ..CH3

Hb̂ [ r / y
Hb- 4 . ^OCH;

nix
Hio i

84

Figure 64

Temp. (K)
A5 (ppm) 'V l O - l l a

(Hz)

^J 1 0 - 1  lb 

(Hz)
Ratio

H na H ,lb O C H 3 c h 3

293 0 . 0 0 0 . 0 0 0 . 0 0 0 . 0 0 5.2 2.7 70:30

273 0 . 0 1 -0 . 0 2 - 0 . 0 1 0 . 0 1 5.5 2 . 6 73:27

253 0 . 0 1 -0.04 -0.03 0 . 0 2 5.6 2.4 76:24

233 0 . 0 2 -0.06 -0.05 0.04 5.8 2 . 0 81:19

213 0.04 -0.08 -0.07 0.05 6 . 0 1.5 86:14

193 0.05 - 0 . 1 0 -0.09 0.08 6.4 n/a (85:15)a

a As the smallest coupling constant could not been measured in the ‘H NM R spectrum, the ratio is calculated 
from the biggest coupling constant and therefore is less accurate.

Table 12 Difference of chemical shifts from room temperature to the mentioned temperature and vicinal 
couplings of the ether 84 in CFC(vCD 2 C12 (4:1)

The conformational ratio is therefore dependent on the temperature as the major conformer 

becomes more populated on cooling, but the broadness of the signals of the protons H n a 

and Hi ib below 193 K impedes the accurate determination of the coupling constants 3/io-iia 
and 7io-iib- Another interesting effect of temperature is the shift of the NMR signals of the
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protons of the substituents, as well as that of H n b. The chemical shift of the signal of the 

protons of the methoxy group is slightly shifted upfield (AdoMe = -0.09 ppm) at 193 K 

compared to the values at room temperature and this demonstrates the increase in time 

spent in this conformation with the methoxy group above the aromatic ring. In this 

conformer, the electron density of the protons of the methoxy group is enriched by the 

benzene ring current effect in comparison to their electron density in the other conformer. 

Since A§Me is positive (+0.08 ppm), the population of the conformer bringing the methyl 

group spatially close to the aromatic ring becomes less populated on decreasing the 

temperature and corroborates the results obtained for the other substituent. Intriguingly, the 

variation in A5na is less significant than in Adub as the time spent in the more stable 

conformer increases. This observation can be explained by the geometry of the bridge in 

each conformer.

3

Figure 65 Structure of the major conformer of ether 84 with the methoxy group sitting above the aromatic 
ring. The protons Hb are affected by the close proximity to the 7r-system

As depicted in the Figure 65, the proton Hub is relatively close to the aromatic ring in the 

major conformer and therefore a significant negative Adi ibis to be expected. Moreover, due 

to the orientation of the proton H n a, the contribution of the aromatic system to the electron 

density of H n a is fairly similar in both conformations. Therefore, the temperature 

dependence of the conformational equilibria and comparison of the chemical shifts of the 

protons of the substituents at various temperatures provides a further tool in the 

determination of the conformational equilibria.
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2.3.1.4.2 -  Studies o f  the propargylic alcohol 81 at low temperatures

On cooling, the population of one conformer increases from 52%  at room temperature to 

87% at 203 K along with a noteworthy upfield shift for the signal of the alkyne proton 

(Table 13 and appendix 4).

OH

6

81

Figure 66

Temp. (K) A5cch  (ppm)
3J  1 0 -iia 

(Hz)

"VlO-llb

(Hz)
Ratio

253 -0.09 4.3 3.8 54:46

233 -0.28 4.9 3.4 62:38

223 -0.50 5.4 2.7 72:28

213 -0.76 6 . 1 2 . 1 82:18

203 -0.99 6.4 1 . 8 87:13

193 -1.18 6 . 2 n/a n/a

183 -1.35 6 . 0 n/a n/a

Table 13 Difference of chemical shifts of the signal of the alkyne proton and conformation ratio o f 81 at 
various temperatures in CFC13 :CD 2 C12  (4:1)

Although the negative A5och at 183 K would indicate that the predominant conformer at 

this temperature would bring the alkyne proton spatially close to the aromatic system, 

comparison of A5och with ASoMe obtained for the ether 84 highlights the limits of 

accuracy of this method. Indeed, for a decrease of 100 K, A 5c=ch is considerably larger 

than A5oMe (-1.18 and -0.09 ppm respectively) and this large upfield shift may be induced 

by another phenomenon, such as the formation of an intermolecular C-H /71 hydrogen bond 

which may enable the alkyne proton to lie closer to an external aromatic system. Therefore, 

low temperature studies alone cannot determine the structure of the predominant conformer 

of 81 and further analytical methods are required.
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2.3.1.4.3 -  Behaviour o f  aziridine 121 at low temperatures

The !H NMR spectrum of aziridine 121 exhibits an interesting feature on cooling due to the 

presence of the lone pair of electrons on the nitrogen atom. At 173 K, the signals of each 

proton adjacent to the nitrogen split into two as, at this temperature, the two protons of the 

CH2 groups become inequivalent (Figure 6 8 ). This inequivalence arises as the fast 

inversion of the lone pair of electrons is and therefore this temperature corresponds 

normally to the coalescence temperature of the nitrogen inversion.

121 

Figure 67

Figure 6 8  ‘H NMR spectra of aziridine 121 at low temperatures
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Within the series of nitrogen-containing derivatives studied, the inversion barrier was 

reached only for 121, presumably due to the strain within the spiro ring. From the literature, 

the interconversion energy of an aziridine has been reported to be much higher than that of 

azetidine or ammonia .214 These energies have been estimated to be 79.9, 21 and

24.1 kJ.mol"1 respectively by ab initio MO calculations and dynamic LH NMR at 154 K. By 

way of comparison, the NMR spectrum of azetidine 130 did not demonstrate this 

phenomenon and this inversion at 173 K can be explained by the significant energy 

difference for inversion between the aziridine and azetidine.

2.3.2 -  X-Ray studies

2.3.2.1 -  Intermolecular interactions in the crystal structure of alcohol 78

Throughout our work, it was always of interest, when possible, to compare behaviour in the 

solid state with that in solution, particularly in view of the prevalence of crystallographic 

data based mining for the detection of non-covalent interactions. Once again, some relevant 

cases are outlined below. In the solid state, alcohol 78 exists in one only conformer, i.e. 

with the methyl group above the aromatic ring and the structure also exhibits two types of 

intermolecular interactions. The O-H proton of one molecule participates in a hydrogen 

bond with the oxygen atom of the hydroxy group of a second molecule, whereas the O-H 

proton of this second molecule takes part in an O-H/7: interaction with the aromatic ring of 

a third molecule (Figures 69 and 70). Surprisingly, alcohol 78 exists in this conformer in 

the crystalline state, whereas NOE enhancement experiments in solution proved the 

predominance of the other conformer, in which an intramolecular O-H/7C interaction occurs. 

This noteworthy result will be discussed in-depth in the following section. With 

conventional hydrogen bonding, the distance and the angle between the two hydroxy 

groups, found to be 1.85 A and 161.2°, are comparable to the hydrogen bonding in water 

(1.88 A and 162°).
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OH

1.853 A

Figure 69 Crystal structure of alcohol 78 which presents a conventional hydrogen bonding between two 
hydroxy groups

Figure 70 Intermolecular 0 -H/7C hydrogen bonding

Furthermore, the 0-H***7t-centre distance in the latter intermolecular interaction is less than 

2.69 A. In their ab initio studies of the water-benzene dimer, Tsuzuki and co-workers79 

determined the 0-H***7i-centre distance in the monodentate complex, in which its geometry 

is comparable to the orientation of the hydroxy group towards the aromatic ring in our 

crystal structure of 78, to be 3.4 A. The significant difference in distance between the 

theoretical and experimental values may be explained by the fact that the hydroxy group is 

involved in two hydrogen bonds and the oxygen atom therefore becomes electron deficient.
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In the crystal packing, half of the hydroxy groups are gauche orientated to enable this 

O-HIn interaction (torsion angle = 77.86°) with a coherent close contact distance between 

the hydroxy proton and the centroids of the n-system (Figure 70). In conclusion, the 

geometry of alcohol 78 in the solid state is governed by two intermolecular hydrogen bonds 

and there is no evidence for intramolecular interactions.

2.3.2.2 -  Crystal structure of propargylic alcohol 81

r

Although the X-ray crystal structure of 2-ethynyladamantan-2-ol exhibited an extremely 

interesting O-H/7 1 0 C hydrogen bond, this type of interaction was not observed in the X-ray 

structure of the propargylic alcohol 81. Thus, the structure determination of the propargylic 

alcohol 81 revealed a disordered arrangement in which the substituents of the flexible 

bridge adopt two different geometries. The major component, present in a 70:30 ratio was 

the fully bonded structure shown in figure 71 where only the atoms of the minor part are 

shown. In the minor component, the hydroxy groups are stabilised by the formation of 

hydrogen bonds and the alkyne proton forms a head to tail dimer with lone pair of the 

oxygen atom belonging to the major unit (2.47 A). Hydrogen atom H i’ is preferentially 

oriented to participate in a conventional hydrogen bond with Oi* rather than in 

intramolecular O-H/71  hydrogen bonding, agreeing with the rules of Etter.86

Figure 71 Disordered crystal structure of 81 . Only the atoms of the minor component are shown
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Although two disordered components are observed in the crystalline state, they correspond 

to only one geometry of the two possible conformers. Both exhibit the hydroxy group 

directed towards the aromatic ring whilst the alkyne group tends to be oriented in favour of 

an intermolecular interaction.

The major component is present as a dimer in the unit cell and is stabilised by the 

contributions of both intra- and intermolecular interactions, 0-H/7C and C-H /71 hydrogen 

bonds respectively (Figure 72).

1.598
••2.509

Figure 72 Crystal structure of the propargylic alcohol 81

Moreover, the bending of the alkyne substituent by 159° may be explained by the formation 

of this head to tail dimer which constrains the alkyne proton, directing it towards the centre 

of the aromatic ring. The hydroxy group maintains the central carbon of the bridge in this 

position by the O-H/ti interaction on the other side of the bridge.
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2.3.2.4 -  Crystal structure of epoxide 86

The conformer of the epoxide 86 with the oxygen atom directed away from the aromatic 

ring is the only conformation in the solid state. However, this structure does not exhibit any 

obvious close contacts between two molecules of 86 and therefore neither any inter- nor 

intramolecular interactions can justify the stabilisation of this conformer.

Figure 73 Crystal structure of the epoxide 86

Although the stacking of molecules in the crystalline state enables intermolecular 

Ti-Ti interactions to occur in a displaced T-shaped geometry with a distance of 5.00 A 

between the two aromatic centroids, which compares with that calculated for the benzene 

dimer in this particular stacking (5.10 A).6 Nevertheless, this close contact does not explain 

the crystallisation of the epoxide 86 as only one conformer since this interaction does not 

involve the flexible bridge.
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23.2.2 -  Intra- and intermolecular interactions in the crystal structure of 
a-amino nitrile 116

In similar fashion to the crystal structure of the alcohol 78, only one conformer of the 

a-amino nitrile 116, where the cyano group is directed towards the aromatic ring as 

illustrated in Figure 74, is observed by single crystal X-Ray diffraction.

NH-

Figure 74 Unit cell in X-ray structure of the a-am ino nitrile 116 exhibiting a dimeric arrangement stabilised 

by intermolecular C=N«**H hydrogen bonding

The crystal structure of 116 in the unit cell exhibits a dimeric arrangement in which there is 

the formation of a hydrogen bond between the bridge proton, H n a, and the nitrogen atom 

belonging to the cyano group. Desiraju reported the H » » * 0  distance to be 2.59 A in the 

C-H***0 hydrogen bond ,216 a value comparable to the distance obtained for the C=N*#*H 

intermolecular interaction. Furthermore, formation of this hydrogen bond in the solid state 

is supported by the C-H*»*N angle of 168.4°, which corresponds well to the expected 180° 

angle for hydrogen bonds. Another interesting feature is the slight bending of the C-C=N 

bond, which is also predicted by the geometric optimisation for a single molecule, 

indicating that this bending is not caused by crystal packing but rather by intramolecular 

interactions. This can be a result of the repulsive effects between the aromatic ring and the 

lone pair of the nitrogen. Therefore, the conformation of a-amino nitrile 116 in the solid 

state is governed by the contribution of multiple interactions, both attractive and repulsive.
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Using these methods, the structures of the predominant conformers and conformational 

ratios have been determined for a series of propanoanthracene derivatives and the results 

are reported in Table 14.

X-down Y-up
1 0 - 1  la

(Hz)

'VlO-llb

(Hz)
Pa

A G° 

(k j .m o l1)

77 H OH 7.3 1 . 1 93:07 6.4

78 OH c h 3 6 . 8 1.4 94:06 6 . 8

79 OH c h c h 2 6.7 1 . 6 90:10 5.4

81 C=CH OH 4.2 3.9 52:48 0 . 2

83 OH CN 5.7 2.7 74:26 2 . 6

84 OCH 3 c h 3 5.2 2 . 8 70:30 2 . 1

85 C=CH o c h 3 5.7 2.7 74:26 2 . 6

86 -CHr -0 - 4.1 4.1 50:50 0

87 -CHr -O- 6.7 1 . 8 89:11 5.2

94 F c h 3 6 . 2 1 . 8 96:04 7.9

96 H F 6 . 0 1.5 91:09 5.6

103 n h 2 c h 3 6 . 0 2.3 79:21 3.3

116 CN n h 2 7.0 1 . 2 96:04 7.9

117 NH 3 CI c h 3 6 . 0 2 . 0 -82:18 -3 .7

121 -CH2- -NH- 5.3 3.0 68:32 1.9

128 -c h 2- -NH- 5.1 3.0 71:29 2 . 2

130 -c h 2- -NH- 4.8 3.4 61:39 1 . 1

139 OH c h 3 6 . 6 1.4 92:08 6 . 1

140 OH c h 3 6.9 1.3 95:05 7.3

Table 14 Equilibrium Ratios, experimental coupling constants and Energy Differences between conformers 
of the propanoanthracenes in CDC13 at 298 K. Concentration C = 1-2 mg.mL 1

Interestingly, concentration effects have been studied for the propargylic alcohol 84 in 

CDCI3 and C6D5-CD3 from 2 to 10 mg.mL"1 and no trace of formation of the dimer has 

been observed in any solvent.

The conformational ratios and the predominant conformers cannot be determined by using 

only one method and combination of these methods are required to elucidate the exact 

structures of the conformational balances. Moreover, several possible interpretations of the 

results obtained may arise due to the complexity of the systems studied. This will be
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discussed in the following section, where Table 14 will also be analysed, and comparison of 

these results will be done to give the relative m agnitudes o f the different 71-hydrogen bonds.

2.4 -  Relative strengths of functional group-arene interactions in 
a series of propanoanthracene derivatives in CDC13 solution

2.4.1 -  Introduction

The primary goal of this work is to gain insight into the relative magnitude of various 

intramolecular non-covalent 7i-interactions occurring in a series of propanoanthracene 

derivatives by determining the conformational equilibria. However, the stabilisation of one 

conformer over the other is a complex phenomenon in which numerous interactions also 

play crucial roles. As discussed in the introductory chapter, direct experimental 

investigations into such 7t-interactions cannot be carried out, and therefore, many research 

groups have circumvented this limitation by studying the behaviour of a molecular system 

through systematic variation of changing one parameter. Although our conformational 

balance has been designed to limit interference from other interactions on the equilibrium, 

dominant intermolecular interactions such as solvation effects, cannot be neglected and are, 

in fact of vital significance (vide infra). Indeed, the conformational equilibrium is 

inevitably affected by interactions between the substituents on the bridge and the solvent, 

since any attractive intermolecular forces between the solvent and a functional group could 

compete with a 7i-interaction. Although we have selected substituents on the bridge that 

would have comparable steric hindrance, the difference in van des Waals radii between 

these constituents can also cause interactions affecting the conformational equilibrium. 

Measurement of the conformational ratio has been obtained under comparable conditions of 

solvent and temperature for a series of derivatives, but these results cannot be attributed 

exclusively to the effects of the intramolecular 7t-interactions since many other forces are 

involved. Thus, there is a great challenge in calculating accurate binding energies. 

However, in this section, attempts have been made to provide quantitative data and to 

compare the conformational ratios of the series of derivatives reported in Table 14. From
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examination of Table 14, the first interesting feature is the free energy difference between 

the two possible conformers which was estimated to be greater than 8 kJ.m ol'1 at 298 K.

2.4.2 -  Alcohol and ether derivatives -  The importance of the 
O-H/n interaction

As we have seen, the assistance of the 7r-facial hydrogen bond between a hydroxy group 

and an aromatic ring is now a well established non-covalent interaction. For this reason, it 

was of particular interest to prepare a series of alcohol and ether derivatives within the 

propano-bridged anthracene system.

The population of the predominant conformer of the secondary alcohol 77 is 93% in
139solution. Previously, another member of our group established that the structure of this 

major conformer is such as the hydrogen atom is positioned above the aromatic ring and 

this conformation agrees well with the results calculated in gas phase. Stabilisation of this 

conformation arises from the significant steric difference between the hydrogen atom and 

the hydroxy group as substituents on C n  as the formation of a hydrogen bond in the other 

conformation would not be strong enough to compensate for the difference in the van der 

Waals radius.

Conformational ratio 
93:7 

77

Figure 75 Representation of the predominant conformation of 77 in CDC13 solution

Although, stabilisation of the other conformer by 7r-hydrogen bonding in 77 or by electron 

repulsion between the fluorine atom and the electron rich aromatic centre in 94 can be 

expected, steric effects govern the stabilisation of one conformer over the other for these 

two derivatives.
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One predominant conformer (> 90%) was also observed for tertiary alcohols 78, 79, 139 

and 140 and NOE enhancements proved that the hydroxy group was directed towards the 

aromatic ring in this series of alcohols.

78

Conformational ratio 
94:6

79

Conformational ratio 
90:10

NH?

Conformational ratio 
92:8

140

Conformational ratio 
95:5

Figure 76 Representation of the predominant conformation of tertiary alcohols 78, 79, 139 and 140 in 
CDC13  solution

Stabilisation of the preferential orientation cannot be attributed exclusively to steric effects 

of an oxygen atom having a smaller van der Waals radius compared to that of the alkyl 

group, as an additional O-H/71 interaction can significantly contribute to the stabilisation of 

this conformer.

The conformational ratios of derivatives 78 and 79 are 94 and 90% respectively with the 

hydroxy group orientated towards the aromatic ring (Figure 76) whereas both conformers 

of propargylic alcohol 81 are almost equally populated (52%). Initially, these alcohols were 

synthesised to investigate the effects of the hybridized orbitals of the carbon atom of the 

substituent on the conformational equilibria and resulted in showing that the ratio decreases 

on increasing the degree of insaturation of the carbon. Interaction energy of the ethylene- 

benzene complex has been calculated to be greater than 8.6 kJ.mol"1 in its optimised 

geometry.41 Although free rotation of the vinyl group along the C i2-CVmyi bond can bring 

the terminal vinylic proton above the aromatic ring (Figure 77).

79

Figure 77 Less stabilised conformer o f the tertiary alcohol 79 exhibiting a C-YUn interaction and comparison 
of its geometry with that of the ethylene-benzene complex

HO
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This conformer is far from being favoured as shown by the conformational ratio indicating 

a large preference for the other geometry. Thus, this C-H/7T hydrogen bonding is not as 

strong as the O-H/ft interaction occurring in the other conformation. However, the 

conformation ratio of 79 is slightly smaller than that of the methyl analogue 78 although a 

vinyl group is significantly larger than a methyl group and, therefore, the C-H /71 interaction 

may be sufficiently strong to compensate for the difference of steric bulk between a vinyl 

and a methyl group and to slightly reduce the conformational ratio compared to that of 78. 

The energy of interaction in the methane-benzene complex has been estimated to be smaller 

than that of the ethylene-benzene dimer (7.6 kJ.moT1) supporting our experimental 

observations.

The conformational ratio of the propargylic alcohol 81 is an exciting result since both 

conformers are equally populated in solution, demonstrating that the strength of the O-H/71 

interaction can be effectively counterbalanced by the terminal alkyne.

OH

Conformational ratio 
52:48

81

Figure 78 Representation of the predominant conformation of tertiary alcohols 78, 79, 139 and 140 in 
CDCI3  solution

The *H NMR spectra of propargylic alcohol 81 was studied at low temperatures and the 

upfield shift of the signal of the alkyne proton on cooling was initially attributed to the 

spatially close presence of the aromatic ring. However, the X-ray crystal structure showed 

the formation of a dimer stabilised by intermolecular C-H/7T hydrogen bonding between the 

alkyne proton and the aromatic system of the second molecule. Thus, based on the 

anisotropy of the ring current effect, formation of this intermolecular interaction may cause 

the significant upfield shift of the signal of the alkyne proton on cooling rather than the 

increase of time spent in the other conformer. Therefore, the predominant conformer at low 

temperature may well be dimeric species observed in the solid state, i.e. with the hydroxy 

group interacting with the aromatic ring and the alkyne group oriented towards the aromatic
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ring of another molecule. Comparison of the results obtained in the solid state and solution 

leads to the conclusion that the behaviour of 81 in the solid state cannot be extrapolated to 

the solution case, and conversely.

The 93:7 conformational ratio of secondary alcohol 77 in favour of the hydrogen atom 

being above the aromatic ring demonstrates that the O-H /71 hydrogen bond is not as strong 

as the influence due to the difference in van der Waals radii of the substituents and 

therefore highlights the relative weakness of this interaction. However, further evidence for 

the existence of this interaction can be demonstrated by comparison of the equilibrium 

ratios of the tertiary alcohol 78 with the methyl ether derivative 84. Replacing the hydrogen 

of the hydroxy group of 78 by a methyl group, as in 84, decreased the population from 94 

to 70%, indicating that the favoured conformation of 78 is partially stabilised by the 

formation of intramolecular O-H/71 interactions.

Conformational ratio 
94:6

Conformational ratio 
70:30

84

Conformational ratio 
^  52:48

81

Conformational ratio 
74:26

Figure 79 Representation of the predominant conformation of ethers 84 and 85 in CDC13  solution and 
comparison with the corresponding alcohols 78 and 81 respectively

However the conformer of 84 with the methyl group above the aromatic ring might be 

expected to be the major conformer on simple steric arguments. Free rotation around the 

C 12-O and O-CH3 bonds, with C 12 as the centre carbon atom of the flexible bridge, can of 

course occur and can enable the terminal protons of the methoxy group to become closer to 

the centre of the ring than those of the methyl group as illustrated in Figure 80a. This 

degree of rotational freedom may also allow the methoxy group to be in the 

gauche-rotameric state in order to limit the steric hindrance of the methoxy group 

(Figure 80b).
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.CH

2

Figure 80a Conformation of the ether 84 Figure 80b Conformation of the ether 84 in the

showing a 7r-interaction with the terminal protons gauche-rotameric state,

of the methoxy group.

The structure of the favoured conformer of the ether 85 showed a distinct preference for the 

terminal alkyne group to be above the aromatic ring and its relative proportion was larger 

than that of the propargyl alcohol 81 in CDCI3 solution, due to the absence of the stabilising 

O-H/tt interaction on the other side of the balance. Indeed, the conformational equilibrium 

of the propargylic alcohol 81 revealed that there was no preference for one conformer over 

the other due to the effective competition between the O-H/tu interaction and the alkyne 

group. Removal of the former interaction, the C-H/7T hydrogen bonding governed the 

conformation observed for the ether 85.

2.4.3 -  Aromatic interactions with a fluorine atom

At this stage, given that the replacement of an hydroxy group by a fluorine atom is a proven 

stratagem within the pharmaceutical industry, it was of particular interest to contrast the 

behaviour of the secondary and tertiary fluorides within the corresponding alcohols. The 

predominant conformation of the fluoride derivatives 94 and 96 in CDCI3 solutions are 

illustrated in Figure 81.
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Conformational ratio 
95:5

Conformational ratio 
94:6

Conformational ratio 
91:9

Conformational ratio 
93:7

Figure 81 Representation of the predominant conformation of fluoride derivatives 94 and 96 in CDC13  

solution and comparison with the corresponding alcohols 77 and 78

The difference in the van der Waals radius of a methyl group and a fluorine atom justifies 

the preferential conformation of 94 exhibiting the fluorine atom directed towards the 

aromatic system. The predominant conformation of the fluoride 96 was determined based 

on the coupling constants between the proton on the centre carbon of the bridge and the 

bridgehead protons Ha and Ht>. The Karplus equation provides two theoretical coupling
3 3constants J i2-Ha and J i 2-Ht>in the illustrated conformation, of 6.2 and 10.0 Hz respectively, 

whereas smaller coupling constants are expected for the other conformation
3 3 1(V i2-Ha= 3.1 Hz and Jn-\\b = 2.7 Hz). Experimentally, the resonance given by H 12 in the H 

NMR spectrum of 96 exhibits two large coupling constants agreeing well with those 

calculated for the illustrated conformation. Therefore, the combination of electron density 

of the fluorine atom and difference in van der Waals radius between hydrogen and fluorine 

atom explains the stabilisation of the preferential conformer having the hydrogen atom 

above the centre of the ring.

2.4.4 -  Cyanohydrin and a-amino nitrile derivatives -  The 
influence of the cyano group

One sole conformer was found in the crystal structure of the a-amino nitrile 116 in which 

the nitrile group was positioned above the aromatic ring. Moreover, solid state 13C chemical 

shifts did not reveal any significant change when compared with the 13C NMR shifts 

obtained in chloroform solution, indicating that the structure of the major conformer was 

similar in both the solid state and in solution. Interestingly, the NMR signal of the carbon
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atom of the nitrile group appeared at 4 ppm towards higher field in the solid state, which is 

characteristic of a solid specific hydrogen bonding (Appendix 5). Stabilisation of this 

conformer may arise from an interaction between the electron rich aromatic ring and the 

electron deficient carbon atom of the nitrile group.

Conformational ratio 
74:26

Conformational ratio 
96:4

83 116

Figure 82 Conformational ratio of cyanohydrin 83 and representation of the predominant conformation of 
a-amino nitrile 116 in CDC13  solution

In solution, one conformer of the cyanohydrin 83 was significantly favoured and its 

conformational ratio was 74:26. However, neither of the two substituents contains a 

non-labile proton for NOE enhancements to be performed to determine the structure of the 

predominant conformer and this derivative could not be crystallised due to its instability in 

protic solvents. Thus, the structure of the more stable conformer could not be demonstrated 

experimentally. Although the C=N/7i interaction in the a-amino nitrile 116 is stronger than 

the N-H/tc hydrogen bond allowing one conformer to be formed in 96%, the relative 

strength of the C=N/7t interaction versus the O-H /71 hydrogen bond is unknown, and 

consequently the more stable conformation could not be estimated.

OH Conformational ratio 
94:6

\ J U
2  Conformational ratio 

79:21

103

0 ^  Conformational ratio 
74:26

116

Conformational ratio 
96:4

Figure 83 Conformational ratios o f 78, 83, 103 and 116 in CDC13  solution in order to determine the 
structure of the predominant conformer of the cyanohydrin 83
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Interestingly, the difference of population of conformers of the amines 103 and 116 with 

their respective hydroxy analogues 78 and 83 is approximately equivalent. Since this 

change is induced by the replacement of an amino group by a hydroxy group, it seems 

reasonable to conclude that the more populated conformers of the nitriles 83 and 116 may 

have the same geometry, i.e. with the cyano group directed towards the aromatic ring.

The relative magnitudes of the N-H/7t and the 0-H/7t interactions are shown by the 

comparison of the conformational population of the alcohol 78 with that of the amine 103, 

which are 94:6 and 79:21 respectively.

Conformational ratio   Conformational ratio
94:6 7 9 : 2 1

78 103

Figure 84 Representation of the predominant conformation of alcohol 78 and amine 103 in CDCI3 solution

Although the predominant conformer of 103 shows the amino group above the 7r-system, 

the stabilisation energy is less than that of 78, indicating that the N-H/7T hydrogen bonding 

is weaker than the corresponding O-H /71 interaction which is in agreement with ah initio 

calculations on water-benzene and ammonia-benzene complexes, where the stronger 

binding was found for the O-H/71 interaction. Such results would be anticipated by most 

organic chemists who would consider an alcohol as a weak proton donor (acid) and an 

amine as a proton acceptor (base).

K/NH2
Conformational ratio  . ^ r >  ^  Conformational ratio

74:26 9 6 : 4

116

Figure 85 Representation of the predominant conformation of cyanohydrin 83 and a-am ino nitrile 116 in 
CDCI3 solution at 298 K

Based on the structure assumed for the major conformer of the cyanohydrin 83 showing the 

hydroxy group directed away from the aromatic ring, similar contribution from the O-H/71 

interactions to the stabilisation of cyanohydrin in its minor conformer, thus partially
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compensating for the magnitude of the interaction between the cyano group and the 

aromatic ring on the other side of the conformational balance, leading to a 74:26 

conformational ratio.

2.4.6 -  An initial probe of the ammonium cation/n interaction

The poor solubility in C D C I 3 of the four ammonium salts prepared 117, 118, 119 and 120 

resulted in broad resonances in the !H NMR spectra and measurements of the coupling 

constants were not sufficiently accurate to provide the conformational ratio. Fortunately, 

the slightly higher solubility of ammonium salt 117 permitted an approximate estimation of 

its conformational ratio to be 82:18, underlining the existence of a cation-7t interaction.

103

Conformational ratio 
79:21

NIC Cl

Conformational ratio 
82:18

NHi Cl NHTCH .SO ,

CN

n h 3+ c h 3 s o 3-

118 119 120

Figure 86 Representation of the predominant conformation o f amine 103 and ammonium salt 117 in CDC13 

solution. Structure of ammonium salts 118,119 and 120 in CDC13  solution

The populational ratio of the conformers of its corresponding amine 103 was very similar 

and initially implied that the cation/71; and N-H /71 interactions may be of similar strengths, 

nevertheless, the difference in steric hindrance between an ammonium salt and a free amine 

substituent must be taken into account. On this basis, cation/7t interaction may be slightly 

stronger than N-H/71 hydrogen bonding in order to counteract steric interactions. 

Nevertheless, solvation effects must not be neglected as the poor affinity of the ammonium 

salt for chloroform may constrain this substituent above the aromatic ring and then may 

contribute to the stabilisation of the ammonium salt 117 in its predominant conformation.
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2.4.7 -  Influence of a spiro cyclic unit to the flexible bridge

Spiro heterocyclic derivatives have been prepared in order to study the effects of the locked 

conformation of the heterocyclic unit on the strength of the 71-interactions.

The conformational ratio of the hemithioketal 141139 was 76:24 and the difference in 

energy between the two conformers was relatively large, i.e. 2.9 kJ.mol’1 (Figure 87). On 

the basis of steric grounds, it was assumed that the oxygen was positioned above the 

aromatic ring but this could not be confirmed experimentally. On further study of the 

'H  NMR data, the opposite conformation appears to be more probable and in this 

orientation, the distance between the sulphur atom and the centre of the aromatic ring is ca. 

3.2-4.2 A. This is a remarkable observation since a sulphur atom is larger than an oxygen 

atom in terms of van der Waals radius. Stabilising effects of S-n interactions have been
°  217reported where the internuclear distance is between 3.5 and 4.9 A and the formation of 

this interaction can be attributed to the availability of the empty 3<7-orbitals on the sulphur 

atom combined with its enhanced polarisability.16c

Conformational ratio:
76:24

141

F igure 87 Structure of hemithioketal 141 in its favoured conformation in CDC13  solution

Further interesting features have been observed with the spiro-heterocycle derivatives 86, 

87, 121 and 130. Although epoxide 86 exists as one only conformer in the crystalline state, 

both structures are significantly populated in chloroform solution to give a 1:1 mixture of 

the conformers. The strained geometry of the three-membered ring locks the oxygen lone 

pairs but also effectively precludes interaction of either the oxygen atom or the methylene 

group with the aromatic ring and demonstrates the sensitivity of these non covalent 

interactions to the distance from the aromatic ring.

Increasing the size of the spiro cyclic unit brings either the oxygen atom or the methylene 

protons spatially closer to the centre of the aromatic ring and the most stable conformation
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of the oxetane 87 has been shown earlier to have the oxygen atom away from the aromatic 

ring.

Conformational ratio 
89:11

Figure 88 Representation of the predominant conformation of oxetane 87 in CDC13 solution

The strained cyclic unit impedes the free rotation along the C 1 2 -O  bond of the substituent 

and may force the two lone pairs of the oxygen atom to be positioned above the electron 

rich aromatic centre causing electronic repulsion. Thus, this conformation may become less 

stable than that with the oxygen atom directed away from the aromatic ring. Interestingly, 

the predominant conformer of the acyclic ether 84 shows the methoxy group above the 

aromatic ring whereas the opposite conformation is favoured for the oxetane 87. Therefore, 

due to the structural similarity of the substituents, 84 being the acyclic analogue of 87, the 

difference of preferential orientation for these two derivatives cannot be fully explained. 

Free rotation of the methoxy group along the C 1 2 -O  axis may bring the terminal protons of 

the methoxy group sufficiently close to the 71-system to interact whereas the strained spiro 

cycle unit impedes this rotation and the stabilisation of its predominant conformer may 

basically be the result of electronic repulsion.

Both conformers of aziridine 121 are significantly populated with a slight preference for the 

nitrogen atom oriented away from the aromatic ring (68:32).

Conformational ratio Conformational ratio Conformational ratio
68:32 71:29 61:39

Figure 89 Representation of the predominant conformation of /V-spiro-heterocycles 121, 128 and 130 in 
CDCI3 solution

As the epoxide 86 does not show any preference in its conformation due to the strained 

spiro unit maintaining the substituents too far from the aromatic ring for interaction, the
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same observation may be applicable to the aziridine 121. Furthermore, the geometry of the 

nitrogen atom may bring its electron lone pair too close to the 7i-system, thus generating 

electronic repulsion in the less stable conformation and this repulsive force could justify the 

slight preference for the nitrogen atom away from the aromatic ring. The significant 

population of the less stable conformer of 121 indicated the sensitivity of these 

intramolecular interactions when compared to the conformational ratio of the epoxide 86. 

The structures of the preferred conformer of azetidine 130 and p-lactam 128 are similar to 

that of the oxetane 87 with a population of 61 and 71% respectively. Stabilisation of the 

minor conformer may arise from a weak N-H/7t interaction, which nevertheless may not 

sufficiently compensate for the repulsion between the electron lone pair of the nitrogen 

atom and the aromatic ring. Interestingly, the minor conformer of the P-lactam 128 is less 

stabilised than the azetidine 130 in its minor conformation although the N-H proton of a 

P-lactam unit is more acidic than that of the azetidine. This contraction may be explained 

by the difference of geometry between the two heterocyclic units. Indeed, the p-lactam 

moiety is planar with the N-H proton pointing towards the centre of the aromatic ring, 

whereas this proton is oriented towards the edge of the aromatic ring for the azetidine 

derivative (Figure 90)

2

Figure 90 Representation of the structure of P-lactam 128 and azetidine 130 in their minor conformation in 
CDCI3  solution

Therefore, the major conformation of the spiro cyclic derivatives shows there is a balance 

between repulsion of the electron lone pair and the weak attractive force of X-H/71 hydrogen 

bonding. Moreover, the strength of the aromatic interactions is greatly affected by the 

internuclear distance of the participating partners.
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2.4.8 -  Influence of the electron density of the aromatic ring on 
the magnitude of the O-H/n interaction

Xy—NH2

78

Conformational ratio 
94:6

139

Conformational ratio 
92:8

140

Conformational ratio 
95:5

F igure 91 Representation of the predominant conformation of tertiary alcohols 78, 139 and 140 in CDC13  

solution

Due to the presence of the amino group on the aromatic ring, the Tt-system of the 

derivatives 139 and 140 is electron rich in comparison to the alcohol 78. Nevertheless, the 

ratio of the two conformers in 140 (95:05) is very similar to that of 78. Therefore, this 

modification of the electron density on the aromatic ring does not apparently strongly 

perturb the strength of the 7i-facial intramolecular hydrogen bond in these systems. In 

addition, the hydroxy group of alcohol 139 lies above the non-substituted aromatic ring in 

the predominant conformer which is populated to 92%. Despite the conformational ratio of 

140 being slightly larger, this difference cannot be attributed to the influence of the amino 

group on the aromatic ring because of experimental error.

2.4.9 -  Some preliminary conclusions from the studies in CDCl3 
solution
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Propanoanthracenes act as torsion balances allowing the comparison of various aromatic 

interactions. The differences in interaction energies in C D C I 3 solutions, directly obtained 

from the conformational ratio, were substantial and proved the usefulness of this approach. 

Indeed, this study demonstrated the predominance of these interactions limiting steric 

hindrance and electronic repulsion and also dependence of interactions on the distance to an 

aromatic system. Moreover, the strength of 7t-interactions has been shown to be highly 

dependent on the acidity of the proton of the functional group, for example the interaction 

observed with a terminal alkyne group is effectively as strong as a O-H/tt hydrogen bond, 

and that the behaviour of the 71-hydrogen bond is similar to that of a classical hydrogen 

bond (similar in angle and distance) and its significance has been clearly highlighted. 

Additionally, the interaction involving an aromatic ring and a nitrile group is noteworthy. 

Variation of the anisotropy of the ring current of the aromatic ring in the aniline derivative 

studied did not however appear to play a crucial role in the strength of the aromatic 

interactions with a hydroxy group in these systems in C D C I 3 solution.

2.5 -  Solvent dependence studies
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The influence of the effects of solvation on non-covalent interactions is a topic of
218paramount importance in molecular recognition. In the case of 71-facial hydrogen bonded 

systems, the magnitude of stabilising energy provided by the weak non-covalent interaction 

can be similar to that due to solvation in certain relatively polar solvents. For this reason, 

we elected to investigate the solvent dependence of the conformational equilibrium of the 

propanoanthracene derivatives in nine different solvents at room temperature. Within the 

range of solvents used, C6D 12 and C C I 4  are relatively inert because of their apolar and 

aprotic properties, and the behaviour of the conformational balance in these solvents should 

be approximately similar to that in the gas phase. The aromatic rings in benzene and 

toluene, when used as solvents, may also act as a hydrogen bond acceptor even if their 

dielectric constants are rather low (2.3 and 2.4 respectively). Although the dielectric 

constant of C D C I 3 is only slightly larger than toluene (4.8), the acidity of the deuterium 

atom of this molecule may generate further specific interactions between the substituents on 

the flexible bridge or the 71-systems of the propanoanthracenes. In the other solvents used, 

their high polarity and hydrogen-bonding capacity may engender significant modifications 

of the conformational equilibria. The measurements of the conformational ratios of 

propanoanthracenes for the series of solvents are reported in Appendix 6 as a Table and 

show dramatic changes on modifying solvent.

In order to have a representative overview of the solvent effects on the conformational 

equilibria for a series of derivatives, solvent studies were firstly summarised as various 

graphs depending on the dielectric constants of the solvent on the horizontal axis in this 

chapter, but this representation did not provide some explicit results. However, it appeared 

that perturbations of the conformational equilibria were more dependent on the hydrogen 

bond acceptor capacity of solvents than on the dielectric constant and that the reason why 

this horizontal axis unit was elected (Figure 92b). An example of this observation is 

illustrated in Figure 92 for the alcohol 78.
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Top: F igure  92a Conformational ratio of 78 in different solvents depending on the dielectric constant o f the 
solvent. Bottom: F igu re  92b Conformational ratio of 78 in different solvents depending on the hydrogen 
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2.5.1 -  Effects of the solvent nature on the conformational 
equilibrium of ether derivatives

As we have seen, the conformational equilibrium of epoxide 86 in CDCI3 , previously 

discussed in chapter 2.4.7, brought to light the possible distance dependence of the rc-facial 

interactions, especially in terms of comparison with the simple methyl ether 84. The 

perturbations of the conformational equilibrium of 86 illustrated in Figure 93, are 

significant and certainly result from the magnitude of the solvent-solute interactions. 

Unfortunately however, the geometry of the predominant conformer of 86 cannot be 

determined by NOE enhancements since the resonance of the methylene groups in the 

NMR spectrum overlaps with those of the bridgehead protons in each solvent.

100 -r~—

86
7 0

6 0 86
84
85

5 0  -
O—4 0

3 0  -,9

84

C 6 D 1 2  CC14 C 6 D 6  CDC13 C D 3 C N  C D 3 0 D  D M S O -

Sol vents
85

Figure 93 Conformational ratio of epoxide 8 6  and ethers 84 and 85 in a range of solvents at 298 K.

In the 'H NMR spectrum of 86 in CgD6 , the resonances of Hub and H^b are further upfield 

than those of H n a and H i3a but the opposite chemical shifts were observed in polar solvents, 

such as CD 3CN, as illustrated in Figure 94. Therefore, an inversion of the predominant 

conformation occurred on changing the solvent from C6D 6 to more polar one.
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Figure 94 Left: enlargement o f ‘H NMR spectrum of 8 6  in C 6 D6. Right: enlargement o f 'H  NMR spectrum 
of 8 6  in CD3CN

As the major conformation of 86 could not be established experimentally, an explanation of 

these interactions causing the variation of the conformational ratio in the series of solvents 

cannot be made.

However, in ethers 84 and 85 the population of the predominant conformer is not greatly 

affected by the nature of solvent as shown in Figure 93 thus highlighting that solvation 

effects with ether functionality are weak. In the previous chapter, it was argued that a 

possible 7t-interaction involving the proton of the methoxy group of 84 could also justify 

the preferential stabilisation of the conformer with the methoxy group above the aromatic 

ring. However, possible solute-solvent interaction with the oxygen atom in a protic 

environment is clearly not sufficiently strong to compete with the observed preference and 

illustrates the weakness of the hydrogen bond donor character of ether functionality. 

Somewhat surprisingly, despite the presence of the more acidic alkyne proton of the 

terminal alkyne which could interact with a polar solvent or form a C-H /71 interaction with 

CgD6 thereby stabilising the minor conformer, no dramatic changes were observed for the 

ether 85 in polar solvents. In his paper, Hunter218 has established that solvent-solvent 

interactions are energetically favoured when a benzene ring and an alkyne proton are 

solvated in methanol or DMSO. The similarity of the conformational ratios on changing the
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solvent for 85 demonstrates the relative weakness of solute-solvent interactions. Although 

an increase of the proportion of the predominant conformer was expected in CD3OD from 

further stabilisation induced by a solute-solvent interaction with the oxygen atom, none was 

observed. This absence of strong effects corroborates the results obtained with 84.

2.5.2 -  Solvation effects in counterbalancing the n-facial 
intramolecular hydrogen bond

An example illustrating the importance of the solvent environment is the behaviour of the 

alcohols 78 and 79. The population of the predominant conformer of alcohol 78 decreased 

drastically on increasing the hydrogen bond acceptor character of the solvent, i.e. from 

C6D 12 to DMSO-^6. A s  illustrated in Figure 95, the conformer of 78 with the hydroxy 

group directed towards the aromatic ring was preferred to the extent of 85% in apolar 

solvents due to the influence of the O-H/71 interaction, whilst solvents capable of forming 

hydrogen bond with the hydroxy group tended to stabilise the minor conformer. 

Furthermore, similar behaviour was observed for the alcohol 79 in the series of solvents 

studied (Appendix 7).

100 t ~

10  - 79

C 6 D 1 2  CC14 C 6 D 6  C 6 D 5 -  CDC13 C D 3 C N  C D 3 0 D  P y r -d 5  D M S O -

C D 3

S o lv e n t s 7 8

Figure 95 Conformational ratio o f alcohols 78 and 79 in a range of solvents at 298 K.

=  146 =



Chapter 2 Results and Discussion

Thus, for example, CD3OD or DMSO-d6 which can participate in hydrogen bonding clearly 

dominated the conformational equilibria and counterbalanced the intramolecular 7t-facial 

hydrogen bond (Figure 96).
D

1-—H.

Conformer BConformer A

Figure 96 Conformational equilibrium of 78 between conformer A stabilised by the intramolecular O-H/rc 
interaction and conformer B stabilised by solute-solvent interactions in CD3OD

Interestingly, the conformational ratios of 78 in CD 3OD and in D M SO -^ are 51 and 50% 

respectively, revealing that the hydrogen bond donor properties of methanol do not 

significantly participate in the solvation of the hydroxy group but the solute-solvent 

interaction is governed primarily by the hydrogen bond acceptor properties of the solvent. 

This observation corroborates the absence of solvation dependence previously observed for 

the ethers 84 and 85 in which the ether functionality does not appear to participate in strong 

solute-solvent interactions even in protic solvents.

Furthermore, despite the stabilisation of the “minor conformer” in D M SO -^, both 

conformers A and B are equally populated for the alcohols 78 and 79, showing that the 

solute-solvent interaction may not be sufficiently strong to compensate for the O-H/ti 

interaction occurring in the other conformation. Since the lone pairs of the oxygen atom of 

the hydroxy group do not participate in a solute-solvent interaction, the strength of the 

O-H/71 interaction and the hydrogen bond between the hydroxy proton and the solvent is 

comparable in this system.
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2.5.3 -  Some observations on the cyano and terminal alkyne 
groups

The conformational ratio of a-amino nitrile 116 is not greatly affected by the nature of the 

solvents studied and the possible aromatic interaction with the cyano group stabilises this 

conformation to the extent of 95% in apolar aprotic solvents. In polar solvents, the structure 

showing the amino group directed away from the 7t-system is the only conformer present, 

suggesting that solvation effects may also further stabilise the interaction between the 

amino group and the polar solvent. Although the observed changes are of the order of the 

error involved in the measurement, the gradual increase in the ratio of the conformer having 

the amino group directed away from the aromatic ring as a function of solvent polarity 

supports the idea that solvation of the nitrile group is not of great importance.

oo

116
80

O H116

60

40

.O H
20

'CN

C 6 D I 2  C 6 D 6  C 6 D 5 -  C CI4 CDC13 C D 3 C N  C D 3 0 D  D M S O -  

C D 3 d6

S o l v e n t s

Figure 97 Conformational ratio o f alcohols 81, 83 and a-am ino nitrile 116 in a range of solvents at 298 K.

As we have already stated, the predominant conformer of the cyanohydrin 83 in CDCI3 is 

populated to the extent of 74%, but its structure could not be determined experimentally. 

However, it is interesting to note that solvent effects on its population are similar to those 

on the conformational ratio of the propargylic alcohol 81 as illustrated in Figure 97. In both
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of these derivatives, formation of an O-H /71 interaction is in competition with a small linear 

diatomic group possessing an sp hybridised carbon atom.

In CDCI3, the two conformers of the propargylic alcohol 81 are equally populated. 

However, in polar solvents, the conformer with the hydroxy group directed away from the 

aromatic ring is favoured, demonstrating the participation of a solute-solvent interaction to 

the total stabilisation (Figure 98). Furthermore, NOE enhancements performed in every 

solvent studied confirmed this effect.

Figure 98 Structure of the predominant conformer of 81 (82%) in CD3OD with solvation of the hydroxy 
group

As illustrated in Figure 97, solvent effects on the conformational ratio of 83 and 81 are 

comparable, and it is tempting to speculate that, by analogy, the predominant conformer of 

83 also prefers the hydroxy group to be directed away from the aromatic system. Indeed, 

this conformation could be stabilised by a contribution from an intramolecular 71-interaction 

with the cyano group and an intermolecular hydrogen bond between the polar solvent and 

the hydroxy group, vindicating the 95% ratio of the predominant conformer.

2.5.4 -  Solute-solvent interactions with nitrogen-containing 
functional groups

In figure 99, the conformational ratios of amine 103 can be compared with those of the 

corresponding alcohol 78 in the range of solvents studied and indicate that the solvent 

dependence of the predominant conformer of 103 is much less important when compared to 

the sensitivity of the conformational equilibrium of 78.

H
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Figure 99 Conformational ratio o f amine 103 and analogous alcohol 78 in a range of solvents at 298 K.

Nevertheless, polar solvents can partially stabilise the less populated conformer of 103 in 

which the amino group is directed away from the aromatic ring, although this phenomenon 

is only observed in pyrid ine-^  and DMSO-^6, highlighting the poor hydrogen bond donor 

capacity of an amino group when compared to that of a hydroxy group.

The solvent dependence of the conformational equilibrium of aziridine 121 is comparable 

to that of ethers 84 and 85 and indicates therefore that the stabilisation of the predominant 

conformer of 121 does not depend on solvation of the N-H proton but may depend on the 

electronic repulsive interactions between the lone pair of the nitrogen atom and the 

aromatic ring.
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F igure 100 Conformational ratio of yV-spiro-heterocycles 121 ,128 and 130 in a range of solvents at 298 K.

The importance of the acidity of the proton of the amino or amido group is clearly 

demonstrated on comparing the solvent effects on the conformational equilibria of 128 and 

130. Indeed, the structure of the major conformer of both derivatives shows the N-H group 

directed away from the aromatic ring with solute-solvent interactions further stabilising this 

conformation. Although solvation in CD3CN and DMSO - ^ 6  only increases the population 

of the major conformer of azetidine 130, the stable conformer of p-lactam 128 becomes 

more populated on increasing the hydrogen-bond acceptor property of the solvent as 

illustrated in Figure 100. This difference of behaviour between azetidine and p-lactam 

derivatives is due to the N-H proton of the p-lactam being more acidic than that of the 

azetidine and therefore interacting more strongly with polar solvents by hydrogen bonding.
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2.5.5 -  Solvation effects on cation/n interactions

A restricted series of solvents was used for the ammonium salts 117, 118, 119 and 120 due 

to their insolubility in apolar solvents. Nevertheless, variation of the conformational ratio of 

117 (Figure 101) shows some interesting features in terms of the solvation of the 

ammonium group.

117 118 119 120

100
9 0  -

8 0

7 0o
1 6 0  -
cs
c
©

08

a-  3 0  -c o
V  2 0

CDC13 H20:D20 C D 3 0 D DMSO-d6
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F igure 101 Conformational ratio o f ammonium salt 117 in a range o f solvents at 298 K

In CDCI3 , the predominant conformer of 117 is stabilised by a cation/7t interaction whereas 

solvation of this derivative by DMSO-d6 enables the formation of a hydrogen bond between 

the solvent and the protonated ammonium group, leading to a preference for the other 

conformer. This complete inversion of conformation brings to light the weakness of the 

cation/7t interaction compared to the strength of the solvation of cation in D M SO -^. Within 

the range of weak non-covalent interactions, it was nevertheless fascinating to note the 

50:50 equilibrium of salt 117 in water. It is interesting to note that both conformers of the 

tertiary alcohol 78 are equally populated in this solvent because of the persistence of the
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O-H/tt interaction, indicating that the cation/7t interaction may be weaker than an O-H /71 

hydrogen bond.

It is nevertheless remarkable that in a 1:9 mixture of D20:H20, both conformers A and B 

are equally populated, contradicting the expected preferential stabilisation of the conformer 

with the ammonium group directed away from the aromatic ring because of the high 

polarity of the solvent (Conformer A in Figure 102). However, the possibility cannot be 

excluded that the small size of a water molecule may enable it to insert into the cavity 

between the protonated amino functionality and the aromatic ring. Thus, a molecule of 

water may lie above the aromatic ring stabilised by an O-H/71: interaction allowing the 

solvation of the protonated amino group directed towards the aromatic ring, as illustrated in 

Figure 102.

h ,c

1—H

Conformer A Conformer B

F igure 102 Conformational equilibrium of the ammonium salt 117. Conformer B is stabilised by the 
inclusion of a molecule of water in the solute cavity between the aromatic ring and the protonated amino 
group.

The influence effects of the nature of the counteranion on the conformational ratio have 

also been investigated in a series of polar solvents in order to modify the acidity of the 

proton of the ammonium group and vary the strength of the cation/7: interaction. However, 

replacement of a chloride by a methanesulfonate anion did not greatly affect the 

conformational equilibrium and the strength of the solute-solvent interaction in 119 was 

similar to that in 117 in polar solvents. In the range of solvents studied, the predominant 

conformer exhibited the ammonium group directed away from the aromatic ring.

As discussed, the neutral a-amino nitrile 116 shows only the one conformer with the amino 

group directed away from the aromatic ring in polar solvents. Consequently, protonation of 

the amino group did not affect the population of the observed conformer since solvation of 

the ammonium group in polar solvents can presumably contribute to the total stabilisation
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energy of this conformer. Indeed, only one conformer of the ammonium salts 118 and 120 

is stabilised by a combination of solute-solvent interaction and aromatic interaction with the 

cyano group. Because of the insolubility of these two ammonium salts in CDCI3 , it was not 

possible to study the competition between the two aromatic interactions induced by the 

nature of the substituents of the bridge. Given that the preferred conformation of 

cyanohydrin 83 places the nitrile group over the aromatic ring, it is tempting to speculate 

that replacement of the hydroxy group by an ammonium cation should increase the 

population of the conformer.

From these studies, the relative weakness of the cation/rc interactions when compared with 

the hydroxy group was highlighted, and this bonding can exist only in apolar solvents due 

to the preferential solvation of the cation in m ethanol-^ or DMSO-r/g. Furthermore, the 

possible inclusion of a small molecule between the cation unit and the aromatic ring can 

compete with the solute-solvent interaction and could play a crucial role in the 

conformational equilibrium.

2.5.6 -  Conformational ratio o f fluorinated derivatives in various 
solvents

The nature of the solvent does not strongly influence the conformational equilibria in 94 

and 96, as illustrated in Figure 103 and therefore the governing forces in the stabilisation of 

one conformer over the other are either based on the difference of van der Waals radii or 

electronic repulsion with the 7t-system. Indeed, for the fluoride 96, any form of n -hydrogen 

bond involving the proton on the central carbon of the flexible bridge would not be possible 

due to the large distance between this proton and the aromatic system. Furthermore, if such 

an interaction had occurred, solute-solvent interaction would have appeared in polar 

solvents, thus generating a decrease in the conformational ratio of 96, but this was not 

observed.
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F igure 103 Conformational ratio o f fluorides 94 and 96 in a range o f solvents at 298 K

Of significance for drug and catalyst design however is the observation that the 

predominant conformers of alcohol 78 and fluoride 94 exhibit the same orientation in 

C D C I 3 with the methyl group directed away from aromatic ring, and are similarly 

populated. The strength of intramolecular O-H /71 hydrogen bonding is however highly 

dependent on the solvent whereas the conformational equilibrium of 94 is not significantly 

affected. Thus, replacing a hydroxy group by a fluorine atom may maintain an aromatic 

interaction even in polar solvents.

As we have stressed throughout, the influence of solvation is a critical parameter in any 

study of weak interactions. In this respect, propanoanthracenes have been proved to be very 

useful for the investigation of solvation phenomena, revealing that solute-solvent 

interactions can either compete or contribute to the total stabilisation energy of a given 

conformational balance. However, the dielectric constant of the solvent did not play an 

important role in the formation of solute-solvent interactions which were governed by the 

hydrogen bond acceptor capacity of the solvent. Additionally, the preference to place the 

nitrile group over the aromatic group was shown to be greater than that of O-H /71 

interaction. The solvent dependence of the 71-hydrogen bonds has also been highlighted as
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the conformational equilibria of the ethers and fluorides were not significantly affected, 

proving that these preferences can persist in any solvent. Another interesting feature was 

the possible stability of the inclusion of a molecule of water between the aromatic system 

and a cationic functional group with interactions as strong as cation/7t interactions.
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C h a pt e r  3
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3.1 -  Preparation and analysis of conformational balances

The primary objective of the present work was to use the flexible bridge of

9,10-propanoanthracenes as conformational balances in order to provide further 

understanding of through space non-covalent aromatic interactions with different functional 

groups and to investigate the solvent dependence of these interactions.

3.1.1 -  Synthesis o f propanoanthracenes

In the first instance, it was necessary to improve the synthetic route to the ketone 67 from 

anthracene and this was achieved giving the precursor of a series of propanoanthracenes in 

31% yield over the four steps and in higher purity on a larger scale than the synthetic route 

described in the literature (22% yield).

Y
rP=0

4 steps UL L-k A

67 6 6

Schem e 62

Building on the earlier study in the group, the ketone served as the basis for the 

construction of a wide range of new derivatives 66 with various functional groups X and Y 

on the flexible bridge. A limitation on the number of reactions that could be performed on 

the central carbon atom of the bridge was the propensity for elimination to lead to an 

unsaturated bond on the bridge. Hence, alkylation of the carbonyl group required the use of 

organocerium reagents and the presence of strong bases in reaction mixtures was avoided.
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3.1.2 -  Conformational equilibria of propanoanthracenes

Differences in aromatic interaction energies between functional groups were significant and 

demonstrated the efficacy of the developed methods. Firstly, the conformational equilibria 

appeared to be highly sensitive to the environment and behaved differently in the solid state 

to being in solutions. Moreover, the effects of the solvent on the conformational equilibria 

were sufficiently large to be observed and, with appropriate functional groups, were 

significant when the solvents exhibited an important hydrogen bond acceptor capacity. The 

distance dependence of aromatic interactions was also established to some extent and the 

distance between the nuclei of the two partners of this interaction were comparable to that 

of a hydrogen bond. In addition to the crucial role of 7i-hydrogen bonding, the prevalence of 

the aromatic interaction generated by the presence of a nitrile group was of particular 

interest, and was stronger than the 0-H/7t interaction. Another interesting feature was the 

preference of a terminal alkyne group for the aromatic ring and the fact that this 

counterbalances the O-H/71 hydrogen bond in chloroform.

3.2 -  Future scope for extending the types of aromatic 
interactions investigated

3.2.1 -  Modification of the electron density of the aromatic system

As discussed in chapter 2.4.8, the presence of an amino group on one of the aromatic rings 

did not affect the conformational equilibrium significantly, as can be seen from the 

similarly of the conformational ratios of 78, 139 and 140. The synthesis of a series of 

propanoanthracenones in which the aromatic ring is substituted with a chloride atom has 

been attempted using the synthetic pathway described for the preparation of ketone 67 

(Scheme 63).
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Scheme 63 Synthetic route to prepare propanoanthrancenones 146 and 147 from the corresponding 
chloroanthracenes.

However, the Diels-Alder reaction between acrolein and chloroanthracene provided four 

inseparable diastereoisomers and optimising the reaction conditions led to the use of an 

excess of acrolein, which polymerised under microwave irradiation and purification of the 

diastereoi somers became far from trivial. Therefore, future syntheses of ketones 146 and 

147 should be attempted following another pathway.

As hexafluorination of an aromatic system inverts the quadrupole moment of the aromatic 

ring, ketones 148 and 149 could be envisaged as common intermediates for the series of 

derivatives 150 and 151 with either one or both of the aromatic rings tetrafluorinated 

(Scheme 64).

148 n = 4, m = 0 150 n = 4, m = 0 1 5 2  n = 4, m = 0
149 n = 4, m = 4 151 n = 4, m = 4 J5 3  n = 4 m = 4

Scheme 64
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The preparations o f 1,2,3,4-tetrafluoroanthracene and 1,2,3,4-,5,6,7,8-octafluoroanthracene 

have been described in the literature219 and these anthracenes could be seen as dienes for 

the D iels-A lder condensation,220 taking place as the first step of the synthesis of ketones 

148 and 149 respectively. Recently, studies of aromatic interactions with fluorinated 

systems have becom e of increasing interest,221 especially with respect to pharm aceutical 

applications. Therefore, investigation o f the conform ational equilibria of alcohols 152 and 

153 would give some insight into the importance o f the electron density of the aromatic 

ring on the m agnitude o f the O-H /71 interactions and on cation/7t interaction with a 

fluorinated arom atic ring.

For a better understanding o f the influence o f the electron density o f the aromatic ring on 

the m agnitude o f the arom atic interactions, the comparison of the conform ational equilibria 

of the two series o f balances 154 and 155, where the arom atic substituents are carefully 

chosen, i.e. with considerable electron donating or electron w ithdrawing power, would also 

be very useful.

A  Y Y

X f i x  f i x

EWG^ - E D G  
154 155

Figure 104

M oreover, the position o f the substituent on the arom atic ring m ay also play a role in terms 

of the orientation o f dipoles and com parison o f the conform ational equilibria o f compounds 

with the same substituents on the bridge but having a substituent in different positions on 

the arom atic ring could give further insight into the interactions. In addition, studies of the 

conform ational equilibrium  of balances 156 in which one arom atic ring is replaced by a 

heterocyclic system such as pyridine, pyrrole or furan, should be investigated.

3.2.2 -  Investigation of other functional groups on the centre 
carbon of the flexible bridge

In order to com plete our com parative study of the substituent effects on aromatic 

interaction, another synthetic pathway to the propargylic amine 108 should be attempted
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since all of our efforts thus far have failed. Conversion of this amine into the ammonium 

salt would then enable a comparison with the acetylenic alcohol. Additionally, the 

behaviour of the electron deficient carbon atom of a nitrile group warrants further 

investigation (Figure 105).

158

CN

157

F igu re  105

We note parenthetically that the synthesis of alcohol 159 was attempted as the presence of

the three fluorine atoms would decrease the electron density of the trifluoromethyl carbon.
222However, the reactions of ketone 67 with TMS-CF3 using various catalysts or the

22 3reaction with CF3COONa failed with only the starting material being isolated 

(Scheme 65).

Conditions: TM S-CF3, TBAF222a
.  / C F 3

TM S-CF3, C sF, TM S-imidazole[ 1 UH
TM S-CF3, (Ph3 SnF 2 )(Bu4 N)222c 

CF 3 COONa, C ul2 2 3

159

Schem e 65 Attem pted reactions for the synthesis o f alcohol 159

Hemithioketal 141 showed the sulphur atom directed towards the aromatic ring and the 

oxygen atom directed away, thus indicating the importance of the polarisability of the 

sulphur atom compared to that of an oxygen atom. Moreover, a series of balances with 

oxygen-containing substituents has been prepared for this study and comparison with 

sulphur-containing analogues would be of interest. Therefore, it would be useful to 

synthesise the series of compounds depicted in Figure 106.
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F igu re  106 Range o f derivatives with a sulphur-containing substituent on the central carbon of the bridge

The presence of further halogen atoms as substituents on the bridge could be obtained by 

the addition of a hydrogen halide to the alkene 95 and would lead to a series of derivatives 

160.

X  =  C1, Br

Schem e 66

Comparison of the conformational equilibria of compounds of this series with that of the 

fluorinated derivative 96 would lead to an estimation of the steric and electronic effects of 

the halogen atoms on the equilibria.

3.2.3 -  Analysis of the conformational equilibria

A crucial observation emerging from our studies has been the differing behaviour of the 

observed conformational equilibria in the solid state and in solution. In crystal structures, 

intermolecular interactions play an important role in the orientation of the molecules and a 

study of the conformational equilibria of the derivatives at different concentrations would 

indicate the concentration limits when intermolecular interactions become prevalent over 

the intramolecular aromatic interactions occurring in the system. At this limiting 

concentration, the behaviour of the conformational balance should be comparable to that in
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the solid state and these studies on concentration effects could also be performed in a range 

of solvents. Clearly, a considerable amount of work remains to be done in this area.
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C h a p t e r  4

E x p e r im e n t a l
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4.1 -  General information

Melting points were determined using a Reichert hot-stage apparatus and are uncorrected. 

Recrystallisation solvents are recorded when this operation was performed. Infrared (IR) 

were recorded on a Perkin-Elmer 1605 Fourier transform spectrometer, and were recorded 

as thin films (KBr) of either pure sample or of solution of sample in the stated solvent. 

Absoiption maxima are reported in wave-numbers (c m 1).

'id NMR spectra were recorded at 300 MHz on a Bruker AMX300 spectrometer, at 400 

MHz on a Bruker AMX400 spectrometer or at 500 MHz on a Bruker Avance 500 

spectrometer in the stated solvent, using residual protic solvent CHCI3 (5=7.24 ppm, s) as 

an internal standard. Spin multiplicities are indicated by the following symbols: s (singlet), 

d (doublet), t (triplet), m (multiplet), br (broad) or a combination of these. NMR data are 

reported as follows: number of protons, multiplicity, coupling constants (J  values). Varient 

temperature NMR experiments were carried out either on a Bruker AMX400 spectrometer 

or on a Bruker Avance 500 spectrometer. 1D-NOE and 2D-noesy NMR experiments were 

carried out on a Bruker Avance 500 spectrometer.

The 13C NMR spectra were recorded at 75 MHz on a Bruker AMX300 spectrometer, at 

100 MHz on a Bruker AMX400 spectrometer or at 125 MHz on a Bruker Avance 500 

spectrometer in the stated solvent, using the central reference of residual CHCI3 

(5=77.0 ppm, t) as the internal standard. Chemical shifts are reported to the nearest 0.1 

ppm. If more than one peak is observed within 0.1 ppm accuracy, the numbers of peaks will 

be indicated. Variable temperature NMR measurements were carried out using either 

AMX400 or AVANCE500 spectrometers. Selective NOE and 2D NOESY experiments 

were measured using AVANCE500, equipped with z-gradient facilities.

13Solid-state ‘ C spectra were recorded at 75.5 MHz using a standard 7 mm double-resonance 

magic-angle spinning (MAS) probe on MSL300 (Bruker). Samples in zirconia rotors of 

7 mm external diameter were spun at 5 kHz with stability better than ±3 Hz. Spectra were
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recorded using cross-polarization (CP), MAS and high-power !H decoupling. Typical
13 1acquisition conditions for C CPMAS experiments were: H 90° pulse duration = 4 ps;

13contact time = 5 ms; recycle delay = 3 s. Dipolar-dephased C CPMAS spectra were also 

acquired in order to emphasise peaks due to nuclei, which are either remote from protons or
2 2 4have substantial motional averaging of dipolar interactions with protons. Typical

13dephasing delay used was 40 ps. Variable delay dipolar-dephased C CPMAS spectra were 

also measured. Fifty different values of the dipolar-dephasing delay (?dd) between 1 ps and 

50 ps were used. The observed curve of intensity changes in the dipolar-dephased CPMAS 

spectra is best described as a Gaussian decay and was fitted to the following function:

/=/o exp(-rdd2/ r dd2)

The time constant 7dd in the above is used in this work for the comparison of the dephasing
13 I 225rates of various C sites and is equal to 73 V2 of reference.

Mass spectra and accurate mass measurements were recorded on a Micromass 70-SE 

Magnetic Sector spectrometer at the University College London Chemistry Department. 

Elemental analyses were performed by University College London Chemistry Department 

microanalytical laboratory.

X-Ray crystal structures were determined using a Bruker Smart Apex diffractometer by Dr. 

D. Tocher at the University College London Chemistry Department. Microwave irradiation 

reactions were performed in Novartis, London with an Emrys Optimizer supplied by 

Personal Chemistry.

Thin layer chromatography (TLC) was performed on aluminium sheets pre-coated with 

Merck silica gel 60 F254, and visualized with ultraviolet light (254 nm), plus either basic 

potassium permanganate or cerium-ammonium-molybdate solution. Flash column 

chromatography was performed using BDH silica gel (40-60 pm).

All reactions using anhydrous solvents were carried out in oven-dried glassware under a 

nitrogen atmosphere. Diethyl ether and tetrahydrofuran were distilled from sodium- 

benzophenone ketyl. Toluene was distilled from sodium. Methanol was distilled from 

magnesium turnings and iodine. Dichloromethane was distilled from calcium hydride. 

DMSO was distilled from calcium hydride at reduced pressure and stored over 4 A
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molecular sieves. Immediately prior to use, tetrachloromethane was distilled under nitrogen 

from phosphorous pentoxide. Triethylamine was distilled from potassium hydroxide and 

stored over potassium hydroxide, tert-Butyl alcohol was dried with K2CO3 , filtered, 

distilled under nitrogen and stored over 4 A molecular sieves. Acetic anhydride was 

purified by fractional distillation and stored over 4 A molecular sieves. Nitromethane was 

dried over CaCb, distilled to remove the water/nitromethane azeotrope, and kept over 4 A 

molecular sieves under nitrogen. Anthracene was crystallised from ethyl acetate. 

Diiodoethane was purified by dissolving in ether and washing with 1 M sodium 

thiosulphate. Potassium rm -butoxide was purified by sublimation. Unless otherwise 

indicated, all reagents were obtained from commercial suppliers and were used without 

purification.

4.2 -  Calculations

Force field and DFT calculations were carried out using PCMODEL (version 8.5, Serena 

Software)226 and Gaussian 03,227 respectively. Geometry optimisations were done using 

either B3LYP/6-3 lG(d) or B3LYP/6-31+G(d) levels of theory. Solution state calculations
1 13used IEFPCM model, as implemented in Gaussian 03. H and C NMR chemical shifts 

relative to TMS were computed at B3LYP/6-311+G(2d,p) level, whereas vibrational 

frequencies were calculated at B3LYP/6-31G(d) and B3LYP/6-31+G(d) levels, using
2 28  2 2 9scaling factors of 0.9613 and 0.9763, respectively. The overall rms error for the

1 2^8frequency calculations by B3LYP/6-31G(d) has been reported to be 34 cm' . “

4.3 -  Calculated and experimental errors

Assuming that the boundary values JL and Js are accurate within ±0.3 Hz, the error of the 

population measurements is estimated as ±5%. The agreement between the population 

values calculated using two different Jio-iia and A/10-1 ib couplings for each compound is 

within 0-2%.

=  168 =



Chapter 4 Experimental

4.4 -  Experimental procedure

2-Bromopropenal 71142

o
HtI,

H

71

C 3 H 3 B 1O  134.96 g .m ol ' 1

A solution o f bromine (5.6 mL, 148 m m ol) in CCI4  (12 mL) was added dropwise to a 

solution o f  freshly distilled acrolein (dried with anhydrous copper sulphate and distilled) 

(10 mL. 148 m m ol) in CCI4  (100 mL) at 0 °C under nitrogen atmosphere and the resulting 

mixture was stirred vigorously. Triethylamine (20.6  mL, 148 m m ol) was added dropwise 

and the stirring continued for 2 h at 0 °C. The mixture was then filtered through celite to 

rem ove the salts formed and the residue was concentrated under reduced pressure. The 

resulting oil was dried over m olecular sieves (3 A) at 4  °C overnight. D istillation o f the 

crude product at reduce pressure provided the title compound 71 (1 .69 g, 8 %) as a 

colourless oil.

B.p. 43 °C / 23 torr (lit . 2 3 0  46 -48  °C / 28 torr); IR (nujol) vmax 1700 (s), 1599 (s), 900 (s) 

cm '1; 'H NMR (300  MHz, CDCI3) 9.12 (1H, d, ' .1 , = 0 .5  Hz, CHO), 6 .83 (1H, d,

2 .2  Hz, Hj), 6.80  (1H , d, 2h d s.,{Ian!,= 2.2 Hz, H ,); '*C NMR (75 MHz, CDCI3 )

186.2 (CHO), 137.7 (C 3), 132.7 (C2).
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ll-Brom o-9,10-dihydro-ll-form yl-9,10-ethanoanthracene 72143

Br CHO

72

C ,7H 13BrO 313.19 g .m o l1

Freshly distilled 2-bromopropenal 71 (1.69 g, 12 mmol), anthracene (1.05 g, 5.9 mmol), 

potassium carbonate (200 mg) and hydroquinone (20 mg) were stirred in toluene (11 mL) 

for 4 days in an oil bath maintained at 100 °C. After cooling to room temperature, the 

solution was filtered and concentrated under reduced pressure to give a brown oil. The 

crude product was purified by flash column chromatography (silica gel, 1:9 EtOAc/P.E. 

40-60 °C) to provide the title compound 72 (1.40 g, 76%) as white square crystals.

M.p. 133-134 °C (EtOAc-P.E.); IR (CDCI3) vmax 3074 (w), 3027 (m, Har), 2957 (w), 2830 

(w), 1728 (s, CHO), 1460 (m) c m 1; lH NMR (300 MHz, CDC13) 9.30 (1H, s, CHO), 7.44-

7.07 (8H, m, Har), 4.70 (1H, s, H ,0), 4.36 (1H, dd, 3J 9,12a = 2.7 Hz, 3/ 9,12b = 2.8 Hz, H9), 3.00 

(1H, dd, 379,12b = 2.8 Hz, 27i2a,i2b = 14.2 Hz, H i2b), 2.17 (1H, dd, 379,i2a = 2.7 Hz, 2J \2a,\2b =

14.2 Hz, H ,2a); 13C NMR (75 MHz, CDC13) 189.0 (CHO), 143.0 (Cq), 142.8 (Cq), 138.6 

(Cq), 137.8 (Cq), 127.7 (CH), 127.1 (CH), 126.5 (CH), 126.3 (CH), 123.9 (CH), 123.5 

(CH), 68.9 (C M), 52.5 (C 10), 43.9 (C9), 38.2 (C 12).
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Dihydro-1 l-formyl-9,10-ethanoanthracene 74 144

74

C 17H 140  234.29 g.mol' 1

An Emrys Optimizer microwave tube (20ml capacity) equipped with a magnetic stirrer bar, 

was charged with anthracene (3.34 g, 19 mmol) in toluene (10 mL) and acetonitrile (2.5 

mL). Acrolein (2.7 mL, 2.1 g, 38 mmol) was added in a single portion. The vessel was 

sealed with a crimped septum and exposed to microwave heating for 1.5 h at 165 °C. Upon 

completion of the heating, the tube was cooled rapidly by the Emrys Optimizer using 

compressed air and the mixture was filtered and concentrated under reduced pressure. Elash 

column chromatography (silica gel, 1:10 EtOAc/P.E. 40-60 °C) yielded the title compound 

74 (4.40 g, 98%) as a white solid.

M.p. 97-100 °C (EtOAc-P.E.) (lit144 95-96 °C); HRMS found: M+, 234.10504. C 17H 14O 

requires 234.10446; IR (CH2C12) vma,  3022 (m, Har), 2947 (w), 2872 (s), 2820 (s), 2713 (s, 

CHO), 1720 (s, CHO), 1456 (m), 1391 (w), 1169 (s), 1024 (s), 937 (s), 735 (m), 579 (s), 

550 (s) c m 1; lH NMR (300 MHz, CDCI3) 9.44 ( 1H, d, 37 h ,Cho = 1.8 Hz, CHO), 7.34-7.28 

(4H, m, H a r ) ,  7.15-7.07 (4H, m, Har), 4.72 ( 1H, d, V , o , , i  = 2.5 Hz, H l0), 4.43 ( 1 H, dd, 3J 9 , 12a 

=  2.7 Hz, -V9.12b = 2 . 8  Hz, H 12), 2.77 ( 1 H, dddd, 37 i , , cho  =  1.8 Hz, 3y , o , „  = 2.5 Hz, V 1 U 2 b  -

4.7 Hz, 3J n ,i2a = 10.4 Hz, H 11), 2.11 (1H, ddd, 3/ 9 ,i2b = 2.8 Hz, 37 n,i2b = 4.7 Hz, 27i2a,i2b =

12.8 Hz, H i2b), 1.99 (1H, ddd, 379 ,i2a = 2.7 Hz, 3/ n , i 2b -  10-4 Hz, 2/ i 2a,i2b = 12.8 Hz, H j2a); 

13C NMR (75 MHz, CDCI3) 202.6 (CHO), 144.1 (Cq), 143.8 (Cq), 142.2 (Cq), 139.4 (Cq),

126.5 (CH), 126.3 (CH), 126.1 (CH), 126.0 (CH), 124.5 (CH), 123.6 (CH), 123.5 (CH), 

123.4 (CH), 51.2 (C ,0 , 45.3 (C9), 43.7 (Cj0), 28.8 (Cj2); EI-MS, m/z (relative intensity) 

234 ([M]+, 35), 2 0 2  ( 1 0 ), 178 ([Ci2H ,0]+, 100).
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ll-Brom o-9,10-dihydro-ll-form yl-9,10-ethanoanthracene 72

Hb̂ H a 
B r^ U C H O

C 17H 13BrO 313.19 g.m ol'1

Method A

A solution of bromine (0.91 mL, 0.28 g, 18 mmol) in anhydrous CH2CI2 (50 mL) was 

added dropwise to a solution of 74 (4.25 g, 18 mmol) in anhydrous CH2CI2 (25 mL). After 

stirring for 2 h at 25 °C, the reaction mixture was concentrated under reduced pressure and 

the residue was purified by flash column chromatography (silica gel, 1:20 EtOAc/P.E. 

40-60 °C) to give the title compound 72 (4.69 g, 83%) as white square crystals.

Method B

A mixture of bromine (0.26 mL, 5.0 mmol) and dioxane (0.75 mL) in anhydrous CH 2CI2 

(3.5 mL) was added dropwise to a solution of 74 (1.17 g, 5.0 mmol) in CH2CI2 (2.5 mL) 

below -5 °C and under nitrogen atmosphere. After stirring for 1 h, the solution was warmed 

to room temperature and treated with a solution of Na2C03 (0.39 g) in H 2O (1.6 mL). The 

organic layer was separated and the aqueous layer was extracted with CH 2CI2 ( 3 x 3  mL). 

The combined organic layers were washed with brine (5 mL), dried over MgSCL and 

concentrated under educed pressure. Purification of the crude product by flash column 

chromatography (silica gel, 1:20 EtOAc/P.E. 40-60 °C) afforded the title compound 72 

(1.27 g, 81%) as white square crystals.

The spectroscopic data obtained were identical to those previously described
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9,10-Dihydro-ll-hydroxy-9,10-propanoanthracen-12-one 73 and 9,10-dihydro-12-
139hydroxy-9,10-propanoanthracen-ll-one 75

7573

C 17H 140 2 250.29 g.mol ' 1 C 17H 140 2 250.29 g.mol' 1

Aqueous KOH solution (3 M, 70 mL) was added to a stirred solution of the

a-bromoaldehyde 74 (4.38 g, 14 mmol) in THF (175 mL) at air atmosphere. The solution

was stirred vigorously for 2.5 h and neutralised by slow addition of aqueous HC1 solution 

(2 M). The phases were separated and the aqueous layer was extracted with CH 2CI2 

(3 x 150 mL). The combined organic layers were washed with brine (75 mL), dried over 

M gS04, filtered and concentrated under reduced pressure. Crystallisation from EtOAc and 

P.E. 40-60 °C gave the title compound 73 (1.96 g, 56%) as a white solid. Flash column

chromatography (silica gel, 1:10 EtOAc/P.E. 40-60 °C) of the mother liquor and

subsequent crystallisation from EtOAc yielded the title compound 75 (0.98 g, 28%) as a 

light yellow solid.

9,10-Dihydro-ll-hydroxy-9,10-propanoanthracen-12-one 73

M.p. 183-184 °C (EtOAc) (lit139 186-187 °C (EtOAc)); HRMS found: M+, 250.09997. 

C i7H ,40 2 requires 250.09937; IR (CH2C12) vmax 3492 (br, OH), 3037 (m, Har), 2945 (w), 

2895 (w), 1689 (s, C =0), 1475 (s), 1452 (s), 1410 (s, OH), 1088 (s), 1064 (s, OH), 1031 

(s), 829 (s), 767 (s), 738 (s), 706 (s), 642 (s) c m 1; lH NMR (400 MHz, CDCI3) 7.51-7.49 

(1H, m, Har), 7.40-7.38 (2H, m, Har), 7.31-7.27 (3H, m, Har), 7.21-7.10 (2H, m, Har), 4.38 

(1H, d, 3y 10,11 -  4.4 Hz, H 10), 4.31 (2H, t, 3/ , 0 l11 = 4.4 Hz, % l3a = 6.7 Hz, H9, H n ), 3.99 

(1H, t, Vio,oh = 1.3 Hz, OH), 3.16 (1H, dd, 3/ 9,13a = 6.7 Hz, 27i3a,13b = 15.2 Hz, H 13a), 2.81 

(1H, d, 27i3a,i3b = 15.2 Hz, H 13b); 13C NMR (100 MHz, CDC13) 208.3 (C 12), 143.4 (Cq), 

139.9 (Cq), 139.4 (Cq), 138.2 (Cq), 128.1 (CH), 127.6 (CH), 127.4 (CH), 127.3 (CH), 127.0
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(CH), 126.9 (CH), 126.0 (CH), 125.6 (CH), 81.4 (C n ), 52.2 (C 10), 50.0 (C i3), 43.6 (C9); EI- 

MS, m/z (relative intensity) 250 ([M]+, 6 ), 234 ([Ci7H i40 ] +, 96), 215 (44), 191 ([Ci5H n]+, 

100), 189 (100), 178 ([Ci2H 10]+, 100), 165 (61), 152 (74), 138 (100); Anal. Found: C, 

81.73; H, 5.74. Calcd for C i7H 140 2: C, 81.58; H, 5.64.

9,10-dihydro-12-hydroxy-9,10-propanoanthracen-ll-one 75

M .p. 191 °C (EtOAc) (lit139 186-190 °C (EtOAc)); H RM S found: M+, 250.10003. 

C i7H ,40 2 requires 250.09937; IR  (KBr) vmax 3479 (s, OH), 3450 (br, OH), 3034 (m, Har), 

2943 (w), 2852 (w), 1707 (s, C =0), 1476 (s), 1456 (s), 1077 (s), 1043 (m), 784 (m), 763 

(s), 755 (m), 699 (s), 652 (s) cm '1; *H NM R (400 MHz, CDCI 3 ) 7.45-7.43 (2H, m, Har), 

7.23-7.36 (6 H, m, Har), 4.86 (1H, s, H 10), 4.28 (1H, d, 3/ 9 , i 3 b = 1.2 Hz, 3J 9 , i 3 a = 6.9 Hz, H9), 

4.12 (1H, dt, 3y 12,OH = 3.3 Hz, 3/ , 2,,3a -  9.0 Hz, 3/ 12,,3b = 9.8 Hz, H 12), 3.33 (1H, d, 3/ 12,0„ =

3.3 Hz, OH), 3.00 (1H, ddd, 3y9,13a = 6.9 Hz, 3J i2 ,i3a = 9.0 Hz, V^a.nb = 12.8 Hz, H ,3a), 1.83 

( 1 H, ddd, V 9 , i3 b  = 1-2 Hz, V ] 2 , i 3 b = 9.8 Hz, 2/ i 3a , i3 b  =  1 2 . 8  Hz, H ,3b); 13C  N M R ( 1 0 0  MHz, 

CDCI3 ) 204.6 (Cm), 143.0 (Cq), 139.3 (Cq), 136.6 (Cq), 134.4 (Cq), 128.3 (CH), 128.2 (CH),

127.6 (CH), 126.9 (x 2, CH), 126.5 (x 2, CH), 125.9 (CH), 72.7 (C ,2), 60.4 (C ,0), 43.9 (C9),

42.8 (C ,3); EI-M S, m/z (relative intensity) 250 ([M]+, 0.6), 234 ([Ci7Hi401+, 0.3), 191 

([C 15H ,,]+, 20), 189 (22), 179 (99), 178 ([C 12H 10]+, 100), 176 (73), 165 (12), 152 (42), 139

(10), 89 (34), 76 (31).

9,10-Dihydro-9,10-propanoanthracen-12-one 57

13

67

C 17H 140  234.29 g.mol' 1

In a glove box, samarium powder (1.80 g, 12 mmol) was placed into a three-necked flask 

fitted with a dropping funnel and a nitrogen inlet adaptor. A solution of diiodoethane 

(1.69 g, 6  mmol) in freshly distilled cold THF (60 mL) was placed into the dropping funnel
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and the solution was bubbled with nitrogen for 30 min. The solution was added dropwise to 

the samarium powder over 1 h and the dark blue solution was left to stir for a further hour. 

The flask was cooled to -78 °C under a nitrogen atmosphere and 80% of a solution of 

a-hydroxyketone 73 (1.50 g, 6  mmol) in anhydrous THF (25 mL) was added dropwise. The 

mixture was allowed to warm to room temperature before adding the final 2 0 %, then the 

mixture was poured into a saturated aqueous K2CO 3 solution (100 mL) and the layers 

separated. The aqueous layer was extracted with CH 2CI2 (3 x 50 mL) and the combined 

organic layers washed with brine (50 mL), dried over MgSCL, filtered and concentrated 

under reduced pressure. The product was purified by flash column chromatography (silica 

gel, gradient elution from 1:10 to 1:5 EtOAc/P.E. 40-60 °C) to yield the title compound 67 

(1.02 g, 73%) as white needles.

M.p. 236-237 °C (EtOAc) (lit140 220 °C); HRM S found: M \ 234.10460. C l7 H,40  requires 

234.10446; IR  (CH2CI2) v„„„ 3037 (m, Har), 2927 (m), 2897 (m), 1684 (s, C = 0). 1454 (s), 

1398 (s). 1115 (s). 985 (s), 766 (s), 708 (s). 683 (s), 592 (s) cm '1; ‘H N M R (400 MHz, 

CDCIj) 7.38-7.36 (4H, m, Har), 7.28-7.26 (4H. m, Har), 4.29 (2H, t, 3./|„.ii = V ,,l3 = 3.9 Hz, 

H,. Hio), 2.87 (4H, d, Vio.ii = V ,,i 3 = 3.9 Hz, H n , H ,,); K,C N M R (100 MHz, CDC13)

209.3 (C l2), 141.7 (Cq), 124.0 (CH), 126.0 (CH), 51.1 (C n, C l3), 43.4 (C9, C ,0); EI-M S, 

m/z. (relative intensity), 234 ([M]+, 100), 215 (56), 191 ([Ci5H n ]+, 100), 189 (72), 178 

([C ,2H 10f ,  100), 165 (45), 152 (22), 63 (34); Anal. Found: C, 86.92; H, 5.95. Calcd for 

C 17H 14O: C, 87.15; H, 6.02.
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9,10-dihydro-12-methylene-9,10-propanoanthracene 68 139
13

68
C 18H 16 232.32 g.moL1

Diiodomethane (0.84 mL, 2.68 g, 10 mmol) was added to a suspension of zinc dust (1.2 g, 

18 mmol) in anhydrous THF (20 mL). After stirring for 30 min, the solution was cooled to 

0 °C and a 1 M solution of TiCl4 in CH 2CI2 (2 mmol, 2.0 mL) was added over 10 min. 

After the dark brown mixture was stirred for 30 min at room temperature, a solution of the 

ketone 67 (468 mg, 2.0 mmol) in anhydrous THF (10 mL) was added dropwise and stirred 

for a further 3h. The solution was poured into a saturated aqueous solution of N aH C 0 3 

(50 mL), filtered and extracted with CH2CI2 (3 x 30 mL). The combined organic layers 

were washed with brine, dried over M gS0 4 and concentrated under reduced pressure. 

Purification of the crude mixture by flash column chromatography (silica gel, 

1:10 EtOAc/P.E. 40-60 °C) gave the title compound 6 8  (348 mg, 75%) as white square 

crystals.

M.p. 158 °C (lit139 159-160 °C); HRMS: found: M+, 232.12235. C i8H i6 requires 

232.12519; IR (CH2C12) vmax 3070 (m), 3039 (m), 3019 (m, Har), 2976 (m), 2937 (s), 2898 

(s), 1637 (s), 1476 (s), 1454 (s), 1424 (s), 1115 (s), 992 (s), 895 (s), 767 (s), 697 (s), 598 

(s), 500(s) c m 1; NMR (400 MHz, CDCI3) 7.29-7.25 (4H, m, H,, H4, H5, H8), 7.19-7.16 

(4H, m, H2, H3, H6, H7), 4.46 (2 H, s, H 14), 4.09 (2 H, t, Vio.i, = V 9,13 = 4.1 Hz, H9, H 10), 

2.61 (4H, d, Vio.n = V 9,i3 = 4.1 Hz, H n , H ,3); 13C NMR (100 MHz, CDC13) 144.8 (C 12),

142.9 (Cq), 126.2 (CH), 125.5 (CH), 115.5 (C14), 45.9 (C9, C 10), 41.6 (Cn, C 13); EI-MS, 

m/z (relative intensity), 232 ([M]+, 100), 217 (72), 202 (7), 191 ([C 15H n ]+, 20), 189 (72), 

178 ([Ci2H i0]+, 8 6 ), 165 (5), 152 (8 ); Anal. Found: C, 92.90; H, 7.01. Calcd for C ,8H i6: C, 

93.06; H, 6.94.
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12 ,12-C yclopropyl-  9 ,10 -d ih yd ro-9 ,10 -p rop anoan th racen e  7 5

76

C | 9 H 1 8  246.35 g .m ol ' 1

Diethylzinc (1 M solution in Et2 0 , 1.7 mL, 1.7 mmol) was carefully added over 5 min to a 

solution of the alkene 6 8  (80 mg, 0.34 mmol) in anhydrous Et2 0  (5 mL) at 0 °C, followed 

by addition of CH 2I2 (274 pL, 3.4 mmol) over 2  min. The mixture was stirred at 0  °C for 

4 h, warmed to room temperature and stirred for 20 h. The solution was quenched with 

water (5 mL) and brine (5 mL), extracted with CH2CI2 ( 3 x 5  mL) and the combined 

organic layers were dried over Na2SC>4 and concentrated under reduced pressure. Flash 

column chromatography (silica gel, gradient of elution 1:20 to 1:4 EtOAc/P.E. 40-60 °C) 

provided the title compound 76 (71 mg, 85%) as a white solid.

M.p. 117-119 °C; H RM S: found: [M+H]+, 247.14848. [Ci9 H i8+HJ requires 247.14867; IR  

(CH2CI2) Vma.x 3060 (s, cyclopropyl), 2997 (s), 2912 (m), 2841 (s), 1473 (s), 1456 (s), 1175 

(s), 1113 (s), 1031 (w), 1018 (s), 989 (w), 879 (w), 741 (m), 710 (s), 592 (s), 471 (d, 

cyclopropyl) cm '1; lH  N M R  (400 MHz, CDCI3) 7.26-7.23 (4H, m, Hi, H4, H5, Hs), 7.16- 

7.14 (4H, m, H 2, H 3, Hf„ H7), 4.03 (2 H, t, Vl0.n = V9.i3 = 4.1 Hz, H.,, H,„), 1.65 (4H, d, 

'V10.11 = Vo, 13 = 4.1 Hz, H ,i ,  H u), -0 . 2 2  (4H, s, H ,4, H ,5); l3C N M R  (75 MHz, CDCIj) 

143.5 (Q,), 125.9 (CH), 125.6 (CH), 46.6 (C9, C l0), 41.7 (Cm, C i3), 15.5 (C l2), 13.6 

(C h,C i5); C l (m ethane)-M S, m/z (relative intensity), 247 ([M+H]+, 8 8 ), 217 (12), 206 

(28), 192 (LC15H 12r ,2 0 ) ,  191 ([C^H ,,]*, 79), 189 (72), 178 (fC i 2 H 1 0r ,  100); A nal. Found: 

C, 92.28; H, 7.72. Calcd for C i9H i8: C, 92.64; H, 7.36.
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1399,10-Dihydro-12-hydroxy-9,10-propanoanthracene 77

c a .OH

77

C 17H 160  236.31 g.mol ' 1

Sodium borohydride (360 mg, 10 mmol) was added as a single portion to a solution of 

ketone 67 (234 mg, 1.0 mmol) in anhydrous THF (9 mL) and anhydrous MeOH (5 mL). 

After 18 h of stirring, the reaction mixture was poured into water (20 mL) and extracted 

with CH2CI2 (3 x 10 mL). The organic layer was washed with brine (10 mL), dried over 

MgSCL and concentrated under reduced pressure. The product was purified by flash 

column chromatography (silica gel, 1:4 EtOAc/P.E. 40-60 °C) to yield the title  co m p o u n d  

77 (217 mg, 92%) as a white solid.

M.p. 122-123 °C (EtOAc-P.E.) (lit231 114-116 °C); HRMS found: M +, 236 .12036.  

C |7H |60  requires 236.12011; IR  (CH2C12) v„„„ 3344 (br, OH), 3020 (m, Har), 2927  (s), 

2854 (w), 1473 (s), 1456 (s), 1286 (s, OH), 1105 (s, OH), 1032 (s), 765 (s), 737 (br), 702  

(w). 665 (s), 596 (s) c m 1; ‘H NMR (500 MHz, C D C h) 7 .29-7 .27  (4H, m, H,, H4, H5, H8),

7 .22-7.19 (4H, m ,  H2, H,,H<„ H 7), 4.11 (2H, dd, 37 l 0 , = 3y9,,3b =  1 . 1  Hz, 37 10. , , a =  V 9 , 13a =

7.1 Hz, H„, Hio), 3.22 (1H. m, H 12), 2.37 (2H, ddd, Vio.iia = = 7.1 Hz, » / « .„ .  =

37 | 2,I3„ =  10.3 Hz, V i i a . n b  = 27 13a,13b =  13.1 Hz, H , la, H u b ) ,  1.75 (1H, br, OH), 1.48 (2H,
3 3 3 3 2 2ddd, »/10 ,1 l b  -  7 9 , 1 3 b  = 1 . 1  Hz, ' / l i b ,  12 =  13b,  12 =  6 . 1  Hz, / i  la,  l i b  =  / l  3a,  13b =  1 3 . 1  Hz, H u b ,

H i 3b); l 3 C  NMR ( 1 2 5  MHz, CDCI3) 1 4 4 . 4  (Cq), 1 4 0 . 6  (Cq), 1 2 7 . 5  (CH), 1 2 6 . 5  (CH), 1 2 6 . 4  

(CH), 1 2 6 . 0  (CH), 1 2 5 . 9  (CH), 1 2 5 . 6  (CH), 1 2 5 . 4  (CH), 1 2 5 . 2  (CH), 6 8 . 2  (C 12), 4 4 . 0  (C9, 

C 10), 3 9 . 1  (Ci 1, C13); E I - M S ,  m /z  (relative intensity), 2 3 6  ([M]+, 7 3 ) ,  2 1 8  ([M-H20 ] +, 1 0 0 ) ,  

2 0 3  ( 3 3 ) ,  1 9 2  ([C 15H 12]+, 9 1 ) ,  1 9 1  ([C 15H i,j+, 9 6 )  1 8 9  ( 3 8 ) ,  1 7 8  ([C 12H i0]+, 1 0 0 ) ,  1 6 5  ( 2 2 ) ,  

1 5 2  ( 1 5 ) ;  Anal. Found: C, 8 6 . 7 4 ;  H, 6 . 9 1 .  Calcd for C i7H i60 : C, 8 6 . 4 0 ;  H, 6 . 8 2 .
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1399,10-Dihydro-12-hydroxy-12-methyl-9,10-propanoanthracene 78

78

C ,8H 180  250.33 g.mol' 1

Cerium (III) chloride heptahydrate (1.12 g, 3 mmol) was ground in a mortar and placed in a 

three-necked flask fitted with a dropping funnel and a nitrogen inlet adaptor. The flask was 

evacuated (0.1 mmHg) and immersed in an oil bath at 140 °C without stirring for 1 h and 

then stirred for a further 1 h. The flask was cooled in an ice bath under nitrogen and 

anhydrous THF (7.5 mL) was added all at once with vigorous stirring. The ice bath was 

removed and the suspension was stirred overnight at room temperature. The flask was 

cooled to -78 °C under nitrogen and MeLi (1.6 M in Et2 0 , 1.87 mL, 3 mmol) was added 

dropwise and the light yellow suspension was stirred for 1 h. A solution of the ketone 67 

(351 mg, 1.5 mmol) in anhydrous THF (7.5 mL) was added dropwise and the reaction 

mixture was stirred for 2 h, then warmed up to 0 °C. The mixture was poured into an 

aqueous HC1 solution (2 M, 30 mL) and extracted with CH 2CI2 ( 3 x 1 5  mL). The combined 

organic layers were washed with brine (15 mL), dried over MgSCL and concentrated under 

reduced pressure. Flash column chromatography (silica gel, gradient elution from 1:10 to 

1:5 EtOAc/P.E. 40-60 °C) gave the title compound 78 (349 mg, 93%) as a white solid.

M.p. 130-132 °C (EtOAc-P.E) (lit13'' 128-129 °C (EtOAc-P.E.)); HRMS: found: M \ 

250.13523. C ,8H ,80  requires 250.13576; IR (CH2C12) v,„„ 3587 (s, OH), 3441 (br, OH), 

2974 (w, CH,), 2928 (s), 2851 (w). 1475 (s), 1454 (s), 1373 (s, CH3), 1288 (w, OH), 1225 

(w), 1176 (w). 1109 (s, OH), 1086 (s, C-OH), 1057 (w), 1032 (w), 881 (w), 771 (s), 746 (s), 

667 (s, C-OH), 596 (s) cm '1; ‘H NMR (500 MHz, CDC13) 7.38-7.36 (2H, m, H,, H4), 7.27-

7.25 (2H, m, H5, H8), 7.23-7.21 (2H, m, H2, H3), 7.17-7.14 (2H, m, H6, H7), 4.12 (2H, dd, 

V i o . i i b  =  V<>,i3b = 1-4 Hz, V i m ia = V i , i 3a = 6 . 8  Hz, H<>, Hio), 2.30 (2 H, ddd, V n a,i3a = 1.9
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Hz, V i o . H a  =  3i9 , l 3 a  =  6 . 8  Hz, 2J n a,lib = V i 3 a,i3b = 14.5 Hz, H n a, H]3a), 1.93 (2 H, d d ,  3y  10,1 lb 

= 3J ,,u b = 1.4 Hz, 27 „ a , M b  =  i3a,i3b = 14.5 Hz, H , , b .  H u b ) ,  1.14 (1H, br, OH), 0.93 (3H, s, 

CH3); aC NMR (100 MHz, CDClj) 144.2 (C,), 141.6 (Cq), 126.9 (CH), 126.4 (CH), 125.9 

(CH), 125.2 (CH), 72.7 (C |2), 44.9 (Co, C 10), 44.6 (C n , C ,3), 32.8 (CH3); El-M S, m/z 
(relative intensity), 250 ([M]+, 35), 232 ([M-H20]+, 82), 217 (81), 192 ([C ,5H 12]+, 96), 178 

([Ci2Hi0]+, 100); Anal. Found: C, 86.23; H, 7.34. Calcd for CigHigO: C, 86.36; H ,  7.25.

9,10-Dihydro-12-hydroxy-12-vinyl-9,10-propanoanthracene 79

79

C 19H 180  262.35 g.mol ' 1

A solution of the ketone 67 (117 mg, 0.5 mmol) in CH 2CI2 (2.5 mL) was added dropwise at 

0 °C to vinylmagnesium bromide (1 M solution in THF, 650 pL, 0.65 mmol). After 

complete addition, the mixture was stirred for 1 h keeping the reaction temperature below 

10 °C then warmed up to room temperature and the stirring continued for a further 1.5 h. 

Then a saturated ammonium chloride solution (5 mL) was carefully added dropwise and the 

resulting mixture was filtered and washed thoroughly with CH 2CI2 ( 3 x 5  mL). The filtrate 

was dried over MgSCL, filtered and concentrated under reduced pressure. Flash column 

chromatography (silica gel, gradient of elution 1:20 to 1:4 EtOAc/P.E. 40-60 °C) provided 

the title compound 79 (47 mg, 36%) as a white solid.

M.p. 138-140 °C (EtOAc); HRMS: found: M+, 263.14275. C ,9H i80  requires 263.14358; 

IR (CH2CI2) vnuu 3583 (s, OH), 3070 (w, C=CH2), 3020 (m, Har), 2918 (s), 1634 (w, 

CH=CH2), 1475 (s), 1454 (s), 1410 (br, OH), 1219 (s), 1 122 (s, OH), 1003 (s, C=CH2), 930 

(s, C=CH2), 823 (w), 766 (s), 737 (s), 706 (s), 673 (s), 596 (s) c m 1; !H NMR (500 MHz, 

CDClj) 7.40-7.37 (2H, m, H,, H4), 7.30-7.27 (2H, m, H5, H8), 7.25-7.22 (2H, m, H2, H,),
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7.20-7.16 (2 H. m, H(„ H7), 5.49 ( 1 H, dd, V i4 ,i5a = 1 0 . 6  Hz, V |4,I5b = 17.0 Hz, H ,4), 5.08 

(1H, dd, 27 i5a,i5b = 1.6 Hz, :’yi4 ,i5b = 17.0 Hz, H i5b), 4.85 (1H, dd, Vuajsb = 1-6 Hz, 37 |4 ,i5a =

1 0 . 6  Hz, H |5a), 4.15 (2 H, dd, 37io,iib = Vo,i3b = 1.6 Hz, 3J , 0 .iia = ‘Vo,i3a = 6.7 Hz, Ho, H ,0), 

2 . 2 2  (2 H, ddd, 47na.i3a = 1.9 Hz, Vio.im = Vo.i3a = 6.7 Hz, V n a,iib = 27i3a,i3b = 14.7 Hz, 

H iia, H 13a), 2.04 (2 H, dd, Vio.iib = Vo,i3b = 1 -6  Hz, 2J i ia,iib = 27i3a,i3b = 14.7 Hz, Hub, H i3b), 

1.26 ( 1H, br, OH); l3C NMR (125 MHz, CDC13) 145.8 (C ,4), 144.1 (Cq), 141.7 (Cq), 127.0 

(CH), 126.3 (CH), 126.1 (CH), 126.0 (CH), 1 1 1 . 2  (C ,5), 74.6 (C 12), 66.0 (C l5), 44.8 (Co, 

Cio), 43.3 (Cii, C 13); CI(methane)-MS, m/z (relative intensity) 263 ([M]+, 19), 245 (90), 

235 (100), 234 (79), 217 (2 1 ), 192 ([C 15H 12]+, 74), 191 ([C ,5H n ]+, 85), 178 ([C ,2H 10]+, 49) 

165 (8 ); Anal. Found: C, 86.43; H, 6.83. Calcd for CigHigO: C, 86.99; H, 6.92.

9,10-Dihydro-12-hydroxy-12-(trimethylsilyl)ethynyI-9,10-propanoanthracene 80

,TMS

80

C2 2H2 4 0 Si 332.16 g.mol' 1

Cerium (III) chloride heptahydrate (0.96 g, 2.5 mmol) was ground in a mortar and placed in 

a three-necked flask fitted with a dropping funnel and a nitrogen inlet adaptor. The flask 

was evacuated (0.1 mmHg) and immersed in an oil bath at 140 °C without stirring for 1 h 

and then stirred for a further 1 h. The flask was cooled in an ice bath under nitrogen and 

anhydrous THF (12.5 mL) was added all at once with vigorous stirring. The ice bath was 

removed and the suspension was stirred overnight at room temperature. A 1.37 M solution 

of n-BuLi in hexanes (1.82 mL, 2.5 mmol) was added dropwise to a solution of 

trimethylsilylacetylene (352 pL, 2.5 mmol) in anhydrous THF (3.5 mL) at 0 °C. The yellow 

mixture was stirred for 30 min and cooled to -78 °C. Meanwhile, the suspension of cerium 

(III) chloride in THF was cooled to -78 °C before the dropwise addition of the 

organolithium solution via a canula. The mixture was stirred for 2 h at -78 °C and a
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solution of ketone 67 ( 1 1 7  mg, 0.5 mmol) in anhydrous THF (12.5 mL) was added 

dropwise. After 4 h of stirring at 0 °C, the resulting mixture was warmed to room 

temperature, poured into a saturated aqueous NH4CI solution (50 mL), filtered through 

celite and extracted with EtOAc (3 x 25 mL). The combined organic layers were washed 

with brine (25 mL), dried over MgS0 4  and concentrated under reduced pressure. Flash 

column chromatography (silica gel, 1:10 EtOAc/P.E. 40-60 °C) gave the title compound 80 

(118 mg, 71 %) as a white solid.

M.p. 111-114 °C; HRMS: found: [M+H]+, 333.16755. [C22H 24OSi+H]+ requires 

333.16746; IR (CH2C12) vmcLX 3566 (s, OH), 3414 (br, OH), 3022 (m, Har), 2957 (s), 2926 

(s), 2852 (w), 2170 (s, C=C), 1475 (s), 1456 (s), 1323 (w, OH), 1290 (w, OH), 1248 (s, 

Si(CH3)3), 1082 (s, OH), 1018 (m), 993 (s), 920 (s), 843 (d, Si(CH3)3), 766 (s), 734 (s), 696 

(s), 633 (w), 598 (s), 569 (s) cm '1; lH  NMR (500 MHz, CDC13) 7.28-7.26 (2H, m, H,, H4), 

7.25-7.23 (2H, m, H5, H8), 7.15-7.12 (4H, m, H2, H3, H6, H7), 4.10 (2H, dd, 3J 1(),,,b = V 9,13b 

= 3.9 Hz, 3y 10,11 a = V 9 ,i3a = 4.6 Hz, H9, H 10), 2.47 (2 H, ddd, 4J n a,i3a = 1 .1  Hz, Vio.ua = V 9 ,i3a 

= 4.6 Hz, , 2y 1 ia,i 1 b = 2y 13a.i3b = 14.1 Hz, H iia, H j3a), 2.18 (2 H, dd, 3/io ,n b = V 9 ,i3b = 3.9 Hz, 

V i l a , lib = V i 3a.13b = 14.1 Hz, H u b ,  H 13b), 1.62 ( 1H, br, OH), -0 . 0 2  (9H, s, Si(CH3)3); 13C  

NMR (125 MHz, CDC13) 143.0 (Cq), 142.1 (Cq), 126.6 (CH), 126.4 (CH), 126.0 (CH), 

125.7 (CH), 109.8 (C 14), 86.4 (C 15), 69.4 (C 12), 44.33 (C n , C 13), 44.29 (C9, C I0), -0.15 

(Si(CH3)3); CI(methane)-MS, m/z (relative intensity), 332 ([M]+, 29), 315 (100), 299 (55), 

243 (35), 241 (44), 215 (7), 192 ([C 15H 12]+, 49), 191 ([C ,5H „ ]+, 38), 178 ([C 12H 10j+, 50), 

165 (3).
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9,10-Dihydro-12-ethynyl-12-hydroxy-9,10-propanoanthracene g i

c a .OH

81

C 19H 160  260.33 g.mol’ 1

A solution of TBAF in THF (1 M, 0.36 mL, 0.36 mmol) was added dropwise to a solution 

of the tertiary alcohol 80 (118 mg, 0.36 mmol) in THF (1.5 mL) and the resulting solution 

was stirred for 30 min. The reaction mixture was quenched with Et2 0  (1.5 mL) and 

saturated aqueous NH4CI solution (3 mL), extracted with Et2 0  (3 x 1.5 mL), dried over 

M gS04 and concentrated under reduced pressure. Flash column chromatography (silica gel, 

1:10 EtOAc/P.E. 40-60 °C) provided the title compound 81 (82 mg, 87%) as a white solid.

M .p. 138-141 °C (EtOAc); HRMS: found: M+, 260.12229. C i9H i60  requires 260.12011; 

IR  (CH2CI2) vmux 3562 (s, OH), 3430 (br, OH), 3298 (s, C=CH), 3022 (m, Har), 2924 (s), 

2852 (w), 2108 (w, C=CH), 1580 (s), 1475 (s), 1456 (s), 1290 (s, OH), 1221 (w), 1175 (d), 

1107 (s), 1074 (s), 1059 (s), 1030 (s, C-OH), 993 (s), 895 (w), 768 (s), 737 (m), 704 (s), 

660 (s, C-OH), 638 (s, C=CH), 598 (d), 557 (s), 463 (s) c m 1; *H N M R (500 MHz, CDCI3)

7.32-7.30 (2H, m, H,, H4), 7.28-7.26 (2H, m, H5, H8), 7.19-7.16 (4H, m, H2, H3, H6, H7),

4.14 (2 H, dd, 10,11 b = 37 9?i3b = Vio.iia = 37 9,i3a = 4.1 Hz, H9, H10), 2.48 (2 H, dd, 3Jio,nb = 

37 9,i3b = 4.0 Hz, 2/na,iib = 27 13a, 13b = 14.2 Hz, Hub, Hnb), 2.26 (2H, ddd, 47 ua,i3a= 14 Hz, 

37 i(),Ha = 379,i3a = 4.2 Hz, , 2Jiia,llb = 2- / i 3 a , 1 3 b  = 14.2 Hz, H na, H|3a), 2.10 ( 1H, S ,  H15), 1.68 

( 1H, br, OH); 13C NM R (125 MHz, CDC13) 142.6 (Cq), 142.1 (Cq), 126.7 (CH), 126.4 

(CH), 126.0 (CH), 125.8 (CH), 88.0 (C14), 70.3 (C 12), 69.1 (C 15), 44.3 (C „, C 13), 44.2 (C9, 

C 10); EI-M S, m/z (relative intensity), 260 ([M]+, 47), 242 ([M-H20]+, 90), 192 (fCi5Hi2]+, 

76), 191 ([C 15H n]+, 100), 178 ([C 12H 10]+, 92), 165 (15), 152 (9); Anal. Found: C, 87.59; H, 

6.23. Calcd for C i8H 160 : C, 87.66; H, 6.19.
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12-Cyano-9,10-dihydro-12-hydroxytrimethylsilyl-9,10-propanoanthracene 82

OTMS

'CN

82

C2 1H23NOSi 333.50 g.mol' 1

Trimethylsilylcyanide (0.3 mL, 2.2 mmol) was added dropwise to a solution of ketone 67 

(234 mg, 1.0 mmol) in anhydrous CH2CI2 (5 mL) in the presence of Znl2 (13 mg, 

0.04 mmol). The resulting mixture was stirred for 4 h and concentrated under reduced 

pressure. The crude product was purified by flash column chromatography (silica gel, 

gradient elution from 1:20 to 1:6.7 EtOAc/P.E. 40-60 °C) to yield the title compound 82 

(213 mg, 64%) as a white solid.

M .p. 126-129 °C; HRMS: found: M+, 333.15436. C2 iH23NOSi requires 333.15488; IR  

(CH2CI2) vmax 3049 (s), 3024 (m, Har), 2956 (s), 2929 (s), 2856 (w), 2204 (w, CN), 1475 (s), 

1458 (s), 1292 (w), 1254 (m, Si(CH3)3), 1097 (s, OSi), 1067 (s), 1032 (w), 895 (s, OSi), 

872 (s), 847 (s, Si(CH3)3), 739 (m), 704 (s), 599 (w), 573 (s, CN) c m 1; ‘H NM R (500 

MHz, CDClj) 7.39-7.35 (2H, m, H h H4), 7.32-7.28 (4H, m, H5, H8, H2, H3), 7.20-7.17 (2H, 

m, H6, H7), 4.19 (2H, dd, l/m.iib = 3Jw b  = 1.7 Hz, = 3/<>,l3a = 6.7 Hz, H,, H„,), 2.76

(2H, ddd, 47iia,i3a= 1.2 Hz, Vio.na = 3./9 j 3a = 6.7 Hz, , 2/ n aiub = 27i3a,i3b = 14.1 Hz, H n a, 

H i3a), 2.01 (2H, dd, "'y 1 0 ,11b = 3-A>,i3b = 1.7 Hz, V najib = 2d i3a,i3b = 14.1 Hz, Hub, H i3b), 0.13 

(9H, s, Si(CH3)3); l3C NM R (125 MHz, CDC13) 143.5 (Cq), 139.7 (Cq), 127.3 (CH), 126.7 

(CH), 126.6 (CH), 125.3 (CH), 121.3 (CN), 70.1 (C ,2), 43.6 (C M, C ,3), 43.4 (C,, Cm), 1.4 

Si(CH3)3); EI-M S, m/z (relative intensity), 333 (M+, 34), 318 (18), 243 (100), 192 

([C 15H 12]+, 27), 191 ([C isH nf, 47), 178 ([C 12H 10]+, 58).
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12-Cyano-9,10-dihydro-12-hydroxy-9,10-propanoanthracene 83

OH

’CN

83

C 18H 15NO 261.32 g.mol ' 1

To a stirred solution of the protected alcohol 82 (213 mg, 0.64 mmol) in THF (40 mL) an 

aqueous HC1 solution (1M, 20 mL) was added dropwise. The mixture was stirred for 

30 min, diluted with Et2 0  (100 mL), extracted with Et2 0  (3 x 50 mL), washed with brine 

(50 mL) and dried over Na2S 0 4. After removal of the solvents under reduced pressure, the 

remaining white powder was washed thoroughly with CH 2CI2 (2 x 100 mL) to afford the 

title compound 83 (160 mg, 96%) as a relatively unstable white powder which was used 

without further purification.

M .p. 194-195 °C; HRMS: found: M+, 261.11429. C i8H ,5NO requires 261.11536; IR (KBr) 

vmax 3323 (br, OH), 3035 (w), 2930 (s), 2243 (s, CN), 1477 (s), 1456 (s), 1419 (s), 1352 (s), 

1288 (w), 1169 (w), 1107 (w), 1053 (s, OH), 1030 (s), 997 (w), 773 (s), 754 (s), 704 (s), 

648 (s), 596 (s), 571 (s, CN) cm '1; N M R (400 MHz, CDC13) 7.36-7.33 (2H, m, H,, H4),

7.32-7.30 (2H, m, H5, H8), 7.28-7.26 (2H, m, H2, H3), 7.21-7.19 (2H, m, H6, H7), 4.20 (2H, 

dd, 3y 10,1 ib = 3*A).i3b = 2 . 8  Hz, ‘Vio.iia = 37 <),i3a = 5.7 Hz, H9 , H 10), 2 . 6 8  (2 H, ddd, 4/ n a,i3a= 1 -2  

Hz, 3yio,iia = 37 9 ,i3a = 5.7 Hz, , 27 n a,iib = 27 i3a,i3b = 14.1 Hz, H iia, H i3a), 2.15 (2H, dd, 37i(),iib 

= X i 3b = 2.8 Hz, 2/ n a,,,b = 27i3a, 13b = 14.1 Hz, H nb, H 13b), 2.09 (1H, br, OH); 13C NM R 

(100 MHz, CDC13) 142.4 (Cq), 140.1 (Cq), 127.4 (CH), 126.9 (CH), 126.5 (CH), 125.7 

(CH), 121.3 (CN), 69.4 (Ci2), 43.1 (C9, C ,0), 42.1 (Cj,, C L3); EI-M S, m/z (relative 

intensity), 261 ([M f, 21), 243 ([M-H20 ] +, 30), 234 ( [M-HCN]+, 32), 215 (13), 192 

([C ,5H 12]+, 38), 191 ([Ci5H ,,]+, 100), 178 ([C 12H 10J+, 65), 165 (18), 152 ( 1 1 ); Anal. Found: 

C, 82.17; H, 5.90; N, 5.21. Calcd for C i8H 15NO: C, 82.73; H, 5.79; N, 5.36.
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1399,10-Dihydro-12-methoxy-12-methyl-9,10-propanoanthracene §4

i 1* c h -

84

C 19H20O 264.36 g.moF1

Tertiary alcohol 78 (125 mg, 0.5 mmol) was added as a single portion to a stirred 

suspension of oil free potassium hydride (30 mg, 0.75 mmol) in anhydrous DMSO (5 mL) 

and the dark red mixture stirred for 20 min. Dimethyl sulphate (126 mg, 95 pL, 1 mmol) 

was added dropwise and the light yellow solution was stirred for further 15 min. The 

reaction mixture was poured into water (10 mL), extracted with CH2CI2 ( 3 x 5  mL), dried 

over M gS0 4 and concentrated under reduced pressure. Flash column chromatography 

(silica gel, 1:20, EtOAc/P.E. 40-60 °C) gave the title compound 84 (111 mg, 84%) as a 

white solid.

M.p. 116 °C (EtOAc) (lit139 115-116 °C (EtOAc); HRMS: found: M+, 265.15983. C 19H20O 

requires 265.15923; IR (CH2C12) 3022 (m, Har), 2920 (br), 2852 (s), 2822 (s, O-CH 3),

1476 (s), 1456 (s), 1373 (s, CH3), 1354 (s), 1292 (s), 1238 (w), 1176 (s), 1119 (s, C-O-C), 

1086 (s), 1070 (s, C-O-C), 1030 (s), 943 (s), 908 (s), 854 (s), 812 (s), 763 (br), 706 (s), 656 

(s), 596 (s) cm '1; *H NMR (400 MHz, CDCI3) 7.26-7.24 (4H, m, Hi, H4)H5, H8), 7.15-7.10 

(4H, m, H2 , H3, H9, H7), 4.04 (2 H, dd, ' V i o . i i b  = 37 9 , i 3 b = 2.7 Hz, 3 / i o , i i a  = V 9 , 1 3 a -  5.2 Hz, 

H9 , H 10), 2.73 (3H, s, OCH3), 2.28 (2H, ddd, 4 7 n a , i3 a  = 1.4 Hz, 3/ i o , n a = 3.A>,i3a = 5.2 Hz, 

27 n a , l i b  =  2J  13a, 13b = 14.4 Hz, Hi l a ,  H i3a), 1.80 (2 H, dd, V i o . l l b  = 3-^9,13b = 2.7 Hz, 2J n a , i i b  = 

2J i 3 a , i 3 b = 14.4 Hz, Hub, H ,3b), 0.74 (3H, s, CH3); 13C NMR (100 MHz, CDC13) 144.2 (Cq),

142.9 (Cq), 126.1 (CH), 125.8 (CH), 125.3 (CH), 124.9 (CH), 76.4 (C 12), 47.9 (OCH3), 44.7 

(C9 , C10), 40.0 (Ci 1, C13), 28.0 (CH3); CI(methane)-MS, m/z (relative intensity) 323 (46), 

266 ([M+H]+, 56), 233 ([M-MeOH+HJ+, 100), 193 ([Ci5H ,2+H j+, 61), 179 ([C 12H i0+H]+,
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55), 155 (51), 119 (51); Anal. Found: C, 86.42; H, 7.58. Calcd for C i9H20O: C, 86.32; H, 

7.63.

9,10-Dihydro-12-ethynyl-12-methoxy-9,10-propanoanthracene 85

85

C2 0H I8O 274.36 g.mol' 1

A solution of the tertiary alcohol 81 (105 mg, 0.51 mmol) in anhydrous THF (7.5 mL) was 

added dropwise to a suspension of 60% sodium hydride dispersion in mineral oil ( 2 2  mg, 

0.56 mmol) in anhydrous THF (4.5 mL) at -78 °C. The reaction mixture was slowly 

warmed to 0 °C and stirred for 20 further minutes. Dimethylsulphate (0.2 mL, 2.0 mmol) 

was added dropwise and the solution was stirred for 2 days at room temperature. After 

dilution in hexanes (10 mL) and addition of a aqueous KOH solution (1 M, 15 mL), the 

mixture was stirred for 2 h, poured into a saturated aqueous NH4CI solution (15 mL) and 

extracted with CH2CI2 (3 x 15 mL). The combined organic layers were washed with brine 

(15 mL), dried over MgSCL and concentrated under reduced pressure. The crude product 

was purified by flash column chromatography (silica gel, gradient elution from 1 :6 . 7  to 

1:3.3 EtOAc/P.E. 40-60 °C) to afford the title compound 85 (87 mg, 62%) as a white solid.

M .p. 158-159 °C (EtOAc); HRMS: found: M+, 274.13495. C20H i8O requires 274.13576; 

IR  (CH2CI2) vmax 3265 (s, C=CH), 2928 (s), 2818 (w, OCH3), 2109 (w, C=CH), 1476 (w), 

1456 (s), 1290 (w), 1259 (w), 1173 (w), 1 1 1 1  (w), 1080 (s, OCH3), 1061 (w), 1030 (s), 987 

(w), 862 (w), 810 (w), 773 (w), 760 (s, CH3), 677 (w), 654 (w, C^CH), 592 (s) c m 1; 'H  

N M R (400 MHz, CDCI3) 7.27-7.24 (4H, m, H,. H4, H5, H8), 7.17-7.12 (4H, m, H2, Hj, H„, 

H7), 4.13 (2H, dd, Vio.iib = 37 9 ,i3b =2.7 Hz, Vio.iia = 37 9 ,i3a = 5.7 Hz, H9 , H 10), 3.10 (3H, s, 

OCH 3), 2.53 (2H, ddd, 47 n a, i3 a =  1-2 Hz, V i o . i  ia = 379,i3a  = 5.7 Hz, , 2Jna,nb = 27 i 3 a,i3b = 13.9 

Hz, H lla, H I3a), 2.07 (2H, dd, 3/ , 0, i ib  = V b . i s b  = 2.7 Hz, 2/ n a , i i b  =  27 i3a , i3b  = 13.9 Hz, H |lb, 

H L,b), 2.01 (1H, s, H ,5); l3C N M R (100 MHz, CDCI3) 143.6 (C,), 141.7 (Cq), 126.2 (CH),
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126.1 (CH), 126.1 (CH), 125.0 (CH), 84.7 (C 14), 73.9 (C15), 72.0 (Ci2), 49.8 (C9, C ,()), 44.0 

(OCH3), 41.1 (Cm, C 13); EI-M S, m/z (relative intensity), 274 (|M ]+, 79), 259 (13), 242 ([M- 

MeOH]+, 100), 192 ([C 15H 12]+, 84), 191 ([C 15H n ]+, 69), 178 ([C ,2H 10]+, 6 8 ), 165 (7); Anal. 

Found: C, 87.41; H, 6.65. Calcd for C^HigO: C, 87.56; H, 6.61.

9,10-Dihydro-12,12-oxiranyl-9,10-propanoanthracene 86

86
C 18H 160  248.32 g.mol' 1

3-chloroperoxybenzoic acid (77 %, 0.25g, 1.1 mmol) was added as a single portion to a 

stirred solution of the alkene 6 8  (0.1 g, 0.43 mmol) in CH2C12 (5 mL). After 2 h of stirring, 

the reaction mixture was poured into an aqueous solution of sodium thiosulphate (10 mL) 

and extracted with CH2C12 ( 3 x 5  mL). The combined organic layers were washed with 

brine (5 mL), dried over M gS0 4 and concentrated under reduced pressure. The crude 

product was purified by flash column chromatography (silica gel, 1:10 EtOAc/P.E. 

40-60 °C) to yield the title compound 8 6  (98 mg, 92%) as white needles.

M .p. 169-170 °C (EtOAc); HRMS: found: M+, 248.12013. C i8H ,60  requires 248.12011; 

IR (CH2C12) v,„(/v 3032 (m, epoxide and Har), 2945 (s), 2910 (m), 2854 ( w ) ,  1491 (s), 1477 

(s), 1456 (s), 1434 ( w ) ,  1385 ( w ) ,  1175 ( w ) ,  1113 (s), 1014 (s), 895 (s, epoxide), 796 (s, 

epoxide), 764 (s), 714 (s), 631 (w), 594 (s) cm '1; 'H  N M R (400 MHz, CDClj) 7.35-7.26 

(4H, m, H,, H„, Hs, Hs), 7.22-7.17 (4H, m, H2, Hj, H6, H7), 4.18 (2 H, t, V,0.ii = iJw  = 4.1 

Hz, Hi), Hi,,), 2.06 (2H, s, H r) , 2.02 (4H, d, 3y10,ii = = 4.1 Hz, H M, H ,3); 13C N M R

(100 MHz, CDC13) 143.0 (Cq), 142.3 (Cq), 126.6 (CH), 126.5 (CH), 125.8 (CH), 125.7 

(CH), 56.8 (C i2), 54.7 (C 14), 44.7 (C9, C 10), 41.0 (Cn, C 13); EI-M S, m/z (relative intensity), 

248 ([M]+, 25), 217 (19), 193 (50), 191 ([C ,5H n]+, 30), 189 (72), 179 (22), 178 ([C 12H 1()j+, 

8 6 ), 152 (6 ); Anal. Found: C, 87.25; H, 6.43. Calcd for C 18H 160 : C, 87.06; H, 6.49.
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9 ,10 -D ih y d ro -1 2 ,1 2 -o x ira n y l-9 ,1 0 -p ro p a n o a n th ra cen e  an(j 9?H)-dihydro-12,12-

oxetanyl-9,10-propanoanthracene 87

8786
C l8H 160  248.32 g.mol' 1 C |9 H lgO 262.35 g.mol' 1

A solution of r-BuOK (224 mg, 2.0 mmol) in anhydrous ?-BuOH (25 mL) was added to a 

stirred mixture of trimethyloxosulfonium iodide (440 mg, 2.0 mmol) in anhydrous r-BuOH 

(4 mL) at 50 °C, followed by slow addition of a solution of ketone 67 (117 mg, 0.5 mmol) 

in anhydrous /-BuOH (2 mL). The resulting mixture was stirred at 50 °C for 3 days. The 

reaction was quenched by water (10 mL) then extracted with CH2CI2 ( 3 x 5  mL). The 

combined organic layers were washed with brine (5 mL), dried over MgSCL and 

concentrated under reduced pressure. Flash column chromatography (silica gel, gradient of 

elution 1:12.5 to 1:4 EtOAc/P.E. 40-60 °C) afforded the title compounds 8 6  (62 mg, 50%) 

and 87 (63.3 mg, 48%) as white solids.

9.10-Dihydro-12,12-oxiranyI-9,10-propanoanthracene 86

The spectroscopic data obtained were identical to those previously described

9.10-dihydro-12,12-oxetanyl-9,10-propanoanthracene 87

M.p. 136-138 °C; HRMS: found: M+, 262.13607. C 19H 180  requires 262.13576; IR 

(CH2CI2) ymaX 2872 (s), 1475 (s), 1454 (s), 1223 (s, C-O-C), 1175 (s, C-O-C), 1099 (s, C-O- 

C), 1016 (s), 968 (s), 767 (s), 746 (s), 706 (s), 590 (s), 469 (C-O-C) cm '1; NMR (400 

MHz, CDCI3) 7.31-7.26 (4H, m, H,, H4f Hs, H8), 7.17-7.13 (4H, m, H2, H3, H6, H7), 4 . 3 4  

(2H, t, J i4?i5 = 7.8 Hz, H 15), 4.16 (2H, dd, Zio.iib = ^J9,\3b — 1.8 Hz, '\/io,iia — ^>Au3a — 6 . 6  

Hz, H9, H 10), 2.70 (2H, ddd, J 11 a, 13a — 1.3 Hz, J  10,1 ia = 3*/9?i3a = 6 . 6  Hz, 27)ia,i ib — 3a,i3b —
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13.6 Hz, H iia, H 13a), 1.98 (2 H, dd, Vio.iib = 3A,i3b -  1-8 Hz, 2J n a,iib -  27)3a,i3b -  13.6 Hz, 

H llb, H ob), 1.59 (2 H, t, V|4,i5 = 7.8 Hz, H ,4); l3C N M R (100 MHz, CDClj) 143.8 (Cq),

140.9 (Cq), 126.2 (CH), 126.0 (CH), 125.2 (CH), 87.2 (C ,2), 66.0 (C ,5), 44.1 (C M, C ,3),

43.8 (C 9 , C 10), 36.2 (C m ) ; EI-M S, m/z (relative intensity) 262 ([M]+, 100), 234 (25), 217 

(85), 215 (40), 192 ([C 15H 12]+, 53), 191 ([C,5H ,,]+, 78), 178 ([Ci2H 10]+, 100), 165 (14), 152

( 11).

12-Formyl-9,10-dihydro-9,10-propanoanthracene 92

, C H O

92
C 18H 160  248.32 g.mol' 1

To a solution of epoxide 8 6  (102 mg, 0.41 mmol) in THF (5 mL) and H20  (1 mL), two 

drops of concentrated sulphuric acid were added. After stirring overnight, the reaction 

mixture was neutralized by addition of saturated aqueous N aH C 0 3 solution, extracted with 

Et20  ( 3 x 5  mL) and the combined organic layers were washed with brine and dried over 

M gS04. After concentration under reduced pressure, the crude mixture was purified by 

flash column chromatography (silica gel, 1:10 EtOAc/P.E. 40-60 °C) to afford the title 

compound 92 (63 mg, 62%) as a white solid.

M.p. 166-168 °C (EtOAc); HRMS: found: M+, 248.12034. C i8H 160  requires 248.12011; 

IR (CH2C12) vmax 3024 (m, Har), 2926 (s), 2856 (s), 2816 ( w ,  CHO), 2717 (s, CHO), 1716 

(s, CHO), 1473 (s), 1456 (s), 1362 ( w ,  CHO), 1109 ( w ) ,  1055 ( w ) ,  1032 (s), 897 ( w ) ,  769 

(s), 739 (m), 704 (s), 575 (s) cm '1; NMR (400 MHz, CDC13) 9.29 (1H, s, CHO), 7.30-

7.25 (4H, m, H,, H4, H5, H8), 7.22-7.19 (2H, m, H2, H3), 7.16-7.13 (2H, m, H6, H7), 4.12 

(2H, dd, 'Vio,iib = 379,i3b = 2.3 Hz, Vio.iia = 3*/9 ,i3a = 5.8 Hz, H9 , H 10), 2.25 (2H, ddd, 4/ n a, 13a 

= 1.0 Hz, 3y 10,1 ia = 3*A),i3a = 5.8 Hz, 27n a,ub = 27i3a, 13b = 13.5 Hz, Hiia, H i3a), 2.08 (1H, m, 

H i2), 1.93 (2H, ddd, 3Jio,iib = 379,i3b = 2.3 Hz, 37 n a,i2 = 3/nb ,i2 = 9.8 Hz, 2/ n a,iib = 27i3a,i3b =
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13.5 Hz, H, ib, H ,3b); K,C N M R  (75 MHz, CDCI3) 203.3 (CHO), 143.8 (C,), 142.1 (Cq),

126.9 (CH), 126.8 (CH), 126.2 (CH), 125.4 (CH), 68.2 (C 12), 62.4 (C 14), 44.7 (C9, C 10),

40.4 (Ci 1, C 13); EI-M S, m/z (relative intensity) 248 ([M]+, 6 8 ), 217 (7), 191 ([C isH n]+, 46), 

178 ([C ,2H 10]+, 100); Anal. Found: C, 87.29; H, 6.42. Calcd for C 18H i60 : C, 87.06; H, 

6.49.

12-Formyl-9,10-dihydro-9,10-propanoanthracene 92 and

9,10-dihydro-12-hydroxymethyl-9,10-prop-ll-enoanthracene 93

.CHO

92

OH

93

C ,8H ,60  248.32 g.mol' 1 C 18H 160  248.32 g.mol' 1

To a solution of epoxide 8 6  (26 mg, 0.1 mmol) in a mixture of THF (2.5 mL) and H20  

(0.5 mL) a pinch of tosic acid was added. After stirring overnight, the reaction mixture was 

neutralized with a saturated aqueous NaHCC>3 solution, extracted with CH 2C12 ( 3 x 3  mL) 

and the combined organic layers were washed with brine and dried over M gS04. After 

concentration under reduced pressure, the crude product was purified by flash column 

chromatography (silica gel, gradient of elution 1:10 to 1:4 EtOAc/P.E. 40-60 °C) to afford 

the title compounds 92 (3.5 mg, 14%) and 93 (13 mg, 53%) as white solids.

12-Formyl-9,10-dihydro-9,10-propanoanthracene 92

The spectroscopic data obtained were identical to those previously described

9,10-Dihydro-12-hydroxymethyl-9,10-prop-ll-enoanthracene 93 

M.p. 176-177 °C (EtOAc); HRMS: found: M \ 248.11990. C i8H 160  requires 248.12011; 

IR (CH2C12) vmax 3689 (s, OH), 3441 (br, OH), 3010 (s, C=CH), 2922 (s), 2852 (w), 1473 

(s), 1454 (s), 1412 (s, OH), 1383 (s), 1115 (s, OH), 1085 (s), 1032 (w), 999 (s), 887 (s), 831 

(s, C=CH), 764 (s), 748 (s) cm '1; NMR (400 MHz, CDCI3) 7.37-7.35 (2H, m, Hj, H4),
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7.23-7.21 (2H, tn, H5, Hs), 7.18-7.11 (4H, m, H2, H3, H6, H7), 6.32 (1H, d t ,  4J i U3b = 1.5 Hz, 

-Vio,,i = 8.5 Hz, H u ), 4.25 ( 1 H, d , V10,i i = 8.5 Hz, H ,0), 4.17 ( 1 H, t, Vo.i3a = V 9 .,3b= 3.6 Hz, 

Ho), 3.71 (2 H, d , V c h h .c i ih  = 1.1 Hz, H l4), 2.51 (2 H, d d ,  4J n ,i3b = 1.5 Hz, V,.i3a = 3M>.,3b =

3.6 Hz, H 13), 1.27 (1H, br, OH); l3C NMR (75 MHz, CDC13) 145.5 (Cq), 141.1 (Cq), 135.7 

(C l2), 127.4 (CH), 126.2 (CH), 126.0 (CH), 125.9 (CH), 124.1 (C l3), 45.6 (C9, C l0), 34.0 

(Ci i), 29.7 (C 14 ); CI(methane)-MS, m/z (relative intensity) 248 ([M]+, 20), 231 (100), 217 

(8 ), 191 ([C 15H n]+, 7), 145 (20).

9,10-Dihydro-12-methyl-9,10-prop-l 1-enoanthracene 95

95
C 18H , 6 232.32 g.mol ' 1

Diethylaminosulfur trifluoride (140 pL, 1.1 mmol) was added as a single portion to a 

solution of alcohol 78 (125 mg, 0.5 mmol) in anhydrous THF (5 mL) at -78 °C. The 

reaction mixture was stirred for 1.5 h, warmed to room temperature, poured into water 

(5 mL) and extracted with CH2CI2 (3 x 2.5 mL). The combined organic layers were washed 

with brine (5 mL), dried over MgSCL and concentrated under reduced pressure. Purification 

of the crude product by flash column chromatography (silica gel, 1:10 EtOAc/P.E. 

40-60 °C) afforded the title compound 95 (90 mg, 78%) as a white solid.

M.p. 162-166 °C; HRMS: found: M+, 232.12541. C i8H , 6 requires 232.12519; IR (CH2C12) 

\ max 3020 (m, Har), 2922 (m), 2873 (w), 2818 (w), 1473 (s), 1454 (s), 1445 (s), 1421 (s), 

1292 (s), 1173 (s), 1136 (s), 1115 (w), 1029 (s), 949 (s), 877 (s), 822 (m), 765 (s), 742 (s), 

702 (s), 687 (s), 596 (s), 472 (s), 436 (s) cm '1; [H NMR (300 MHz, CDC13) 7.39-7.34 (2H, 

m, Hi, H4) 7.26-7.23 (2H, m, H5, Hs), 7.20-7.13 (4H, m, H2, H3, H6, H7), 6.07 (1H, dt, 

47n,i3b= 1-7 Hz, 'Vio.ii = 8 . 6  Hz, H u), 4.19 (1H, d, 'Vio.i i = 8 . 6  Hz, Hio), 4.12 ( 1 H, t, \A>,i3 =

3.6 Hz, Ho), 2.42 (2H, m, H 13), 1.44 (3H, s, H 14); l3C NMR (75 MHz, CDC13) 146.1 (Cq),
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141.4 (Cq), 132.3 (C 12), 125.9 (CH), 123.9 (C13), 46.0 (C9, C 10), 38.1 (Cn), 25.3 (C,4); EI- 

MS, m/z (relative intensity), 232 (M+, 43), 217 (21), 191 ([Ci5H n ]+, 41), 178 (|C i2Hio]+, 

100).

1 ^99,10-Dihydro-12-fluoro-12-methyl-9,10-propanoanthracene 94

94

C 18H 17F 252.33 g.mol ' 1

Morpholinosulphur trifluoride (lg , 5.7 mmol) was added dropwise at -78 °C under a 

nitrogen atmosphere to a solution of tertiary alcohol 78 (285 mg, 1.14 mmol) in anhydrous 

CH2CI2 (30 mL) and the mixture was then stirred for 24 h at room temperature. The 

reaction mixture was concentrated under reduced pressure, and water (50 mL) was 

carefully added to the residue. The resulting solution was extracted with CH 2CI2 

(3 x 25 mL), the combined organic layers were washed with water (25 mL) and saturated 

aqueous N aH C 0 3 solution (25 mL), and then dried over Na2S0 4 . The solvent was removed 

under reduced pressure and the crude product was purified by flash column 

chromatography (silica gel, 1:20 EtOAc/P.E. 40-60 °C) to yield the title compound 94 

(248 mg, 8 6 %) as a white solid.

M .p. 105-107 °C (lit13 9 108-112 °C); IR (KBr) v„w,  3024 (w, Har), 2966 (m), 2929 (m), 

1478 (m), 1455 (m). 1379 (m, CF), 1127 (m), 1082 (s), 854 (s), 828 (s), 769 (s), 745 (s), 

596 (s), 495 (s) cm3 ; *H N M R  (300 MHz, CDCI3) 7.33-7.27 (4H, m, H,, H4, H5, Hs), 7.21-

7.15 (4H, m, H2, H3, Hq, H7,), 4.10 (2H, d d ,  'Vio.iib = 3 79,13b = 1 .8  Hz, 'V 10,11a — 379 .i3a = 6 . 2  

Hz, H9, H 10), 2.46 (2H, d d d d ,  4/tia,i3a = 1.9 Hz, Vio.iia = 37u3a = 6.2 Hz, 2/ i i a,nb = 27i3a,i3b 

= 15.0 Hz, Vna.K = 3yi3a.F = 20.9 Hz, H ,ia, H i3a), 1.97 (2H, d d d ,  3y 10.i,b = 3.A>.i3b = 1.8 Hz, 

27lla,llb = 27 13a,13b = 15.0 Hz, 'J 11 |,.b = V l3b.F = 34.3 Hz, H|lb, H[3b), 1.08 (3H, d , VcH3,F =

21.2 Hz, CH3); 13C N M R  (75 MHz, CDCI3 ) 144.1 (Cq), 141.9 (Cq), 126.3 (CH), 126.2
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(CH), 125.6 (CH), 125.3 (CH), 96.4 (d, J  = 167.4 Hz, C 12), 44.4 (d, C9, C 10); 42.3 (d, J  =

21.3 Hz, Ci i, C ,3), 30.6 (d, J  = 24.4 Hz, CH3); 19F NMR (376 MHz, CDClj) -123.0 (m); 

EI-MS, m/z (relative intensity) 252 ([M]+, 73), 232 (27), 217 (84), 192 (46), 191 

( |C 15H n]+, 100), 178 ([C |2H 10]+, 79), 165 (14), 152 (12), 84 (28); Anal. Found: C, 85.81;

H. 6.92. Calcd for C 18H 17F: C, 85.68; H, 6.79.

9,10-Dihydro- 12-fluoro-9,10-propanoanthracene 96

96

C 17H 15F 238.30 g.mol ' 1

Morpholinosulphur trifluoride (305 pL, 2.5 mmol) was added dropwise at -78 °C under a 

nitrogen atmosphere to a solution of secondary alcohol 77 (119 mg, 0.5 mmol) in 

anhydrous CH2CI2 (12 mL) and the mixture was then stirred for 16 h at room temperature. 

The reaction mixture was concentrated under reduced pressure, and water (20 mL) was 

carefully added to the residue. The resulting solution was extracted with CH 2CI2 

(3 x 10 mL), the combined organic layers were washed with water (10 mL) and saturated 

aqueous NaHCO^ solution (10 mL), then dried over Na2S0 4 . The solvent was removed 

under reduced pressure and the crude product was purified by flash column 

chromatography (silica gel, 1:20 EtOAc/ P.E. 40-60 °C) to yield the title compound 96 

(98 mg, 82%) as a white solid.

M.p. 134-137 °C; HRMS found: [M+H]+, 239.12397; [C17H i5F+H]+ requires 239.12360; 

IR (KBr) vmax 3030 (w, Har), 2929 (m), 2862 (w), 1471 (m), 1456 (m), 1383 (w), 1368 (m, 

CF), 1288 (s), 1261 (s), 1111 (s), 1051 (s), 1030 (s), 995 (br), 864 (s), 798 (s), 769 (m), 752 

(s), 660 (s), 596 (s) c m 1; NMR (500 MHz, C6D6) 7.02-6.99 (6 H, m, Har), 6.96-6.94 

(2H, m, Har), 4.07 (1H, ddd, 3y 12,1 ia = 37 i2,i3a = 6.0 Hz, 3/ i 2)i ib = 3-̂  12,13b = 9.9 Hz, 2/ i 2 ,f =

46.3 Hz, H12), 3.72 (2H, ddd, 3/ i o , i i b  = 37<),i3b = 1 .5  Hz, V ^ f  = 47 i o , f  = 2.4 Hz, 3Jrio,i ia =

=  194 =



Chapter 4 Experimental

V9,13a = 7.1 Hz, H9, H 10), 2.31 (2H, dddd, V , ,a,i3a = 1.0 Hz, V i2jia -  V 12.i3a = 6.0 Hz, 

37io,iia — 379,i3a = 7.1 Hz, Viia.iib = 27i3a,i3b = 13.4 Hz, H n a, H i3a), 1.67 (2H, ddd, Jio.iib — 

'V9,nb = 1-5 Hz, 37i2,iib -  37 12,13b = 9.9 Hz, ,nb = 27i3a,i3b = 13.4 Hz, Hiib, Hi3b); Lc NM R 

(125 MHz, CDC13) 146.2 (Cq), 141.2 (Cq), 126.7 (CH), 126.5 (CH), 125.7 (CH), 125.5 

(CH), 90.6 (d, J  = 167.6 Hz, C t2), 46.0 (d, J=  11.0 Hz, C9, Cio); 36.48 (d, J=  19.4 Hz, C n, 

C i3); 19F  N M R (376 MHz, CDCI3) -174.0 (m); C l (m ethane)-M S, m/z (relative intensity) 

238 ([M]+, 100), 218 (70), 203 (28), 192 ([C ,5H ,2]+, 93), 191 ([C ,5H n ]+, 100), 178 

( [ C , 2H ,o ] +, 73), 165 (10), 152 ( 1 2 ), 105 ( 1 2 ).

12-(te/7-Butylsulfinimino)-9,10-dihydro-9,10-propanoanthracene 104

104
C2 1H23NOS 337.49 g.mol' 1

T i(0-/P r ) 4 (690 pL, 2.5 mmol) was added dropwise under nitrogen atmosphere to a mixture 

of ketone 67 (117 mg, 0.5 mmol) and rm-butylsulfinarnide (121 mg, 1.0 mmol) in 

anhydrous THF (5 mL) and the resulting solution was heated at 60 °C for 20 h. After 

cooling to room temperature, brine (5 mL) was added and the solution filtered through 

celite and extracted with CH2CI2 ( 3 x 5  mL). The combined organic layers were dried over 

Na2S 0 4, filtered and concentrated under reduced pressure. Flash column chromatography 

(silica gel, 1:4 EtOAc/P.E. 40-60 °C) yielded to the title compound 104 (168 mg, 

quantitative) as a white solid.

M.p. 141-146 °C; HRMS: found: [M+H], 338.15823. [C21H23NOS+H] requires 

338.15785; IR (CH2C12) vmax 3022 (m, Har), 2897 (w), 2860 (w), 1607 (d, C=N-SO), 1475 

(s), 1454 (s), 1414 (s), 1391 (d, C(CH3)3), 1358 (s, S 0 2), 1287 (w), 1169 (s, S=0), 1113 

(w), 1074 (s, S=0), 1034 (w), 997 (s), 947 (d), 769 (s), 756 (s), 739 (s), 717 (s), 602 (s, 

S=0), 586 (s) c m 1; ‘H NMR (400 MHz, CDC13) 7.33-7.30 (4H, m, Hi, H„, H5, Hs), 7.21-
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Hub). 0 . 9 7  (9 H, s, (CH3)3); u C NMR (100 MHz, CDCI3) 184.0 (C ,2), 142.1 (Cq), 141.9 

(Cq), 141.8 (Cq), 126.9 (CH), 126.8 (CH), 126.0 (CH), 125.9 (CH), 125.8 (CH), 56.4 

(C(CH3)3), 47.4 (C n or C ]3), 44.4 (C9 or C 10), 44.0 (C9 or C ,0), 42.8 (C n or C ,3), 21.9 

(CH3); CI(methane)-MS, m/z (relative intensity), 338 ([M+H]+, 42), 282 (100), 281 (60),

N, 4.15; S, 9.50.

12-(2-ChIoroacetamido)-9,10-dihydro-12-methyl-9,10-propanoanthracene 106

Glacial acetic acid (240 pL) was slowly added to a solution of the tertiary alcohol 78 

(250 mg, 1.0 mmol) and chloroacetonitrile (390 pL, 6.0 mmol) in CH 2CI2 (2.5 mL) at 0 °C, 

followed by a dropwise addition of concentrated H 2SO4 (500 pL, 9.0 mmol), within 

keeping the temperature below 10 °C. The mixture was slowly warmed to room 

temperature and stirred for 5 h. Then the resulting solution was poured into ice-water 

(5 mL), filtered, washed with a saturated aqueous NaHCC>3 solution (5 mL) and extracted 

with CH 2CI2 ( 3 x 5  mL). The combined organic layers were washed three times with brine 

(5 mL), dried over NaSCL and concentrated under reduced pressure. The crude product was 

purified by flash column chromatography (silica gel, 1:5 EtOAc/P.E. 40-60 °C) to afford 

the title compound 106 (296 mg, 91%) as a white solid.

264 (7 7 ), 235 (95), 233 (90), 217 (35), 191 ([Ci5H n ]+, 37), 178 ([C 12H 10]+, 65), 1 2 2  (46); 

Anal. Found: C, 74.71; H, 6 .8 6 ; N, 4.00; S, 9.82. Calcd for C21H23NOS: C, 74.74; H, 6.87;

106

C2 0H2 0CINC) 325.83 g.mol*1
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M.p. 137-141 °C (EtOAc-P.E); HRMS: found: M+, 326.13179. C2oH2oC1NO requires 

326.13116; IR (CH2C12) vmax 3048 (s, NHCO), 3350 (w), 3022 (m, Har), 2930 (s), 2858 (w), 

1666 (s, C =0), 1529 (s, NH), 1475 (s), 1456 (s), 1408 (s), 1377 (s, CH3), 1296 (CH2C1), 

1176 (w), 1121 (s), 1097 (s), 1032 (s), 978 (w), 768 (s), 737 (s), 702 (s), 596 (s), 530 (s) 

cm '1; ‘H NMR (500 MHz, CDCI3) 7.29-7.28 (2H, m, H ,, H„), 7.25-7.23 (2H, m, H5, Hs), 

7.18-7.16 (2H, m, H2, H3), 7.14-7.12 (2H, m, H6, H7), 5.30 (2H, br, NH2), 4.08 (2H, dd, 

V ,0.1 lb = % .u b  = 1.0 Hz, 3Jio,na = V9,i3a = 7.1 Hz, H „ H l0), 3.41 (3H, s, CH2C1), 2.79 (2H, 

ddd, 4/|ia,l3a = 1-7 Hz, 10,1 la = ''■/9,13a = 7.1 Hz, , 27 11 a. 1 lb = V|3a,13b = 15.1 Hz, H|ia, H]3a), 

1.74 (2H, dd, 'Vio.tib = ’'■/9,13b = 1-0 Hz, Viia.iib = 27i3a,i3b = 15.1 Hz, Hub, H i3b), 1.21 (3H, s, 

CH3); I3C NMR (125 MHz, CDCI3) 163.8 (C=0), 144.5 (Cq), 141.4 (Cq), 127.1 (CH),

126.3 (CH), 125.9 (CH), 125.2 (CH), 56.7 (C 12), 44.8 (C9, C,o). 42.7 (CH2CI), 40.4 (C M, 

C 1 3 ), 29.8 (CH3); C l (Methane)-MS, m/z (relative intensity), 326 (M+, 75), 290 

([M +H C lf, 74), 261 (74), 233 (100), 217 (73), 192 ([C 15H 12]+, 64), 191 ([C ,5H n]+, 76), 

178 (C i2Hio]+, 71), 165 (32), 1 2 2  (6 6 ).

12-Amino-9,10-dihydro-12-methyl-9,10-propanoanthracene 103

NH

103
C |8H „N  249.35 g.mol ' 1

A mixture of the chloroacetamide 106 (296 mg, 0.91 mmol), thiourea (84 mg, 1.1 mmol) in 

glacial acetic acid (0.4 mL) and EtOH (14 mL) was heated at reflux for 20 h. The mixture 

was poured into water (30 mL) and neutralized with an aqueous KOH solution (3 M) until a 

slightly basic pH was reached. The product was extracted with CH 2C12 (15 mL), washed 

with brine ( 3 x 1 5  mL) and concentrated under reduced pressure. The crude product was 

purified by flash column chromatography (1:4:45 triethylamine/MeOH/EtOAc) to yield the 

title compound 103 (222 mg, 6 8  %) as a light yellow solid.
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M .p. 154-156 °C (EtOAc-P.E); HRMS: found: M+, 249.15198. C i8H ,9N requires 

249.15174; IR  (CH2CI2) vmax 3379 (s, NH2), 3026 (m, Har), 2960 (s, CH3), 2906 (s), 2839 

(w), 1580 (m, NH2), 1475 (s), 1456 (s), 1427 (w), 1375 (s, CH3), 1175 (w), 1113 (s), 1030 

(s), 903 (w), 850 (s). 766 (m), 739 (s), 706 (s), 663 (s), 609 (w), 596 (s), 506 (s) cm '1; *H 

NM R (400 MHz, CDC13) 7.35-7.30 (2H, m, Hi, H„), 7.28-7.23 (2H, m, H5, Hg), 7.21-7.17 

(2 H, m, H2, H3), 7.16-7.14 (2 H, m, H6, H7), 4 .1 1 (2 H, dd, Vio.iib = V 9 ,i3b = 2.4 Hz, Vio.iia = 

V 9,i3a = 5.8 Hz, H9, H 10), 2.05 (2H, ddd, 4. / 11 a, 13a = 1.0 Hz, Vio.iia = 3̂ 9,13a = 5.8 H z ,, 2J\ ia,iib 

= '7 13a.13h = 14.2 Hz, H 1 |a, H |3a), 1.94 (2H, dd, Vio.llb = 3^9.l3b = 2.4 Hz, VI la.I lh = 2*/|3a,l3b =

14.2 Hz, Hi ib, Hub), 0.80 (2H, br, NH2), 0.75 (3H, s, CH3); l3C N M R (100 MHz, CDC13)

144.1 (C„), 142.3 (Cq), 126.5 (CH), 126.2 (CH), 126.1 (CH), 125.3 (CH), 51.6 (C ,2), 45.5 

(Cii, C i3), 45.3 (C9, Cio), 34.8 (CH3); EI-M S, m/z (relative intensity),249 ([M]+, 51), 234 

(57), 217 (39), 192 ([C 15H 12]+, 1 0 0 ), 191 ([C 15H n ]+, 71), 178 ([C 12H 10]+, 57), 165 (16), 144 

(25); Anal. Found: C, 86.48; H, 7.65; N, 5.58. Calcd for C 18Hi9N: C, 86.70; H, 7.68; N, 

5.62.

12-Ethynyl-9,10-dihydro-9,10-prop-ll-enoanthracene 110

110
C 19H 14 242.31 g.mol' 1

Propargyl alcohol 81 (130 mg, 0.5 mmol) was dissolved in anhydrous CH 2C12 (1 mL) and 

distilled triethylamine (105 pL, 0.75 mmol) was added dropwise. After cooling to 0 °C, 

methanesulfonyl chloride (51 pL, 0.65 mmol) was added dropwise. The resulting mixture 

was stirred at 0 °C for 6  h, then dissolved in CH2C12 (5 mL). The solution was first washed 

with a mixture of brine (2.5 mL) and aqueous HC1 solution (3M, 2.5 mL) and then with a 

saturated N aH C 0 3 aqueous solution (5 mL). The product was dried over M gS04, 

concentrated under reduced pressure and purified by flash column chromatography (silica
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gel, 1:5 EtOAc/P.E. 40-60 °C) to afford the title compound 110 (70 mg, 58%) as a white 

solid.

M .p. 188-191 °C; HRM S: found: M+, 243.11674. C |9H I4 requires 243.11737; IR  (CH2C12) 

v,„„, 3284 (s, C=CH), 3022 (m, Har), 2883 (w), 2110 (w, O C H ), 1475 (s), 1456 (s), 1175 

(s), 1031 (m), 889 (s), 835 (w, C=C), 769 (s), 739 (m), 704 (s), 652 (s), 631 (s), 615 (s), 590 

(s) c m 1; 'H  N M R (300 MHz, CDCI3) 7.40 (2H, m, H,, H4), 7.28-7.16 (6 H, m, H2, H3, H5, 

H6, H7, H8), 6.78 ( 1H, dt, V h .c c h  = 0.6 Hz, 47i,,i3b = 2.1 Hz, Vio.n = 8 . 6  Hz, H n ), 4.30 

(1H, d, Vio.ii = 8 . 6  Hz, H 10), 4.16 ( 1 H, t, 3/ 9 ,i3a = 37 9 ,i3b= 3.7 Hz, H9), 2.64 (2H, dd, 37n.i3b 

= 2.1 Hz, 379 .i3a = 379j3b= 3.7 Hz, H 13), 2.55 (1H, d, I / h . c c h  = 0.6 Hz, O C H ); 13C NM R 

(75 MHz, CDC13) 144.5 (Cq), 142.2 (Cq), 140.6 (Cq), 139.3 (Cn), 126.6 (CH), 126.3 (CH),

126.2 (CH), 125.9 (CH), 125.7 (CH), 124.5 (CH), 118.2 (C I2), 85.9 (O C H ), 72.6 (O C H ), 

46.1 (C 10), 45.5 (C9), 37.2 (C 13); CI(m ethane)-M S, m/z (relative intensity) 243 ([M]+, 100), 

228 (9), 191 ([C 15H n ]+, 23), 178 ([C ,2H i0]+, 6 ) 165 (18), 119 (11),91 (22).

12-AcetyI-9,10-dihydro-9,10-prop-ll-enoanthracene \ \ \

111
C 19H 160  260.33 g.mol ' 1

Propargyl alcohol 81 (69 mg, 0.26 mmol) was dissolved in Et20  (1.5 mL) and sodium 

cyanide (13 mg, 0.26 mmol) in glacial acetic acid (330 pL) was added at once. 

Concentrated sulphuric acid (65 mg) in glacial acetic acid (330 pL) was added dropwise 

over 10 min and the resulting mixture stirred overnight. The reaction solution was 

quenched by NaOH (150 mg) in H20  (500 pL), stirred for 2 h, then diluted with Et20  

(1.5 mL) and the ethereal layer collected. The aqueous layer was extracted with Et20  

(3 x 1.5 mL) and the combined organic layers were washed with brine, dried over MgSCL 

and concentrated under reduced pressure. The crude residue was purified by flash column
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chromatography (silica gel, gradient of elution 1:5 to 1:2 EtOAc/P.E. 40-60 °C) to afford 

the title compound 111 (60.7 mg, 90%) as a white solid.

M.p. 224-228 °C (EtOAc-P.E. 40-60 °C); HRMS: found: M+, 26012031. C i9Hi60  requires 

260.12011; IR (CH2C12) vmax 3022 (m, Har), 2892 (d), 1651 (m, C =0), 1627 (m, C = 0 ), 

1475 (s), 1456 (s), 1418 (s), 1387 (s), 1355 (s), 1331 (s), 1232 (s), 1173 (s), 1157 (s), 1116 

(s), 1033 (s), 986 (s), 946 (d), 863 (s), 835 (s), 738 (m), 705 (s), 683 (s), 625 (s), 683 (s), 

595 (s) c m 1; NMR (300 MHz, CDC13) 7.45 (1H, dt, 4/ n ,13 = 1.9 Hz, Vio.n = 8 . 6  Hz, 

H ,,), 7.39 (2H, m, Har), 7.29-7.16 (6 H, m, Har), 4.46 (1H, d, 3J WM = 8 . 6  Hz, H 10), 4.25 (1H, 

t, V 9,i3 = 3.8 Hz, H9), 2.70 (2 H, dd, 47 n,i3= 1.9 Hz, V 9,i3 = 3.8 Hz, H 13), 2.15 (3H, s, CH3); 

13C NMR (75 MHz, CDCI3) 199.7 (C=0), 143.2 (Cq), 143.0 (Cn ), 140.9 (Cq), 137.2 (Cq),

127.0 (CH), 126.3 (CH), 126.2 (CH), 124.5 (CH), 45.8 (C9 or Cio), 45.0 (C9 or C ,0), 31.7 

(C 13), 25.0 (CH3); EI-MS, m/z (relative intensity) 260 ([M]+, 100), 245 (10), 217 (87), 216 

(22), 215 (73), 202 (37), 191 ([C 15H nJ+, 16), 178 ([C 12H 10J+, 38); Anal. Found: C, 87.14; 

H, 6.18. Calcd for C i9H K)0 : C, 87.56; H, 6.19.

9,10-Dihydro-12-hydroxyimino-9,10-propanoanthracene 112
13

112
C 17H 15NO 249.31 g.mol ' 1

A mixture of ketone 67 (468 mg, 2.0 mmol), hydroxylamine hydrochloride ( 6 8 8  mg,

10.0 mmol), pyridine (1.3 mL) and ethanol (4 mL) was refluxed for 16 h and then 

concentrated in vaccuo. Aqueous HC1 solution (1 M) was added to neutralise the reaction 

mixture and the resulting solution was diluted in water (5 mL) and EtOAc (5 mL). The 

organic layer was extracted with EtOAc (5 mL), washed with water ( 3 x 5  mL), dried over 

MgSCL, filtered and concentrated under reduced pressure. Flash column chromatography
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(silica gel, 1:4 EtOAc/P.E. 40-60 °C) yielded the title compound 112 (474 mg, 95%) as a 

white solid.

M .p. 158-160 °C; HRM S found: M+, 249.11497. C 17H 15NO requires 249.11536; IR 

(CH2CI2) vHWX 3200 (br, OH), 3045 (m, Har), 2898 (m), 1636 (s, C=N), 1475 (s), 1456 (s), 

1423 (s), 1340 (w), 1178 (s), 1119 (w), 1011 (d), 984 (s), 960 (s), 928 (w), 770 (s), 733 (s), 

708 (s), 594 (s), 580 (s) cm '1; ‘H  NM R (300 MHz, CDCI3) 8.47 (1H, br, NOH), 7.33-7.27 

(4H, m, Har), 7.22-7.16 (4H, m, Har), 4.18 (2 H, t, V10.11 = Vo,13 = 4 0  Hz> H<>. H ioX 3.00 

(2 H. dd, V ,ia.i3a= 0.7 Hz, V l0,n = Vo,13 = 4.0 Hz, H n or H l3), 2.74 (2 H, dd, V ,IaJ3a= 0.7 

Hz, V,o.i 1 = Vo, 13 = 4.0 Hz, Hi 1 or H n); 13C NM R (75 MHz, CDCI3) 157.4 (C ,2). 142.2 

(Cq), 142.1 (Cq), 126.8 (CH), 126.7 (CH), 125.9 (CH), 44.4 (Co or C 10), 43.8 (C9 or C 10),

38.9 (Ci 1 or C 13), 33.3 (Cu or C 13); EI-M S, m/z (relative intensity), 249 ([M]+, 46), 232 

(95), 215 (15), 191 ([C ,5H n r ,  44), 189 (21), 178 ([C 12H 1()]+, 100), 165 (9), 152 (16); Anal. 

Found: C, 81.66; H, 6.09; N, 5.57. Calcd for C 17H 15NO: C, 81.90; H, 6.06; N, 5.62.

12-(Benzyloxy)imino-9,10-dihydro-9,10-propanoanthracene \  13

113
C2 4H21NO 339.43 g.moP1

A solution of the oxime 112 (85 mg, 0.34 mmol) and benzyl bromide (200 pL, 1.7 mmol) 

in anhydrous CH 2CI2 (10 mL) was added to an aqueous NaOH solution (50%, 20 mL) and a 

catalytic amount of tetrabutylammonium bromine. The resulting two-phase system was 

stirred vigorously at room temperature for 1 h. Then CH2CI2 ( 1 0  mL) was added, the 

organic layer washed with aqueous HC1 solution (1M, 10 mL), followed by brine (10 mL), 

and dried over Na2S0 4 . The crude product was concentrated under reduced pressure and
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purified by flash column chromatography (silica gel, 1:10 EtOAc/P.E. 40-60 °C) to afford 

the title compound 113 (485 mg, 57%) as a white solid.

M .p. 142-144 °C (EtOAc); HRM S found: M+, 339.16191. C 24H21NO requires 339.16231; 

IR  (CH2CI2) \ max 3030 (m, Har), 2910 (m), 1650 (m, C=N), 1475 (s), 1452 (s), 1423 (s), 

1365 (s), 1175 (s), 1111 (s), 1082 (w), 1051 (s), 1012 (s), 905 (s), 885 (s), 858 (s), 820 (w), 

765 (m), 725 (s), 696 (s), 596 (s), 548 (s) cm '1; 'H  N M R (400 MHz, CDCI3) 7.37-7.33 (4H, 

m, Har), 7.29-7.26 (3H, m, H n, H ,8, H ,9), 7.25-7.22 (4H, m, Har), 7.09 (2H, m, H ]c, H20), 

4.96 (2 H, s, H ,4). 4.21 (2 H, dt, Vio.ii = V 9.13 = 4.0 Hz, H9, H ,0), 3.10 (2 H, d, Vio.n = V 9 .i3 

= 4.0 Hz, H u or H 13), 2.82 (2 H. d, Vio.ii = V 9 .1 3  = 4.0 Hz, H n or H ,3); HC N M R ( 1 0 0  

MHz, CDCI3) 157.1 (C 12), 142.4 (Cq), 142.2 (C„), 138.3 (C l5), 129.0 (CH), 128.2 (CH),

127.3 (CH), 127.2 (CH), 126.8 (CH), 126.7 (CH), 125.9 (CH), 125.8 (CH), 75.1 (C,4), 44.7 

(C9 or Cm), 44.1 (C9 or C 10), 39.1 (Cn or C „), 34.2 (C ,, or C 13); EI-M S, 111/z  (relative 

intensity). 339 ([M |+, 100), 322 (9), 232 ( 1 2 ), 215 (15), 192 ([C l5H 12f ,  3), 191 (ICi5H m|+, 

5), 178 ( |C l2HioJ+, 8 ).

A-BenzyI-9,10-dihydro-9,10-propanoanthracen-12-ylideneamine yV-oxide 114

114

C2 4H2,NO 339.43 g.mol' 1

,/V-Benzylhydroxylamine was prepared from yV-benzylhydroxylamine hydrochloride (1 g,

6.2 mmol) stirred for 30 minutes with a saturated K2CO 3 aqueous solution (10 mL). The 

resulting suspension was extracted with CH2CI2 (3 x 1 0  mL) and the combined organic 

layers were dried over M gS04, filtered and concentration under reduced pressure gave 

iV-benzylhydroxylamine as a white powder.
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To a well-stirred solution of ketone 67 (561 mg, 2.4 mmol) in anhydrous CH2CI2 (17 mL), 

ZnCh (1 M solution in Et2 0 , 2.4 mL), A-benzylhydroxylamine (596 mg, 4.8 mmol) and 

anhydrous magnesium sulphate (288 mg, 2.4 mmol) were added sequentially. After stirring 

at 40 °C for 24 h, the crude mixture was cooled to room temperature and filtered. The 

filtrate was concentrated under reduced pressure and the residue was chromatographed on 

silica gel through a short column using EtOAc as an eluent to give the title compound 114 

(160 mg, 2 0  %) as a colourless oil.

HRMS found: M+, 339.16195. C24H2 iNO requires 339.16231; IR (CH2C12) vmax 3030 (m, 

Har), 2928 (m), 1686 (br), 1601 (w), 1475 (s), 1456 (s), 1400 (s), 1157 (m), 1117 (s), 1032 

(w), 986 (w), 966 (br, N-O), 870 (s), 737 (br), 694 (s), 644 (s), 594 (s), 511 (s) cm '1; lH  

NMR (400 MHz, CDC13) 7.34 (2H, m, Har), 7.22 (9H, m, Har), 7.1 (2H, m, Har), 4.99 (2H, 

s, H i4), 4.29 ( 1 H, t, V  10,11 or 3Jg,i3 = 3.9 Hz, H9 or H (0), 4.19 ( 1H, t, V  10,11 or 3J 9?i3 = 4.0 Hz, 

H9 or H I0), 3.24 (2H, dd, 4J , i a,13b = 1.9 Hz, 3/,o,n or 3J 9>13 = 4.0 Hz, Hn or H 13), 3.01 

(47, ia,i3b = 1.9 Hz, V 10,n or 3J 9 , L3 = 3.9 Hz, H n or H 13); 13C NMR (75 MHz, CDC13) 146.5 

(C 12), 142.1 (Cq), 140.6 (Cq), 132.9 (C 15), 129.1 (CH), 128.8 (CH), 128.5 (CH), 128.0 (CH),

127.3 (CH), 127.2 (CH), 126.9 (CH), 126.0 (CH), 125.7 (CH), 63.6 (C ,4), 43.6 (C9 or C I0),

43.5 (C9 or C 10), 37.8 (Cn or C i3), 37.3 (Cn or C i3); EI-MS, m/z (relative intensity), 339 

([M]+, 12), 203 (17), 191 ([C 15H 11]+, 34), 178 ([C ,2H 10]+, 61), 91 (100).

12-Amino-12-cyano-9,10-dihydro-propanoanthracene 116

NH

CN

116

C 18H 16N2 260.33 g.mol ' 1

Ketone 67 (117 mg, 0.5 mmol) was placed into a flask and anhydrous methanol saturated 

with ammonia (5 mL) was added via a canula before addition of NaCN (78 mg, 1.6 mmol)
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and NH4CI (77 mg, 1.5 mmol), each as a single portion. Bubbling of ammonia was 

continued for a further 1 h to ensure the saturation of ammonia in the solution. The mixture 

was stirred for 8  days with a daily bubbling of ammonia to ensure saturation then 

concentrated under reduced pressure. Water (5 mL) was added to the residue and the 

product was extracted with CH2CI2 ( 3 x 5  mL). The combined organic layers were washed 

with a saturated aqueous NaHCC>3 solution (5 mL), followed by water (5 mL) and dried 

over Na2SC>4 . Crystallisation from EtOAc and P.E. 40-60 °C gave the title compound 116 

(73 mg, 56%) as white square crystals.

M .p. 154-156 °C (EtOAc); HRMS: found: M+, 260.13192. C i8H i6N 2 requires 260.13135; 

IR  (CH2CI2) vmax 3358 (s, NH2), 3290 (s, NH2), 3022 (m, Har), 2926 (s), 2854 (w), 2218 (s, 

CN), 1581 (br, NH2), 1475 (s), 1456 (s), 1267 (s, C-C-N), 1176 (w), 1103 (s), 1058 (s), 

1030 (s), 850 (br, NH2), 769 (s), 735 (s), 702 (s), 654 (s), 598 (s), 567 (s, C=N) cm '1; !H 

N M R  (300 MHz, CDCIj) 7.37-7.24 (6 H, Har), 7.19-7.14 (2H, H2, H3), 4.19 (2H, dd, l / | 0 ,iib 

= V9,ob = 1.3 Hz, Vio.na = l / 9 ,i3a = 7.0 Hz, H9, H 10),2.63 (2 H, ddd, Vi la,13a = 1.3 Hz, l / l0.Ua 

-  V 9 ,i3a = 7.0 Hz, 27 n a>iib = V i3a,i3b = 13.2 Hz, H n a, H(3a), 1 . 8 6  (2H, dd, 3,/io,nb = 'V9 j 3b =

1.3 Hz, Viia.uh = 27 13a,i3b = 13.2 Hz, H llb, H ,3b), 1.67 (2H, broad, NH2); l3C N M R  (75 

MHz, CDC13) 143.5 (Cq), 139.6 (Cq), 127.5 (CH), 127.0 (CH), 126.8 (CH), 125.5 (CH),

123.9 (CN), 50.6 (C 12), 43.7 (C9, C 10), 41.7 (Cn, C13); EI-M S, m/z (relative intensity), 260 

([M]+, 15), 243 ([M-NH3]+, 10), 233 ([M-HCN]+, 90), 215 (46), 192 ([Ci5H i2J+, 84), 191 

([Ci5H „ ]+, 77), 178 ([C 12H,o]+, 62), 165 (15), 152 (9); Anal. Found: C, 82.73; H, 6.25; N, 

10.58. Calcd for C 18Hi6N2: C, 83.04; H, 6.19; N, 10.76.
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12-Amino-9,10-dihydro-12-methyl-9,10-propanoanthracene hydrochloride 117

i 1* CH-

NH t.HCI

117

C 18H2 0C1N 285.81 g.mol" 1

HC1 (2 M solution in Et2 0 , 1 mL, 2 mmol) was added dropwise to a solution of amine 103 

(25 mg, 0.1 mmol) in CH2CI2 (0.3 mL) with stirring. A white precipitate appeared instantly. 

After stirring for a further 10 min, the solution was filtered and the white powder washed 

with CH2CI2 ( 2  x 1 mL) to afford the title compound 117 (24 mg, 95%) as a white powder.

M.p. 146-149 °C (EtOAc-P.E); HRMS: found: M+, 249.15132. C i8H20C1N requires 

249.15174; IR  (KBr) \ max 2918 (br), 2794 (br, NH3+), 2684 (br, NH3+), 2359 (br, NH3+), 

1508 (s, NH3+), 1493 (s), 1477 (s), 1456 (s), 1439 (s), 1389 (s, CH3), 1367 (w), 1323 (w), 

1288 (w), 1263 (w), 1188 (s), 1157 (w), 1105 (s), 1032 (s), 943 (w), 916 (w), 762 (s), 744 

(s), 706 (w), 661 (s), 594 (s), 557 (br) cm '1; *H NMR (500 MHz, CDC13) 7.39-7.38 (2H, m, 

Hi, H4), 7.26-7.22 (4H, m, H2, H3, H5, H8), 7.16-7.15 (2H, m, H6, H7), 6.82 (3H, br, NH3), 

4.12 (2H, dd, 10,11b -  3-A),i3b =1 . 3  Hz, Vio.iia -  37 9 ,i3a = 6.4 Hz, H9 , H 10), 2.58 (2H, ddd, 

47 lla,13a =  0.7 Hz, 3</10,1 la = 3-A>,13a =  6.4 Hz, 2Jlla,llb =  2J\3a,\3b =  15.8 Hz, H n a, Hj3a), 1.83 

(2H, dd, 3yio,iib = 37 9 ,i3b = 1-3 Hz, 2J n a,nb = 27 i3a,i3b = 15.8 Hz, Hub, H j3b), 1.23 (3H, s, 

CH3); 13C NMR (125 MHz, CDC13) 142.8 (Cq), 139.8 (Cq), 128.4 (CH), 127.0 (CH), 126.9 

(CH), 125.5 (CH), 58.2 (C12), 43.9 (Cn , C 13), 40.1 (C9, C 10), 30.0 (CH3); EI-MS, m/z 

(relative intensity),249 ([M]+, 84), 234 (85), 217 (21), 192 ([Ci5H i2]+, 100), 191 ([Ci5H n ]+, 

67), 178 ([C ,2H 1()]+, 65), 165 (8 ), 144 (9), 117 (8 ).
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12-Amino-12-cyano-9,10-dihydro-9,10-propanoanthracene hydrochloride 118

118
C 18H 17C1N2 296.79 g.mol' 1

HC1 (2 M in E t20 , 2 mL, 4 mmol) was added dropwise to a solution of amine 116 (26 mg, 

0.1 mmol) in CH2CI2 (0 . 2  mL) and the solution stirred for 10 min. The white precipitate 

was filtered and washed with CH2CI2 ( 2  x 0.5 mL) to provide the title compound 118 

(25.5 mg, 8 6 %) as a white powder.

M.p. 163-165 °C; HRMS: found: M+, 296.10876 C 18H 17C 1N2 requires 296.10803; IR 

(KBr) Vnmx 3427 (br), 2750 (br, NH3+), 2644 (br, NH3+), 2555 (br, NH3+), 2361 (s, NH3+), 

1593 (br), 1508 (s, NH3+), 1491 (s), 1475 (s), 1458 (s), 1323 (s), 1155 (s, C-C-N), 1117 

(w), 1049 (s), 1032 (s), 1020 (w), 768 (s), 752 (s), 702 (w), 598 (s), 567 (s), 457 (s) cm '1;

NM R (400 MHz, DMSO-d6) 9.25 (3H, br, NH3), 7.45-7.41 (2H, m, Har), 7.38-7.35 (2H, 

m, Har), 7.32-7.29 (2 H, m, Har), 7.22-7.19 (2 H, m, Har), 4.38 (2 H, dd, V i0,iib = 379>i3b = 1.0 

Hz, 3J  10,1 ia = 3/ 9 ,i3a =  7.4 Hz, H9 , H 10), 2.88 (2H, ddd, 4J\ ia,i3a = 1. 8  Hz, 37io,i ia = 3^9 ,i3a = 7.4 

Hz, 2y 1 ia,iib = 27i3a,i3b = 14.2 Hz, H iia, H i3a), 1.99 (2 H, dd, ‘Vio.iib = 37 9 ,i3b = 1 .0  Hz, 2/ i i a,iib 

= i3a, 13b = 14.2 Hz, Hub, H i3b); 13C NM R (75 MHz, D M S O -^) 143.1 (C q), 139.7 (Cq),

128.2 (CH), 127.0 (CH), 126.8 (CH), 125.5 (CH), 122.9 (CN), 51.2 (C ,2), 43.8 (C9, C 10),

41.2 (Ci 1, C j3); EI-MS, m/z (relative intensity),296 ([M]+, 3), 260 ([M-HC1]+, 20), 233 

(100), 215 (44), 192 ([C15H ,2]+,84), 191 ([C ,5H ,,]+, 78), 178 ([C 12H i0]+, 53), 165 ( 1 2 ).
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12-A m in o-9 ,10 -d ih yd ro-12-m eth y l-9 ,10 -p rop an oan th racen e m esylate 119

NH t.MsOH

119

C 19H23N03S 345.46 g.mol ' 1

Methanesulfonic acid (6.5 pL, 0.1 mmol) in EtOAc (40 pL) was added dropwise to a 

mixture of amine 103 (26 mg, 0.1 mmol) in CH2CI2 (200 pL) and EtOAc (120 pL) at 0 °C. 

The resulting orange solution was warmed to room temperature and stirred for a further 1 h. 

After concentration under reduced pressure, crystallisation of the crude product from Et2 0  

and EtOAc afforded the title compound 119 (27 mg, 78%) as white square crystals.

M.p. 1 4 1 - 1 4 5  ° C  ( E t 20 - E t O A c ) ;  HRMS: found: M + , 3 4 5 . 1 3 9 7 8  C 19H 23N O 3S  requires 

3 4 5 . 1 3 9 8 6 ;  IR (KBr) vmax 3 0 2 2  ( m ,  H ar) ,  2 9 3 5  (br, N H 3+ ) ,  1 5 2 4  (s, N H 3+) ,  1 4 7 7  (s), 1 4 5 4  

(s), 1 3 9 2  (w, C H 3) ,  1 3 1 5  (w), 1 2 0 2  (br, S O 3) ,  1 1 5 5  (s), 1 1 0 9  (s), 1 0 4 9  (s), 7 6 8  (s), 7 4 1  (w), 

6 6 5  (w), 5 9 6  (s), 5 5 5  (s) cm '1; NMR ( 5 0 0  M H z ,  C D 3O D )  7 . 3 5 - 7 . 3 2  ( 4 H ,  m, H ar),  7 . 2 3 -  

7 . 1 8  ( 4 H ,  m, H ar),  4 . 2 3  ( 2 H ,  dd, 3/ i o , i i b  =  3>Au3b — 2 . 0  H z ,  37 i o , i i a =  37 9 , i 3a =  6 . 3  H z ,  H 9 , Hjq), 

2 . 6 6  ( 3 H ,  s, C H 3S O 3H ) ,  2 . 2 7  ( 2 H ,  ddd, 4/ i i a, i 3a =  1 -1  H z ,  37 i o , i i a  =  3/ 9 , i 3a =  6 . 3  H z ,  27 n a, i i b  =  

2J 13a, 13b =  1 4 . 3  H z ,  H i  la,  H ] 3a) ,  1 . 9 6  ( 2 H ,  dd, 47i 3a ,Me =  0 . 7  H z ,  V i  0 ,11b =  379,13b =  2 . 0  H z ,  

27 i i a , i i b  = 2Ji3a, i3b =  1 4 . 3  H z ,  H nb, Hi3b), 0 . 5 7  ( 3 H ,  t ,  4/ i 3a,Me = 0 . 7  H z ,  CH3); 13C NMR  

( 1 0 0  M H z ,  C D C 1 3)  1 4 3 . 2  ( C q) ,  1 4 0 . 4  ( C q) ,  1 2 6 . 7  ( C H ) ,  1 2 6 . 6  ( C H ) ,  1 2 5 . 8  ( C H ) ,  1 2 5 . 1  

( C H ) ,  5 5 . 2  (C 12), 4 3 . 4  ( C H 3S O 3H ) ,  3 9 . 9  (Cn, C ,3), 3 7 . 9  ( C 9 , C ,0), 2 8 . 4  ( C H 3);  EI-MS, m/z 

(relative intensity), 3 4 5  ([M]+, 2 ) ,  2 4 9  ( [ M - M s O H ] + , 6 7 ) ,  2 3 4  ( 6 5 ) ,  1 9 2  ( [ C i 5H i 2] + , 1 0 0 ) ,  

1 7 8  ( [ C 12H , oJ+, 4 7 ) ,  1 4 4 ( 1 5 ) .
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12-Amino-12-cyano-9,10-dihydro-9,10-propanoanthracene mesylate 120

120
C i9H2oN2 0 3S 356.44 g.mol' 1

Methanesulfonic acid (6.5 pL, 0.1 mmol) in EtOAc (40 pL) was added dropwise to a 

mixture of amine 116 (26 mg, 0.1 mmol) in CH2CI2 (200 pL) and EtOAc (120 pL) at 0 0 C 

and a white precipitate instantly appeared. The solution was warmed to room temperature 

and stirred for 1 0  min before filtration. The white precipitate was washed with CH2CI2 

(2 x 0.5 mL) to yield the title compound 120 (29 mg, 81%) as a white powder.

M.p. 162-167 °C (EtOAc-P.E); HRMS: found: M+, 356.12013. C 19H20N2O3S requires 

356.11946; IR (KBr) v„,(U- 2829 (br, NH3+), 1553 (s), 1514 (s), 1475 (s), 1458 (s), 1325 (w, 

S 0 2), 1182 (m, S 0 2), 1151 (s), 1049 (s, SO3H), 1034 (s, SO3H), 767 (s), 702 (w), 557 (s, 

CN), 459 (s) cm '1; NMR (500 MHz, CDCI3) 7.41-7.40 (2H, m, Har), 7.36-7.34 (2H, m, 

Har), 7.30-7.28 (2H, m, Har), 7.20-7.18 (2H, m, Har), 4.37 (2H, dd, Vio.iib = %  13b = 1.0 Hz, 

3Ao,iia = 37 9 ,i3a = 7.4 Hz, H9 , Hio), 2.85 (2H, ddd, 4/na,i3a = 1.9 Hz, 3Jio,iia = 3-A),i3a -  7.4 Hz, 

27na,nb = 2J i3a,i3b = 14.2 Hz, Hi ia, H na), 2.65 (3H, s, CH 3SO3H), 1.98 (2H, dd, Vio.iib = 

379,i3b = 1.0 Hz, 2y 1 ia,i lb = 2J i3a, 13b = 14.2 Hz, Hub, Hi3b); 13C NMR (100 MHz, CD3OD)

142.9 (Cq), 138.3 (Cq), 127.6 (CH), 126.9 (CH), 126.8 (CH), 125.1 (CH), 116.9 (CN), 51.0 

(C 12), 42.2 (Ci 1, C 13), 37.8 (C9, C 10); EI-MS, m/z (relative intensity),356 ([M]+, 3), 260 

(26), 233 (100), 215 (52), 192 ([C 15H i2]+, 87), 191 ([C 15H ,,]+, 69), 178 ([Ci2H i0J+, 53), 170 

(35), 152 (8 ).
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12-Azidomethyl-9,10-dihydro-12-hydroxy-9,10-propanoanthracene 122

122
C 18H 17N30  291.35 g.mol ' 1

NaN3 (297 mg, 4.2 mmol) was added as a single portion to a stirred solution of the epoxide 

8 6  (104 mg, 0.42 mmol) in a mixture of MeOH (5 mL), CH2C12 (1 mL) and H20  (1 mL). 

After addition of NH4CI (484 mg, 8.4 mmol) as a single portion, the resulting suspension 

was refluxed for 4 days. The solution was cooled to room temperature, extracted with 

CH 2C12 ( 3 x 5  mL) and the combined organic layers were dried over Na2S0 4 , filtered and 

concentrated under reduced pressure. The crude product was purified by flash 

chromatography column (silica gel, gradient of elution 1:10 to 1:5 EtOAc/P.E. 40-60 °C) to 

yield the title compound 122 (99 mg, 81 %) as a white solid.

M.p. 115-118 ° C  (EtOAc); HRMS: found: [M+H]+, 292.14357. C i8H i7N30  requires 

292.14498; IR ( C H 2C 1 2) v„ulx 3582 (s, OH), 3443 (br, OH), 3022 (m, H ar) ,  2916 (s), 2854 

(w), 2100 (s, N3), 1475 (s), 1456 (s), 1298 (m, N3), 1090 (s, OH), 1032 (s), 937 (m), 887 

(w, OH), 768 (s), 737 (s), 598 (s), 532 (s) cm '1; *H N M R (300 MHz, CDC13) 7.39-7.36 

(2H, m, H,, H„), 7.29-7.16 (6 H, m, H2, H3, H5, H6, H7, H8), 4.16 (2H, dd, 3y l0,ilb = X i.ib  =

1.9 Hz, Vio.nu = Vo.oa = 6.4 Hz, H9, H i0), 2.77 (2H, s, CH2N3), 2.29 (2H, ddd, 4y ,,a.,3a= 1.6 

Hz, VlO.lla = 37‘),l3a = 6.4 Hz, 2/ ] | a.||b = 2./|3a.l3b = 14.4 Hz, H| la,  H |3a), 1.92 (2H, dd, 37|0,l lb 

= V<j,i3b = 1.9 Hz, Vna.iib = 27i3a,i3b = 14.4 Hz, H nb, H l3b); UC N M R (75 MHz, CDC13)

143.6 (Cq), 141.6 (C,), 127.1 (CH), 126.6 (CH), 126.4 (CH), 125.6 (CH), 75.1 (C ,2), 62.4 

(C ]4), 44.3 (C9, Cio), 42.1 ( C n ,  Ci3); EI-MS, m/z (relative intensity) 291 (fM+H]+, 13), 246 

(2 1 ), 235 ( 1 0 0 ), 217 (22), 191 ( [ C 15H n ] + , 37), 178 ([C 12H i0]+, 91), 165 (6 ).
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12-Formyl-9,10-dihydro-9,10-propanoanthracene 92

,CHO

92
C 18H 160  248.32 g.mol ' 1

Triphenylphosphine (72 mg, 0.31 mmol) was added to a stirred solution of azide 122 

(77 mg, 0.28 mmol) in THF (10 mL). The reaction was stirred at room temperature for 1 h 

then heated under reflux for 5 h. After cooling, the solvent was removed under reduced 

pressure and the residual oil dissolved in CH2CI2 (30 mL). The solution was washed with 

aqueous copper sulphate solution (10% w/v, 15 mL), aqueous citric acid solution 

(10% w/v, 15 mL) and water (15 mL) before been extracted with CH2CI2 ( 3 x 1 5  mL). The 

combined organic layers were then dried over Na2SC>4 , filtered and concentrated under 

reduced pressure. The crude mixture was purified by flash chromatography column (silica 

gel, 1:10 EtOAc/P.E. 40-60 °C) to afford the title compound 92 (57 mg, 74%) as a white 

solid.

The spectroscopic data obtained were identical to those previously described
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12-Azidomethyl-9,10-dihydro-12-iodo-9,10-propanoanthracene 125

125
C 18H 16IN 3 401.24 g.mol' 1

NaN3 (280 mg, 4.3 mmol) was added as a single portion under a nitrogen atmosphere to IC1 

(1 M solution in CH2CI2, 2 mL, 2 mmol) and the resulting suspension was stirred at room 

temperature for lh r and then cooled to 0 °C. After addition of a solution of alkene 6 8  

(232 mg, 1 .0  mmol) in anhydrous CH2CI2 (5 mL), the reaction mixture was warmed to 

room temperature and stirred for 2 days. The dark red solution was washed with an aqueous 

Na2S2 0 3 solution (1  M, 10 mL) until the colour disappeared, extracted with CH2CI2 

(3 x 10 mL), dried over MgSCL and concentrated under reduced pressure. Flash column 

chromatography (silica gel, gradient of elution 1:50 to 1:6 EtOAc/P.E. 40-60 °C) gave the 

title compound 125 (281 mg, 70%) as a dark orange oil.

HRMS: found: [M+H]+, 402.04767. C ,8Hi6IN3 requires 402.04672; IR  (CH2C12) vmax 3022 

(m, Har), 2920 (s), 2854 (w), 2100 (s, N3), 1581 (w), 1475 (s), 1456 (s), 1429 (w), 1199 (s), 

1176 (s), 1107 (w),), 1055 (s), 1022 (s), 939 (w), 8 6 6  (w), 820 (s), 768 (s), 737 (s), 704 (s), 

598 (s), 588 (s), 503 (s, C-I) cm '1; *H N M R (400 MHz, CDCIj) 7.42-7.40 (2H, m, H,, H4), 

7.36-7.33 (2 H, m, H5, H8), 7.30-7.25 (4H, m, H2, H3, H6, H7), 4.19 (2 H, dd, V i0,iib = 'Vy.i3b 

= 1.8 Hz, 3y,a.ila = v9.13a = 6.2 Hz, H9, Hio), 2.96 (2H, s, CH 2I), 2.35 (2H, ddd, 4/„ a ,i3a =

1.8 Hz, 10,1 la = 37913a = 6.2 Hz, 27lla,llb = 27l3a,13b — 14.8 Hz, H |]a, H j3a), 1.99 (2H, dd, 

'Vio.iib = V*>,i3b = 1-8 Hz, 2/iia,itb = 27i3a,i3b — 14.8 Hz, Hub, H i3b); ,3C NM R ( 1 0 0  MHz, 

CDC13) 143.3 (Cq), 140.3 (Cq), 128.4 (CH), 128.3 (CH), 126.0 (CH), 125.2 (CH), 62.5 

(C 12), 44.0 (C9, C 10), 38.2 (Ci 1, Ci3), 19.7 (CH2I); EI-M S, m/z (relative intensity) 323 (46), 

266 ([M+H]+, 56), 233 ([M-MeOH+H]+, 100), 193 ([C 15H 12+H]+, 61), 179 ([Ci2H 10+H]+, 

55), 155 (51), 119 (51).
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12,12-Aziridinyl-9,10-dihydro-9,10-propanoanthracene 121

NH

121
C 18H 17N 247.33 g.mol' 1

A suspension of LiAlH4 (265 mg, 7 mmol) in anhydrous Et2 0  (4 mL) was cooled to 0 °C 

under nitrogen atmosphere. A solution of the azide 125 (281 mg, 0.7 mmol) in anhydrous 

Et2 0  (6 mL) was added dropwise at 0 °C and the solution was stirred at room temperature 

overnight. The reaction mixture was quenched with aqueous potassium sodium tartrate 

solution (1 M, 20 mL) and extracted with Et2 0  (3 x 10 mL). The combined organic layers 

were washed with brine (10 mL), dried over M gS04, filtered and concentrated under 

reduced pressure. Flash column chromatography (silica gel, gradient of elution 1:9:20:70 to 

1:4:0:45 triethylamine/MeOH/P.E. 40-60 °C/EtOAc) afforded the title compound 121 

(128 mg, 74%) as a light yellow solid.

M.p. 134-137 °C (EtOAc); HRMS: found: M+, 247.13622. C i8H 17N requires 247.13609; 

IR  (CH2CI2) vmax 3653 (w), 3294 (s), 3020 (m), 2924 (s), 2851 (s), 1580 (w, NH), 1456 (s), 

1475 (s), 1288 (w), 1173 (s), 1113 (m), 1034 (s), 1009 (s), 968 (s), 804 (s), 758 (m), 735 

(s), 714 (s), 629 (w), 611 (w), 594 (s) cm '1; NMR (400 MHz, CDCI3) 7.30-7.25 (4H, m, 

H,, H4, H5, H8), 7.19-7.16 (4H, m, H2, H3, H6, H7), 4.14 (2H, dd, Vio.iib = Vo.isb = 3.0 Hz, 

3*/10,1 la -  ^9 ,13a = 5.2 Hz, H9, Hjo), 1.98 (2H, ddd, 4/i3b,14 = 47llb,14= 1.2 Hz, "Vi0,1 lb = 37<),13b 

= 3.0 Hz, 2J\ la,lib = 2J  13a, 13b = 13.2 Hz, Hub, H i3b), 1-79 (2H, dd, Vio.lla = ‘V 9,13a = 5.2 Hz, 

27lla,llb = 2713a, 13b = 13.2 Hz, H n a, H i3a), 0.98 (2H, d, 4/i3b,14 = 4*/1 lb, 14 — 1.2 Hz, H 14), 0.60 

(1H, br, NH); 13C NMR (75 MHz, CDC13) 143.4 (Cq), 142.4 (Cq), 126.4 (CH), 126.3 (CH), 

125.7 (CH), 125.6 (CH), 45.4 (C9, C 10), 42.3 (C M, C 13), 34.8 (C 12), 34.5 (C,4); EI-MS, m/z 

(relative intensity) 247 ([M]+, 26), 230 (15), 229 (16), 215 (27), 202 (9), 191 ([C15H n]+, 

36), 178 ( [C12H i0]+, 100), 165 (8 ), 149 (12); Anal. Found: C, 87.56; H, 6 .8 6 ; N, 5.58. Calcd 

for C i8H i7N: C, 87.41; H, 6.93; N, 5.66.
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9.10-Dihydro-12-methyl-9,10-prop-ll-enoanthracene 95

9.10-dihydro-12,12-(Ar-chlorosulfonyI)oxoazetidinyl-9,10-propanoanthracene 126 and

9.10-dihydro-ll,12-(/V-chlorosulfonyl)oxoazetidinyI-12-methyl-9,10-

propanoanthracene 127

95

C 18H 16 232.32 g.mol ' 1

126 127

C 19H ,6C1N03S 373.85 g.mol' 1 C 19H 16C1N03S 373.85 g.mol ' 1

To a stirred solution of alkene 6 8  (148 mg, 0.64 mmol) in anhydrous CH2CI2 (7 mL) 

chlorosulfonyl isocyanate (56 pL, 0.64 mmol) was added dropwise at 0 °C and the solution 

was stirred for 4 days. A mixture of Na2S0 3 (9 mg, 0.07 mmol) and K2CO 3 (185 mg,

1.4 mmol) in water (3 mL) was carefully added dropwise and stirred for 30 min. The 

mixture was diluted with water (10 mL) and the solution was extracted with CH 2CI2 

(3 x 10 mL). The combined organic layers were washed with brine (10 mL), dried over 

Na2S0 4  and concentrated under reduced pressure. Flash column chromatography (silica gel, 

gradient of elution 1:10 to 1:3.3 EtOAc/P.E. 40-60 °C) gave the title compound 95 and an 

inseparable mixture of the title compounds 126 and 127. Crystallisation from EtOAc and 

P.E. 40-60° C afforded the title compound 126 (23.9 mg, 10%) as white square crystals. 

Concentration of the mother liquor under reduced pressure and crystallisation from EtOAc 

and P.E. 40-60° C provided the title compound 127 (81 mg, 36%) as white needles.
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9.10-Dihydro-12-methyl-9,10-prop-ll-enoanthracene 95

Spectroscopy data as obtained above

9.10-Dihydro-12,12-(ALchIorosuIfonyl)oxoazetidinyI-9,10-propanoanthracene 126 

M.p. 155-157 °C (EtOAc-P.E.); HRMS found: M+, 373.05442. Ci9H i6C1NOS requires 

373.05394; IR (CH2C12) vmax 2928 (w), 1817 (s, P-lactam), 1475 (s), 1458 (w), 1394 (s, 

S 0 2C1), 1184 (s, S 0 2C1), 1170 (s), 1096 (s, S 0 2C1), 1051 (w), 1032 (w), 899 (w), 771 (s), 

762 (s), 715 (w), 660 (s), 577 (d, S 0 2C1), 552 (s) cm '1; NMR (300 MHz, CDC13) 7.35-

7.29 (4H, m, H,, H4) H5, H8), 7.26-7.18 (4H, m, H2, H 3, H6, H7), 4.27 (2 H, dd, V 10,iib = 

379,13b = 0.9 Hz, 37 10,1 ia = 379 ,i3a = 7.4 Hz, H9, Hio), 2.64 (2H, ddd, AJ\\b,u = 47 i3b,i4 = 0.8 Hz, 

37io,iib = V 9 ,i3b -  0.9 Hz, 2Jna,iib = 2 î3a,i3b = 13.4 Hz, Hub, H^b), 2.51 (2H, ddd, 47 n a,i3a =

1.9 Hz, 'Vuxiia = V 9,13a = 7.4 Hz, Vila,lib = Vl3a,13b = 13.4 Hz, H n a, H i3a), 2.08 (2 H, d, 

47 iib,i4 = V i3b,i4 = 0.8 Hz, H 14); 13C NMR (75 MHz, CDC13) 161.2 (C=0), 143.0 (Cq),

139.4 (Cq), 127.5 (CH), 127.1 (CH), 126.9 (CH), 125.5 (CH), 70.3 (C 12), 53.3 (C 14), 43.8 

(C9, C 10), 39.6 (C n , C B); EI-MS, m/z (relative intensity), 373 (fM]+, 13), 232 ([C 18H 16]+, 

83), 217 (48), 191 ([Ci5H n]+, 32), 178 ([Ci2H ,0]+, 100); Anal. Found: C, 60.64; H, 4.28; N, 

3.62. Calcd for C i9Hi6C1N03S: C, 61.04; H, 4.31; N, 3.75.

9.10-Dihydro-ll,12-(A-chIorosuIfonyl)oxoazetidinyl-12-methyl-9,10- 

propanoanthracene 127

M .p. 148-151 °C (EtOAc); HRMS: found: M+, 373.05442. C ,9H i6C1N03S requires 

373.05394; IR  (CHCI3) vnmx 3055 (br, Har), 2932 (s), 2854 (w), 1809 (m, p-lactam), 1479 

(s), 1456 (s), 1383 (s, S 0 2C1), 1200-1150 (m, S 0 2C1), 1097 (m, S 0 2C1), 1049 (s), 1034 (s), 

987 (s), 953 (d), 931 (s), 829 (s), 700 (m), 634 (d, CONH), 571 (m, S 0 2), 540 (s) cm '1; 

lH  N M R (500 MHz, CDCI3) 7.33-7.29 (4H, m, Hi, H4 ,H 5, H 8), 7.26-7.21 (4H, m, H2, H3, 

H6, H7), 4.40 ( 1 H, d, Vio.ii =5.0 Hz, H 10), 4.17 ( 1H, dd, V 9,13b = 3.5 Hz, V 9,13a = 4.2 Hz, 

H9), 3.34 ( 1 H, d, V.o,!! =5.0 Hz, H n ), 3.08 ( 1H, dd, V 9>13a = 4.2 Hz, V ,3a,i3b = 15.6 Hz, 

H 13a), 2.06 ( 1 H, dd, V 9,13b = 3.5 Hz, 27 i3a,i3b = 15.6 Hz, H 13b), 1.44 (3H, s, H 14); 13C N M R 

(125 MHz, CDCI3) 162.9 (C=0), 141.4 (Cq), 140.0 (Cq), 137.8 (Cq), 135.5 (Cq), 128.0 

(CH), 127.8 (CH), 127.7 (CH), 127.3 (CH), 127.2 (CH), 126.3 (CH), 126.2 (CH), 125.8 

(CH), 70.4 (Ci2), 60.9 (C13), 44.5 (C9), 43.8 (C 10), 37.3 (Cn), 31.7 (C ,4); EI-M S,

=  214  =



Chapter 4 Experimental

m/z (relative intensity) 373 ([M]+, 17), 232 ([M-C1S0 2 NC0 ]+, 75), 217 (6 6 ), 191 

( |C ,5H ,i]+, 100), 178 ([C 12Hio]+, 48), 84 (34).

9.10-Dihydro-12-oxoazetidinyl-9,10-propanoanthracene 128,

9.10-dihydro-12,12-(N-chlorosulfonyl)oxoazetidinyI-9,10-propanoanthracene 126 and

9.10-Dihydro-12-((N-chlorosulfonyl)carbamoylmethyl)-9,10-propenoanthracene 129

h :i h

o

5 4

128

C ,9H 17NO 275.34 g.mol' 1

SO,Cl

126 129

C ,9H 16C1N03S 373.85 g.mol' 1 C 19H 16ClNOS 373.85 g.mol ' 1

Chlorosulfonyl isocyanate (220 pL, 2.5 mmol) kept 2 days over potassium carbonate in the 

fridge under nitrogen atmosphere, was added portionwise to a suspension of anhydrous 

Na2C 0 3  (0.35g) in anhydrous CH2C12 (13 mL) and the resulting mixture was cooled to 

0 °C. A solution of alkene 68 (523 mg, 2.2 mmol) in anhydrous CH2C12 (13 mL) was added 

dropwise and the mixture was stirred at room temperature for 2  days under positive 

nitrogen pressure. The reaction was quenched by careful addition of a solution of Na2SC>3 

(40 mg, 0.3 mmol) and K2C0 3  (830 mg, 6.0 mmol) in water (12 mL) and stirred for further 

30 min. After dilution with water (30 mL) the resulting mixture was extracted with CH 2C12 

( 3 x 1 5  mL). The combined organic layers were washed with brine (15 mL), dried over 

Na2SC>4 and concentrated under reduced pressure. Flash column chromatography (silica gel, 

gradient of elution 1:10 to 5:1 EtOAc/P.E. 40-60 °C) gave an inseparable mixture of 126
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and 129 and then the title compound 128 (157 mg, 26%) as a white solid. Crystallisation of 

the first fraction from EtOAc and P.E provided 126 (321 mg, 39%) as a white solid and 

concentration of the mother liquor under reduced pressure afforded the title compound 129 

(263 mg, 32%) as a white solid.

9.10-Dihydro-12-oxoazetidinyl-9,10-propanoanthracene 128

M .p. > 230 °C (decomp.) (EtOAc-P.E); HRMS: found: M+, 275.13046. C 19H 17NO requires 

275.13101; IR  (CH2C12) vmax 3333 (br, NH), 3219 (w), 2922 (s), 2851 (w), 1716 (br, p- 

lactam), 1473 (s), 1456 (w), 1433 (w, NH), 1367 (w), 1292 (w), 1267 (w), 1175 (w), 1113 

(w), 1088 (s), 768 (s), 756 (w), 735 (s), 708 (w), 586 (s) cm '1; *H N M R (500 MHz, CDCI3) 

7.31-7.29 (2H, m, H,, H4), 7.27-7.25 (2H, m, H5, H8), 7.20-7.18 (2H, m, H2, H3), 7.17-7.15 

(2 H, m, H6, H7), 4.73 ( 1H, br, NH), 4.14 (2 H, dd, V ,0,iib = 3A  13b = 3.1 Hz, Vio.ua = V 9.,3a 

= 5.1 Hz, H9, H i0), 2.22 (2 H, s, H 14), 2.20 (2H, ddd, 4/ i , a,i3a = 1.0 Hz, 37,0,iia = X n a  = 5.1 

Hz, , 2Jna,iib = 27 i3a,i3b = 13.9 Hz, H n a, H n a), 2.15 (2H, dd, Vio.iib = 37 9 ,i3b = 3.1 Hz, 

27i ia,i ib -  27i3a,i3b = 13.9 Hz, H nb, H 13b); 13C NM R (100 MHz, CDC13) 167.1 (C=0), 142.6 

(Cq), 141.4 (Cq), 127.0 (CH), 126.7 (CH), 126.4 (CH), 125.8 (CH), 55.1 (Cj2), 51.3 (C 14),

44.6 (C9, C 10), 42.5 (Cn, C13); EI-M S, m/z (relative intensity), 275 (M+, 10), 232 (100), 

217 (44), 192 (C 15H 12+, 28), 191 (C 15H n +, 38), 178 (C 12H i0+, 95); Anal. Found: C, 82.54; 

H, 6.23; N, 5.01. Calcd for C ,9Hi7NO: C, 82.88; H, 6.22; N, 5.09.

9.10-Dihydro-12,12-(N-chlorosulfonyl)oxoazetidinyl-9,10-propanoanthracene 126

The spectroscopic data obtained were identical to those previously described.

9.10-Dihydro-12-((N-chlorosulfonyl)carbamoylmethyl)-9,10-propenoanthracene 129

M.p. 201-204 °C; HRMS: found: M+, 373.05416. C I9H i6C1NOS requires 373.05394; IR 

(CH2C12) vmax 3400 (br, NH), 3043 (m, C=C), 3022 (m, Har), 2878 (m), 1475 (s), 1454 (s), 

1421 (s), 1408 (s, S 0 2C1), 1174 (s), 1099 (w), 1032 (w), 928 (w), 8 6 6  (s), 826 (s), 779 (s), 

764 (s), 741 (m), 764 (s), 714 (s), 600 (s), 548 (s) cm '1; JH NM R (300 MHz, CDC13) 7.40- 

7.34 (2H, m, Hi, H4) 7.27-7.22 (2H, m, H5, H8), 7.20-7.16 (4H, m, H2, H3, H6, H7), 6.46 

(1H, ddd, J\\,\a— 1.6 Hz, V n ,i3a — 1.9 Hz, V ioji = 8 . 6  Hz, H u), 4.31 (1H, d, Vio,n = 8 . 6  

Hz, H ]0), 4.18 ( 1 H, t, V 9 i, 3 = 3.8 Hz, H9), 2.75 (2H, dd, 4/ 13b,i4 = 1.1 Hz, AJ n ,u  = 1.6 Hz,
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H 14), 2.47 (2 H, ddd, 4J i 3b,i4 = 1 .1  Hz, 4J n ,i3a = 1.9 Hz, V 9,i3 = 3.8 Hz, H 13); 13C N M R (75 

MHz, CDC13) 161.4 (C=0), 145.0 (Cq), 140.6 (Cq), 130.6 (Cn), 126.5 (CH), 126.3 (CH),

126.2 (CH), 125.2 (CH), 124.3 (CH), 116.9 (C12), 45.5 (Cio), 45.3 (C9), 36.5 (C t3), 26.6 

(Cu); EI-M S, m/z (relative intensity), 373 ([M]+, 28), 258 (81), 257 (71), 246 (90), 218 

(87), 216 (97), 215 (91), 202 (91), 191 ([Ci5H n]+, 95), 178 ([Ci2H 10]+, 100), 165 (31), 152 

(25), 108 (32).

9,10-Dihydro-12,12-azetidinyl-9,10-propanoanthracene 130

h :, h

130
C 19H 19N 261.36 g.mol' 1

To a suspension of LiAlH4 (23 mg, 3 mmol) in anhydrous Et20  (4 mL) heated at reflux for 

30 min was added dropwise a solution of the p-lactam 128 (83 mg, 0.3 mmol) in anhydrous 

CH 2C12 ( 6  mL) and the resulting mixture was refluxed for 4 days. After cooling down to 

room temperature, the reaction mixture was quenched with an aqueous potassium sodium 

tartrate solution (20%, 20 mL) and extracted with CH 2C12 (3 x 10 mL). The combined 

organic layers were washed with brine (10 mL), dried over Na2S 0 4, filtered and 

concentrated under reduced pressure. Crystallisation from benzene-hexane afforded the title 

compound 130 (59 mg, 76%) as a light yellow solid.

M .p. 213-217 °C (Benzene-Hexane); HRM S: found: (M+H)+, 262.15907. C i9H i9N 

requires 262.15957; IR  (CH2C12) vmax 3385 (br, NH), 2926 (br), 2446 (br), 1580 (s, NH), 

1475 (s), 1456 (s), 1175 (s), 1113 (s), 1099 (s), 1030 (s), 939 (d), 768 (s), 735 (m), 702 (s), 

613 (w), 588 (s), 463 (s) cm"1; 'H N M R  (400 MHz, CDC13) 7.31-7.27 (2H, m, H,, H„)7.27- 

7.23 (2H, m, H5, H8), 7.15-7.11 (2H, m, H2, H3), 7.10-7.06 (2H, m, H6, H7), 5.04 (1H, br, 

NH), 4.13 (2H, dd, 3710,iib = 379,i3b = 3.4 Hz, 37 |0 ,na = Vo.na = 4.8 Hz, H9, H ,0), 3.37 (2H, t, 

7 |4  |5 = 7.8 Hz, H 15), 2.41 (2H, dd, '7io,iia = 379 ,i3a = 4.8 Hz, 2/ u a,nb = 27 i3aji3b — 13.9 Hz,
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Hna, H j3a), 2.24 (2 H, dd, ‘Vio.iib = 3*A),i3b = 3.4 Hz, 27iia,iib = 2-/i3a,i3b -  13.9 Hz, Hub, Hi.3b), 

1 . 4 7  (2 H, t. V,4.15 = 7.8 Hz, H ,4); UC NMR (100 MHz, CDCI3) 142.5 (C,), 141.6 (Cq),

126.4 (CH), 126.3 (CH), 125.9 (CH), 125.8 (CH), 66.5 (C 12), 44.1 (C<>, C 10), 43.1 (Cn, C !3),

40.8 (C 15), 34.3 (C 14); CI(methane)-MS, m/z (relative intensity) 261 ([M]+, 31), 246 (7), 

233 (100), 206 (19), 191 ([C 15H n ]+, 22), 179 (58), 178 ([C 12H 10]+, 79); Anal. Found: C, 

87.12; H, 7.45; N, 5.43. Calcd for C 19H 19N: C, 87.31; H, 7.33; N, 5.36.

9,10-Dihydro-2-nitro-9,10-propanoanthracen-12-one 134 and 9,10-dihydro-2,6- 

dinitro-9,10-propanoanthracen-12-one 135
13 13

135134

C 17H 13NO3 279.29 g.mol' 1 C i7H 12N 20 4 324.29 g.mol' 1

Fuming nitric acid (169 pL, 3.8 mmol) was added to a suspension of ketone 67 (351 mg,

1.5 mmol) in distilled acetic anhydride (3 mL) and CH 2CI2 (5 mL) at 0 °C. The solution 

was stirred at 3 °C for 24 h, warmed to room temperature, washed with saturated aqueous 

Na2C0 3  solution (10 mL) and extracted with CH2CI2 ( 3 x 5  mL). The combined organic 

layers were washed with brine ( 3 x 5  mL), dried over MgSCL and concentrated under 

reduced pressure. Flash column chromatography (silica gel, gradient of elution 1:20 to 

1:3.3 EtOAc/P.E. 40-60 °C) provided the title compounds 134 (30.5 mg, 8 %) and 135 

(26.5 mg, 6 %) as light yellow square crystals.

9,10-Dihydro-2-nitro-9,10-propanoanthracen-12-one 134

M.p. 219-220 °C (EtOAc-P.E.); HRMS found: M+, 279.09033 C 17H 13NO3 requires 

279.08954; IR (CH2C12) vmax 1693 (s, C =0), 1522 (s, N 0 2), 1475 (w), 1460 (w), 1406 (w), 

1340 (s, N 0 2), 1163 (w), 1074 (w), 991 (s), 835 (w), 762 (w), 735 (w), 712 (w), 600 (w) 

cm '1; ’H NMR (500 MHz, CDCI3) 8.22 (1H, dd, 5J ii4 = 0.4 Hz, 47 | , 3 = 2.3 Hz, H,), 8.10 

(1H, dd, 4/ u  = 2.3 Hz, 3/ 3 ,4 = 8.2 Hz, H3), 7.50 (1H, dd, 57,,4 = 0.4 Hz, 373,4 = 8.2 Hz, H„), 

7.36 (2H, m, H5, Hg), 7.25 (2H, m, H6, H7), 4.39 (2H, m, H9, Hu), 2.87 (4H, m, H n , H I3);
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13C NMR (75 MHz, CDC13) 207.2 (C 12), 149.2 (Cq), 146.3 (C2), 143.6 (Cq), 140.4 (Cq),

140.1 (Cq), 127.8 (CH), 126.9 (CH), 126.2 (CH), 122.6 (CH), 121.2 (CH), 50.7 (Cn, C 13),

43.5 (C9, C 10); EI-M S, m/z (relative intensity), 279 ([M]+, 100), 232 (75), 215 (25), 189 

(82), 178 ([C nH iof, 28), 151 (12); Anal. Found: C, 72.90; H, 4.65; 4.97. Calcd for 

CnHnNCb: C, 73.11; H, 4.69; N, 5.02.

9,10-dihydro-2,6-dinitro-9,10-propanoanthracen-12-one 135

M.p. 223 - 227 °C; HRMS found: M+, 324.07505. C i7H 15N20 4 requires 324.07462; IR 

(CH2CI2) v„WA. 1699 (s, C=0), 1595 (w), 1526 (s, N 0 2), 1421 (s), 1344 (d, N 0 2), 1153 (d), 
1128 (w), 1086 (w), 991 (w), 897 (Har), 739 (m) cm '1; lH  NMR (400 MHz, DMSO -d6) 

8.40 (2 H, d, 4J U = % 7 = 2.4 Hz, H i,H 5), 8 . 2 0  (2 H, dd, V ,,3 = V 5,7 = 2.4 Hz, V 3,4 = V 7.8 =

8.3 Hz, H3,H 7), 7.78 (2 H, d, V 3,4 = V 7>8 = 8.3 Hz, H4 ,H 8), 4.89 (2 H, m, H9, H j0), 2.91 (4H, 

m, H n , H ,3); 13C NMR (100 MHz, DMSO-d6) 212.1 (C 12), 154.8 (CB, CD), 151.8 (C2, C6),

148.1 (CA, Cc), 132.9 (C4, C8), 127.8 (C3, C7), 126.5 (C,, C5), 55.0 (C n , C l3), 47.1 (C9 or 

C 10), 46.6 (C9 or C 10),; EI-MS, m/z (relative intensity), 324 ([M]+, 91), 308 (12), 307 ( 1 1 ), 

294 (20), 277 (100), 251 (20), 231 (21), 202 (19), 189 (82), 176 (31), 163 (16); Anal. 

Found: C, 62.30; H, 3.66; N, 8.45. Calcd for C i7H i5N20 4: C, 62.96; H, 3.73; N, 8.64.

9,10-Dihydro-2-nitro-9,10-propanoanthracen-12-one 134

13

134
C 17H 13N 0 3 279.29 g.mol ' 1

Cold fuming nitric acid (23 pL, 0.55 mmol) was added dropwise to freshly distilled acetic 

anhydride (80 pL) at 0 °C. The resulting solution was added to a stirred suspension of 

ketone 67 (117 mg, 0.5 mg) in a mixture of distilled M eN 0 2 (1.0 mL), acetic anhydride 

(0.8 mL) and anhydrous CH2CI2 (0.5 mL) at 0 °C. The solution was kept at this temperature 

with the use of a chiller unit for 24 h with stirring, then warmed to room temperature.
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Water (10 mL) was added and the mixture was stirred vigorously for a further 3 h. The 

product was extracted with CH2C12 ( 3 x 5  mL) and the combined organic layers were 

washed with brine ( 3 x 5  mL), dried over Na2S0 4  and concentrated under reduced pressure. 

The crude product was purified by flash column chromatography (silica gel, gradient of 

elution 1:10 to 1:5 EtOAc/P.E. 40-60 °C) to yield the title compound 134 (99 mg, 71%) as 

light yellow square crystals.

The spectroscopic data obtained were identical to those previously described 

2-Amino-9,10-dihydro-9,10-propanoanthracen-12-one 138
13

n h 2

5 4
138

C 17H 15NO 249.31 g.mol' 1

A mixture of SnCl2 .2H20  (770 mg, 3.4 mmol) in concentrated HC1 (2.6 mL) was added 

dropwise over 15 min to a stirred solution of ketone 134 (280 mg, 1 mmol) in THF 

(10 mL). The stirring was maintained for 2 hrs before a further addition of SnCl2 .2H20  

(770 mg, 3.4 mmol) in concentrated HC1 (2.6 mL). After 2 h of stirring, the reaction was 

quenched with water (10 mL) and aqueous NaOH solution (2.5 M, 10 mL), filtered through 

celite and washed thoroughly with CH2C12. The solution was then extracted with CH2C12 

(3 x 10 mL), dried over M gS04 and concentrated under reduced pressure. The crude 

product was purified by flash column chromatography (silica gel, gradient of elution 1 0 :1  

EtOAc/P.E. 40-60 °C to pure EtOAc) to yield to the title compound 138 (152 mg, 61%) as 

a light brown solid.

M.p. > 230 °C (decomp.); HRMS found: M+, 249.11497. C 17H 15NO requires 249.11536; 

IR (CH2C12) vmax 3426 (br, NH2), 3348 (br, NH2), 3022 (m, Har), 2844 (w), 1682 (s, C=0), 

1620 (s, NH2), 1499 (s), 1483 (s), 1456 (s), 1377 (s), 1263, (m), 1151 (s), 982 (w), 941(w),
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870 (s), 818 (s), 744 (m), 687 (s), 587 (s), 561 (s) cm '1; lH  NM R (400 MHz, CDCI3) 7.32-

7.30 (2H, m, Har), 7.22-7.19 (2H, m, Har), 7.12-7.10 (1H, d, l / 3,4 = 7.9 Hz, H4), 6.69 (1H, d, 

4J i ,3 = 2.3 Hz, HO, 6.51 (1H, dd, 4J , ,3 = 2.3 Hz, 373,4 = 7.9 Hz, H3), 4.12 (2H, m, H9, H i0), 

3.32 (2H, br, NH2), 2.82 (4H, m, H n , H !3); 13C N M R (100 MHz, CDCI3) 209.9 (C 12),

145.3 (C2), 142.9 (Cq), 142.5 (Cq), 141.7 (Cq), 131.7 (Cq), 126.9 (CH), 126.8 (CH), 125.9 

(CH), 125.7 (CH), 113.3 (C, or C3), 112.8 (C, or C3), 51.3 (Cn or C ,3), 51.1 (Cn or C ,3),

43.6 (C9 or C 10), 42.5 (C9 or C 10); EI-M S, m/z (relative intensity), 249 (M+, 60), 206 

([Ci5H 13N]+, 100), 193 (15), 165 (9).

(±)-(9R,10S,12S)-2-Amino-9,10-dihydro-12-hydroxyl-12-methyl-9,10-

propanoanthracene 139 and
(±)-(9R,10S,12R)-2-amino-9,10-dihydro-12-hydroxyl-12-methyl-9,10-

propanoanthracene 140

HO
NH

139 140
C 18H 19NO 265.35 g.mol' 1 C 18H 19NO 265.35 g.mol' 1

Cerium (III) chloride heptahydrate (360 mg, 1.2 mmol) was ground in a mortar and placed 

in a three-necked flask fitted with a dropping funnel and a nitrogen inlet adaptor. The flask 

was evacuated (0.1 mmHg) and immersed in an oil bath at 140 °C without stirring for 1 h 

and then stirred for a further 1 h. The flask was cooled in an ice bath under nitrogen and 

anhydrous THF (2.6 mL) was added all at once with vigorous stirring. The ice bath was 

removed and the suspension was stirred overnight at room temperature. The flask was 

cooled to -78 °C under nitrogen and MeLi (1.6 M solution in Et20 , 750 pL, 1.2 mmol) was 

added dropwise and the light yellow suspension was stirred for 1 hr. A solution of ketone 

138 (50 mg, 0.2 mmol) in anhydrous THF (1.5 mL) was added dropwise and the reaction 

mixture was stirred for 2 h, then warmed up to 0 °C. The mixture was poured into an 

aqueous HC1 solution (2M, 5 mL) and extracted with CH 2C12 (3 x 2.5 mL). The combined
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organic layers were washed with brine (2.5 mL), dried over M gS0 4 and concentrated under 

reduced pressure. Flash column chromatography (silica gel, 1:2 EtOAc/P.E. 40-60 °C) gave 

the title compounds 139 (28 mg, 54%) and 140 (14 mg, 26%) as a brown oil.

(±)-(9R,10S,12S)-2-Amino-9,10-dihydro-12-hydroxyl-12-methyl-9,10-

propanoanthracene 139

HRM S: found: M+, 265.14600. C i8H 19NO requires 265.14666; IR  (CH2C12) vmax 3574 (s, 

OH), 3356 (br, NH2 and OH), 3228 (w), 2928 (s, CH3), 1689 (s, NH2), 1620 (s, NH2), 1481 

(s), 1452 (s), 1375 (s, CH3), 1278 (br, NH2), 1227 (s), 1155 (s), 1107 (s), 1088 (s, OH), 

1061 (s), 1031 (w), 964 (s), 878 (s, Har), 820 (s, Har), 737 (br), 702 (s), 673 (w), 592 (s, OH) 

cm '1; ]H NM R (400 MHz, CDCI3) 7.33 (2H, m, H5, H8), 7.21 (2H, m, H6, H7), 7.03 ( 1 H, d, 

V 3.4 = 7.8 Hz, H4), 6.63 ( 1 H, d, V u  = 2.3 Hz, Hi), 6.46 ( 1H, dd, V ,., = 2.3 Hz, V i.4 = 7.8 

Hz, H3 ), 4.02 ( 1 H, dd, Vio,iib= 1 - 6  Hz, V 10.1 ia = 6.9 Hz, H ,0), 3.97 ( 1H, dd, V 9 ,Lii,= 1.4 Hz, 

V9 ,13a = 6 . 6  Hz, Ho), 2.25 ( 1 H, ddd, 4Jiia,i3a = 1.9 Hz, Vio.iia = 6.9 Hz, 2/ i i a,iib= 13.5 Hz, 

Hiia), 2 . 2 2  ( 1 H, ddd, Vna,l3a= 1.9 Hz, V 9 .i3a = 6 . 6  Hz, V l3a.l3b= 13.5 Hz, H ,3a), 1.91 ( 1H, 

dd, V 9j 3t, = 1.4 Hz, 27 i3a,i3b= 13.5 Hz, H i3b), 1.87 ( 1 H, dd, 'Vio.iib = 1 - 6  Hz, 27na,iib= 13.5 

Hz. Hub), 0.93 (3H, s, CH3); 13C NM R (100 MHz, CDCI3) 145.5 (Cq), 144.3 (Cq), 142.3 

(Cq), 142.0 (Cq), 134.7 (C2), 126.9 (CH), 126.8 (x 2, CH), 126.4 (CH), 126.2 (CH), 126.1 

(CH), 125.9 (CH), 1 12.8 (C,), 72.7 (C ,2), 45.1 (C„ or C l3), 44.8 (C, or C l0), 44.2 (C,, or 

C t3), 43.7 (C9 or C 10), 32.9 (CH3); EI-M S, m/z (relative intensity), 265 ([M]+, 8 6 ), 249 (22), 

247 (32), 232 (29), 207 (99), 206 (100), 193 (8 6 ), 178 ([C 12H 10]+, 2 1 ), 165 (3 9 ), 85 (63), 84 

(97).

(±)-(9R,10S,12R)-2-amino-9,10-dihydro-12-hydroxyl-12-methyl-9,10-

propanoanthracene 140

HRM S: found: M+, 265.14626. CigH^NO requires 265.14666; IR  (CH2C12) vmax 3558 (s, 

OH), 3360 (br, NH2 and OH), 3226 (br), 2928 (s, CH3), 1620 (s, NH2), 1481 (s), 1452 (s), 

1377 (s, CH3), 1278 (br, NH2), 1227 (s), 1107 (s), 1088 (s, OH), 1061 (s), 972 (s), 881 (s, 

Har), 820 (s, Har), 737 (s), 702 (s), 673 (w), 590 (s, OH) cm '1; 'H  N M R (400 MHz, CDC13) 

7.21 (2H, m, H5, H8), 7.15 (1H, d, 373,4 = 7.9 Hz, H4), 7.13 (2H, m, H6, H7), 6.74 (1H, d, 

4y ,,3 = 2.3 Hz, Hi), 6.53 (1H, d ,V ,,3 = 2.3 Hz, V 3.4 = 7.9 Hz, H3), 3.99 (1H, dd, 37 l0.iib = 1.3
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Hz, Vio.iia = 6.9 Hz, H 10), 3.95 ( 1 H, dd, 3\ ,3b = 1.3 Hz, 3/ 9,,3a = 6.9 Hz, H9), 2.26 ( 1 H, 

ddd, 4yna.i3a= 2.1 Hz, 3J l0,,ia = 6.9 Hz, 2y,ia.iib= 14.3 Hz, H lla), 3.0 (2H, br, NH2), 2.21 

(1H, ddd, 4J u a.|3a= 2.1 Hz, 379,,3a = 6.9 Hz, 27|3a,!3b= 14.3 Hz, H ,3a), 1.86 (1H, dd, V ,0,1 lb =

1.3 Hz, 2yiia,iib= 14.3 Hz, H llb) 1.84 ( 1H, dd, V 9,l3b = 1-3 Hz, 27 i3a,i3b= 14.3 Hz, Hub), 0.93 

(3H, s, CH3); 1SC NM R (100 MHz, CDC13) 145.0 (Cq), 144.2 (Cq), 142.7 (Cq), 131.1 (C2),

127.2 (CH), 126.2 (CH), 126.1 (CH), 125.2 (CH), 125.0 (CH), 114.0 (CH), 112.8 (CH),

72.8 (C12), 45.2 (C9 or C,o), 45.0 (C „ or C ,3), 44.6 (C „ or C 13), 44.1 (C9 or C l0), 32.7 

(CH3); EI-M S, m/z (relative intensity), 265 ([M]+, 53), 247 (47), 232(25), 208 (100), 207 

(100), 193 ([C 12H 12N]+, 87), 165 (32).
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Ch a pt e r  5

A ppe n d ic e s
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A ppendix 1 Dihedral angles (j) and \\i measured from DFT minimised geometries of 

propanoanthracenes in the gas phase. Calculations involved full SCF calculations, 

vibrational mode and relaxed grid search. Only the energetically most stable rotamer is 

considered. Coupling constants Vio-iia and 3Jio-iib were calculated using A ltona’s
232equation.

X-down Y-up V (°) Vio-na(Hz) 3 7io-iib (Hz)

77
OH H 38 76 6.5 1.3

H OH 37 78 6 . 6 1 . 2

78
OH c h 3 38 75 6.5 1.3

c h 3 OH 38 74 6.5 1.4

79
OH c h = c h 2 38 74 6.5 1.4

c h = c h 2 OH 35 78 7.0 1 . 2

81
OH C=CH 38 76 6.5 1.3

C=CH OH 38 76 6.5 1.3

83
OH C=N 38 76 6 . 6 1.3

C=N OH 38 76 6 . 6 1.3

84
o c h 3 c h 3 35 78 7.0 1 . 2

CH., OCH, 39 74 6.4 1.4

85
o c h 3 O C H 31 80 7.6 1 . 1

C=CH OCH, 40 72 6 . 2 1 . 6

86
-0 - -c h 2- 36 79 6 . 8 1 . 1

-c h 2- -0 - 36 79 6 . 8 1 . 1

87
-O- -c h 2- 36 78 6 . 8 1 . 2

-CH2- -0 - 35 79 7.0 1 . 1

94
F c h 3 37 77 6.7 1 . 2

c h 3 F 37 76 6 . 6 1.3

96
F H 37 78 6.7 1 . 2

H F 37 78 6.7 1 . 1

103
n h 2 c h 3 38 76 6 . 6 1.3

c h 3 n h 2 38 75 6.5 1.4

116
n h 2 O N 37 76 6 . 6 1.3

O N n h 2 37 76 6 . 6 1.3

117
n h 2.h c i c h 3 37 78 6.7 1 . 2

c h 3 n h 2.h c i 38 75 6 . 6 1.3
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118
N H 2 .HC1 O N 36 78 6 . 8 1 . 2

O N N H 2 .HC1 37 77 6 . 6 1 . 2

119
NH 2 .MsOH c h 3 37 78 6.7 1 . 2

c h 3 N H 2 .MsOH 38 75 6 . 6 1.3

120
NH 2 .MsOH O N 36 78 6 . 8 1 . 2

O N NH 2 .MsOH 3.7 77 6 . 6 1 . 2

121
-NH- -c h 2- 37 78 6 . 6 1 . 2

-c h 2- -NH- 35 80 7.0 1 . 1

128
-NH- -c h 2- 39 76 6.4 1.3

-CH2- -NH- 36 78 6.9 1 . 2

130
-NH- -c h 2- 37 77 6 . 6 1 . 2

-c h 2- -NH- 35 78 7.0 1 . 1

139
OH c h 3 38 75 6.5 1.3

c h 3 OH 38

38

74 6.5 1.4

140
OH c h 3 75 6.5 1.3

c h 3 OH 38 74 6.5 1.4

= 226 =



Chapter 5 Appendices

A ppendix 2 Distances between the substituent on the central bridge and the protons H n a 

and Hiib, ra and rb respectively in both conformations, measured from MMX minimised 

geometries of propanoanthracenes in the gas phase and theoretical enhancement ratios 

( r a/rb)"6. Observed enhancement ratio ( ^ a /  t|b) by NOE experiments in solution, deuterated 

solvent and experimental temperature are indicated, and the preferential conformation is

mentioned in bold type.

X-down Y-up ra (A) rb (A) (r j r b ) ' 6 (t1a/t1b) solvent Temp.

78
OH c h 3 2.826 2.603 0.61

0.59 CDC13 298 K
c h 3 OH 2.588 3.460 5.71

79
OH c h c h 2 3.285 3.539 1.56

1.66 c d c i 3 298 K
c h c h 2 OH 3.000 3.999 5.60

81
OH C=CH 4.542 4.181 0.61

1.53 c 6 d 5 c d 3 298 K
C -C H OH 4.215 5.511 5.00

87
-0 - -c h 2- 2.581 2.541 0.91

10.08 c d c i 3 298 K
-c h 2- -O- 2.363 3.685 14.38

103
n h 2 c h 3 2.824 2.599 0.61

0.62 c 6 d 5 c d 3 298 K
c h 3 n h 2 2.589 3.463 5.73

117
NH3C1 c h 3 2.778 2.654 0.76

0.54 c d c i 3 298 K
c h 3 n h 3c i 2.598 3.460 5.58

119
NH 3 OMs c h 3 2.778 2.654 0.76

4.15 c d 3o d 298 K
c h 3 NH3OMs 2.598 3.460 5.58

128
-NH- -c h 2- 2.621 2.545 0.84

10.75 c d 3o d 298 K
-c h 2- -NH- 2.373 3.705 14.49

130
-NH- -c h 2- 2.718 2.489 0.59

2.67 c d 3c n 263 K
-c h 2- -NH- 2.322 3.657 15.26
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A ppendix 3 *H NMR spectra of the ether 84 in a CFCl3 :CD2Cl2 mixture 4:1 as a function 

of temperature

9 b  K

K

K

K

K

K

JL

K
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Enlargement of ’H NMR spectra of the ether 84 in a CFCl3 :CD2Cl2 mixture 4:1 as a 

function of temperature

\J

U

7 3  K
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A ppendix 4 !H NMR spectra of the propargylic alcohol 81 in a CFCl3 :CD2Cl2 mixture 

4:1 as a function of temperature

21 3

2 0 3

T /

2 5 3 IUH

23 3

2 2 3

AJL

J L J L _ J L

1 9 3 1

1 8 3

173 JV_

1 6 3 J

1 5 3

7 - 5  7 . 0  6 . 5  6 . 0  5 . 5  5 . 0  4 . 5  4 . 0  3 . 5  3 . 0  2 . 5  2 .
' i ' ' ' ' I ' ' ' ' I ' ' ' ' 1“' - '  
1 . 5  1 . 0  0 . 5  p p m
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A ppendix 5 13C chemical shifts of 116 in CDCI3 solution and solid state

H 2N

CN

6 10a

C arbon
116

in CDC13

116

in so lid  state

1,4 127.0 124-131

2,3 127.5 124-131

5,8 125.5 124-131

6,7 126.8 124-131

4a,9a 139.6
140.4

141.3

8 a, 10a 143.5
142.9

143.7

9 ,10 43.8
4 2 .9

4 3 .6

11,13 41.7
41 .2

4 2 .0

12 50.6
51.1

5 2 .0

14 123.9
127.5"

127.9"

‘'Two peaks for the cyano carbon are clue to the ( l3 C , 1 4 N) residual dipolar coupling
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Appendix 6 Dielectric constant 8, hydrogen bond acceptor parameter p for solvents used 

and population of the predominant conformer in different solvents at 298 K

c 6 d 12 CC14 CDCI3 c 6 d 6 C 6 D 5 -CD 3 CD3CN CD 3 OD C 5 D5N DMSO-tf6

8 2 . 0 2 . 2 4.7 2.3 2.4 35.7 32.6 12.3 46.8

P 0.3 0 . 6 0 . 8 2 . 2 2 . 2 4.7 5.8 7.0 8.9

77 93 93 95 95 - 97 1 0 0 98 1 0 0

78 93 95 93 89 8 8 74 51 52 50

79 92 - 90 89 - - 62 - 55

81 6 6 61 52 52 62 70 82 82 78

83 69 - 74 76 79 93 96 - 95

84 6 6 6 8 69 67 - 69 67 67 67

85 76 75 74 73 - 67 71 - 6 8

86 - - 50 74 77 40 37 - 35

87 - - 89 93 - 87 - - -

94 77 83 95 87 - 97 8 8 - 93

96 99 - 92 95 - - 96 - 87

103 78 78 78 73 74 70 75 6 8 59

116 - - 96 95 - 1 0 0 1 0 0 - 1 0 0

121 74 73 6 8 73 - 71 69 - 73

128 59 6 6 51 - 77 8 6 - 1 0 0

130 61 61 61 65 67 6 8 60 72 82

CDCI3

D 2 0 :H 20

1:9
CD 3 OD DMSO-<76

117 82 53 16 3

118 - 1 0 0 1 0 0 1 0 0

119 - 64 16 0

120 - 1 0 0 1 0 0 1 0 0
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Appendix 7 Crystal structure and X-Ray data for 67

Table A .I. Crystal data and structure refinement for 67.

Chemical formula 
Formula weight 
Temperature 
Radiation, wavelength 
Crystal system, space group 
Unit cell parameters

Cell volume 
Z
Calculated density 
Absorption coefficient p. 
F(000)
Crystal colour and size 
Data collection method

0 range for data collection 
Index ranges
Completeness to 0 = 26.00° 
Reflections collected 
Independent reflections 
Reflections with F2>2o 
Absorption correction 
Min. and max. transmission 
Structure solution 
Refinement method 
Weighting parameters a, b 
Data / restraints / parameters 
Final R indices [F >2 o]
R indices (all data) 
Goodness-of-fit on F2 
Largest and mean shift/su 
Largest diff. peak and hole

a = 90°
P =  103.807(3)c 
y = 90°

C i7H 140  
234.28 
150(2) K
MoKa, 0.71073 A 
monoclinic, P2j 
a = 8.4849(15) A 
b = 7.0537(12) A 
c — 10.2213(18) A 
594.07(18) A 3 
2
1.310 g/cm3 
0.080 mm-1 
248
colourless, 0.42 x 0.10 x 0.08 mm3 
Bruker SMART APEX diffractometer 
to rotation with narrow frames
2.05 to 28.18°
h -11 to 10, k -9  to 9, 1-13 to 13
99.4 %
5176
2692 (Rin, — 0.0275)
2388
semi-empirical from equivalents 
0.9673 and 0.9937 
direct methods
Full-matrix least-squares on F2 
0.0816, 0.0421 
2692 / 1 / 163
R1 =0.0535, wR2 = 0.1314 
R1 =0.0611, wR2 = 0.1361 
1.044
0.000 and 0.000  
0.269 and -0 .179 e A -3
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°  2Table A.2. Atomic coordinates and equivalent isotropic displacement parameters (A ) for 
67. Ueq is defined as one third of the trace of the orthogonalized UlJ tensor.

X y z u eq

0(1) 0.0770(2) 1.0054(3) 0.1665(2) 0.0508(6)
C (l) 0.1658(3) 0.8684(3) 0.1910(2) 0.0260(5)
C(2) 0.1036(3) 0.6805(4) 0.1286(2) 0.0279(5)
C(3) 0.1809(2) 0.4970(3) 0.1992(2) 0.0236(5)
C(4) 0.3346(3) 0.8968(3) 0.2808(2) 0.0273(5)
C(5) 0.4207(3) 0.7206(3) 0.3555(2) 0.0224(5)
C(6) 0.3078(2) 0.6198(3) 0.4267(2) 0.0216(4)
C(7) 0.3167(3) 0.6374(3) 0.5632(2) 0.0250(5)
C(8) 0.2085(3) 0.5407(3) 0.6202(2) 0.0297(5)
C(9) 0.0908(3) 0.4251(4) 0.5421(3) 0.0321(6)
C(10) 0.0801(3) 0.4076(3) 0.4056(2) 0.0272(5)
C(11) 0.1876(2) 0.5055(3) 0.3472(2) 0.0222(4)
C(12) 0.3509(2) 0.4738(3) 0.1799(2) 0.0222(4)
C( 13) 0.3878(3) 0.3462(3) 0.0879(2) 0.0258(5)
C(14) 0.5459(3) 0.3316(4) 0.0740(2) 0.0289(5)
C( 15) 0.6653(3) 0.4435(3) 0.1515(2) 0.0286(5)
C(16) 0.6303(3) 0.5703(3) 0.2437(2) 0.0251(5)
C(17) 0.4720(2) 0.5850(3) 0.2588(2) 0.0212(4)
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°  2Table A.4. Anisotropic displacement parameters (A ) for 67. The anisotropic 
displacement factor exponent takes the form: -27t2[h2a*2U n + ...+ 2hka*b*U12]

u 11 u22 u33 u23 u 13 u 12

0(1) 0.0480(11) 0.0312(11) 0.0621(13) 0.0042(10) -0.0090(9) 0.0083(9)
C(1) 0.0299(11) 0.0203(11) 0.0265(11) 0.0062(9) 0.0041(9) 0.0010(9)
C(2) 0.0243(11) 0.0271(12) 0.0296(11) 0.0011(10) 0.0010(9) -0.0010(9)
C(3) 0.0219(10) 0.0209(11) 0.0263(10) -0.0018(9) 0.0022(8) -0.0060(9)
0(4) 0.0311(12) 0.0166(11) 0.0338(12) -0.0004(9) 0.0070(10) -0.0041(9)
C(5) 0.0215(10) 0.0170(11) 0.0268(11) -0.0019(9) 0.0021(9) -0.0033(8)
C(6) 0.0208(10) 0.0165(10) 0.0263(11) -0.0012(9) 0.0034(8) 0.0015(8)
C(7) 0.0274(11) 0.0182(11) 0.0283(11) -0.0036(9) 0.0048(9) 0.0071(9)
C(8) 0.0342(12) 0.0265(13) 0.0312(12) 0.0029(10) 0.0133(10) 0.0117(10)
C(9) 0.0316(12) 0.0280(13) 0.0408(13) 0.0083(10) 0.0166(11) 0.0026(10)
C(10) 0.0257(11) 0.0228(12) 0.0337(12) 0.0006(10) 0.0079(9) -0.0018(9)
C( l l ) 0.0221(10) 0.0175(10) 0.0267(10) 0.0001(9) 0.0051(8) 0.0015(9)
C(12) 0.0244(10) 0.0168(10) 0.0236(10) 0.0017(9) 0.0024(8) -0.0023(9)
C(13) 0.0317(11) 0.0201(11) 0.0240(11) -0.0024(8) 0.0036(9) -0.0042(10)
C(14) 0.0371(12) 0.0240(12) 0.0278(12) 0.0018(10) 0.0122(10) 0.0018(10)
C(15) 0.0257(11) 0.0300(13) 0.0313(12) 0.0049(10) 0.0093(9) 0.0016(10)
C(16) 0.0253(10) 0.0201(11) 0.0285(11) 0.0035(9) 0.0038(9) -0.0041(9)
C(17) 0.0225(10) 0.0159(10) 0.0242(11) 0.0017(8) 0.0035(8) -0.0042(8)
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°  2Table A.5. Hydrogen coordinates and isotropic displacement parameters (A ) for 67.

X y z U

H(2A) 0.1177 0.6791 0.0352 0.034
H(2B) -0.0144 0.6751 0.1228 0.034
H(3) 0.1137 0.3855 0.1588 0.028
H(4A) 0.3273 0.9938 0.3492 0.033
H(4B) 0.4045 0.9493 0.2248 0.033
H(5) 0.5193 0.7629 0.4240 0.027
H(7) 0.3972 0.7161 0.6176 0.030
H(8) 0.2147 0.5535 0.7139 0.036
H(9) 0.0176 0.3579 0.5824 0.039
H(10) -0.0007 0.3286 0.3518 0.033
H(13) 0.3049 0.2693 0.0347 0.031
H(14) 0.5718 0.2446 0.0113 0.035
H(15) 0.7735 0.4335 0.1414 0.034
H(16) 0.7137 0.6469 0.2964 0.030

=  237 =



238

ll

II

n n o n n n o o n n o n n n n n o n n n o n o
OS o s o o  t o  t o  t o  t o  o n  o n  s o  oo  p s

T T T ....................... -o -o
n n i i i i o n o n n n n n n n i i i n n o n

I  i  a\ to to 4 ^ y  I I I I I L ' ? !  I w ^ w ^ i  | | N'j”/
n n r Y Y r W 5 5 5 3 S ^ f l 5 ^ ^ Q f l 5
o g s s ^ c s s y y y y S o y g S g y y y y
“  L ^ C j C i u v Y T Y T T Y v Y  n Y T Y  o n n n  n n Y r Y Y : n n n o n n ^ n f l n n n S Q G Q

5 S c S c c s S 5 3 s ; ; i s § c " s 5 d w " 'to '—' Os Os ^

OO

HS5
2
ST
>
ON
H
o

o3
33OQ

OO 4̂  I O O O ' L l O0 \ ^ O ^ O ^ O ^ O W 3 ^ W
\ o  i j i  ix> o s  o  w  --J o j  •— t O  t O  O  ON 0/1  tO  tO  00  -O OO OO O  O t to  
to  t o w ^ o o o o t o l o l o l o ^ ^ l o l o ^ o o L o l o l o t o ' t o N o ' t o

-O -O 4̂  W 4̂  1J1
v o o o o o o v o o v o o o o c n

Oso

O O O n o n o n n n n n n o n n o n o o n n o
4^4^>— 00 00>— >— >— 

y ^  V '  o n  ^ -y  ^  4 0  t o  - 0 t o  t o

o n  On i—  ►— ,.—, ,—v ^ Os Os \—  CC i ^  U i  U i  4 ^  1—  t o  i—'
V  V  r  *° 10 ^- ►— •— w w w w y y  O V V V V V V V V
L . Os V '  V '  Lft w  t o  V '  V '  I I v̂ / I I I I I I I I

OS tO  ✓—v On ►— r~N i—  *—1 Os ►— N~ / O  ON s—/

©
1

o o 1 - o
*— Os VO o VO
0 0 o o o o o o

NO o NO o o k >

| o o  4 0  4^  o o  - o  
O O O O n O O - f ^ C N O O

I— o  < 1  < 1  VO ON O '
I 0 - 0  0  

O  O  s o  OO o
o  t o  o  t o  
»—  4 0  I—  On

u o o o o o o n o t o t o v o o
w w ^ ^ o o o w ' t o w

SO

Chapter 
5 

 
 

_
 

Appendices



Chapter 5 Appendices

Schem e A .l
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Appendix 8 Crystal structure and X-Ray data for 78

Table B .l. Crystal data and structure refinement for 78

Empirical formula 
Formula weight 
Temperature 
Wavelength 
Crystal system 
Space group 
Unit cell dimensions

Volume
Z
Density (calculated) 
Absorption coefficient 
F(000)
Crystal 
Crystal size
Grange for data collection 
Index ranges 
Reflections collected 
Independent reflections 
Completeness to <9 = 27.48° 
Absorption correction 
Max. and min. transmission 
Refinement method 
Data / restraints / parameters 
Goodness-of-fit on F2 
Final R  indices [F2 > 2 o{F2)\ 
R  indices (all data) 
Extinction coefficient 
Largest diff. peak and hole

C i8H 180  
250.32 
120(2) K 
0.71073 A 
Monoclinic 
P 2\/n
a =  10.1065(16) A 
b=  19.980(4) A 
c = 13.8550(19) A 
2684.1(8) A3

a -  90°
/? = 106.390(12)c 
y  = 90°

1.239 M g / m 3 
0.075 mm-1 
1072
Rod; Colourless
0.42 x 0.10 x 0.08 mm3
4 .9 0 -2 7 .4 8 °
- 1 3 < / z <  13, -25  < A: < 25, -1 7  < I < 17 
36919
36919 [Ri,u = 0.0000]
99.2 %
Semi-empirical from equivalents 
0.9940 and 0.9693 
Full-matrix least-squares on F2 
3 6 9 1 9 / 0 / 3 5 5  
1.080
R1 = 0.1072, w R2 = 0.2605 
R1 =0.1528, w R 2  = 0.3138 
0.006(2)
0.450 and -0 .456 e A—3
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Table B.2. Atomic coordinates [x 104], equivalent isotropic displacement parameters 
[A2 x 103] and site occupancy factors. Ueq is defined as one third of the trace of the 
orthogonalized UlJ tensor.

Atom jr y z u eq

C l 6436(2) 1022(1) 844(1) 21(1)
C2 7322(2) 466(1) 1444(1) 21(1)
C3 6795(2) -42(1) 1902(1) 26(1)
C4 7674(2) -534(1) 2438(2) 29(1)
C5 9060(2) -518(1) 2505(1) 30(1)
C6 9592(2) -10(1) 2047(1) 25(1)
C l 8724(2) 483(1) 1516(1) 21(1)
C8 9209(2) 1067(1) 999(1) 21(1)
C9 8232(2) 1128(1) -47(1) 20(1)
CIO 8648(2) 1188(1) -916(1) 24(1)
C ll 7679(2) 1245(1) -1843(1) 26(1)
C12 6286(2) 1253(1) -1912(1) 28(1)
C13 5863(2) 1192(1) -1043(1) 23(1)
C14 6825(2) 1119(1) -120(1) 20(1)
C15 6628(2) 1686(1) 1444(1) 24(1)
C16 8072(2) 1862(1) 2074(1) 24(1)
C17 9233(2) 1728(1) 1587(1) 25(1)
C18 8137(2) 2595(1) 2402(2) 33(1)
01 8292(2) 1460(1) 2982(1) 29(1)
C21 3575(2) 605(1) 3224(1) 23(1)
C22 3228(2) 955(1) 2214(1) 21(1)
C23 2995(2) 624(1) 1301(1) 22(1)
C24 2695(2) 986(1) 410(1) 26(1)
C25 2645(2) 1675(1) 433(1) 27(1)
C26 2863(2) 2006(1) 1344(2) 26(1)
C l l 3149(2) 1651(1) 2235(1) 22(1)
C28 3368(2) 1974(1) 3258(1) 24(1)
C29 2544(2) 1585(1) 3828(1) 24(1)
C30 1748(2) 1890(1) 4368(1) 31(1)
C31 1051(2) 1497(1) 4898(2) 37(1)
C32 1154(2) 811(1) 4884(2) 38(1)
C33 1944(2) 503(1) 4340(1) 30(1)
C34 2649(2) 888(1) 3813(1) 24(1)
C35 5126(2) 702(1) 3792(1) 26(1)
C36 5577(2) 1348(1) 4398(1) 25(1)
C37 4919(2) 1990(1) 3844(1) 26(1)
C38 5336(2) 1302(1) 5436(1) 28(1)
021 7059(1) 1413(1) 4624(1) 37(1)

S.o.f.
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Table B.3. Bond lengths [A] and angles [°].

C1-C14 1.508(2)
C1-C15 1.548(2)
C2-C3 1.380(3)
C3-C4 1.392(3)
C4-C5 1.378(3)
C5-C6 1.384(3)
C6-C7 1.384(3)
C7-C8 1.521(3)
C8-C17 1.550(3)
C9-C10 1.387(2)
C10-C11 1.383(3)
C11-C12 1.385(3)
C12-C13 1.391(3)
C13-C14 1.379(3)
C15-C16 1.515(3)
C15-H15B 0.9900
C16-C18 1.530(3)
C17-H17A 0.9900
C18-H18A 0.9800
C18-H18C 0.9800
C21-C22 1.514(3)
C21-C35 1.555(3)
C22-C23 1.388(2)
C23-C24 1.389(3)
C24-C25 1.379(3)
C25-C26 1.387(3)
C26-C27 1.382(3)
C27-C28 1.516(2)
C28-C37 1.549(3)
C29-C30 1.385(3)
C30-C31 1.396(3)
C31-C32 1.375(3)
C32-C33 1.386(3)
C33-C34 1.388(3)
C35-C36 1.536(3)
C35-H35B 0.9900
C36-C38 1.527(3)
C37-H37A 0.9900
C38-H38A 0.9800
C38-H38C 0.9800

C1-C 2 1.519(3)
C l-H l 1.0000
C2-C7 1.392(3)
C3-H 3 0.9500
C4-H 4 0.9500
C5-H5 0.9500
C6-H 6 0.9500
C8-C9 1.511(3)
C8-H 8 1.0000
C9-C14 1.397(3)
C10-H 10 0.9500
C l l - H l l 0.9500
C12-H 12 0.9500
C13-H13 0.9500
C15-H15A 0.9900
C 16-01 1.455(2)
C16-C17 1.533(3)
C17-H17B 0.9900
C18-H18B 0.9800
O l - H I O 0.96(3)
C21-C34 1.514(3)
C21-H21 1.0000
C22-C27 1.393(3)
C23-H23 0.9500
C24-H 24 0.9500
C25-H25 0.9500
C26-H 26 0.9500
C28-C29 1.513(3)
C28-H28 1.0000
C29-C34 1.398(3)
C30-H 30 0.9500
C31-H31 0.9500
C 32-H 32 0.9500
C33-H 33 0.9500
C35-H 35A 0.9900
C 36-021 1.447(2)
C36-C37 1.546(3)
C37-H37B 0.9900
C38-H38B 0.9800
0 2 1 -H 2 1 0 1.06(3)
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C 14-C 1-C 2 108.49(15) C 14-C 1-C 15 109.99(15)
C 2-C 1-C 15 111.58(15) C14-C1-H 1 108.9
C 2-C1-H 1 108.9 C15-C1-H 1 108.9
C 3-C 2-C 7 120.11(18) C 3 -C 2 -C 1 122.98(18)
C 7 -C 2 -C 1 116.91(16) C 2-C 3-C 4 119.59(19)
C 2-C 3-H 3 120.2 C 4-C 3-H 3 120.2
C 5-C 4-C 3 120.25(19) C 5-C 4-H 4 119.9
C 3-C 4-H 4 119.9 C 4-C 5-C 6 120.28(19)
C 4-C 5-H 5 119.9 C 6-C 5-H 5 119.9
C 7-C 6-C 5 119.75(19) C 7-C 6-H 6 120.1
C 5-C 6-H 6 120.1 C 6-C 7-C 2 120.02(18)
C 6-C 7-C 8 123.78(17) C 2-C 7-C 8 116.20(17)
C 9-C 8-C 7 107.70(15) C 9-C 8-C 17 110.17(15)
C 7-C 8-C 17 111.40(14) C 9-C 8-H 8 109.2
C 7-C 8-H 8 109.2 C 17-C 8-H 8 109.2
C 10-C 9-C 14 119.32(18) C 10-C 9-C 8 124.25(17)
C 14-C 9-C 8 116.43(16) C l 1-C 10-C 9 120.29(18)
C l 1-C10-H 10 119.9 C 9-C 10-H 10 119.9
C10-C11-C12 120.30(18) C 10-C 11-H 11 119.8
C 12-C 11-H 11 119.8 C l 1-C12-C13 119.64(19)
C l 1-C12-H 12 120.2 C 13-C 12-H 12 120.2
C14-C13-C12 120.18(18) C14-C13-H 13 119.9
C12-C13-H 13 119.9 C 13-C 14-C 9 120.23(18)
C13-C14-C1 122.90(17) C 9-C 14-C 1 116.87(17)
C16-C15-C1 117.55(16) C 16-C 15-H 15A 107.9
C 1-C15-H 15A 107.9 C16-C15-H 15B 107.9
C1-C15-H 15B 107.9 H 15A -C15-H 15B 107.2
01-C 16-C 15 104.91(15) 0 1 -C 1 6 -C 1 8 106.75(15)
C15-C16-C18 110.29(16) 01 -C 1 6 -C 1 7 109.59(15)
C15-C16-C17 116.03(15) C 18-C 16-C 17 108.84(16)
C 16-C 17-C 8 118.65(15) C 16-C 17-H 17A 107.7
C8-C17-H 17A 107.7 C 16-C 17-H 17B 107.7
C8-C17-H 17B 107.7 H 17A -C 17-H 17B 107.1
C16-C18-H 18A 109.5 C 16-C 18-H 18B 109.5
H18A-C18-H18B 109.5 C 16-C 18-H 18C 109.5
H18A -C18-H 18C 109.5 H 18B -C 18-H 18C 109.5
C 1 6 -0 1 -H 1 0 116.1(18) C 22-C 21-C 34 107.92(15)
C22-C21-C35 110.33(15) C 34-C 21-C 35 111.63(15)
C22-C21-H21 109.0 C34-C 21-H 21 109.0
C35-C21-H21 109.0 C 23-C 22-C 27 119.91(17)
C23-C22-C21 123.87(17) C 27-C 22-C 21 116.22(16)
C 22-C23-C24 120.01(18) C 22-C 23-H 23 120.0
C24-C23-H 23 120.0 C 25-C 24-C 23 120.00(18)
C25-C24-H 24 120.0 C 23-C 24-H 24 120.0
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C 24-C 25-C 26 120.05(18) C24-C25-H 25 120.0
C26-C25-H 25 120.0 C 27-C 26-C 25 120.44(19)
C27-C26-H 26 119.8 C 25-C 26-H 26 119.8
C 26-C 27-C 22 119.58(18) C 26-C 27-C 28 123.69(17)
C22-C27-C28 116.72(17) C 29-C 28-C 27 108.22(15)
C29-C28-C37 111.27(16) C 27-C 28-C 37 111.01(15)
C29-C28-H 28 108.8 C27-C28-H 28 108.8
C37-C28-H 28 108.8 C 30-C 29-C 34 120.36(19)
C30-C29-C28 123.02(18) C34-C29-C28 116.60(17)
C 29-C 30-C 31 119.5(2) C 29-C 30-H 30 120.2
C 31-C30-H 30 120.2 C 32-C 31-C 30 120.2(2)
C32-C31-H31 119.9 C30-C31-H31 119.9
C31-C32-C33 120.5(2) C 31-C 32-H 32 119.7
C33-C32-H 32 119.7 C 32-C 33-C 34 120.0(2)
C32-C33-H 33 120.0 C 34-C33-H 33 120.0
C33-C34-C29 119.46(18) C33-C34-C21 124.32(18)
C29-C34-C21 116.21(17) C36-C35-C21 118.88(15)
C36-C35-H 35A 107.6 C21-C35-H 35A 107.6
C36-C35-H 35B 107.6 C21-C35-H 35B 107.6
H35A-C35-H35B 107.0 021 -C 36-C 38 103.42(15)
021-C 36-C 35 108.82(15) C 38-C 36-C 35 111.24(16)
021-C 36-C 37 107.85(16) C 38-C 36-C 37 110.93(16)
C 35-C36-C37 113.95(15) C 36-C 37-C 28 118.15(16)
C36-C37-H 37A 107.8 C28-C37-H 37A 107.8
C 36-C37-H 37B 107.8 C 28-C37-H 37B 107.8
H37A-C37-H37B 107.1 C 36-C 38-H 38A 109.5
C36-C38-H 38B 109.5 H 38A -C38-H 38B 109.5
C36-C38-H 38C 109.5 H 38A -C 38-H 38C 109.5
H 38B-C38-H38C 109.5 C 3 6 -0 2 1 -H 2 1 0 106.9(15)
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Table B.4. Anisotropic displacement parameters [A2x 103] for 68. The anisotropic 
displacement factor exponent takes the form: -27T2[h2a* 2U u  + ••• + 2 h k a * b* U 12 ].

Atom U u U22 U33 U23 U n U X1

C l 17(1) 20(1) 24(1) -3(1) 5(1) -2(1)
C2 22(1) 21(1) 22(1) -5(1) 7(1) -1(1)
C3 34(1) 21(1) 27(1) -6(1) 13(1) -5(1)
C4 41(1) 20(1) 29(1) KD 14(1) -4(1)
C5 37(1) 24(1) 25(1) 2(1) 6(1) 7(1)
C6 26(1) 26(1) 24(1) -4(1) 7(1) 5(1)
C l 22(1) 22(1) 19(1) -4(1) 4(1) 0(1)
C8 19(1) 22(1) 24(1) - K D 9(1) 2(1)
C9 21(1) 14(1) 25(1) -4(1) 7(1) -1(1)
CIO 29(1) 17(1) 29(1) -2(1) 13(1) -1(1)
C l l 37(1) 21(1) 23(1) -1(1) 13(1) 0(1)
C12 36(1) 20(1) 24(1) - K D 2(1) 2(1)
C13 23(1) 18(1) 26(1) -3(1) 3(1) 2(1)
C14 21(1) 12(1) 26(1) -3(1) 7(1) -2(1)
C15 26(1) 22(1) 27(1) -1(1) 12(1) KD
C16 27(1) 25(1) 21(1) -2(1) 9(1) -1(1)
C17 27(1) 24(1) 25(1) -3(1) 9(1) -6(1)
C18 42(1) 26(1) 33(1) -7(1) 13(1) -6(1)
O l 29(1) 34(1) 22(1) 1(1) 7(1) -2(1)
C21 29(1) 16(1) 22(1) -3(1) 5(1) 2(1)
C22 15(1) 25(1) 24(1) - K D 5(1) 3(1)
C23 19(1) 21(1) 23(1) -4(1) 5(1) KD
C24 21(1) 37(1) 21(1) -6(1) 6(1) 5(1)
C25 22(1) 36(1) 24(1) 6(1) 6(1) 6(1)
C26 22(1) 24(1) 31(1) 1(1) 7(1) 4(1)
C l l 21(1) 23(1) 23(1) - K D 7(1) 4(1)
C28 29(1) 16(1) 26(1) -3(1) 9(1) 3(1)
C29 25(1) 25(1) 20(1) -4(1) 2(1) 2(1)
C30 28(1) 38(1) 24(1) -6(1) 4(1) 6(1)
C31 29(1) 58(2) 26(1) -11(1) 11(1) -3(1)
C32 36(1) 57(2) 25(1) -3(1) 13(1) -17(1)
C33 32(1) 36(1) 20(1) -1(1) 3(1) -8(1)
C34 24(1) 29(1) 17(1) -2(1) 2(1) -2(1)
C35 28(1) 26(1) 21(1) -1(1) 4(1) 5(1)
C36 24(1) 29(1) 21(1) -5(1) 3(1) KD
C37 31(1) 25(1) 23(1) -6 (1 ) 6(1) -3(1)
C38 37(1) 29(1) 17(1) -2(1) 4(1) 3(1)
021 22(1) 52(1) 34(1) -6(1) 3(1) -3(1)
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Table B.5. Hydrogen coordinates [x 104] and isotropic displacement parameters [A2 x 103]

S.o.f

for 68.

Atom * y z u eq

HI 5445 886 677 25
H3 5838 -55 1851 31
H4 7316 -883 2758 35
H5 9654 -858 2868 36
H6 10549 1 2097 30
H8 10158 970 948 26
H10 9603 1190 -873 29
H I 1 7971 1278 -2436 31
H12 5622 1301 -2548 34
H13 4908 1200 -1087 28
H15A 6293 2055 961 29
H15B 6025 1671 1896 29
H17A 10118 1746 2126 30
H17B 9241 2103 1121 30
H18A 7419 2681 2737 50
H18B 7988 2884 1810 50
H18C 9044 2688 2869 50
H IO 9230(30) 1424(15) 3390(20) 87(11)
H21 3383 115 3112 28
H23 3040 149 1285 26
H24 2525 759 -216 32
H25 2461 1923 -175 33
H26 2815 2481 1356 31
H28 3013 2443 3162 28
H30 1676 2364 4377 37
H31 504 1703 5271 44
H32 681 545 5249 46
H33 2003 28 4328 36
H35A 5414 320 4259 31
H35B 5654 671 3290 31
H37A 5441 2114 3363 32
H37B 5057 2354 4347 32
H38A 5841 917 5799 42
H38B 4348 1246 5359 42
H38C 5664 1712 5814 42
H 210 7300(30) 1419(14) 3920(20) 73(9)
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Table B.6. Hydrogen bonds [A and °] for 68

D -H-A d(D- H) d(H-A) d(D-A) Z(DUA)

021-H 2 1 0 -0 1  1.06(3) 1.86(3) 2.887(2) 161(2)

68

Scheme B .l
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Appendix 9 Crystal structure and X-Ray data for 81 

Table C .l. Crystal data and structure refinement for 81

Empirical formula 
Formula weight 
Temperature 
Wavelength 
Crystal system 
Space group 
Unit cell dimensions

Volume
Z
Density (calculated) 
Absorption coefficient 
F(000)
Crystal 
Crystal size
Grange for data collection 
Index ranges 
Reflections collected 
Independent reflections 
Completeness to 6 -  27.50° 
Absorption correction 
Max. and min. transmission 
Refinement method 
Data / restraints / parameters 
Goodness-of-fit on F 
Final R indices [F2 > 2o{F2)] 
R indices (all data) 
Extinction coefficient 
Largest diff. peak and hole

C 19H 15O
259.31 
120(2) K 
0.71073 A 
Monoclinic 
C2/c
a=  17.668(4) A 
b = 7.3332(15) A 
c = 22.811(5) A 
2789.0(10) A3

a =  90°
J3= 109.32(3)c 
Y = 90°

1.235 Mg / m 
0.075 mm—1 
1096
Slab; colourless 
0 .5 0 x 0 .5 0 x 0 .1 2  mm3 
3 .3 6 -2 7 .5 0 °
-22  < h <  2 2 , -9  < k <  9, -2 9  < / < 29 
14620
3201 [Rint = 0.0374]
99.5 %
Semi-empirical from equivalents 
0.9911 and 0.9636 
Full-matrix least-squares on F 
3201 / 0 / 2 2 4  
1.040
R l =  0.0609, wR2 = 0.1546 
7̂ 7 = 0.0918, wR2 = 0.1786 
0.0089(7)

0.416 and -0 .252 e A -3

Special details:
70:30 disorder about the bridgehead atom, omitted from figure for clarity. C7 = R, C l 1 = S 
for the pictured molecule, but centrosymmetric so the other enantiomer is generated in the 
crystal through the centre of symmetry

=  248 =
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Table C.2. Atomic coordinates [x 104], equivalent isotropic displacement parameters 
[A2 x 103] and site occupancy factors. Ueq is defined as one third of the trace of the 
orthogonalized UlJ tensor.

Atom y z Ueq S.o.f

C l 1030(1) 8011(1) 1582(1) 30(1) 1
C2 435(1) 8081(2) 1852(1) 34(1) 1
C3 -168(1) 9385(2) 1663(1) 42(1) 1
C4 -169(1) 10630(2) 1208(1) 42(1) 1
C5 430(1) 10582(2) 938(1) 37(1) 1
C6 1029(1) 9276(2) 1125(1) 31(1) 1
Cl 1692(1) 6604(2) 1747(1) 33(1) 1
C8 1515(1) 5122(2) 1234(1) 49(1) 1
CIO 1522(1) 7507(2) 382(1) 46(1) 1
C ll 1695(1) 9113(2) 851(1) 35(1) 1
C9 1557(2) 5599(3) 639(1) 72(1) 0.631(6)
C12 1327(1) 4289(3) 132(1) 47(1) 0.682(5)
C13 912(1) 3312(3) -280(1) 54(1) 0.698(2)
Ol 2534(1) 5237(2) 740(1) 40(1) 0.7025(15)
C9' 1681(2) 5607(5) 609(1) 37(1) 0.369(6)
C12' 1300(5) 4227(9) 226(2) 95(2) 0.318(5)
C 13' 1702(3) 3063(6) -52(2) 49(1) 0.302(2)
o r 516(2) 5770(5) 501(2) 65(1) 0.2975(15)
C14 2479(1) 7550(1) 1827(1) 33(1) 1
C15 3184(1) 7170(2) 2304(1) 39(1) 1
C16 3889(1) 8037(2) 2326(1) 44(1) 1
C17 3890(1) 9294(2) 1877(1) 45(1) 1
C18 3186(1) 9705(2) 1402(1) 41(1) 1
C19 2479(1) 8831(2) 1373(1) 35(1) 1
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Table C.3. Bond lengths [A] and angles [°] for 81.

C1-C2 1.3832(16) C1-C6
C1-C7 1.5117(15) C2-C3
C2-H 2 0.9500 C3-C 4
C3-H 3 0.9500 C4-C5
C4-H 4 0.9500 C5-C6
C5-H 5 0.9500 C6-C11
C7-C14 1.5093(15) C7-C8
C7-H 7 1.0000 C8-C9
C8-C9' 1.587(4) C8-H 8A
C8-H8B 0.9900 C10-C9'
C10-C9 1.510(3) C10-C11
C10-H10A 0.9900 C10-H10B
C l 1-C19 1.5131(15) C l l - H l l
C9-C12 1.456(3) C 9 -0 1
C12-C13 1.215(2) O l-H l
C9'-C12' 1.361(7) C 9 '-0 1 '
C 12-C 13 ' 1.391(8) O l - H l ’
C14-C15 1.3853(15) C14-C19
C15-C16 1.3838(17) C15-H15
C16-C17 1.3798(18) C16-H16
C17-C18 1.3840(16) C17-H17
C18-C19 1.3861(16) C18-H18

C 2-C 1-C 6
C 6-C 1-C 7
C 1-C 2-H 2
C 4-C 3-C 2
C 2-C 3-H 3
C 3-C 4-H 4
C 6-C 5-C 4
C 4-C 5-H 5
C 5 -C 6 -C 1 1
C14-C7-C1
C l -C 7-C 8
C 1-C 7-H 7
C 9-C 8-C 7
C 7-C 8-C 9'
C 7-C 8-H 8A
C 9-C8-H 8B
C 9-C 8-H 8B
C 9-C 10-C 9
C 9-C 10-C 11

119.60(10)
116.76(10)
119.8
119.83(11)
120.1
119.9
119.78(11)
120.1
123.19(10)
108.79(9)
110.04(8)
108.9
119.02(13)
118.00(16)
107.6
107.4
113.9 

9.5(2)
117.48(12)

C 2-C 1-C 7
C 1-C 2-C 3
C 3-C 2-H 2
C 4-C 3-H 3
C 3-C 4-C 5
C 5-C 4-H 4
C 6-C 5-H 5
C 5 -C 6 -C 1
C 1 -C 6 -C 1 1
C 14-C 7-C 8
C 14-C 7-H 7
C 8-C 7-H 7
C 9-C 8-C 9 '
C 9-C 8-H 8A
C 9 -C 8 -H 8 A
C 7-C 8-H 8B
H 8A -C 8-H 8B
C 9-C 10-C 11
C 9-C 10-H 10A

1.3945(15)
1.3891(16)
1.3826(18)
1.3879(18)
1.3859(16)
1.5098(16)
1.5525(16)
1.426(3)
0.9900
1.481(4)
1.5524(17)
0.9900
1.0000
1.685(4)
0.8400
1.994(5)
0.8400
1.3983(15)
0.9500
0.9500
0.9500
0.9500

123.63(9)
120.34(10)
119.8 
120.1
120.30(11)
119.9 
120.1
120.15(11)
116.65(9)
111.14(10)
108.9
108.9 
7.3(2)
107.7
102.0
107.6 
107.0 
120.07(15)
113.7
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C9-C10-H 10A 107.7 C l 1-C10-H 10A
C 9-C 10-H 10B 98.9 C9-C10-H 10B
C11-C10-H 10B 107.9 H 10A-C10-H10B
C 6-C 11-C 19 108.72(9) C 6-C 11-C 10
C 19-C 11-C 10 111.03(9) C 6-C 11-H 11
C 19-C 11-H 11 109.0 C 10-C 11-H 11
C 8-C 9-C 12 120.4(2) C 8-C 9-C 10
C 12-C 9-C 10 109.71(17) C 8-C 9-01
C 12-C 9-01 90.4(2) C10-C9-O 1
C 13-C 12-C 9 160.4(3) C 12'-C 9’-C 10
C 1 2 -C 9 -C 8 102.1(4) C 10-C 9-C 8
C 12'-C 9’- 0 1 ’ 72.2(4) C 10-C 9-O 1 '
C 8 -C 9 -0 1 ' 68.56(19) C 9'-C 12'-C 13'
C 9 -0 1 -H 1 ' 109.4 C 15-C 14-C 19
C15-C14-C7 123.69(10) C 19-C 14-C 7
C16-C15-C14 120.07(11) C16-C15-H 15
C14-C15-H15 120.0 C17-C16-C15
C17-C16-H 16 119.9 C 15-C16-H 16
C16-C17-C18 120.35(11) C 16-C17-H 17
C18-C17-H 17 119.8 C 17-C18-C19
C17-C18-H 18 120.0 C19-C18-H 18
C 18-C 19-C 14 119.74(10) C 18-C 19-C 11
C 14-C 19-C 11 116.73(9)

107.9 
108.2 
107.2 
110.08(9)
109.0
109.0 
126.0(2) 
101.84(17) 
96.2(2) 
118.6(3) 
117.1(3) 
80.3(2) 
122.1(7) 
119.77(10) 
116.50(9)
120.0
120.13(10)
119.9 
119.8
119.94(11)
120.0
123.46(10)
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Table C.4. Anisotropic displacement parameters [A2x 103]. The anisotropic displacement 
factor exponent takes the form: - 2 7t2[h2a*2Uu + •■■ + 2 h k a* b* Un  ].

Atom Uu U22 U33 U23 U13 Un

C l 37(1) 29(1) 27(1) -6(1) 13(1) -10(1)
C2 38(1) 40(1) 27(1) -6(1) 14(1) -13(1)
C3 34(1) 64(1) 29(1) -7(1) 13(1) -6(1)
C4 34(1) 55(1) 34(1) -4(1) 7(1) 3(1)
C5 39(1) 41(1) 28(1) 0(1) 9(1) -5(1)
C6 35(1) 31(1) 28(1) -3(1) 12(1) -8(1)
C l 49(1) 27(1) 31(1) 1(1) 23(1) -5(1)
C8 86(1) 32(1) 45(1) -6(1) 44(1) -11(1)
CIO 64(1) 46(1) 39(1) 2(1) 32(1) -5(1)
C l l 43(1) 30(1) 38(1) 7(1) 21(1) -3(1)
C9 133(2) 35(1) 29(1) -4(1) KD -11(1)
C12 82(1) 39(1) 37(1) -12(1) 45(1) -23(1)
C13 70(1) 59(1) 40(1) -9(1) 28(1) -16(1)
01 41(1) 47(1) 35(1) -1(1) 17(1) 3(1)
C9' 51(2) 45(2) 23(1) 2(1) 24(1) -9(2)
C12' 213(5) 62(3) 35(2) 11(2) 77(2) 17(4)
C 13' 65(2) 44(2) 45(2) 8(2) 28(2) 3(2)
o r 31(1) 93(2) 65(2) -32(2) 9(1) -3(2)
C14 42(1) 25(1) 38(1) 2(1) 23(1) 2(1)
C15 49(1) 29(1) 43(1) 4(1) 23(1) 9(1)
C16 38(1) 43(1) 53(1) -1(1) 16(1) 10(1)
C17 38(1) 40(1) 63(1) -3(1) 25(1) -2(1)
C18 43(1) 34(1) 55(1) 7(1) 27(1) -1(1)
C19 40(1) 30(1) 42(1) 4(1) 22(1) KD
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I C I 3

81

Scheme C .l
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Appendix 10 Crystal structure and X-Ray data for 86 

Table D .l. Crystal data and structure refinement for 86

Chemical formula (moiety) 
Chemical formula (total) 
Formula weight 
Temperature 
Radiation, wavelength 
Crystal system, space group 
Unit cell parameters

Cell volume 
Z
Calculated density 
Absorption coefficient (ll 
F(000)
Crystal colour and size 
Reflections for cell refinement 
Data collection method

0 range for data collection 
Index ranges
Completeness to 0 = 20.8° 
Reflections collected 
Independent reflections 
Reflections with F2>2a 
Absorption correction 
Structure solution 
Refinement method 
Weighting parameters a, b 
Data /  restraints / parameters 
Final R indices [F2>2a]
R indices (all data) 
Goodness-of-fit on F 
Absolute structure parameter 
Extinction coefficient 
Largest and mean shift/su 
Largest diff. peak and hole

C 18H 16O
C 18H 16O
248.31 
120(2) K
synchrotron, 0.6751 A 
monoclinic, P2i 
a = 16.312(8) A 
b = 7.247(3) A 
c =  16.383(8) A 
1936.7(16) A3

a  = 90°
P = 90.243(7)c 
y = 90°

1.277 g/cm3 
0.077 mm-1 
792
colourless, 0.20 x 0.02 x 0.02 mm3 
2391 (0 range 2.4 to 21.9°)
Bruker APEX2 CCD diffractometer 
thin-slice co scans
2.4 to 20.8°
h -17  to 17, k -7  to 7 , 1 - 17  to 17
99.2 %
10797
2577 (Rint = 0.0736)
2262
none
direct methods
Full-matrix least-squares on F2 
0.1225, 1.4485 
2577/ 1 / 516
R1 =0.0678, wR2 = 0.1699 
R1 =0.0791, wR2 = 0.1837 
1.054 
0
0.128(17)
0.001 and 0.000 
0.26 and -0 .26  e A-3
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°  2
Table D.2. Atomic coordinates and equivalent isotropic displacement parameters (A ) for 
86. Ueq is defined as one third of the trace of the orthogonalized UIJ tensor.

X y z ueq

0(1) 0.2663(6) 0.9843(11) -0.1115(5) 0.049(2)
C(101) 0.2824(8) 0.7097(18) 0.0902(7) 0.048(3)
C(102) 0.2962(9) 0.8689(16) 0.0273(7) 0.050(3)

C(103) 0.2601(8) 0.8270(15) -0.0566(7) 0.038(3)
C(104) 0.2789(8) 0.6450(16) -0.0957(7) 0.044(3)
C(105) 0.2658(7) 0.4739(16) -0.0412(7) 0.039(3)

C(106) 0.1871(8) 0.9277(19) -0.0818(7) 0.052(3)
C(107) 0.3501(7) 0.5659(16) 0.0783(7) 0.037(3)
C(108) 0.4177(8) 0.5545(16) 0.1283(6) 0.041(3)
C(109) 0.4786(8) 0.4231(19) 0.1130(7) 0.048(3)
C(110) 0.4690(8) 0.3007(18) 0.0490(7) 0.049(3)
C ( l l l ) 0.4019(8) 0.3104(17) -0.0005(7) 0.043(3)
C (112) 0.3387(7) 0.4424(16) 0.0128(7) 0.039(3)
C (113) 0.1979(8) 0.6242(17) 0.0756(7) 0.042(3)
C (114) 0.1308(8) 0.6622(19) 0.1232(7) 0.048(4)
C (115) 0.0551(9) 0.5853(17) 0.1065(8) 0.054(4)
C (116) 0.0469(9) 0.466(2) 0.0425(8) 0.053(4)
C (117) 0.1138(7) 0.4263(16) -0.0050(7) 0.042(3)
C( 118) 0.1891(8) 0.5023(16) 0.0107(7) 0.046(3)
0(2) 0.2015(5) 0.9311(11) 0.6209(5) 0.044(2)
C(201) 0.4142(8) 0.7102(15) 0.5802(7) 0.040(3)
C(202) 0.3452(7) 0.8655(14) 0.5844(7) 0.035(3)
C(203) 0.2624(7) 0.7889(15) 0.6068(7) 0.039(3)
C(204) 0.2265(8) 0.6229(16) 0.5592(7) 0.041(3)
C(205) 0.2902(7) 0.4606(15) 0.5543(7) 0.037(3)
C(206) 0.2306(7) 0.8205(19) 0.6899(7) 0.044(3)
C(207) 0.4118(7) 0.6206(16) 0.4965(7) 0.037(3)
C(208) 0.4638(7) 0.6679(17) 0.4364(7) 0.041(3)
C(209) 0.4558(7) 0.5841(16) 0.3591(7) 0.041(3)
C(210) 0.3930(7) 0.4576(17) 0.3475(7) 0.040(3)
C(211) 0.3399(7) 0.4092(17) 0.4071(7) 0.039(3)
C(212) 0.3469(8) 0.4927(15) 0.4836(7) 0.043(3)
C(213) 0.4004(7) 0.5707(17) 0.6462(7) 0.038(3)
C(214) 0.4451(7) 0.5692(18) 0.7174(7) 0.039(3)
C(215) 0.4284(7) 0.4336(18) 0.7754(7) 0.043(3)
C(216) 0.3656(7) 0.3069(18) 0.7627(7) 0.044(3)
C(217) 0.3205(7) 0.3101(16) 0.6905(7) 0.037(3)
C(218) 0.3373(7) 0.4393(16) 0.6319(7) 0.042(3)
0(3) 0.0551(5) 0.4208(12) 0.4558(5) 0.046(2)
C(301) 0.1272(7) -0.0497(16) 0.3717(7) 0.042(3)
C(302) 0.1207(8) 0.1159(15) 0.4318(8) 0.042(3)
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C(303) 0.0731(7) 0.2756(15) 0.3973(7) 0.037(3)
C(304) 0.0961(9) 0.3500(18) 0.3144(7) 0.048(3)
C(305) 0.1032(8) 0.1977(17) 0.2476(8) 0.046(3)
C(306) -0.0109(8) 0.3032(19) 0.4265(9) 0.053(3)
C(307) 0.1989(7) -0.0145(15) 0.3152(6) 0.036(3)
C(308) 0.2767(8) -0.0909(16) 0.3271(7) 0.040(3)
C(309) 0.3423(7) -0.0433(18) 0.2772(7) 0.043(3)
C(310) 0.3305(8) 0.0818(19) 0.2147(7) 0.047(3)
C (311) 0.2517(8) 0.1604(17) 0.2034(7) 0.043(3)
C(312) 0.1879(8) 0.1125(16) 0.2532(7) 0.039(3)
C (313) 0.0483(7) -0.0682(16) 0.3239(7) 0.041(3)
C(314) -0.0108(7) -0.2032(16) 0.3410(7) 0.042(3)
C(315) -0.0831(8) -0.2138(19) 0.2949(7) 0.047(3)
C(316) -0.0950(8) -0.0867(18) 0.2318(8) 0.052(3)
C(317) -0.0350(8) 0.0427(16) 0.2151(8) 0.046(3)
C(318) 0.0367(7) 0.0536(18) 0.2590(7) 0.044(3)
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Table D.3. Bond lengths [A] and angles [°] for 86.

O (l)-C (103) 1.456(13)
C(101)-H(101) 1.000
C(101)-C(107) 1.531(17)
C(102)-H(10A) 0.990
C(102)-C(103) 1.524(16)
C(103)-C(106) 1.455(17)
C(104)-H(10D) 0.990
C(105)-H(105) 1.000
C(105)-C(l 18) 1.530(18)
C(106)-H(10F) 0.990
C(107)-C(l 12) 1.408(16)
C(108)-C(109) 1.399(18)
C(109)-C(l 10) 1.381(18)
C(110)-C(111) 1.361(16)
C(111)—C( 112) 1.425(17)
C (113)—C( 118) 1.389(16)
C(114)-C(115) 1.381(18)
C (115)—C (116) 1.366(18)
C (116)—C (117) 1.373(17)
C (117)—C (118) 1.369(16)
O(2)-C(206) 1.463(14)
C(201 )-C(202) 1.593(16)
C(201)-C(213) 1.499(16)
C(202)-H(20B) 0.990
C(203)-C(204) 1.547(16)
C(204)-H(20C) 0.990
C(204)-C(205) 1.571(16)
C(205)-C(212) 1.504(17)
C(206)-H(20E) 0.990
C(207)-C(208) 1.346(17)
C(208)-H(208) 0.950
C(209)-H(209) 0.950
C(210)-H(210) 0.950
C(211)-H (211) 0.950
C(213)-C(214) 1.373(16)
C(214)-H(214) 0.950
C(215)-H(215) 0.950
C(216)-H(216) 0.950
C(217)-H(217) 0.950
O(3)-C(303) 1.455(14)
C(301)-H(301) 1.000
C(301)-C(307) 1.517(17)
C(302)-H(30A) 0.990
C(302)-C(303) 1.503(16)

O (l)-C(106) 1.442(15)
C(101)-C(102) 1.565(17)
C(101)-C(l 13) 1.529(18)
C(102)-H(10B) 0.990
C(103)-C(104) 1.498(17)
C(104)-H(10C) 0.990
C(104)-C(105) 1.544(17)
C(105)-C(l 12) 1.496(16)
C(106)-H(10E) 0.990
C(107)-C(108) 1.374(16)
C(108)-H(108) 0.950
C(109)-H(109) 0.950
C(110)-H (110) 0.950
C (111)—H( 111) 0.950
C(113)-C(114) 1.376(18)
C(114)-H (114) 0.950
C(115)-H (115) 0.950
C (116)-H (116) 0.950
C(117)-H (117) 0.950
O(2)-C(203) 1.451(13)
C(201)-H(201) 1.000
C(201)-C(207) 1.517(16)
C(202)-H(20A) 0.990
C(202)-C(203) 1.507(16)
C(203)-C(206) 1.478(16)
C(204)-H(20D) 0.990
C(205)-H(205) 1.000
C(205)-C(218) 1.491(16)
C(206)-H(20F) 0.990
C(207)-C(212) 1.422(17)
C(208)-C(209) 1.409(16)
C(209)-C(210) 1.386(17)
C(210)-C(211) 1.355(17)
C(211)-C(212) 1.395(16)
C(213)-C(218) 1.421(16)
C(214)-C(215) 1.395(17)
C(215)-C(216) 1.391(17)
C(216)-C(217) 1.391(15)
C(217)-C(218) 1.369(16)
O(3)-C(306) 1.453(15)
C(301)-C(302) 1.556(16)
C(301)-C(313) 1.509(17)
C(302)-H(30B) 0.990
C(303)-C(304) 1.510(16)

=  257 =
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Chapter 5 Appendices

Table D.4. Anisotropic displacement parameters (A2) for 86 . The anisotropic 
displacement factor exponent takes the form: — 27t2[h2a*2U 11 + ...+ 2hka*b*U J

U 11 U22 U33 U23 U 13 U 12

0(1) 0.079(6) 0.019(4) 0.049(5) 0.001(4) 0.008(4) -0.007(4)
C(101) 0.075(9) 0.030(7) 0.037(7) 0.000(6) 0.002(6) -0.003(7)
C(102) 0.079(10) 0.016(6) 0.054(8) -0.005(6) -0.002(7) -0.010(6)
C(103) 0.063(8) 0.012(6) 0.039(6) 0.012(6) -0.010(5) -0.001(6)
C(104) 0.061(8) 0.029(6) 0.041(7) -0.009(6) -0.007(6) 0.000(6)
C(105) 0.062(8) 0.020(6) 0.035(6) -0.003(5) 0.006(6) -0.004(6)
C(106) 0.066(9) 0.042(8) 0.047(7) 0.006(7) 0.003(6) -0.007(8)
C(107) 0.050(7) 0.020(6) 0.042(7) -0.003(6) -0.010(6) -0.008(6)
C(108) 0.072(8) 0.020(7) 0.030(6) -0.004(5) 0.000(6) -0.015(7)
C(109) 0.060(8) 0.043(8) 0.041(7) 0.004(7) -0.012(6) -0.013(8)
C(110) 0.062(8) 0.030(7) 0.055(8) 0.012(7) -0.013(6) -0.012(7)
C ( l l l ) 0.065(8) 0.025(6) 0.040(7) 0.001(6) 0.002(6) 0.003(7)
C (112) 0.062(8) 0.015(6) 0.041(6) 0.000(6) 0.006(5) -0.013(6)
C (113) 0.053(8) 0.024(7) 0.049(7) 0.010(6) 0.000(6) -0.004(6)
C (114) 0.076(10) 0.023(7) 0.044(7) 0.003(6) -0.021(7) 0.013(7)
C (115) 0.085(11) 0.025(8) 0.054(8) 0.016(7) 0.007(7) 0.015(8)
C (116) 0.068(9) 0.030(8) 0.060(8) -0.001(7) -0.003(7) -0.008(7)
C (117) 0.062(8) 0.024(7) 0.040(6) -0.013(6) -0.006(6) -0.005(7)
C (118) 0.079(9) 0.020(6) 0.040(7) -0.009(6) -0.023(6) 0.006(7)
0(2) 0.058(5) 0.022(4) 0.052(5) -0.008(4) -0.011(4) 0.008(4)
C(201) 0.051(7) 0.020(6) 0.050(7) 0.003(6) -0.019(6) -0.004(6)
C(202) 0.049(7) 0.009(5) 0.047(7) 0.002(5) -0.007(6) 0.000(5)
C(203) 0.055(7) 0.017(6) 0.046(7) 0.000(6) 0.001(6) 0.001(6)
C(204) 0.059(8) 0.024(7) 0.039(7) -0.006(6) -0.006(5) 0.002(6)
C(205) 0.047(7) 0.011(5) 0.053(7) -0.007(6) -0.015(5) 0.000(5)
C(206) 0.054(7) 0.037(7) 0.041(7) -0.002(6) -0.009(6) 0.006(7)
C(207) 0.050(7) 0.022(6) 0.040(7) -0.005(5) -0.005(6) 0.001(6)
C(208) 0.049(7) 0.024(6) 0.049(7) 0.007(6) -0.014(6) 0.001(6)
C(209) 0.059(8) 0.026(7) 0.036(6) -0.002(6) -0.012(5) 0.009(6)
C(210) 0.060(7) 0.023(7) 0.038(6) -0.014(6) -0.020(6) 0.008(6)
C(211) 0.051(7) 0.029(7) 0.038(6) -0.009(6) -0.001(6) 0.003(7)
C(212) 0.061(8) 0.014(6) 0.053(7) -0.003(6) -0.007(6) 0.008(6)
C(213) 0.046(7) 0.028(6) 0.042(7) 0.001(6) 0.004(6) 0.001(6)
C(214) 0.040(7) 0.034(7) 0.042(7) -0.007(6) -0.016(5) 0.007(6)
C(215) 0.051(7) 0.030(7) 0.047(7) -0.001(6) -0.015(5) 0.007(7)
C(216) 0.051(7) 0.031(7) 0.049(7) 0.005(6) -0.003(6) 0.008(7)
C(217) 0.050(7) 0.020(6) 0.043(6) -0.007(6) -0.008(5) 0.000(6)
C(218) 0.056(7) 0.020(6) 0.050(7) -0.008(6) -0.006(6) -0.001(6)
0(3) 0.063(5) 0.032(5) 0.044(4) -0.006(4) -0.009(4) -0.003(5)

=  261 =
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C(301) 0.067(8) 0.022(6) 0.038(6) 0.000(6) -0.010(6) -0.006(7)
C(302) 0.050(7) 0.019(7) 0.057(7) 0.000(6) -0.007(6) -0.004(6)
C(303) 0.059(8) 0.014(6) 0.037(6) -0.004(5) 0.005(5) -0.001(6)
C(304) 0.067(8) 0.023(6) 0.053(8) 0.007(6) -0.002(6) -0.001(6)
C(305) 0.073(9) 0.023(7) 0.043(7) 0.003(6) -0.002(6) 0.000(6)
C(306) 0.068(9) 0.027(7) 0.064(8) -0.010(7) -0.007(7) 0.006(7)
C(307) 0.054(7) 0.014(5) 0.039(6) 0.003(5) -0.020(5) 0.009(6)
C(308) 0.073(9) 0.013(6) 0.033(6) -0.006(5) -0.021(6) 0.007(7)
C(309) 0.050(7) 0.031(7) 0.048(7) 0.001(6) -0.010(6) 0.000(6)
C(310) 0.063(8) 0.031(7) 0.047(7) -0.006(7) -0.011(6) 0.003(7)
C(311) 0.070(9) 0.021(6) 0.038(7) 0.000(6) -0.007(6) -0.007(7)
C(312) 0.064(8) 0.019(7) 0.035(6) -0.011(6) -0.013(6) 0.004(6)
C(313) 0.072(8) 0.016(6) 0.035(6) 0.005(6) 0.006(5) 0.007(7)
C(314) 0.061(8) 0.021(7) 0.044(7) -0.009(6) -0.007(6) 0.006(7)
C (315) 0.067(8) 0.029(7) 0.045(7) 0.000(6) -0.010(6) 0.006(7)
C(316) 0.056(8) 0.044(8) 0.055(8) -0.010(7) -0.018(6) 0.012(8)
C(317) 0.059(8) 0.028(7) 0.051(7) 0.007(6) -0.013(6) 0.007(7)
C(318) 0.054(8) 0.034(7) 0.045(7) -0.010(6) -0.005(6) 0.004(6)

= 262 =
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o 2
Table D.5. Hydrogen coordinates and isotropic displacement parameters (A ) for 86 .

X y z U

H(101) 0.2855 0.7603 0.1469 0.057
H(10A) 0.2710 0.9834 0.0485 0.060
H(10B) 0.3558 0.8913 0.0217 0.060
H(10C) 0.3367 0.6464 -0.1138 0.053
H(10D) 0.2441 0.6319 -0.1451 0.053
H(105) 0.2577 0.3632 -0.0767 0.047
H(10E) 0.1493 0.8668 -0.1208 0.062
H(10F) 0.1601 1.0072 -0.0408 0.062
H(108) 0.4232 0.6360 0.1734 0.049
H(109) 0.5263 0.4180 0.1464 0.058
H(110) 0.5095 0.2091 0.0395 0.059
H ( l l l ) 0.3972 0.2270 -0.0451 0.052
H( 114) 0.1366 0.7429 0.1686 0.057
H (115) 0.0091 0.6153 0.1393 0.065
H (116) -0.0047 0.4104 0.0310 0.063
H (117) 0.1077 0.3442 -0.0498 0.050
H(201) 0.4691 0.7690 0.5885 0.048
H(20A) 0.3615 0.9593 0.6253 0.042
H(20B) 0.3412 0.9275 0.5307 0.042
H(20C) 0.2113 0.6625 0.5034 0.049
H(20D) 0.1762 0.5791 0.5868 0.049
H(205) 0.2594 0.3435 0.5440 0.045
H(20E) 0.1928 0.7273 0.7129 0.053
H(20F) 0.2673 0.8804 0.7302 0.053
H(208) 0.5054 0.7570 0.4459 0.049
H(209) 0.4924 0.6135 0.3161 0.049
H(210) 0.3870 0.4023 0.2953 0.048
H (211) 0.2984 0.3198 0.3971 0.047
H(214) 0.4866 0.6587 0.7269 0.046
H(215) 0.4602 0.4278 0.8241 0.051
H(216) 0.3534 0.2180 0.8035 0.052
H(217) 0.2780 0.2225 0.6817 0.045
H(301) 0.1373 -0.1656 0.4033 0.051
H(30A) 0.0938 0.0736 0.4825 0.050
H(30B) 0.1766 0.1583 0.4462 0.050
H(30C) 0.1492 0.4153 0.3189 0.057
H(30D) 0.0543 0.4411 0.2970 0.057
H(305) 0.0964 0.2559 0.1926 0.056
H(30E) -0.0512 0.3576 0.3881 0.064
H(30F) -0.0336 0.2107 0.4647 0.064
H(308) 0.2850 -0.1771 0.3700 0.048
H(309) 0.3948 -0.0966 0.2861 0.051

=  263 =
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H(310) 
H (311) 
H(314) 
H(315) 
H(316) 
H(317)

0.3745
0.2431

-0.0017
-0.1232
-0.1441
-0.0437

0.1147
0.2473

-0.2882
-0.3052
-0.0892

0.1272

0.1798
0.1608
0.3842
0.3063
0.2005
0.1716

0.056
0.052
0.050
0.056
0.062
0.056

=  264  =
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The three molecules in the asymmetric unit, with 50% probability displacement ellipsoids. 

One of the molecules, showing the disposition of the three-membered ring. All three 

molecules have a similar arrangement.

0 (102), iC(106)

C(103)

C(108) C(107) CI113) K C (1 1 4 )
C(104)

C(115)CI109)

C(112) C(105) C(118) C(116)

C(117)

86

Scheme D.l
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Appendix 11 Crystal structure and X-Ray data for 116 

Table E .l. Crystal data and structure refinement for 116.

Chemical formula 
Formula weight 
Temperature 
Radiation, wavelength 
Crystal system, space group 
Unit cell parameters

Cell volume 
Z
Calculated density 
Absorption coefficient p 
F(000)
Crystal colour and size 
Data collection method

0 range for data collection 
Index ranges
Completeness to 0 = 26.00° 
Reflections collected 
Independent reflections 
Reflections with F2>2a 
Absorption correction 
Min. and max. transmission 
Structure solution 
Refinement method 
Weighting parameters a, b 
Data / restraints / parameters 
Final R indices [F2>2a]
R indices (all data) 
Goodness-of-fit on F 
Largest and mean shift/su 
Largest diff. peak and hole

a  = 90°
(3 = 100.27 l(2 )c 
y = 90°

C 18H 16N2 

260.33 
293(2) K
M oKa, 0.71073 A  
monoclinic, P2i/c 
a = 13.8169(18) A 
b = 11.8799(15) A 
c = 8.5789(11) A 
1385.6(3) A3 
4
1.248 g/cm3 
0.074 mm-1 
552
colourless, 0.34 x 0.30 x 0.09 mm3 
Bruker SMART APEX diffractometer 
co rotation with narrow frames 
1.50 to 28.32°
h -17  to 18, k -15 to 15,1-11 to 11 
100.0 %
12052
3318 (Rint = 0.0325)
2412
semi-empirical from equivalents 
0.9753 and 0.9934 
direct methods
Full-matrix least-squares on F 
0.0685, 0.2468 
3 3 1 8 / 0 /  189
R1 =0.0594, wR2 = 0.1391 
R1 =0.0847, wR2 = 0.1536 
1.038
0.000 and 0.000 
0.229 and -0.165 e A-3

=  268  =
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°  2Table E.2. Atomic coordinates and equivalent isotropic displacement parameters (A ) for 
116. Ueq is defined as one third of the trace of the orthogonalized U1J tensor.

X  y Z Ueq

N(l) 0.31821(17) 0.3225(2) 0.5809(3) 0.0728(6)
N(2) 0.45773(12) 0.37057(15) 0.3058(2) 0.0629(5)
C(l) 0.30283(12) 0.59834(14) 0.2434(2) 0.0411(4)
C(2) 0.38276(14) 0.65311(16) 0.2014(2) 0.0494(5)
C(3) 0.41334(16) 0.62624(18) 0.0611(2) 0.0585(5)
C(4) 0.36305(16) 0.5477(2) -0.0382(2) 0.0621(6)
C(5) 0.28187(15) 0.49364(18) 0.0011(2) 0.552(5)
C(6) 0.25163(12) 0.51748(15) 0.14342(19) 0.0425(4)
C(7) 0.26875(12) 0.61729(15) 0.3991(2) 0.0440(4)
C(8) 0.15785(13) 0.62316(15) 0.3723(2) 0.0455(4)
C(9) 0.10652(16) 0.70077(17) 0.4470(3) 0.0608(5)
C(10) 0.00491(17) 0.6961(2) 0.4237(3) 0.0709(6)
C( l l ) -0.04540(16) 0.6161(2) 0.3269(3) 0.0702(7)
C( 12) 0.00530(14) 0.53908(19) 0.2513(3) 0.0610(5)
C( 13) 0.10726(13) 0.54221(15) 0.2738(2) 0.0459(4)
C( 14) 0.16940(12) 0.45725(15) 0.2042(2) 0.0458(4)
C( 15) 0.21067(13) 0.36917(15) 0.3318(2) 0.0481(4)
C(16) 0.30533(13) 0.40244(16) 0.4467(2) 0.0466(4)
C(17) 0.30562(13) 0.52145(16) 0.5161(2) 0.0475(4)
C(18) 0.39068(13) 0.38916(15) 0.3624(2) 0.0476(4)
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Table E.4. Anisotropic displacement parameters (A ) for 116. The anisotropic 
displacement factor exponent takes the form: -27l2[h2a*2U H + ...+ 2hka*b*U12]

U 11 U22 U33 U23 U 13 U 12

N(l) 0.0706(14) 0.0799(16) 0.0704(13) 0.0321(12) 0.0194(11) 0.0077(12)
N(2) 0.0478(10) 0.0673(12) 0.0760(12) 0.0017(9) 0.0172(9) 0.0092(8)
C(l) 0.0429(9) 0.0387(9) 0.0419(9) 0.0015(7) 0.0081(7) 0.0016(7)
C(2) 0.0502(10) 0.0449(10) 0.0553(11) 0.0042(8) 0.0153(9) -0.0039(8)
C(3) 0.0581(12) 0.0641(13) 0.0571(12) 0.0170(10) 0.0206(10) 0.0032(10)
C(4) 0.0670(13) 0.0839(15) 0.0393(10) 0.0103(10) 0.0198(9) 0.0154(12)
C(5) 0.0600(12) 0.0662(13) 0.0372(9) -0.0051(9) 0.0022(8) 0.0073(10)
C(6) 0.0420(9) 0.0467(10) 0.0374(9) -0.0011(7) 0.0031(7) 0.0048(8)
C(7) 0.0448(10) 0.0429(9) 0.0458(10) -0.0128(7) 0.0123(8) -0.0104(7)
C(8) 0.0476(10) 0.0424(10) 0.0490(10) -0.0011(8) 0.0153(8) 0.0005(8)
C(9) 0.0686(13) 0.0477(11) 0.0720(14) -0.0059(10) 0.0280(11) 0.0049(10)
C(10) 0.0679(14) 0.0637(14) 0.0897(16) 0.0081(13) 0.0371(13) 0.0227(12)
C( l l ) 0.0449(11) 0.0818(16) 0.0856(17) 0.0163(13) 0.0165(11) 0.0174(11)
C(12) 0.0407(10) 0.0719(14) 0.0682(13) 0.0025(11) 0.0038(9) 0.0029(9)
C( 13) 0.0400(9) 0.0476(10) 0.0493(10) 0.0007(8) 0.0061(8) 0.0023(8)
C(14) 0.0388(9) 0.0494(10) 0.0464(10) -0.0130(8) 0.0002(7) -0.0054(8)
C( 15) 0.0430(10) 0.0409(9) 0.0625(11) -0.0043(8) 0.0151(8) -0.0071(8)
C( 16) 0.0415(9) 0.0539(11) 0.0458(10) 0.0103(8) 0.0117(8) 0.0011(8)
C( 17) 0.0418(9) 0.0665(12) 0.0340(8) -0.0059(8) 0.0066(7) -0.0066(8)
C( 18) 0.0406(10) 0.0475(10) 0.0540(11) 0.0064(8) 0.0068(8) 0.0020(8)
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°  2Table E.5. Hydrogen coordinates and isotropic displacement parameters (A ) for 116. 

x y z U

H(1N) 0.326(2) 0.253(3) 0.542(4) 0.114(12)
H(2N) 0.375(2) 0.344(2) 0.649(3) 0.087(9)
H(2A) 0.4159 0.7080 0.2676 0.059
H(3A) 0.4681 0.6616 0.0343 0.070
H(4A) 0.3835 0.5305 -0.1330 0.075
H(5A) 0.2475 0.4412 -0.0681 0.066
H(7A) 0.2957 0.6888 0.4445 0.053
H(9A) 0.1403 0.7557 0.5125 0.073
H(10A) -0.0295 0.7479 0.4742 0.085
H(11A) -0.1137 0.6135 0.3121 0.084
H(12A) -0.0290 0.4850 0.1850 0.073
H(14A) 0.1280 0.4187 0.1155 0.055
H(15A) 0.1601 0.3528 0.3938 0.058
H(15B) 0.2235 0.3002 0.2785 0.058
H(17A) 0.3723 0.5391 0.5672 0.057
H(17B) 0.2653 0.5208 0.5979 0.057
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