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ABSTRACT 
 

 The synthesis of chiral fluorenol crystal materials employing directed ortho 

metalation (DoM) combined with directed remote metalation (DreM) and Suzuki-

Miyauara Coupling was previously reported by McCubbin, Snieckus and Lemieux.ref?  

This study reported that certain fluorenol derivatives form a chiral smectic C phase 

(SmC*) with a spontaneous polarization (Ps) that is amplified by intermolecular hydrogen 

bonding. Dilution and deuterium exchange experiments suggest that antiparallel 

hydrogen bonded dimer formation increases the rotational bias about the director that is 

thought to induce the Ps.needs definition The research reported in this thesis is 

concernded with an investigation on the effects of hydrogen bonds on the Ps of the liquid 

crystal by the variation of core structure, particularly the substitution of one aryl ring to 

pyridinyl ring.  

An efficient synthesis of liquid crystals (LC) 1.14 and 2.22 by Directed ortho 

Metalation-boronation, Suzuki-Miyaura Cross Coupling reaction accompanied with 

Directed remote metalation was achieved. Compound 1.14 was found to be not useful as 

a LC material because it was unstable in the air and underwent rapid oxidation to give 

2.22 upon heating. Thus, this project was focused on the preliminary study on mesophase 

characterization of 1.14 and 2.22. The results (Table 2.3) show both 1.14 and 2.22 

formed SmC phases, but only 1.14 showed smectic A (SmA) mesophase and only 2.22 

showed nematic (N) mesophase cooling from isotropic liquid phase. The increase in 

temperature range of smectic phases for the azafluorenol 1.14 is expected because 

intermolecular hydrogen bonding between the hydroxyl group and aza group as shown by 

Figure 1.21 may play a role to stabilize the formation of smectic (Sm) phase.   
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CHAPTER 1 – INTRODUCTION  

1.1. Liquid Crystals 

1.1.1. Liquid Crystal Phases and Their Properties  
Matter that we commonly perceive fall into three general categories – gas, liquid and 

solid. In the gas phase, the constituent atoms or molecules move freely, with no forces 

keeping them together or pushing them apart. Unconstrained gases do not take up a fixed 

volume; they flow from one point to the next, and do not return to their former 

configuration after deformation. Like gases, liquids can also flow but are fixed into a 

specific shape in a container. In contrast, solids do not fit to the volume of the container 

but tend to retain their volumes and shapes.1 However, there are substances that do not 

belong to any of these categories, and early investigators began to question the possibility 

of finding fourth or even fifth states of matters.  

In late 19th century, the Austrian botanist Friedrich Reinitzer2 observed two 

melting points in samples of cholesteryl benzoate on heating. Cholesteryl benzoate 

melted from a solid to a cloudy liquid at 146 oC, and then turned into a clear liquid at 178 

oC. More interestingly, Reinitzer noted that the bright blue-violet color of cholesteryl 

benzoate appeared on cooling from 179 oC until the sample crystallized. Reinitzer did not 

understand this observation and sent the sample to a German physicist Otto Lehmann. 

Lehmann described the bright-colored characteristics of cholesteryl benzoate on cooling 

as resulting from the long axes of the molecules orienting in one direction.3 The phase of 

this substance was first referred as soft crystal, but because this material exhibited the 

properties of both liquids and solids, this material was later given the name “Liquid 

Crystal” (LC).   
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A substance, like cholesteryl benzoate, which has one or more phases (mesophase) 

between isotropic liquid and crystalline solid is a LC. The ∆H of transition from Cr → 

LC is 95 – 245 J/g higher than that of LC → L, which indicates that LC exhibits some 

degree of orders since more energy is required to break the interaction between LC and 

Cr, but the phase is more liquid than crystalline in nature. In addition, liquid is said to be 

isotropic because properties of liquids are uniformly equivalent throughout the liquid 

phase. On the other hand, the LC is anisotropic because properties measured in different 

directions are not equivalent. Polarized microscopy has been one of key methods to 

determine the properties of LC. When polarized light is used on a LC sample, 

distinguishable patterns of mesophases can be displayed as a result of refractive index 

anisotropy or birefringence. Birefringence is an intrinsic property of LC that rotates the 

path of polarized light propagating through a sample of LC.  

There are two main classifications of liquid crystals, lyotropic and thermotropic 

LCs. Formation and stability of lyotropic LC’s mesophases are a function of solvation. 

By comparison, thermotropic LCs form mesophases as a function of temperature. There 

are three general classes of molecules forming thermotropic LC mesogens: calamitic LC, 

formed by rod-like molecules; discotic phase, formed by disk-shaped molecules; and 

polycatenar phases, formed by board-like molecules which can be regarded as the 

intermediate between calamitic LC and discotic LC.  
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Figure 1.1. Structural representation of calamitic, discotic and polycatenar mesogens. 

 The focus of this thesis is on the synthesis of calamitic mesogens and the study on 

their formation of LC phases. Often, the ordering of calamitic LC can be dictated by the 

design of LC structures with attribution that favor the formation of one or more type of 

mesophases. The most common mesophases are the nematic (N), smectic A (SmA) and 

smectic C (SmC) phases, which differ in the degrees of their orientation and translational 

orders.   

 

b) smectic A phase
(SmA)

a) nematic phase
(N)

c) smectic C phase
(SmC)

z nθ
n

 
 

Figure 1.2. Characterization of three LC mesophases. 

 
 Rod shape like molecules with elongated tails (mesogens) are ordered with three 

molecular axes uniformly aligned along a director (n) in nematic phase without any 
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translational order. As a result, it is usually observed in the transition prior to liquid upon 

heating, or in the first phase observed upon cooling from the isotropic liquid phase. In the 

nematic phase, the texture viewed under polarized microscope exhibits point defects and 

extinction brushes forming the so called “Schlieren” texture (see Figure 1.3).  

 

 
 

Figure 1.3. Schlieren texture of nematic LC 

On further cooling before the nematic phase, smectic phases, including SmA 

and/or SmC phases, may form as a function of temperature. In the SmA phase, the 

molecules are aligned along a director (n) and exhibit short - range translational order 

without packing order. Focal conic (fan) textures are usually the patterns observed for 

SmA liquid crystals under polarized microscope. At the same time, the fan textures 

coexist with dark regions called homeotropic regions because the molecules are oriented 

perpendicular to the glass slides and therefore exhibit no birefringence.  

The SmC phase differs from SmA in that the mesogens are uniformly tilted at an 

angle θ relative to layer normal, n. In general, the tilt angle increases with decreasing 

temperature. On cooling, the fan texture of the SmA phase turns into a “broken fan” 

texture in the SmC phase, and the homeotropic regions turn into Schlieren textures.  
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Figure 1.4. Photomicrographs of typical (a) SmA and (b) SmC textures. 

There are several models to account for the tilt of the SmC phase which were 

proposed by McMillan, Wulff and Durand. In 1973, McMillan4 suggested that a torque 

can be produced upon a decrease in molecular rotation on cooling from SmA to SmC 

phase leading to the tilt observed due to coupling of outboard dipoles from polar 

functional groups (Figure 1.5).  

 

Torque

 
 

Figure 1.5. Representation of the McMillan model.  

The zig-zag model was proposed by Wulff,5 who postulated that packing forces of 

calamitic molecules favor a tilted lamellar structure at lower temperature as molecular 
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rotation about n shows that atoms and molecules adopt a zig-zag conformation in their 

half extended form (Figure 1.6).  

z nθ

 
 

Figure 1.6. Representation of the Wulff model. 

Through a comparative study of tilt angles measured by polarized microscopy and 

powder X-ray crystallography, Durand and Bartolino6 adapted the zig-zag conformation 

of SmC mesogens, but, unlike Wulff’s model, they suggested that the cores of SmC 

mesogens are more tilted than the side chains. Optical tilt angle was depicted to be larger 

than steric tilt angle which is consolidated with their theory of molecular tilt in the SmC 

phase (Figure 1.7).  

Optical Axis
Mass Axis

θ

α

Layer Spacing
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Figure 1.7. Representation of the Durand model.  

The liquid nature of LC allows easy processing into thin films with the retention 

of optical properties. Since birefringence is a function of the angle formed by plane-

polarized light and the director n, this property has been applied to produce ON/OFF light 

shutters by electrically switching the LC film between two different molecular 

orientations relative to crossed polarizers. Most LC applications are based on this simple 

concept of an ON/OFF light shutter. Although nematic LC constitute the major 

component of commercial LCD applications, chiral SmC (SmC*) LC have significantly 

potentiality in the next generation of LCD devices because they can be switched ON and 

OFF about 103 times faster than nematic LC systems.  

1.1.2. Chiral Liquid Crystals 
 

 If the SmC phase consists of chiral, non-racemic molecules, a bulk electrical 

polarization referred to as the spontaneous polarization (Ps) is present in the absence of 

any electrical field; these materials are ferroelectric. However, in the absence of external 

constraints, the SmC* phase forms a macroscopic helical structure in which the Ps of 

vector rotates from one layer to the next relative to the helical axis and averages out to 

zero over a full helical pitch.  
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PS - PS

helical
pitch

θ

z
n

 
 

Figure 1.8. Schematic representation of the SmC* phase without surface alignment and 

as a surfaces-stabilized FLC.    

In 1980, Clark and Lagerwall7 showed that the helical structure of a SmC* liquid 

crystal film on the order of a few micron thickness rubbed polyimide between the glass 

slides to give a surface-stabilized ferroelectric liquid crystal (SSFLC) with a net 

spontaneous polarization oriented perpendicular to the glass plates. The molecular 

orientation of SmC* mesogens can be switched by applying an electric field across the 

film, thus resulting in ON/OFF light shutter between crossed polarizer. For a SSFLC to 

be useful or commercialized, it must be composed of a mixture of a chiral dopant with 

high polarization power and an achiral host with low viscosity and wide SmC 

temperature range. The polarization power is a measure of the propensity of a chiral 

dopant to induce a spontaneous polarization according to equation 1, where xd is the mole 

fraction of the chiral dopant and Po is the normalized spontaneous polarization adjusted 

for variation in tilt angle according to equation 2.  

( )
0→

⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
=

dxd

dO

dx
xdP

δ                                                                                      (1) 

 
P0 = Ps/sinθ                                                                                                            (2) 
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 The ferroelectric polarization of tilted chiral smectic phases is a manifestation of 

molecular chirality occurring in an ordered liquid. The Boulder model was developed to 

achieve a basic understanding of the origins of the ferroelectric polarization in chiral 

smectic C phases and to predict the sign and magnitude of Ps. The Boulder model 

proposed by Walba8 was useful for understanding the polar order of conventional chiral 

dopants or mesogens with chiral side-chains such as (S)-2-octyloxy side-chain. The 

rotational order of molecules in the SmC* C phase is modeled by a mean field potential 

(binding site) that has the shape of a bent cylinder (Fig. 1.9) 

O

O
O

O

θ

nz

(S)-4-(octan-2-yloxy)phenyl 4-(octyloxy)benzoate

Dopant 1

 
 

Figure 1.9. Zigzag binding site according to Boulder model.  

According to the Boulder model, spontaneous polarization results from an 

orientational bias of molecular dipoles imposed by the steric coupling between polar 

functional groups and adjacent stereogenic centres. For example, in the dopant 1, the 

conformational analysis about the C2-C3 bond of the polar (S)-2-octyloxy side-chain 
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revealed three staggered conformations corresponding to different orientation of the 

alkoxy groups relative to the polar axis. There are only two conformers (A and B) shown 

in Fig. 1.10 because the dipole moments of third one lies with tilt plane and does not 

contribute Ps; conformer A and B by have the alkoxy dipole along the polar axis in 

opposite directions. Due to reduced hindrance of the anti-relationship between the methyl 

group and C5H11, conformer A is favored over B, and thus the Ps induced is negative.9 

This model is consistent with the experimental results.     

H H
Me

HArO

H H
H

OArMe

+PS

-PSx

(A)

(B)

 
 

Figure 1.10. Conformational analysis of a (S)-2-octyloxy side chain and prediction of the 
resulting sign of PS. A side-on view along the polar axis is shown on the right. An end-on 
view is shown as a Newmann projection along the C2-C3 bond axis of the 2-octyloxy 
side-chain on the left. 

 The Boulder model can be generally applied to explain the origin of Ps of dopants 

with chiral side chains. Such dopants have polarization powers that are generally 

sensitive to the structure of the achiral SmC host because of the high degree of 

conformational disorder in the side chain region of the SmC layer. On the other hand, the 
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polarization power of a dopant with a chiral core (Type II) often varies with the host 

structure, which cannot be accounted for in its original form.  

  The behavior of Type II dopants was investigated in studies of SmC chiral dopant 

with atropisomeric biphenyl cores.10 AM1 calculations predicted that, in the zigzag 

conformation, rotation of the biphenyl core about the two ester CO bonds results in four 

energy minima. Two of the minima correspond to conformations in which the transverse 

dipole of the core lies in the tilt plane and thus would not be expected to contribute to PS. 

The conformations that correspond to the other two minima, A and B which would be 

expected to contribute equally to PS but in opposite directions, are shown in Fig. 1.11. 

Calculations predict that conformer A is favoured over the conformer B by about 1.0 

kcal/mol.  

 

O

O

O

O

OO

O

O

OC8H17

C8H17O
N

N

O2

O2

NO2

O2N

O

O

O

O
NO2

O2N

180o rotation

of core

-PS+PS

1.4

x

(A) (B)

  
 
Figure 1.11. Rotation of the core of 1.4 about the two ester CO bonds in the zig-zag 
conformation. 

 
A significant polarization was observed with atropisomer 1.4, the polarization 

power being highly dependant on the nature of the host. Four SmC hosts (see Fig. 1.12) 
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were examined. The polarization power of 1.4 is 1738 nC/cm2 when it is doped with the 

phenyl- pyrimidine host, PhP1. Lower polarization powers were obtained when 1.4 was 

doped with other hosts. For instance, 1.4 in a phenylbenzoate host PhB has a polarization 

power of less than 30 nC/cm2. 

O

O

O
C10H21O

CN

C6H13

C7H15

C7H15

F F

C7H15

N

N
C4H9O OC8H17

PhB; phase sequence:
Cr 35 SmC 70.5 SmA 72 N 75 I

NCB76; phase sequence:
Cr 66 (SmG 55) SmC 73 SmA 117 N 125 I

DFT; phase sequence:
Cr 49 SmC 77 SmA 93 N 108 I

PhP1; phase sequence:
Cr 58 SmC 85 SmA 95 N 98 I   

 
Figure 1.12. Liquid crystal host structures and phase transition temperatures in oC. 

The host dependence of the polarization power is thought to be a function of the 

complementarity of the core structures of the dopant and the host to undergo chirality 

transfer. This led to the Chirality Transfer Feedback (CTF) model developed by 

Lemieux11 and coworkers. As a result of intermolecular chirality transfer, the binding site 

topography is thought to be distorted asymmetrically, which may contribute to higher 

polar ordering of the dopant by causing a shift in the conformational equilibrium of the 

atropisomeric core with respect to the α-ester side chains. Unlike classical host-guest 

chemistry, the host, together with the dopant, plays an active role in this feedback 

mechanism to amplify the polarization power. Lemieux suggests that this model and the 
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Boulder model are not mutually exclusive to account for the type II host effect which 

may be the consequence of differences in the intrinsic topography of the SmC binding 

site and/or degree of distortion of the binding site. 
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Figure 1.13. Model for chirality transfer via core-core interactions. 

 

chirality transfer

 
 
Figure 1.14. Chiral distortion of the SmC binding site. 

1.1.3. Hydrogen Bonding in Calamitic Liquid Crystal Phases 
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 In the condensed state, molecules aggregate with other molecules to form 

materials with interesting properties through intermolecular interactions such as hydrogen 

bonding, π- π stacking, and van der Waal forces. Favourable intermolecular interactions, 

such as π-π stacking as well as hydrogen bonding may also drive microphase segregation. 

For example, conformationally rigid aromatic cores tend to self-associate rather than 

mixing with parafinic conformationally flexible side-chains. Because of their stability 

(bonding energy of 10-50 kJ/mol) and directionality (Xδ-…H δ+) hydrogen bonds are an 

important feature to promote self-assembly into LC phases. Hydrogen bonding has been 

exploited in promoting LC phase formation in two important ways. The first involves the 

self-assembly of complementary structures (which may or may not be mesogenic 

themselves) into rod-like supramolecular structures that exhibit mesogenicity (Figure 

1.15(a)).12 The second involves lateral hydrogen bonding that enhances translational 

ordering and thus promotes the formation of smectic phases (Figure 1.15(b)). 

H-Bonds

(a) (b)

 
 
Figure 1.15. Two modes of hydrogen in liquid crystals: (a) head-to head and (b)lateral 
modes. 
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1.1.4. Liquid Crystals Containing Fluorenone Core Structures  
 
 In 1955, Gray and coworkers13 reported the first liquid crystal containing fluorene 

and fluorenone cores, the mono-substituted 1.5 and symmetrically disubstituted 1.6 

which form nematic and smectic phase. In addition, the fluorenes 1.7 were shown to form 

a broad smectic phase but the fluorenones 1.8a and 1.8b were found not to be mesogenic.   

X
NNRO OR

O

RO
OR'

O
RO

OR'

O

X
N OR a: X = CH2

b: X = CO

1.5 1.6

1.8
1.7

a: R'= H
b: R'= C3H7

a: (R = C10H21) Cr 144 SmX 294 N 306 I
b: (R = C10H21) Cr 137 SmX 263 N 282 I

a: (R = C10H21) Cr 115 SmX 171 N 181 I
b: (R = C10H21) Cr 88 SmX 89 N 140 I

not mesogenic
a: (R = C10H21) Cr 201 SmX 237 N 241
b: (R = C10H21) Cr 68 SmX 108 I  

 
Figure 1.16. First studies of Fluorene and fluorenone LCs.  

 
 In 2002, a series of symmetrical 2,7-dialkylfluorenones (1.9, Fig. 1.17) were 

investigated by Ivanov14 who showed that fluorenones with alkyl chain lengths between 

C5 and C14 form only SmC phases with a broad range of up to 39 oK. The iso-pentyl 

derivative has no LC properties due to the lateral bulk of the branched side chains. From 

IR studies, π-π stacking force in these molecules with fluorenone cores were suggested to 

be an important factor in the crystal formation but maybe less so in the LC phase.  

OR

O

RO

R = n-CnH(2n+1) (n = 1-16), i-C5H111.9
R = C10H21: Cr 62 SmC 87 I  

 
Figure 1.17. Symmetrical Mesomorphic 2,7-dialkylfluorenone and mesomorphism (R = 
C10H21).  
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 Type I ferroelectric LCs with fluorenone cores and one stereo polar unit on the 

side chain were reported by Takatoh15 and coworkers in late 1980’s and in 1990. In 

general, the mesomorphism of these compounds confirmed earlier studies. However, it 

was noted that the fluorenones have lower clearing points than those reported for the 

fluorene analogues, probably due to the lateral bulk of carbonyl groups. SmA phase 

formation is favored in compounds containing fluorene cores and SmC phase formation 

is promoted in compounds containing polar fluorenone cores. Spontaneous polarization 

of fluorenone 1.11b was measured at T-TC = -10 oK to be 50 nC/cm2, which is higher 

than that reported for the fluorene derivatives1.11a (30 nC/cm2). This was rationalized 

based on the higher tilt angle of the fluorenones in the SmC* phase, which causes a more 

hindered rotation of the molecules about their long axes and increased polar order.  

 
X

CnH(2n+1)O O

O
O *

n=6, 8, 10, 12, 14

a: X = CH2
b: X = CO

X
CnH(2n+1)O O

O
O *

n=10, 12, 14

C6H13

1.10

1.11

a (n = 10): Cr 115 SmC 137 SmA 194 I
b (n = 10): Cr 112 SmC 157 SmA 166 I

a: X = CH2
b: X = CO

a (n = 10): Cr 87 SmC 123 SmA 149 I
b (n = 10): Cr 81 SmC 118 SmA 127 I  

 
Figure 1.18. Type I ferroelectric fluorene and fluorenone LC.  

 
Recently, Lemieux and McCubbin16 reported the type II SmC* LC with a chiral 

fluorenol core. The chiral fluorenol mesogen (R)-2-(1-octyloxy)-7-((4-

undecyloxybenzoyl)oxy)fluoren-9-ol((R)-3) was synthesized using a combined directed 
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metalation-cross coupling strategy. The SmC* LC phase exhibited by the fluorenol 

mesogen is more stable than its corresponding fluorenone precursor, and has a wider 

temperature range which may be attributed to intermolecular hydrogen bonding.  

 

C8H17O
O

O
OC11H23

Cr 87 SmC 181 I

OH

(R)-3

C8H17O
O

O
OC11H23

O

Cr 91 SmC 129 N 152 I

1.12

1.13

 
 
Figure 1.19. Fluorenone and Type II ferroelectric fluorenol LC. 

 
 The spontaneous polarization (Ps) and tilt angle were measured as a function of 

temperature for (R)-3 as a surface-stabilized FLC. The Ps of (R)-3 at 10 oK below the 

SmC*-I phase transition temperature was found to be -10.7 nC/cm2, corresponding to a 

reduced polarization (Po) of -20.2 nC/cm2. Dilution experiment by mixing a series of 

structurally similar mesogens that cannot form hydrogen bonds with (R)-3 and deuterium 

exchange experiments provided evidence that the fluorenol, (R)-3, forms a dimeric 

structure via hydrogen bonding. The structure of the fluorenol causes a subtle 

orientational bias that results in the observed polarization. The dilution studies suggest 

that no polarization would be observed in the absence of dimerization. Therefore, the role 

of hydrogen bonding in self assembly to enhance polar order in a ferroelectric liquid 

crystal was confirmed.  
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OO
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Figure 1.20. (R)-3 dimer formed by the hydrogen bonds.  

1.1.5. Mesogen Design Considerations and Outline of Research 
 
 As described above, intermolecular hydrogen bonding can be important in the 

formation of liquid crystal phases and in defining their bulk properties. Most of the 

studies today have focused on the effect of hydrogen bonding in stabilizing mesophase 

formation. The incorporation of hydrogen bonding groups in the stereo polar unit is 

beginning to be explored but knowledge on this effect is still limited. In theory, SmC* 

mesogens with functionalities were capable of forming a stronger hydrogen bonding 

interaction such as OH-N. Thus an azafluorenol may form polar hydrogen bond networks 

which force the mesogen transverse dipole moment to orient in a specific direction along 

the polar axis to enhance the polar order.  The goal of this research was therefore to 

design and synthesize a system in which the aza moiety can be included into the core of 
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an LC mesogen and the obvious choice, from the previous work in the Lemieux 

laboratories, was an azafluorenol derivative (Fig. 1.21).  

O

O

N
OC8H17

C11H23O

1.14

OH

O
O

N

OC8H17

OH

C11H23O

O
O

N
C8H17O

O
H

OC11H23

O
O

N
C8H17O

O
H

OC11H23

O

O

NC8H17O

O
H

OC11H23

 
 
Figure 1.21. Proposed network of azafluorenol mesogens.  

 
 It was envisaged that such chiral azafluorenol mesogens can be constructed from 

the corresponding azafluorenone whose synthesis could be achieved based on Directed 

ortho metalation (DoM), Pd catalyzed Suzuki-Miyaura cross coupling and directed 

remote metalation (DreM) chemistry. 

1.2. Synthetic Methodology  

1.2.1. The Directed ortho Metalation (DoM) Reaction 
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 In view of the presence of aromatic and heteroaromatic moieties in natural 

products, pharmaceuticals and agrochemicals, the development of efficient synthetic 

methods for these classes of molecules is a significant component of organic synthesis. 

Electrophlilic aromatic substitution (EAS) is undisputably the traditional pedagogy of 

aromatic chemistry for the preparation of polysubstituted aryl rings.17,18 Although the 

practical aspects of EAS have helped chemists in planning the synthesis of various 

aromatics, harsh conditions and formation of mixtures of positional isomers handicap 

EAS tactic to a great extent. The regioselective preparation of polysubstituted and 

usefully functionalized aromatics and heteroaromatics is a significant area of continuing 

investigation. Over the past two decades, the directed ortho metalation (DoM) has 

evolved into a reliable and useful method for the synthesis of contiguously substituted 

aromatic molecules of value in both small and large-scale synthetic programs.19-21 

 The ortho deprotonation of dibenzofuran by MeLi and CO2 addition to yield 4-

dibenzofurancarboxylic acid constitutes the first DoM reaction discovered by Gilman22,23 

over 60 years ago. However, its potential was not realized until the 1970s when 

alkyllithiums were commercially available due to their large-scale use in anionic 

polymerization chemistry24 and the publication of an insightful, comprehensive review by 

Gschwend and Rodriguez.19 The DoM reaction is simplistically depicted in Scheme 1.1. 

The reaction involves the deprotonation by an alkyl lithium base ortho to a heteroatom 

containing directed metalation group (DMG) 1.15. Subsequently, the resulting anionic 

intermediate 1.16 undergoes reaction with an electrophile to afford a 1,2-disubstituted 

aromatics 1.17. 
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DMG
RLi

DMG

Li

E+ DMG

E
1.15 1.16 1.17  

Scheme 1.1. 

The reaction is proposed to proceed by the involvement of the DMG in 

coordination or inductive fashion effecting the ortho metalation process. Many DMGs 

have been developed over the years. Although the mechanistic details of the DoM 

reaction have not been fully elucidated due to its complexity, it is generally agreed that a 

good DMG contains sites for coordination for an alkyllithium, and must not be prone to 

nucleophilic attack by a strong base. Therefore, factors like steric hindrance and charge 

deactivation are invoked to design a reasonably good DMG. The seminal work of Hauser 

in the mid-1964s provided amide and sulfonamide as DMGs; in the ensuing years, a 

useful armament of DMGs have accumulated for deployment in DoM chemistry warfare 

(Table 1.1). These DMGs may be generally organized into two classes – carbon based 

and heteroatom based. The oxazoline DMG of Meyers and Gschwend is an example of a 

carbon-based DMG which, after serving its purpose in DoM chemistry, may be 

hydrolyzed to give a carboxylic acid derivative. The N,N-diethyl carboxamide invented 

by Beak stands as a powerful carbon-based DMG which has enjoyed considerable use as 

a conduit for the synthesis of the polycyclic aromatics. The O-carbamate discovered in 

the Snieckus laboratories shows extraordinary ortho directing strength but the reaction 

must be carried at very low temperature in order to avoid the ortho-Fries rearrangement.25 

The O-sulfamate, more recently developed in the Snieckus group26 is another appealing 

DMG that not only functions as a DMG but also exhibits facile transition metal catalyzed 

Kumada-Corriu cross coupling characteristics.  
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Carbon Based DMGs Heteroatom Based DMGs

CON-R Hauser, 1964 SO2NR2 Hauser, 1969

O

N
Meyers N-Boc Gschwend, 1979
Gschwend, 1975 N-COtBu Muchowski, 1989

OCONEt2 Snieckus, 1983
CONEt2 Beak, 1977 OSO2NR2 Snieckus, 2003

OP(O)NEt2 Snieckus, 2003OCN Ph
R OCH2CH3 Christensen, 1975

P(O)tBu2 Snieckus, 1998

Snieckus, 2001

 

Table 1.1. 
 
 The hierarchy of DMG efficiency was established by the combined efforts of 

many laboratories. Competition studies comparing two DMGs were initialized by Slocum 

and coworkers on OMe as anchoring DMG, extended by Beak, Meyers and Snieckus on 

4-CONEt2, oxazoline and OCONEt2 as anchoring groups respectively to compose the 

current picture.27  
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N-t-Boc ≈ N-COt-Bu
(CH2)nNR2 n = 1, 2
F
NR2
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RLi / THF

-78oC

-

- -

-
OMe ≈ OSO2NR2

 

Figure 1.22. Hierarchy of DMGs.   

1.2.1.1. The Mechanism of the DoM Reaction 
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 “All of these new organotransition-metal chemistry at the end of 1950s had been 

discovered by empirical methods and nothing was known about the chemistry involved. I 

decided to begin my new project by trying to determine the mechanism of one of these 

important reactions in the hope that this knowledge would suggest new chemistry to 

study.” (Professor Richard Heck).28 Mechanistic understanding of new reactions leads to 

appreciation of their potential and application. Twelve years after the discovery of the 

DoM reaction,22 Roberts and Curtain29,30 proposed that the reaction proceeds by 

butyllithium precoordination with the methoxy function in anisole, and this proposal has 

become the basis of rationalization of the regioselectivity of the DoM reaction. In 

contrast to the simplistic view (Scheme 1.1), the mechanism of DoM reaction is 

complicated and remains a controversial subject. Three mechanistic formalisms, the 

complex induced proximity effect (CIPE), the kinetically enhanced metalation (KEM) 

and the inductive effect have been proposed as mechanistic rationalizations of the DoM 

reaction and these will now be discussed. 

 Evidence for the precoordination of alkyllithium to the DMG was first secured by 

Beak and Meyers who studied the of α-deprotonation of amides and formamides 1.20,31 

using stop-flow FT-IR spectroscopy. These studies showed that a precoordinated 

complex, 1.18 is on the path of the reaction prior to α-lithiation 1.19 thus suggesting a 

two step mechanism and resulting in the coining of the Complex Induced Proximity 

Effect (CIPE) as the key component of the DoM reaction. 

DMG DMG

(RLi)n

-(RH)n DMG

Li

E+ DMG

E
1.15 1.18 1.19 1.17  

Scheme 1.2. 
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Scheme 1.3. 

 Lithiated products (1.24, 1.25 and 1.22) of dimethyl carboxamide 1.20, formed 

from treatment of s-BuLi in cyclohexane at room temperature, were directly observed by 

stopped-flow IR spectroscopy.32 Kinetic studies led to the hypothesis that the complexed 

s-BuLi tetramer 1.24 was formed in rapid equilibrium with 1.20 followed by α proton 

transfer from the N-methyl via a transition state 1.25 to give 1.22. It was shown that the s-

BuLi tetramer structure is maintained upon addition of TMEDA.33 Interestingly, this 

observation is in contrast with the dogma that TMEDA promotes deprotonation by 

breaking the lithiating aggregates. It is argued that TMEDA binding to the lithium assists 

the release of the incipient carbanion in the transition state 1.25. 
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Scheme 1.4. 

 The CIPE concept is used to rationalize the regioselectivity in the DoM reaction. 

In 1989, Schleyer pointed out that the complexation should proceed more slowly if the 

free energy (ΔH) of complexation has to be overcome. Therefore, low reactivity would be 
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expected, but this does not agree with the experiment observations.34 The mechanism of 

the DoM reaction may be inadequately presented by CIPE.32 Using a series of ab initio 

computations, Schleyer and Homme34 postulated a “Kinetic Enhanced Metalation” as a 

feasible one-step DoM reaction mechanism in which complexation and proton abstraction 

occurred simultaneously.35 In this model, the transition state is stabilized by two effects – 

a favorable charges distribution and a shorter distance of Li-DMG (DMG = alkoxy and F 

as electronegative groups) in forming the partial bond in the transition state 1.26, which 

account for the rate enhancement of the reaction and a large KIE. In addition, Saa’s 

results 36,37 also supports this model with the observation of agostic metal hydrogen 

interactions by 6Li, 1H-HOESY NMR (Scheme 1.6).  
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Scheme 1.6. 

The two step CIPE process has been demonstrated through inter- and intra- 

molecular protium/deuterium isotope effect studies.38 In the directed lithiation study of 

urea 1.32, the ratio of 1.33/1.33[d1] was measured to estimate the experimental isotope 

effect and provided the following values: kH/kDintermolec = 5-6 and kH/kDintramolec > 20. The 



 26

kH/kD ratios were estimated by determining the product ratioes of undeuteriated vs. 

deuteriated 1.33 after treatment of 1.32, 1.32[D1], 1.32[D2] with s-BuLi/TMEDA 

followed by deuterium work-up. If the reaction proceeds through a single step, the ratio 

of 1.33 to 1.33[D1] would be determined solely by the primary isotope effect in both the 

intramolecular and intermolecular experiment. Thus, a similar value for kH/kD would be 

obtained in both cases. On this basis, Beak and coworkers argued that a one-step 

mechanism can be safely excluded and a mechanism consisting of at least two steps is 

required. Lithiation of urea 1.32 was further proposed to proceed through largely 

irreversible complexation followed by a slow deprotonation which can be depicted in 

Scheme 1.7 and free energy diagram of Figure 1.23 respectively.   
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Figure 1.23. Proposed reaction profile of the benzylic lithiation of urea 1.32.  

 
 In a study of additivity of substituent effects in a fluoroarene series, the gas phase 

acidities (free energies of deprotonation, ΔGo
g) of fluorinated arenes (1.38-1.42) were 

obtained by determining the ion concentration by cyclotron mass spectrometry.39 Using 

these results and the results derived from base catalyzed isotope exchange reaction, 

Schlosser and coworkers40 were able to demonstrate the increasing acidity of the proton 

next to the fluorine for each addition of fluorine into the benzene. These results paralleled 

the diminishing pKa values of each addition of fluorine in the series of fluoro-substituted 

acetic acids (pKa (CH2FCOOH – CH3COOH) = -2.2; pKa (CHF2COOH – CH2FCOOH) = -1.7; pKa 

(CF3COOH – CHF2COOH) = -1.1).41 Isotope effect studies in the regioselectivity of  metalation 

of the substituted fluorinated benzene by potassium amide in liquid ammonia42 or by 

lithium cyclohexylamide in cyclohexane43 also echo the relative strength of gas phase 

acidities of various substituted fluorinated benzenes measured by Schlosser and 

coworkers.40 Thus, inductive effect was also rationalized as one of the major mechanisms 

operated for DoM.   
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Scheme 1.8. 
 

 On the basis of comprehensive kinetic and ab initio calculation studies, Collum44 

concluded that the inductive mechanism is operative in the cases of anisole, resorcinol 

(1,3-dimethoxybenzene), methoxymethoxybenzene, fluorobenzene, m-difluorobenzene, 

and (2-dimethylamino)ethoxybenzene. Kinetic studies showed that the rate depends on 

the first order of both [arene] and [BuLi], but is independent of the [TMEDA]. The 

idealized rate law and generalized mechanism are shown by eqs 3 and 4. Rate laws were 

found to be substrate independent for all cases. Probable rate-limiting transition structures 

of stoichiometry [(n-BuLi)2(TMEDA)2(Ar-H)]‡ are consistent with the triple ion 

mechanism first presented by Fuoss in 1933, relevant here to describe the DoM 

reaction.45   

-d[Ar-H]/dt = k’[ArH]1[BuLi]1[TMEDA]0                                                                    (3) 

Ar-H + (n-BuLi)2(TMEDA)2  → [(n-BuLi)2(TMEDA)2(Ar-H)] ‡                                (4) 

Collum proposed that TMEDA-Li dimer 1.43 ( Scheme 1.9) exists in equilibrium 

with 1.44, but addition of arene (Ar-H) bearing weakly coordinating group leads to the 

irreversible transformation to the lithiated species 1.46 via a triple ion transition state, 

1.45 which is consistent with the determined rate law eqn 4. In view of their similarity to 

other main group “ate” complexes, triple ions should show high basicities and 

nucleophilicities toward the lower pKa hydrogen ortho to heteroatom groups in the aryls. 

Ab initio calculations were carried out to assess relative activation enthalpies (ΔH‡) of 
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different substrates using a CIPE based model and triple ion based model, respectively. 

On the basis of computational data for the different oriented conformers, the lithiations of 

aryls bearing methoxy and fluorine groups were interpreted as likely to proceed by a 

triple ion mechanism rather than by a CIPE mechanism. This interpretation that OMe and 

F-substituted aromatics undergo DoM owing to the inductive effects of the substitutents 

is in agreement with the observations of Shimano and Meyers which will now be 

discussed.  
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Scheme 1.9. 

In 1994,46 Shimano and Meyers reported that the lithiation of 1.48 with s-

BuLi·TMEDA furnished 1.47 but that the lithiation of 1.48 with α-ethoxyvinyllithium 

(EVL)•hexamethylphosphamide (HMPA) afforded 1.49 as evidenced by MeI quench 

experiments. The results were initially rationalized by consideration of steric effects 

created by a large cluster of yet undetermined stoichiometry involving both EVL and 

HMPA which prevented formation of the 1.47 species. A more recent proposal by Beak 

and Snieckus 27 attributes these observations to the reduction of the ability of the amide to 
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coordinate with EVL·HMPA. In general, carboxamide acts as a DMG through 

coordination with the lithium bases; whereas OMe exerts its directing ability mainly 

through an inductive effect and partly through oxygen coordination.20 As a result, 

lithiation of 1.48 using s-BuLi·TMEDA occurs ortho to the diisopropyl carboxamide 

owing to the CIPE. On the other hand, a CIPE is not involved in the lithiation of 1.48 

using EVL·HMPA because complexation between carboxamide and EVL is undermined.  
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Scheme 1.10. 

As a further contribution to the DoM mechanism, Mortier investigated the 

metalation of meta-anisic acid as a function of base.47 Thus, treatment of m-anisic acid 

with lithium 2,2,6,6-tetramethyl piperidide (LTMP) followed by addition of D2O yielded 

2-d m-anisic acid, 1.52 (Scheme 1.11) only, whereas treatment with the Schlosser-

Lohmann base (n-BuLi/t-BuOK) followed by addition of MeI yielded 4-methyl m-anisic 

acid, 1.54 (80%) as a major product with a mixture of 2-methyl m-anisic acid (9%) and 6-

methyl m-anisic acid (11%) as byproducts. Mortier concluded that lithiation by LTMP is 

thermodynamically controlled and anion species (1.51) generated at the 2-position is 

stabilized by resonance from the contribution of CO2
- and inductive effect of OMe. In 

contrast, the stronger the Schlosser-Lohmann base is not influenced significantly by the 

directing ability of CO2
-. It exhibits non-selective deprotonation at 2-, 4-, and 6- positions 

of 1.50 but the 4-C-H bond is the more inductively activated aromatic position due to 
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being present next to the most electronegative heteroatom (i.e. OMe) and thus the C-

anion is preferentially formed under the kinetically controlled conditions.   
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Scheme 1.11 

 Mechanistic evidence for the DoM reaction has also accumulated from studies on 

the anionic Fries rearrangement which can be thought as an extension of DoM reaction. 

In 1981, Melvin48 found that treatment of 1.55 with LDA led to the formation of 1.56 in 

78 to 95% yields (Scheme 1.12). The same reaction was also observed in the aryls 

bearing phosphodiamidate.49 
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OH
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(78 - 95 %)
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1.55 1.56

 

Scheme 1.12 
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In 1983, Sibi and Snieckus25 observed a similar anionic rearrangement of aryl O-

carbamates. This type of reaction, for which the term anionic ortho Fries rearrangement 

was subsequently coined and which has been cultivated in large part by Snieckus and 

coworkers has gradually received attentive interest from the pharmaceutical industry.50  

Recently, mechanistic studies of lithiation of aryl O-carbamates, 1.57 by Singh and 

Collum51 suggest that ortho lithiation rather than the anionic Fries rearrangement is the 

rate determining step based on the large KIE (kH/kD = 16) and the lack of effect on rate 

when diisopropylamine is added to the reaction. 6Li and 15N NMR spectroscopy revealed 

the presence of an LDA dimer, LDA dimer-arene complexes, and aryllithium monomer 

LDA-aryllithium mixed dimers, and a LDA-lithium phenolate mixed dimer along the 

reaction pathway (Scheme 1.13). 

 

O

NR2

O

R1

Ni-Pr
i-Pr

Li
Li N i-Pr

i-Pr
THF

THF O

NR2

O

R1

Li(THF)n

R1

O

NR2

O
Li
Li

THF

N
i-Pr
i-Pr O

NR2

O

N
i-Pr
i-Pr Li

Li

THF

O

NR2

O
Li(THF)n

R1

R1

R1

XO NR2

O

Ni-Pr
i-Pr

Li
Li N i-Pr

i-Pr
THF

R1

1.57

1.58

1.59
1.60

1.61

1.621.63

1.58

R = Me, Et, i-Pr
R1 = H, OMe, F  

 

Scheme 1.13 

 Detailed rate studies of the reaction of 1.57 with LDA, corroborated by density 

functional theory (DFT) calculations, suggests that ortho lithiation proceeds through 1.64, 
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a monosolvated monomer transition state. In contrast, in poorly solvating solvents such as 

toluene, metalation proceeds through a monosolvated dimer 1.65 transition structure. 

Ortho lithiation is accelerated by the presence of meta electron withdrawing groups, e.g. 

R1 = F. Furthermore, the need of excess LDA is suggested to break the mixed aggregate 

of 1.58 which may cause autoinhibition of the lithium base and thereby prevent 

successful metalation.  
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Scheme 1.14 
 

 Most recently, Chadwick and Collum investigated the the lithiation reaction of 

aryl oxazolines (Scheme 1.15).52   
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Scheme 1.15 
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The studies yielded similar results to those observed for aryl O-carbamates in that 

the rate determining step involves proton transfer (kH/kD = 22 – 32), coordination of aryl 

oxazolines and bases (n-BuLi or MeLi)/0.5-5 M TMEDA in pentane stabilize the 

transition state but appear not to activate the ortho-hydrogen through an inductive effect, 

and the presence of meta- electron withdrawing groups (OMe, F) also accelerate ortho-

lithiation. Three transition states, monomer-based (1.73), dimer based (1.74) and triple-

ion based (1.75) were proposed to rationalize the DoM reaction of aryl oxazolines.  
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Scheme 1.16   
 

In another study, Sammakia and Latham53 proposed from the ratio of electrophile 

incorporation onto ferrocene bearing the oxazoline group that s-BuLi/THF-induced DoM 

of aryl oxazoline proceeds via N-rather than an O-directed mechanism. Collum’s DFT 

calculations52 implicate subtle differences between the N-lithiation and O-lithiation in 

both the dimer vs the triple-ion mechanism. The monomer-based metalation shows a high 

preference for N- over O-directed metalation and a high sensitivity to a steric effect. 

Furthermore, DFT calculations indicate that the dimer based metalation is disfavored by 

ΔH >40 kcal/mol compared to the monomer based metalation. In the triple ion based 

model, ortho-lithiation of 1.69 was significantly stabilized by the syn-methoxy 
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orientation towards the oxazoline. This result may be questioned on the basis of the 

expected steric effect of the OMe group syn-oriented with respect to the oxazoline ring. 

However, the destabilizing effect by the deposit of the electron lone pair of oxygen of 

anti-oriented methoxy group in 1.69 to the already electron rich triple ion transitional 

structure offers a rationalization of the results derived from the computation. In addition, 

although the metalation of the meta-fluoro aryloxazoline (1.70) was too fast to be studied, 

its calculated ΔG‡  was found to be >4 kcal/mol lower than that of the corresponding 

meta-OMe derivative (1.69). The facile metalation of m-fluoroaryloxazoline 1.70 was 

attributed to not only the inductive effect of the F-substituent but also to its weak 

coordinating ability. In the case of the aryl dioxazoline (1.71), the cooperative effect of 

two DMGs appears to be manifested in the substantial increase of the rate of reaction 

(about 100 times faster than that of 1.68). The conclusion of this study on aryloxazolines 

is nothing more than giving substance to what chemists have qualitatively proposed 

previously: DMGs can exert their effects on the DoM reaction through coordination with 

the lithium base or by inductively acidifying the proton ortho to the electron negative 

groups such as OMe and F. 

Since 1939,54,23,29 evidence has accumulated to support CIPE and inductive 

effects but less so in support of KEM as the mechanistic rationalization for the DoM 

reaction. However, the DoM mechanism may vary as a function of conditions, i.e. 

solvents, bases, as well as the nature of the DMGs. What is probably clear is that electro 

negative atom containing DMGs i.e. OMe or F, under standard metalation conditions 

may exert their directing effects through an inductive effect and that O-carbamate and 

carboxamide DMGs, bearing a site for coordinating with metals may proceed by a CIPE 
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mechanism mainly. At the risk of stating the obvious, the rate law of DoM does not 

provide the structure of the transition state, but the stoichiometry has shed light on the 

possible structure of the transitional state, studies which have been largely explored by 

the Collum group44,51,52,55 using experimental and computational approaches. However, 

calculations are not to be taken easily without the backing of empirical experimental 

results. Not when all these are certified and considered, the mechanism of the DoM still 

remains elusive and disputable.  

1.2.2. The DoM Boronation Suzuki-Miyaura Cross Coupling Reaction 
 

1.2.2.1. Mechanism of Suzuki-Miyaura Cross Coupling Reaction 
 

In the context of modern synthetic organic chemistry, the aryl-aryl transition 

metal - catalyzed cross coupling reaction has become the master piece over the past three 

decades, with the name reactions of Kumada-Corriu-Tamao,56,57 Negishi,58 Migita-

Stille,59 Hiyama60,61 and Suzuki-Miyaura62  for magnesium, zinc, tin, silicon, and boron 

as the catalytic active metal species respectively being readily recognized by the synthetic 

community (Table 1.2). The current status owes its origin in the discovery of Kharasch 

who, in 1941 first employed Grignard reagents 1.76 and cobaltous chloride as the co-

catalyst to achieve the homo coupling of aryls (Scheme 1.17) to yield the biaryls 1.78.63  

R

MgBr
+ 3 mol% CoCl2

R

CoCl
+ MgBrCl2 2

R

R

1.76 1.77
1.78

R = p-Me, o-Me, p-OMe, o-OPh (74 - 95 %)

 

Scheme 1.17 
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It was not until the 1970 when Kumada57 and Corriu56  independently reported the 

Ni-catalyzed cross coupling of Grignard reagents with vinyl or aryl halides, which 

marked the beginning of the development of the transition metal catalyzed aryl-aryl cross 

coupling reaction. An analogous zinc cross coupling reaction, discovered by Negishi, 

shows tolerance for a variety of substrate functional groups because organozincs are less 

nucleophilic than their magnesium analogs. Organomagnesium and organozinc 

compounds are nevertheless unstable for prolonged periods of time. In contrast, 

organostannes and organoborons are stable in air and water and can be stored on the shelf 

for extensive time without serious degradation. In addition to these established cross 

coupling reactions, the Hiyama silicon-based cross coupling, which is of more recent 

origin, is primed for further exploration and requires new convenient methodology for the 

preparation of organosilane starting materials. These cross coupling reactions are 

summarized in Table 1.2.56,57,64-71    

Ar1Met + Ar2LG Ar1- Ar2
NiLn or PdLn

Met LG Investigator Yr Refs

MgX hal, OTf Corriu 1972 56-57
Kumada

ZnX hal, OTf Negishi 1976-77 58, 64

B(OH)2 Br, I, OTf Suzuki 1979 66

BF3K Br, I Batey 2001-02 67
Molander

SnR3 hal OTf Migita, Stille 1977-78 68

SiRF2 I Hiyama 1989 69

SiR2OH I Denmark 1999 70, 71
Mori  

Table 1.2  
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The Suzuki-Miyaura cross coupling reaction has been developed into a general 

process for a wide range of selective carbon-carbon formations. Because of 

environmental friendliness, tolerance to many different functional groups, stability 

toward air and oxygen, and convenience for preparation of organoboron compounds, 

much attention has recently been focused on the Suzuki Miyaura cross coupling 

protocol.65 Furthermore, in spite of the broad synthetic application, the mechanism of the 

Pd catalyzed Suzuki-Miyaura reaction is poorly understood. The currently given 

mechanism involves the standard scheme of oxidative addition, transmetalation, and 

reductive elimination (Scheme 1.18).72-74  

L2Pd0

R PdII LG

R-LG
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R R'

L

L

L4Pd0

oxidative
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R PdII R'

L

L

R PdII L

L

R'

reductive
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1.79

1.80

1.81

1.82

1.83

1.84
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Scheme 1.18 

Pre-catalyst 1.79 first undergoes ligand dissociation to form 1.80 which is 

believed to be the active catalyst on the basis of kinetic, and 1H and 31P NMR 

spectroscopic studies.75,76 Then the Pd (0) active catalyst undergoes oxidative insertion to 

form 1.82. Although reactions vary with the type of substrates that are added, oxidative 

addition is normally the rate - determining step of the catalytic cycle.65,77 A kinetic study 
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on the Ni (0) and Pd (0) - catalyzed reaction78 suggested that the mechanism of the 

oxidative addition of aryl iodide to [PdL2] 1.80 can be related to aromatic nucleophilic 

substitution since the rate of the reaction is accelerated for aryl halides containing 

electron withdrawing substituents. The reactivity of halides or leaving groups decreases 

in the order of I > OTf > Br >> Cl, >>> F.75,79,80 Subsequently, transmetallation from 1.83 

to the Pd (II) 1.82 is proposed to occur to yield 1.84. The use of base is obligatory for the 

Suzuki-Miyaura cross coupling reaction in order to critically increase reactivity of the 

transmetallation step. Nevertheless, the transmetalation is poorly understood. In 2002, 

Miyaura proposed two possible simplistic pathways (Scheme 1.19) of base-assisted 

transmetallation derived from the available information.81 In path A, nucleophilic 

addition of OR’’ ¯ to boronic acid 1.87 gives the ate complex 1.88 which, upon 

transmetallation, leads to 1.84. In path B, nucleophilic substitution of X¯ with OR’’ ¯ gives 

1.89 which, being more electron rich than 1.82, readily undergoes transmetallation to 

provide 1.84.  

R - Pd - X

+

Path A

Path B

OR'' -

R - Pd - X

+

X-

R - Pd - OR''

+

R - Pd - R'

1.82

1.87

1.82

1.88

1.87

1.89

1.84

R'-B(OH)2 R'-B(OH)2(OR'')

R'-B(OH)2

 

Scheme 1.19 

Although there is no direct evidence to support path A via 1.88, ate complexes 

such as [RC≡CBR3]Li,82 R4BLi,65 [ArBR3]Li,65 Ph4BNa,83,84 [R3BO-Me]Na,85 

[ArB(R)(OR)2]Li,86 and [ArBF3]K87 are well known and have been used in Pd and Ni-
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catalyzed cross coupling reactions. On the other hand, path B is supported by studies in 

which the “oxidative addition” type methoxo,88 hydroxo,89 and (acetoxo)palladium (II) 

complexes88 undergo cross coupling upon treatment with an organoboron compounds 

(Scheme 1.20). However, on the basis of computational studies using ONIOM and DFT 

methods, Maseras and coworkers90 concluded that path B can be safely excluded because 

of the many unreasonablly high energy complexes in this path. In addition, oxopalladium 

complexes, e.g., 1.90 were suggested to be generated from oxidative insertion of Pd(0) to 

R-(OR’’) bond rather from nucleophilic replacement of 1.82 by OR’’¯. In other words, 

bases exert their effects to enhance the rate of the Suzuki-Miyaura cross coupling 

reaction most likely by increasing the nucleophilicity of the borane (R-B(OR)2) via borate 

formation.90,91 
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Scheme 1.20. 

Although many studies have been devoted into the investigation of oxidative 

addition, relatively fewer studies have been carried to discover the mechanism of 

reductive elimination. Nevertheless, the trans to cis isomerization from 1.84 to 1.85 was 



 41

repeatedly proposed to occur prior to reductive elimination.65,92 In 1989, a study by Stang 

and Kowalski93 suggested that cis-isomerization was taken effects through dissociation of 

trans isomer 1.84. The facts of addition of PPh3 that would inhibit the cross coupling of 

two organo groups in the isolated 1.84 Pt analogue complex and would slightly enhance 

the rate of cross coupling of two organo groups in the isolated 1.85 Pt analogue complex 

indicate that the ligands in trans-isomer must undergo dissociation as the rate limiting 

step which could be impeded by the addition of PPh3. In addition, cross coupling of two 

organo groups in cis-isomer 1.85 would probably involve concerted reductive elimination 

from activated complex 1.100. Thus, in the context of transitional metal catalyzed cross 

coupling reaction, it was proposed that reductive elimination would follow the pathway 

as illustrated in Scheme 1.21 where 1.99 would isomerizes to cis-like complex 1.100 that 

would immediately give the cross coupling biphenyl 1.101 after the reductive elimination 

of two cross coupling partners from the catalytic cycle accompanied with regeneration of 

Pd(0)L2 1.80.94,93   

Pd PhPh
L

L

Pd
L

L
Ph-Ph + Pd(0)L2

1.99 1.100

1.101 1.80

 

Scheme 1.21. 

1.2.2.2.  Practical Aspects of the DoM – Suzuki Cross Coupling Reaction: 
Characterization of Boronic Acids, Catalyst / Ligands, Bases and Solvents  
 

The synthesis of arylboron compounds may be achieved by three general 

strategies: transmetallation,67,95-98 cross coupling 99-101 and aromatic C-H borylation.102-104 
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Among these, transmetallation offers the most straightforward method for preparing 

arylboron compounds because the requisite organometallic reagent is easily available.105 

Connecting transmetallation to DoM for Li-B exchange was first demonstrated in 1985106 

to provide assured regiochemistry for the Suzuki-Miyaura cross coupling, a reaction 

which has seen subsequent broad application (Scheme 1.22).107  

DMG 1. RLi

2. B(OR)3
G

DMG

G B(OH)2

ArX, Catalyst

Base/Solvent

DMG

G Ar

1.101 1.102 1.103  

Scheme 1.22. 

CONR2,108 OCONR2
109, OMe,110 OMOM,111 SO2NEt2,

112 OSO2NEt2,26 and 

NHCOR113 have been employed as DMGs in the DoM reaction to construct ortho-

functionalized arylboronic compounds via direct Li-B exchange or ipso-borodesilylaion 

of aryl silane 1.104 prepared by Li-Si exchange (Scheme 1.23).114 Following treatment of 

1.102 with pinacol and diethanolamine would afford the pinacolato boronate 1.105 and 

arylborocane 1.106 respectively.  
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Scheme 1.23. 

The reaction of an aryllithium (or arylmagnesium)26 with B(OR)3 leads to the 

initial formation of a relatively unstable ArB(OR)3Li in equilibrium with ArB(OR)2 and 

ROLi.95 This sometimes leads to the formation of  undesirable di-, tri-, or tetra-

organoborates.95 Based on yields and cleanliness of reaction triisopropyl borane is the 

best available borane reagent for the formation of ArB(OR)3Li without production of 

other organoborates and thereby leads smoothly to ArB(OH)2 by hydrolysis upon 

treatment of acid.95,115 Nevertheless, after recrystallization, NMR spectroscopy of 

selected cases in CDCl3 has shown two pairs of signals corresponding to a boronic acid 

and a boroxine, a mixture of boronate oligomers.116 For the purpose of purification and 

obtaining a crystalline highly stable boronic acid derivative, the diethanolamine adducts 
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are recommended and have been prepared.117,118 In addition, bulky pinacolato boronates 

may have sufficient stability for chromatographic purification and GC analysis.96 While 

pinacolato boronates participate broadly in Suzuki reactions,119,120 the corresponding 

diethanolamine adducts require an N-substituent and Pd-Cu cocatalyst for successful 

reactions or reconversion to the respective boronic acids.121,122  

In the quest of using these organo boron compounds in cross coupling reactions, 

the nature of Pd catalysts, bases, and solvents must be taken into consideration.65 

Transition metal (Pd, Pt,123 and Ni124 ) catalysts have been developed to tune for the 

optimum efficiency of Suzuki-Miyaura cross coupling reaction. Pd(PPh3)4 has been so 

frequently used that it has become a “standard catalyst” and is found to be effective in 

many of cross-coupling reactions.65 Nevertheless, in some cases, especially cross 

couplings of sterically hindered aryl boronic acids or aryl chlorides bearing electron 

donating groups, the reactions catalyzed by Pd(PPh3)4 are dramatically attenuated.125 As a 

result, much research have been devoted into the development of ligands for a number of 

Pd (II) catalyst precursors, e.g., Pd(OAc)2, PdCl2, Pd2dba3 and PdCl2(dppf).126 Perusal of 

the literature (see also Scheme 1.25 and Table 1.3) shows that P(tBu)3 and S-Phos 

championed by Fu127 and Buchwald128 respectively, are efficacious, versatile phosphine 

ligands that significantly improve the reactivity of in situ generated Pd(0) catalysts. (1,3-

Diisopropylimidazol-2-ylidene)(3-chloropyridyl)palladium (II) dichloride (PEPPSI) is a 

N-heterocycle carbene-Pd complex ligand that is receiving increased attention due to 

advantage of low loading making it appealing for industrial use.129  

The mild base Na2CO3 is effective in a wide range of cross coupling reactions of 

arylboronic acids. Tests of reactivity of bases130,131 in the cross coupling of 
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mesitylboronic acid with iodobenzene was carried out to show the following order of 

reactivity: TlOH > Ba(OH)2 > Tl2CO3 > NaOH > Cs2CO3, K3PO4 > Na2CO3 > NaHCO3. 

The bases Na2CO3, Cs2CO3, K3PO4, NaOH, Ba(OH)2 and TlOH are usually suitable for 

aryl-aryl cross coupling reactions in mixed organic-aqueous media (H2O/toluene,132 

H2O/DME,133 H2O/dioxane134 and H2O/THF135). The higher reactivity and lower toxicity 

of Ba(OH)2 base makes it a more favourable base than TlOH, especially for the synthesis 

of sterically hindered tri-ortho-substituted biaryls.136,137 However, protodeboronation can 

be a serious problem for more electron poor aryl boronic acids such as 3-formyl-2-

thiopheneboronic acid138 and bis(thiophene)boronic acids.139 In addition, 2-

pyridylboronic acid provides no coupling products most likely due to rapid 

protodeboronation.140 To overcome this problem, an ate complex 1.106 (Scheme 1.24) 

was generated in situ directly from 1.105 and its cross coupling with 1.107 to furnish the 

bipyridine derivatives 1.108 was achieved in modest yield.140  To circumvent the problem 

of competitive protodeboronation, K3PO4·H2O,124 CsF141 and NEt3
141 are often employed 

in non-aqueous media (i.e THF, DME and DMF).  
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Scheme 1.24. 
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Pd Catalyst: Pd(PPh3)4, Pd(OAc)2, Pd2(dba)3, PdCl2(dppf), Pd(PPh3)2Cl2, Pd(acac)2

Ligand Structure:
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Scheme 1.25. 

 Suzuki-Miyaura cross coupling reaction, over more than two decades of 

continuing efforts, has become a widely practiced and useful method to construct Sp2 C- 

Sp2 C bonds of various substrates. Many of these conditions were developed to advance 

this technique. Perusal of literature revealed that conditions of this methodology vary 
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with bases, solvents, temperature, catalysts and ligands of which some examples were 

provided here in Table 1.3 for the purpose of demonstration and discussion invoked in 

previous paragraphs.    

# Bases Solvents Temp. 
(0 C) 

Catalysts Ligand Ref. 

1 Na2CO3 Tol-MeOH-
H2O 

80 Pd2(dba)3 1.111 142 

2 Na2CO3 MeOH-H2O reflux Pd(PPh3)4 — 143 
144 

3 Na2CO3 toluene-H2O reflux Pd(PPh3)4 — 145 
146 
147 

4 Na2CO3 1,4-dioxane reflux Pd(PPh3)2Cl2 — 148 
5 NaOH Benzene-

THF 
65 Pd(PPh3)4 — 149 

6 NaOH Toluene-
H2O 

99 Pd(PPh3)4 — 132 

7 NaHCO3 DME-H2O 80 Pd(PPh3)4 — 150 
8 NaHCO3 DMF-H2O 50 Pd(PPh3)4 — 151 
9 K3PO4 10:1 Tol: 

H2O 
100 Pd(OAc)2 1.115 128 

10 K3PO4 n-butanol 90-100 Pd2(dba)3 1.115 128 
11 K3PO4 Toluene 80 – 100  Pd2(dba)3 1.114b 125 
12 K3PO4 nH2O, 

dioxane 
80 NiCl2dppf — 152 

13 K3PO4 nH2O, 
toluene 

80 NiCl2(PPh3)2 1.117 153 

14 K3PO4 nH2O, 
toluene 

80 NiCl2(PPh3)2 1.117 154 

15 K2CO3 Bu4NBr-H2O 70 Pd(OAc)2  155 
16 K2CO3 THF/DME/

H2O 
80 PdCl2(dppf) — 156 

17 KF THF r.t. Pd2(dba)3 1.109 127 
18 KF THF r.t./100 Pd2(dba)3 1.118 157 
19 KOH MeOH/H2O 60 Pd(OAc)2 1.128b 158 
20 Cs2CO3 Dioxane 80 Pd2(dba)3 1.120a 159 

160 
21 Cs2CO3 Dioxane r.t Pd2(dba)3 1.109 161 

127 
22 CsF DME 85 Pd(PPh3)4 — 162 
23 TlOEt THF-H2O r.t.  PdCl2(dppf) AsPh3 163 
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# Bases Solvents Temp. 
(0 C) 

Catalysts Ligand Ref. 

24 TlOH 
 

THF-H2O r.t.  PdCl2(dppf) AsPh3 164 
165 

25 Ag2O-
K2CO3 

Toluene 100 Pd(OAc)2 PPh3 166 

26 Et3N n-PrOH-H2O reflux PdCl2(dppf) — 167 
168 

 

Table 1.3. 

1.2.3. The Directed Remote Metalation (DreM) Reaction 

 
The discovery of the remote ring regioselective deprotonation of biaryl amide169 

and O-carbamate170,171 derivatives has led to the development of a general strategy, 

referred to as the Directed remote Metalation (DreM) reaction, for the synthesis of 

fluorenones and more highly substituted biaryl amides respectively (Scheme 1.26).  

H

DMG

H

for 1.129a: LDA/THF/0 oC
for 1.129b: LDA/THF/reflux

1.129
a: DMG = CONEt2
b : DMG = OCONEt2

OH

PG

NEt2
O

1.131

O

1.130

PG = TMS
PG = SiEt3
PG = OMe

 



 49

Scheme 1.26. 

The earliest reported case of DreM in the context of biaryl system was provided 

by Narahimhan and Chandrachood172 in the synthesis of 7,8-dimethoxy phenanthridine 

1.134 (Scheme 1.27). Thus, treatment of 1.132 with n-BuLi followed by DMF quench 

was reported to lead to 1.134 proceeding via the lithiated intermediate 1.133. However, 

Meyers173 reported that Narahimhan’s result was not reproducible. Further exploration of 

DreM was actually inspired by the examination of the X-ray crystallographic structure of 

a m-terphenyl 1.135174 (Scheme 1.28) and by considering the role of CIPE in the 

compounds bearing amide as the DMG.31 

H2N

H3CO
OCH3

1. n-BuLi/Et2O Li2N

H3CO
OCH3

Li
1. DMF

2. H2O

H3CO
OCH3

N

1.132 1.133 1.134
(62)%  

 
Scheme 1.27. 

CON(i-Pr)2

1.135  

Scheme 1.28 

 Mechanistic aspects of the DreM reaction mediated by the Lochmann-Schlosser 

base, LICKOR (n-butyllithium/t-BuOK) were recently examined by Mortier and Tilly.175 

Mechanistic evidence was obtained by studying the reaction as a function of bases, order 
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of base addition and duration of metalation, and interpretation of the results was based on 

deuterium incorporation in the observed products. Treatment of 1.136 with 3.5 equivalent 

of LICKOR for one hour at 60 oC followed by quench with excess D2O at room 

temperature provided the fluorenone 1.140-1d1 (41% 1d1, 59% 1d0) in 76% yield after 

separation from unreacted 1.136 (20% 3d1, 80% 3d0). This result suggested that 

metalation of 2-biphenyl carboxylic acid 1.136 with excess LICKOR could occur at the 

remote 2’ position and / or 3 position (Scheme 1.29). Furthermore, 1.140-1d1 and 1.140-

1d0 were derived from the geminal dimetallodialkoxide intermediate 1.138, which can be 

completely converted to 1.139 by addition of base. Indeed, treatment of 1.135 with 5 

equivalent of LICKOR for one hour prior to addition of n-BuLi to the reaction mixture 

followed by D2O work-up furnished deuterated fluorenone 1.140-1d1 (100% d1) in 70% 

yield. The authors concluded that metalation of 2-biphenylcaroboxylic acid in 3-position 

and 2’-position was assisted by pre-coordination (CIPE) of base with carboxylate, and 

that the dimetallo dialkoxide was the probable intermediate in order to rationalize the 

requirement of three equivalents of LICKOR for optimal conversion of 1.136 to 1.140.  

CO2H

LICKOR CO2M
M

MO OM MO OM M D
D2O

O

1.136

1.137a 1.138 1.139 1.140-1d1

2'

3

M = Li or K

slow

slow

LICKOR CO2M

1.137b

O

1.140-1d0

fast

1

1

M

 
 
Scheme 1.29. Mortier’s investigation on DreM mechanism of biphenyl-2-carboxylic acid. 
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 The utility of the DreM reaction was demonstrated in the total synthesis of 

dengibsin169 and dengibsinin.170 The biaryl 1.143, available by a Suzuki-Miyaura cross 

coupling reaction was sequentially subjected to LDA- induced DreM-cyclization and 

selective deisopropylation to yield dengibsinin 1.144 in 24% overall yield over 5 steps 

(Scheme 1.30). The DreM – mediated cyclization was generalized for the synthesis of a 

large number of fluorenones from m-teraryls in the same study.170 The DreM protocol 

was also used to synthesize fluorenone/fluorenol liquid crystal 16 core structures whose 

properties will be discussed in Chapter 3. 

B(OnBu)2

i-PrO CONEt2

+

I
MeO

i-PrO
OMe

i-PrO CONEt2
MeO

i-PrO
OMe

PdCl2(dppf)2
K3PO4/DMF/rt i-PrO

MeO

HO
OMe

O

1.143

1.141

1.142

1.144

1. LDA/THF
0 oC to RT

2. BCl3/CH2Cl2
0 oC

 
 

Scheme 1.30. 

 Recently, the synthesis of a selected group of azafluorenones 1.146 a-d from the 

picolinamide, nicotinamide and isonicotinamides 1.145 a-c by a one pot protocol DoM-

boronation and Suzuki-Miyaura cross coupling reaction, followed by an DreM-

cyclization step of the resulting azabiaryls 1.146 a-d was achieved in 26 – 50% overall 

yields (Scheme 1.31).118 The one-pot procedure avoids the tedious isolation of the 

usually unstable intermediary pyridyl boronic acids,176,177,122 and thereby allows a 

straightforward access to the azafluorenone 1.147 a-d some of which cannot be obtained 



 52

using classical Friedel-Craft cyclization technology. The DreM strategy can be regarded 

as an anionic Friedel-Craft equivalent which serve as a complement to the Lewis acid 

mediated processes. In fact, 1.146 e was reported to afford an approximately 1:1 mixture 

of 1.147a and the isomeric-6-methoxy-2-azafluorenone 1.148 (72% combined yield).178 

O

N

R

N
CONEt2

R

1.146 a-b, R = 3'-/4'-OMe,
1.146 c, = 4-CN,
1.146 d, = 3-Cl

1. xs LDA/THF
0 oC to rt.

2. NH4Cl

1. B(O iPr)3
2. LDA / THF
3. pinacol

4. ArBr / aq. Na2CO3
5 mol% Pd(PPh3)4
PhMe / reflux / 12h

N
CONEt2

1.145 a-c 1.146
1.147

1.147 a-b, R =8-/7-OMe,
1.147 c, = 8-CN,
1.147 d , = 8-Cl

N

O

OH PPA

OMe

1.146 e
N

O

1.147 a

OMe

+

N

O

1.148

MeO

 
 

Scheme 1.31. 
 

The anionic ortho Fries rearrangement of O-aryl carbamates to give N,N-diethyl-

2-hydroxybenzamides was discovered in 1983.25 In the biaryl 2-O-carbamate series 1.149 

(Scheme 1.32), LDA-mediated ortho carbamoyl migration is precluded by the presence 

of a PG and instead the DreM – migration process is observed to furnish 1.150. This 

reaction is of synthetic interest in that a) it allows a “piggy-back” approach to prepare 

highly hindered 2,2’-biaryls which may not be readily obtained by direct Suzuki cross 

coupling and b) it may be used for the construction of dibenzopyranones 1.151. 
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PG

O NEt2

O
PG

OH

NEt2O

PG

O

O

xs LDA AcOH
THF, rt or reflux

1.149 1.150 1.151

PG = SiEt3, OMe  
 

Scheme 1.32. 

 Illustrations of the use of the O-carbamoyl biaryl DreM – migration reaction in 

concert with DoM and cross coupling chemistry includes the synthesis of highly 

oxygenated dibenzopyranone such as peri-substituted 1.152, heterocyclic analogues 

1.153179 and the natural product from Tamarix nilotica 1.154,171 defucogilvocarcin V 

1.155111 and plicadin 1.156.180 For the latter example, a Sonogashira – Stephens-Castro 

reaction cascade of 1.157 (Scheme 1.33) with the chromene 1.158, prepared by combined 

DoM - Sonogashira methodology affords 1.159, which, after DreM - cyclization and 

selective deprotection leads to plicadin 1.156 in 6.5% overall yield. 
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Scheme 1.33. 

   The DreM chemistry of substituted tolylbiaryls 2-methyl-2’-amido biaryls 1.160 

provides 9-phenanthrols 1.161 with substitution patterns which are not readily prepared 

by conventional methodologies,181 e.g., electrophilic substitution,182 Pschorr reaction,183 

Mallory photocyclization184 and which also usually lead to mixtures of isomers.181 LC 

with phenanthrols cores are also readily synthesized by DreM of 2-methyl-2’-

amidobiaryls.185 In the substituted 1.162 containing nitriles, oximes ethers and 

hydrazones rather than amides, the DreM reactions proceed with the deprotonation of the 

benzylic site followed by cyclization leads to the production of the corresponding 9-

aminophenanthrene 1.163 (Scheme 1.34).  Using this method, piperolactam C 1.164,186 a 

natural product which is believed to detoxify metabolites of aristolochic acids,187 was 

synthesized.  
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Scheme 1. 34. 
 

 Similarly, manipulation of 1.165, derived by a DoM-cross coupling sequence by 

DreM chemistry allows the efficient construction of the natural products Eupolauramine 

1.167.188 

 

N
Et2NOC

Et2NOC

MeO

DoM

Suzuki-Miyaura
Cross Coupling

N
Et2NOC

MeO

HO
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N

MeO

MeN

O
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Scheme 1.35. 
 

 In an extension of the DoM concept, the heteroatom-bridged biaryls 1.168 

carrying the diethylcarboxamide or O-diethylcarbamate DMGs, offered by DreM reaction, 
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an immediate pass to general syntheses of thioxanthones 1.171a,189 xanthones 1.171b,190 

dibenzophosphorinones 1.171c,191 acridones 1.171d,192 and oxcarbazepine,193 a 

antiepileptic drug. The Ar-X-Ar moiety can be easily assembled by the DoM-Ullmann, 

and Buchwald-Hartwig coupling routes. This same strategy has been implemented for the 

construction of the 6-deoxyjacareubin 1.172, a natural product isolated from the leaves of 

Vismia latifolia.190  

X

Et2NOC X

O
R

a: X = SO2, R = H, OMe, OH, TMS, Y = N (62 - 86%)
b: X = O, R = H, OMe, OH, Y = 2-N, 3-N (60 - 90%)
c: X = P(O)Ph, R = H, CONEt2 (60 - 90%)
d: X = NMe, R = H, OMe (34 - 98%)

Y
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X
+
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1.170
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O O

O

OMe

OH

6-deoxyjacareubin
(9 steps, 18%)

1.171

1.172

R

R
X

O

or

1.171 c

N
OMe

 
 

Scheme 1.36.   

In similar Ar-X-Ar systems but with 2-O-carbamoyl groups (1.173, Scheme 1.37), 

anionic Fries rearrangement is avoided by ortho-protection to allow a remote equivalent 

reaction to give an intermediate 1.174 which undergoes a DreM – cyclization step to 

afford unusually substituted xanthones and phosphorinones 1.175a and 1.175b in a one-

pot process.189,191   
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Scheme 1.37. 

  The considerable versatility of the DreM reaction as an alternative to the classical 

Friedel-Crafts cyclization is demonstrated ostensibly not only by the above examples but 

also in other total syntheses, e.g., topopyrone B and D194 1.176 a-b and the unnamed 

indolo[2,3-a]carbazole alkaloid1951.177, a natural product which serves as potential 

candidate for development of antitumor agents.196,197   
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Scheme 1.38.  
 

1.2.4. The Synthesis of Azafluorenones  
 
 The azafluorenone core is found in an intriguing class of alkaloids, represented by 

onychine as one of the simplest members which has been shown to show antimicrobial 

activity against Candida, a genus of yeast that causes numerous infections (called 

candidiasis or thrush) in humans and animals.198 Many 4-azafluorenone (indeno[1,2-
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b]pyridine) derivatives bearing hydroxyl and / or methoxy substituents have been isolated 

from Nature (Figure 1.24).199 The azafluorenone core was also shown to exhibit LC 

properties.200  
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Figure 1.24. Naturally occurring 4-azafluorenones.   

 
 As a result of their unique structures and their potential antimicrobial properties, 

the synthesis of the azafluorenones has been an active area of investigation. Twelve 

selected azafluorenone syntheses will illustrate the variety of approaches. Retrosynthetic 

analysis based on three simple categories road map these approaches (Scheme 1.39). In 
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the radical approach, species 1.179 is generated either by thermolysis or photolysis to 

give the azaflourenone 1.178. In a heteroannulation approach, the readily available 

indene or indanone 1.180 provides an efficient synthesis of 1.178. The widely used cross 

coupling strategy is now very commonly used to prepare azabiaryls (not pyridinyl biaryls) 

which then allow either  Friedel-Craft (FC) or anionic FC equivalent approaches  to 1.178.  

N

O

N

O
+

N
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O
+

Friedel-Craf t Approaches
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N

O
O
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O O
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+ NHR1R2

Radical Approach

1.178
1.179

1.178 1.180

1.178 1.181

1.178 1.182  
 

Scheme 1.39.   
 

1.2.4.1. Radical Approaches 
 
 The radical approach, 1.179  1.178 may be  the less favored method towards the 

azafluorenone nucleus because of lack of predictability in the regioselectivity and 

inefficiency.201 Kyba and co-workers201 reported the synthesis of azafluorenones 1.190 

using a photochemical Pschorr cyclization, 1.185  1.187, as the key step (Scheme 1.40). 
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The intermediates 1.185 were prepared by a DoM reaction of the N-Boc anilines 1.183 

with the aryl aldehydes 1.184. Oxidation of the resulting alcohols gave the intermediates 

1.185 which were then subjected to sequential diazotization and photolysis to furnish 

1.187 in 11-55 % overall yield in the last two steps. A major problem of this approach is 

in the diazotization step, which leads to reductive deamination to give 1.186 as a side 

product (Scheme 1.40). Regioselectivity of the ring cyclization also varies as a function 

of substituents on the pyridine ring, e.g. A/B = 1.7/1.0 when X = H compared to A/B = 

0.7/1.0 when X = Me (Scheme 1.41).  
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Scheme 1.40.  
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Scheme 1.41. 
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 Cascade radical cyclization of 1.190, conveniently obtained from the cross aldol 

reaction of 3-methoxybenzaldehyde 1.188 and 2-bromoacetophenone 1.189 followed by 

sequential von Braun reaction with copper cyanide and iodination, was subjected to 

sunlamp irradiation to give the 11H-indeno[1,2-b]quinolin-11-ones 1.191 and 1.192 in a 

ratio of 1: 3.2 with a 25% combined slump yield (Scheme 1.42).202 No direct evidence 

for the distinct involvement of spiroindene 1.193 resulting from a 5-exo cyclization and 

the radical intermediate 1.194 formed by 6-endo cyclization was obtained. 
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Scheme 1.42 

1.2.4.2. Indanone Approaches 
 

 Diels-Alder, Michael addition and subsequent aza-Wittig reaction, and 

Friedlander approaches have been used for the construction of azafluorenones. These 

approaches often involve indanone or indene as the key starting materials. For instance, 

indene 1.195 (Scheme 1.43) was employed in the synthesis of onychine. Thus, Diels-

Alder reaction of N-sulfonyl-1-aza-1,3-butadiene 1.196 with indene 1.195 afforded the 

intermediate 1.197 in good yield (89%). DBU assisted aromatization, 1.197  1.198, 
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LAH reduction, 1.198  1.199, further reduction of primary alcohol of 1.199 by SmI2, 

and oxidation of the resulting azafluorene 1.200 completed this route of onychine in 18 % 

overall yield.199  
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Scheme 1.43. 
 
 In another study, α-benzotriazolyl indanone 1.202 (Scheme 1.45) was used in the 

construction of azafluorene 1.203. This is a one pot procedure involving Michael addition, 

intramolecular ring annulation, and aromatization to afford 1.203 a and b respectively in 

reasonable overall yields.203    
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a R1 = Ph, R2 = Ph, yld = 77%
b R1 = p-BrC6H4, R2 = p-MeOC6H4, yld = 72%
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Scheme 1.44. 
 

 Several potential anticancer tetracyclic quinolines 1.206 containing the 

azafluorenone moiety reaquired for structure and activity relationship (SAR) studies were 

prepared in moderate overall yields (21 – 61%) by the Friedlander condensation of 2-



 63

amino-3-formylbenzoate 1.204 with 1-indanones 1.205 followed by oxidation using 

Jones reagent.204 

O
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CO2Me
NH2
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R1 = 4,7-diMe, 5,7-diMe, 4,7-diOMe, 5,6,7-triOMe
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Scheme 1.45. 
 
 The synthesis of 4-azafluorenones may be accomplished by microwave assisted 

multi-component reaction (MCR) of 1,3-indanedione 1.207, aryl aldehyde 1.208 and 

arylmethyl ketone 1.209 in the presence of ammonium acetate (Scheme 1.46). The study 

represents the renaissance of the Friedlander reaction in a more efficient manner and 

involving shorter reaction times. Aryl aldehydes bearing electron-withdrawing (EWGs) 

groups undergo reaction more rapidly than those possessing electron-donating groups 

(EDGs). Nevertheless, C-1 and C-3 substituted azafluorenones are available by this route. 

However, the utility of this developed MCR was undermined by the formation of 

undesired diindenone pyridine 1.211 and pyridine 1.212 products.205  
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Scheme 1.46. 
 
 A less apparent way to derive a substituted azafluorenone is through an aza-Wittig 

reaction as reported by Nitta and co-workers.206 Thus, subjection of the 3-azidoindene 

1.213 to the Staudinger reaction led to the (indene-3-ylimino)tributylphosphorane 1.214 

which, without isolation, was treated with the α, β-unsaturated ketone 1.215 in the 

presence of dehydrogenating reagent (Pd/C) resulting in sequential Michael and Wittig 

reactions to give the azafluorene 1.216. The azafluorenone 1.216 was prepared by 

oxidation of 1.217 using a Cr (VI) reagent.   
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Scheme 1.47. 

 
 Padwa and coworkers207 also showed that the Pummerer rearrangement is a useful 

methodology for synthesis of various azafluorenone as well as azaanthraquinone 

alkaloids. In this study leading to the synthesis of onychine, imidosulfoxides 1.218 

(Scheme 1.48) was subjected to Pummerer conditions triggering subsequent dipolar 

cycloaddition to give the pyridone intermediate 1.219. Further manipulations led to 1.220 

and hence onychine in 15 % overall yield in 9 steps.  
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Scheme 1.48. 

 
 Recent advance in palladium chemistry has led to the discovery and development 

of important cross coupling and ring annulation methods for the synthesis of carbocycles 

and heterocycles. Two studies related to the synthesis of azafluorenones provide 

examples of these modern and efficient approaches to heterocycles which involve making 

multiple C-C bonds consecutively. Thus, treatment of 2 equivalents of 3-iodopyridine 

1.221 (Scheme 1.50) with 1 equivalent of diphenyl alkyne 1.222 under palladium (5 

mol%) catalyzed conditions leads to a cascade cyclization to afford the azafluorene 1.223 

in 76%.208 Palladium-catalysis also proved to be an efficient means to effect 

cyclocarbonylation of o-halobiaryls 1.224 leading to the construction of azafluorenone 

analogue 1.225 in an excellent yield.209 These sequences illustrate the value of Pd-

catalyzed reactions which allow short syntheses of azafluorenones albeit, in the first case, 

with compromise in terms of selectivity and yields.  
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N
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5 mol% Pd(OAc)2
NaOAc, n-BuNCl

DMF, 100 oC N

Ph

N

H PhH

N

Ph H

N

H Ph

(14 %) (11 %)

(30 %) (21 %)

1.221 1.222 1.223 a 1.223 b

1.223 c 1.223 d

N
I

5 mol% Pd(PCy3)2,
NaOAc, DMF
110 oC N

O

(95%)

1.224 1.225

 
 

Scheme 1.49. 
 

1.2.4.3. Friedel Craft and Anionic Friedel Crafts Approaches 
 
 Owing to the progressive development of cross coupling reactions,50,126,105 hetero-

biaryls may be readily assembled using various coupling strategies. Shiao and Liu210 

demonstrated that biaryls 1.228 (Scheme 1.50) may be obtained by copper mediated 

nucleophilic addition of 1-ethoxycarbonyl-pyridinium chloride 1.226 with mixed copper 

cyanocuprate 1.227. Suzuki-Miyaura and Stille cross coupling reactions provide reliable 

routes to the substituted ethyl 2-phenylnicotinate and chloro-pyridyl carboxamide 

1.231211 and 1.235 starting with 1.229 and 1.233 respectively (Scheme 1.50).212 The 

resulting pyridyl biaryls 1.231 were further cyclized by Friedel-Craft or by DreM 

reactions in the presence of polyphosphoric acid (PPA) and lithium tetramethyl 

piperidine (LTMP) respectively. These classical and anionic FC approaches may provide 
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advantageous opportunity for prior functionalizing of the two aryl rings by the traditional 

EAS and DoM itself before subjection to the cross coupling reactions.  
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CO2Et
Cl-

R1 = H, 5-Me, 6-Me
R2 = H, 4-Me, 2-F, 4-F, 4-Cl

Cu(CN)ZnI

R2
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Scheme 1.50. 
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CHAPTER 2 – THE SYNTHESIS AND CHARACTERIZATION OF A NEW 
AZAFLUORENONE AND AZAFLUORENOL LIQUID CRYSTALS  

2.1. Synthesis of Azafluorenol Enatiomers  
The construction of the target azafluorenol mesogen 1.14 (page 19) is based on 

the original synthesis of the corresponding fluorenol mesogen 1.13 both of which follows 

a DoM, Suzuki-Miyaura cross coupling and DreM synthetic sequence.16 The preparation 

of LC 1.14 is derived from the commercially available m-anisic acid 2.1 and 2, 5-

dibromopyridine 2.2 which are envisaged as the two ends of the central connection via a 

Suzuki-Miyaura cross coupling step. To initiate the synthesis, the benzoic acid 2.1 was 

converted into the corresponding amide 2.3 which, upon BBr3 treatment afforded the 

benzamide 2.4.  

MeO
OH

O 1. 10 equiv SOCl2 / toluene
2. 0.1 equiv DMF / THF, 0 oC
3. 2.4 equiv HNEt2, rt. 5h

MeO
NEt2

O

2.5 equiv BBr3

CH2Cl2, -78 oC to rt
(89%)

HO
NEt2

O

(82%)2.1 2.3 2.4  

Scheme 2.1  

 Installation of methylenemethoxy group (MOM), necessary for the differential 

deprotection before esterification at a later stage of the synthesis, afforded 2.5 which, 

upon DoM and silylation, gave 2.6.  As expected from previous results,213 silylation 

occurred solely at C-2 without detection of alternate isomers based on the GC/MS results 

due to the synergy exerted by the two DMGs.200,214,215 Two conditions were tested to 

optimize the silylation process (Scheme 2.2), and there is a significant improvement by 

the condition b in comparison to the condition a. Although metalation of aromatics by 

LDA is expected to be reversible (LDA pKa = 34 vs N, N-diethyl-benzamide ortho-H pKa 

= 37.8)216, TMSCl is an LDA-compatible in situ electrophile which intercepts the anionic 

species as soon as it is generated.217  
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2. 2.5 equiv MOMCl / CH2Cl2
3. iPr2NEt2, rt

NEt2

O
MOMO

MOMO NEt2

OTMS

2.4

2.5

2.6

(95%)

2.5

a

b

a: 1. 1.3 equiv. TMEDA / THF; 2. 1.3 equiv. s-BuLi. 3. 1.8 equiv. TMSCl. -78oC to rt.
b: 1. 1.5 equiv. TMSCl; 2. 1.7 equiv. LDA / THF. -78oC to rt.

(65 %)

(92 %)

1. 1.5 equiv NaH / THF

 

Scheme 2.2   

With the most acidic site thus protected by the TMS group, metalation of 2.6 and 

quenching with triisopropyl borate (TIPB) followed by addition of pinacol yielded the 

pinacolato boronic ester 2.9, the required intermediate for the Suzuki-Miyaura cross 

coupling (Scheme 2.4). Caron and Hawkins117 reported the use of TIPB as in situ 

electrophile for LDA-mediated DoM of neopentyl benzoate 2.7, leading to ortho-

substituted arylboronic acid derivatives 2.8 under relatively mild reaction conditions 

(Scheme 2.3). Unfortunately, application of the Hawkins conditions on 2.6 failed to 

deliver 2.9 presumably the result of inability of LDA to effect ortho-deprotonation. 

However, to a degree of delight, the pinacolato boronic ester 2.9 was obtained by the 

traditional metalation method20 using s-BuLi / TMEDA to force complete and 

irreversible deprotonation followed by boronation using TIPB.    
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O O 1) 2.6 equiv. B(OiPr)3
2) 1.1 - 1.6 equiv. LDA

3) 1.1 equiv. HN(CH2CH2OH)2

R

O
O

R

B
HNO

O

a R = 4-Br (84%)

b R = 4-CF3 (74%)

c R = 2-Br (88%)

d R = 2-CF3 (93%)

2.7 2.8

 

Scheme 2.3  

1. 2 equiv s-BuLi / TMEDA
Et2O, -5 oC

2. 2 equiv B(iOPr)3, -50 oC to rt.
3. NH4Cl, conc.
4. 2 equiv Pinacol, EthOAc, reflux

7 h.

NEt2

O
MOMO

TMS

B
O

O

(76%) 2.9

MOMO NEt2

OTMS

2.6

 

Scheme 2.4  

 In the initial step for the preparation of the coupling partner 5-bromo-2-

heptyloxypyridine 2.11, the alkylation of the ambident 5-bromopyridin-2(1H)-one 2.10 

using various bases and electrophiles was studied. Using NaH as base and n-

bromoheptane as alkylating agent led to nearly complete alkylation but in the undesirable 

1.7:1 ratio of N- to O-alkylated products, 2.12:2.11. With the consideration that this result 

may be attributed to N-alkylation being kinetically controlled, the employment of a 

weaker base, longer reaction times, and higher temperature which may favor the 

formation of 2.11 was tested. Thus using Hunïg’s base resulted in the formation of a 

more favorable 3:1 ratio of products 2.11:2.12; however with a decreased efficiency (20 

% yield).  Use of the Mitsunobu reaction on 2.10 led to similar results (2.11:2.12 = 1.8: 

1). This observation was somewhat expected based on the results of Comins and Gao218 
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who showed that Mitsunobu reaction of 2-pyridone with various alkylating agents in 

methylene chloride afforded 2.11:2.12 in a ratio of 0.85 : 1. In another study, Hopkins 

and Jonak219 showed that treatment of 2-pyridone with isopropyl iodide in the presence of 

silver carbonate in pentane led to the formation of  2- isopropoxy pyridine in quantitative 

yield (100%). However, when the latter conditions were applied to the reaction of 2.10 

using Ag2CO3 and n-bromoheptane, only 2.10 was recovered in quantitative yield. In 

view of these results and the inevitability of formation of N- and O-isomeric products, 

2.12 and 2.11, a different approach to obtain the desired 2.11 isomer was considered.   

N OC7H15

Br

O-Alkylating
Product

2.11
N
C7H15

O

Br

2.12
N-Alkylating
Product

NH
OBr

2.10

Conditions

# Conditions 2.11 + 2.12 O/N ratio 2.10
(% yld) (% yld)

A i) 1.2 equiv NaH / THF 95 1:1.7 5
ii) 3.0 equiv n-C7H15Br, 1 h, 0oC to rt.

B i) 1.1 equiv n-heptanol/CH2Cl2 50 1.8:1 50
ii) 1.2 equiv PPh3, 1.5 equiv DIAD, rt. 9h

C i) 2 equiv iPr2NEt/CH2Cl2 20 3:1 80
ii) 2 equiv n-C7H15Br, 8h, rt.

D i) 2 equiv n-C7H15Br N/A N/A 100
ii)1 equiv Ag2CO3/heptane 69 oC, 24h  

Table 2.1. 

In view of the above results, an alternative approach, 2.2  2.11, Scheme 2.5 was 

considered based on literature precedent.220   Thus, the synthesis of 5-bromo-2-

heptoxylpyridine 2.11 was achieved in 60% by treatment of n-heptanol with NaH 

followed by addition 2,5-bromopyridine after stirring the reaction mixture for 48 h. The 
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reaction was followed by GC-MS, and a higher isolated yield (90%) was achieved when 

the reaction time was increased from 48 h to 69 h. The selectivity of the substitution can 

be explained by the withdrawling characteristics of nitrogen atom which induces the 

nucleophile to attack the 2-position rather than the 5-postion.  

N O

Br

N

Br

Br

+ n-C7H15OH

2.2
2.11

 

Scheme 2.5 

N Br

Br

1)NaH/THF, 00C to RT.

2)
N O

Br
C7H15OH

69 h 60%
2.2

2.11

48 h

90%
 

Scheme 2.6 

 With the coupling partners 2.11 and 2.9 in hand, standard Suzuki-Miyaura 

reaction conditions employing palladium tetrakis-triphenylphosphine (Pd(PPh3)4) as the 

Pd (0) catalyst, Na2CO3 as the base, and conditions of reflux in dimethoxyethane (DME) 

was applied.   In the first attempt, the cross-coupling product 2.13 was isolated in only 

27% yield with significant amount of 2.9 (23%) remaining but consumption of most of 

2.11. However, in two subsequent reactions, using a strictly controlled oxygen-free 

environment by vigorously degassing the solvent and base, product 2.13 was isolated in a 

higher but still disappointing yield of 41%. 
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C7H15O Br

1, Pd(PPh3)4
aq. K2CO3

DME, reflux

NEt2
O

MOMO

TMS

N
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NEt2
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27%
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Scheme 2.7 

 In an attempt to optimize conditions for the cross coupling of 2.9 with 2.11, a 

reactor block screening process was carried out and the results are summarized in Table 

2.2. However, as seen, disappointing results were obtained: only the conditions of 

Pd(OAc)2 as catalyst and SPhos as ligand in a mixture of toluene and water afforded 

GC/MS detectable product  2.13 (3%).  

N
C7H15O Br

Conditions

NEt2
O

MOMO

TMS

N
OC7H15

NEt2

O
MOMO

TMS

B
O

O

+
2.11

2.9

2.13

Catalyst Ligands Base (equiv) /Solvent GC-MS Result (% yld)
2.8 2.9 2.11 2.13 2.14

5% Pd(OAc)2 10% SPhos 1.3 K3PO4 / tol: H2O (10:1) --- 9 86 4 ---

2.5% Pd2(dba)3 5% SPhos 1.3 K3PO4 / mesitylene 1 9 88 --- ---

2.5% Pd2(dba)3 5% PtBu3 2.3 KF / THF --- 30 50 --- ---

5% Pd[PPh3]2Cl2 -------- 3 Na2CO3/Dioxane 1 5 85 --- 1

5% Pd(OAc)2 5% DtBPF 1.3 K3PO4/ Dioxane --- --- 100 --- ---

15 mg

2 equiv.

N OC7H15

2.14

NEt2

O
MOMO

TMS

2.8
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Table 2.2 

At this point, the Suzuki-Miyaura cross-coupling reaction was repeated under the 

original, standard conditions. To our surprise, the desired product 2.13 was isolated in 

good yield (78%) together with a small amount of deheptoxyl cross coupling product 

2.14. Although this was a delightful result, there was no explanation to suggest the cause 

of the improvement except being due to the change in source of catalyst from Sigma-

Aldrich to Johnson Mathey. Nevertheless, it can be deduced that the commercial source 

of Pd(PPh3)4 may not be reliable and Pd(PPh3)4 should be prepared by the literature 

procedure.221 Repetition of the reaction twice using the same catalyst led to the formation 

of product 2.13 in a range of 67-78 % yields. Furthermore, a laboratory colleague, Wei 

Gan successfully and reproducibly used the Johnson Matthey Pd(PPh3)4 catalyst for the 

cross coupling reactions of 2.16 and 2.15 give 2.17 respectively in an excellent yields 

(93%) (Scheme 2.8).222  

N
C7H15O Br

Johnson Matthey
Pd(PPh3)4
aq. K2CO3

DME, reflux

NEt2
O

MOMO

TMS

N
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O
MOMO

TMS

B
O

O

+

78%

2.9

2.11

2.14

MOMO I
NEt2

O
MeO

TMS

B
O

O

2.15

2.16
2. Johnson Matthey
Pd(PPh3)4 aq. K2CO3

1.

DME, reflux
93%

NEt2
O

MeO

TMS

OMOM

2.17

NEt2
O

MOMO

TMS

N
OC7H15

2.13
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Scheme 2.8 

 With a reproducible procedure for the synthesis of 2.13 in hand, the synthesis of 

1.14 was pursued. Thus, desilylation of 2.13 followed by treatment with LDA gave the 

fluorenone 2.19 (Scheme 2.9) in very good yield. LDA-mediated DreM of 2.18 was 

anticipated20 to require a prolonged reaction time to achieve a high yield; however, TLC 

monitoring showed that it was complete within 1 h. Thus, contrary to previous 

practice,169,109 we suggest that excessive time is not required for an effective LDA-

mediated DreM reaction. The short reaction procedure was also adapted for the synthesis 

of azabiaryls.118   

1. TBAF

THF, 25 oC
92%

NEt2
O

MOMO
N

OC7H15

5 equiv. LDA

81%

2.18

2.19

2.13

2.18
THF, 0 oC to rt

N

O

OC7H15
MOMO

 

Scheme 2.9  

As expected, selective MOM deprotection of the intermediate 2.19 without 

cleavage of the heptyloxy was achieved by treatment with hydrochloric acid to give 2.20. 

Esterification of 2.20 using the benzotriazole method223 (2.21) furnished 2.22 which upon  

NaBH4 reduction gave 1.14.  The LC properties of 2.22 and 1.14 are presented in Section 

2.2.  
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2.21

97%

N

O

OC7H15
HO

N

O

OC7H15
O

O

C11H23O
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Scheme 2.12   

 It was assumed that in order to obtain the two enantiomers of 1.14, separation 

must be carried out at the diol 2.23 stage using an AS-Chiral column because the 

resemblance between the ester and the ether linkage of 1.14 would not provide sufficient 

difference for normal phase AS-Chiral column recognition. Fortunately and gratifyingly, 

separation of enantiomers 2.23 a and 2.23 b was achieved on the AS-Chiral column using 

a solvent ratio of 1:19 iPrOH : hexane with retention times of 69 min and 87 mins 

respectively. However, it seems life frequently has a taste of irony since both 1.14 and 

2.23 were not stable in air and underwent rapid oxidation to give 2.22 and 2.20 

respectively.  
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Scheme 2.13  

2.2. Mesophase Characterization of 2.22 and 1.14 
 
 The mesophases formed by compounds 2.22 and 1.14 were characterized by 

polarized microscopy and differential scanning calorimetry (DSC). The mesophase 

properties are summarized in Table 2.3 The azafluorenone 2.22 forms a N phase, as 

shown by the Schlieren texture (Figure 2.1) with a temperature range of only 1 oK. 

Compound 2.22 forms a SmC phase as shown by the characteristic grey Schlieren texture 

(Figure 2.2), with a broader temperature range (99 oK). The azafluorenol 1.14 forms 

SmA phase (shown by the fan texture and homeotropic domain, Figure 2.3); the clearing 

point to isotropic phase at 178 oC was significantly higher than that of 2.22. At 141oC, the 

homeotropic domain turned into a Schlieren texture and the fan texture turned into a 

broken fan texture, which is characterization of SmA – SmC transition phase (Figure 

2.4). The temperature range of the SmC phase formed by the azafluorenol 1.14 is less 

than that of 2.22. The increase in temperature range of smectic phases for the 
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azafluorenol 1.14 is consistent with a stabilization by intermolecular hydrogen bonding 

between the hydroxyl group and aza group, as shown by the Figure 1.21. 

Table 2.3. Mesophase properties data for 2.22, 1.14 

Compound Phase Sequencea 

2.22 

1.14 

Cr_ 90 oC_SmC_159 oC_N_160 oC_I 

Cr_ 85 oC_SmC_141 oC_SmA_178 oC_I b 

 

a Phase transition temperature in oC and (enthalpies of transition) in kJ/mol were 
measured on heating by differential scanning calorimetry at a rate of 5K/min. b Phase 
transition temperatures measured by polarized microscopy.  
 

                       

Figure 2.1. Photomicrograph of 2.22 in the N phase at 160 oC 
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Figure 2.2. Photomicrograph of 2.22 in the SmC phase at 159 oC 

 

          

Figure 2.3. Photomicrograph of 1.14 in the SmA phase at 178 oC 
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Figure 2.4. Photomicrograph of 1.14 in the SmC phase at 141`oC 

 

Figure 2.5. Differential Scanning Calorimetry of 2.22. 

CHAPTER 3 SUMMARY AND CONCLUSIONS 

3.1. Summary 
 
 The synthesis of 3-aza –fluorenone and 3-aza-fluorenol SmC mesogens,1.14 and 

2.22,  by a combined directed ortho metalation – cross coupling approach has been 
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achieved. Synthesis of 1.14 and 2.22 was designed to incorporate the functionality to 

ensure a smooth Suzuki-Miyaura cross coupling reaction. This in turn promoted 

regioselectivity in the facile DreM which is a key step to form azafluorenone core. Initial 

LC characterization revealed the mesophases formed by these two mesogens 1.14 and 

2.22 respectively. Large temperature range of Sm phase for the azafluorenol 1.14 is 

indicative of mesophase stabilization by intermolecular hydrogen bonding between the 

hydroxyl group and pyridine nitrogen. 

3.2. Conclusions and Future Work 

 
 The larger temperature range of Sm phase observed for the azafluorenol 1.14 may 

be attributed to intermolecular hydrogen bonding between the hydroxyl group and 

pyridine. Since 1.14 is not a stable compound due to its ready oxidation to 2.22 in the 

open atmosphere, a structure activity relationship study of the effect of stronger hydrogen 

bond network (based on the previous fluorenol model)16 on polar order by introducing 

aza moiety with chirality in the core can not be concluded. The mesogen system needs to 

be stdructurally modified for making the azafluorenol core LC stable in the open 

atmosphere. By incorporating a C-9 methyl, the azafluorenol LC 2.25 (Scheme 3.1) 

should be resistant to oxidation even upon heating. Once 2.25 can be obtained an 

entiomerically pure, the resolving phase of 2.25 will be characterized by polarized 

microscopy, differential scanning calorimetry, and powder X-ray diffraction as well as 

the change of liquid crystal phases (SmA* → SmC*) will also be examined as function 

of temperature. To determine the extent of hydrogen bonding in the SmC* phase formed 

by azafluorenol mesogen 2.25, FT-IR spectroscopy will be used. Finally, spontaneous 
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polarization (Ps) and tilt angles (θ) will be measured as a function of temperature to 

verify which conformation of azafluorenol contributes significantly to Ps.  

2.25 a

N

HO

OC7H15
O

O

C11H23O

2.25 b
N

HO

OC7H15
O

O

C11H23O

 

Scheme 3.1. 

CHAPTER 4 EXPERIMENTAL SECTION 

4.1. General Methods 
 

1H NMR (200, 300 and 400 MHz) and 13C NMR (50, 75 and 100 MHz) spectra 

were recorded on Bruker AC-200, AC-300 and AV-400 instruments in CDCl3 (unless 

otherwise indicated).  The chemical shifts are reported in δ (ppm) relative to 

tetramethylsilane or CDCl3 as internal standard.  Low resolution mass spectra were 

recorded on a Micromass VG Quattro triple quadropole mass spectrometer; peaks are 

reported as m/z (percent intensity relative to the base peak).  High resolution mass spectra 

were recorded on a Micromass 70-250S double focusing mass spectrometer.  Infrared 

spectra were recorded on a Bomem MB-100 FT-IR spectrometer as KBr pellets or neat 

on NaCl plates. Melting points were obtained using a Fisher Scientific hot stage 

apparatus and are uncorrected. Differential scanning calorimetry analyses were 

performed on a Perkin-Elmer or DSC-6 DSC-7 instrument with a scanning rate of 5 
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K/min.  Texture analyses were performed using a Nikon Eclipse E600 POL polarized 

microscope fitted with a Linkam LTS 350 hot stage and TMS 93 temperature controller.  

4.2. Materials 
 

All dry solvents used were purified under an argon atmosphere according to 

Armarego224 or purchased from commercial sources. THF and Et2O were freshly distilled 

from solven purification system by Innovative Technology., Inc., and CH2Cl2 and DMF 

(reduced pressure) were freshly distilled from CaH2 or purchased from commercial 

sources, and toluene was freshly distilled from sodium metal. Diisopropylamine (DIPA) 

and N,N,N',N'-tetramethylethylenediamine (TMEDA) were distilled from CaH2. n-

Butyllithium (hexane solution) and s-butyllithium (hexane solution) were purchased from 

Aldrich Chemical Company and periodically titrated against s-butanol with N-

benzylbenzamide or 1,10-phenanthroline as an indicator.225 Pd(PPh3)4 was purchased 

from Sigma Aldrich or free of charge from Johnson Mathey. All commodity chemicals 

were purchased from commercial sources and used without further purification. LDA was 

freshly prepared before use by stirring a 1:1 mixture of DIPA and n-BuLi in THF for 15 

min at 0 °C. 

4.3 Experimental Procedures 
 
N,N-diethyl-3-methoxybenzamide (2.3).226 To a dry flask containing 3-methoxybenzoic 

acid (10.0 g, 66 mmol) was added SOCl2 (47.8 mL, 10.0 equiv) and 

anhydrous DMF (5 mL, 0.10 equiv). The resulting solution was 

stirred for 1 h at 25 °C and concentrated in vacuo. Anhydrous 

toluene (50 mL) was added and the solution was concentrated in vacuo.  This was 

MeO

NEt2
O
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repeated three times. The residue was dissolved in anhydrous CH2Cl2 (300 mL) and 

cooled to 0 oC. To the resulting solution was added HNEt2 (18 mL, 2.5 equiv) and the 

solution was allowed to warm to 25 °C over 2 h, followed by stirring for a further 2 h. 

The mixture was diluted with H2O (50 mL) and the whole was extracted with CH2Cl2 (50 

mL × 2). The combined organic extracts were washed with brine, dried (Na2SO4) and 

concentrated in vacuo to give a yellow oil. Vacuum distillation gave 12.9 g (94%) of 2.3 

as a colourless oil: 1H NMR (400 MHz, CDCl3) δ ppm 7.30 (m, 1H), 6.92 (m, 3H), 3.82 

(s, 3H), 3.51 (m, 2H), 3.24 (m, 2H), 1.16 (m, 6H). The 1H NMR spectrum is in accord 

with that reported.198 

N,N-Diethyl-3-hydroxybenzamide (2.4).227 To a solution of 2.3 (8.6 g, 41.3 mmol) in 

anhydrous CH2Cl2  (295 mL) cooled to –78 °C under argon was added 

dropwise neat BBr3 (9.8 mL, 2.5 equiv).  The mixture was stirred for 30 

min at –78 °C, then allowed to warm to rt over 30 min. The reaction 

mixture was cooled to 0 °C, neutralized with satd aq Na2CO3, and the whole was diluted 

with water and extracted with CH2Cl2 (2 × 150 mL).  The combined organic layers were 

extracted with 10% aq NaOH.  The aqueous extract was neutralized with 2M aq HCl, the 

whole was extracted with CH2Cl2 (× 2) and the combined organic extracts were dried 

(Na2SO4) and concentrated in vacuo to give 6.5g (82%) of 2.4 as a colourless solid: mp 

81-82 °C (EtOAc) [lit227 mp 84 °C EtOAc]; 1H NMR (400 MHz, CDCl3) δ ppm 7.19 (s, 

1H), 6.96 (s, 1H), 6.76 (m, 2H), 3.55 (m, 2H), 3.29 (m, 2H), 1.24 (s, 3H), 1.12 (s, 3H). 

N,N-Diethyl-3-methoxymethoxybenzamide (2.5) Under an Ar atmosphere, 2.4 (5.0 g, 

25.9 mmol) was added dropwise into a suspension of NaH (60% in 

mineral oil, 1.55 g, 1.5 equiv) in anhydrous THF (215 mL), at 0 oC. The 
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reaction mixture was stirred for 30 min and MOMCl (4.92 mL, 2.5 equiv) was added 

dropwise at 0 oC. The solution was allowed to warm to rt, then stirred for 30 min at rt and 

extracted with CH2Cl2 (2 × 50 mL). The combined organic extracts were dried (Na2SO4) 

and concentrated in vacuo to give a yellow oil. Purification by flash chromatography on 

silica gel (40% EtOAc/hexanes) gave 5.85 g (95%) of 2.5 as a colourless oil: 1H NMR 

(400 MHz, CDCl3) δ ppm 7.34 (dd, 3J = 8.0 Hz, 4J = 5.2 Hz, 1H), 7.07 (m, 2H), 7.02 (d, 

2H), 5.20 (s, 2H), 3.55 (m, 2H), 3.49 (s, 3H), 3.31 (s, 2H), 1.31 (m, 6H).  

N,N-Diethyl-3-methoxymethoxy-2-trimethylsilylbenzamide (2.6) To a dry flask 

containing 2.5 (5.6 g, 24 mmol) in anhydrous THF (120 mL) cooled to -

78 ˚C under argon were sequentially added dropwise TMSCl (5.1 mL, 

1.7 equiv) and LDA (40.3 mL, 1.7 equiv as a 1 M solution in anhydrous 

THF). The mixture was allowed to warm to rt over 4-6 h without removing the bath.  The 

mixture was diluted with saturated aq NH4Cl, and the whole was concentrated and 

extracted with EtOAc (2 × 50 mL). The combined organic extracts were washed with 

brine, dried (Na2SO4) and concentrated to a yellow oil. Purification by flash 

chromatography on silica gel (15% EtOAc/hexanes) gave 6.8 g (92%) of 2.6 a colorless 

solid: mp 62-65 oC (hexane). 1H NMR (400 MHz, CDCl3) δ ppm 7.33 (t, J = 7.6 Hz, 1H), 

7.09 (d, J = 8 Hz, 1H), 6.82 (d, J = 7.6 Hz, 1H), 5.20 (s, 2H), 3.67 (m, 1H), 3.50 (s, 3H), 

3.44 (m, 1H), 3.29 (m, 2H), 1.29 (t, J = 7.2 Hz, 3H), 1.11 (t, J = 7.2 Hz, 3H), 0.30 (s, 9H). 

13C NMR (100 MHz, CDCl3) δ ppm 171.7, 162.8, 144.6, 130.5, 124.7, 119.8, 112.6, 94.2, 

56.1, 43.4, 39.0, 13.7, 12.8, 0.6; MS (EI) m/z 310 (M+, 23), 294 (100), 278 (12), 250 (58); 

HRMS (EI) calcd for C16H27NO3Si: 310.1838, found 310.1848.  
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2-N,N-Diethylcarbamoyl-4-methoxymethoxy-3-trimethylsilylphenylboronic acid 

pinacol ester  (2.9) To a dry flask containing 2.6 (3.09 g, 10 

mmol) and TMEDA (3 mL, 2.0 equiv) in anhydrous Et2O (178 

mL) cooled to -5 ˚C under argon was added s-BuLi (1.00 M 

solution in hexane, 15 mL, 2.0 equiv). After the mixture was stirred at -5 ˚C for 2 h, 

anhydrous B(OiPr)3 (4.6 mL, 2 equiv) was added rapidly and the mixture was allowed to 

warm to rt over 2 h.  The mixture was diluted with satd aq NH4Cl, concentrated and 

extracted with EtOAc (2 × 70 mL). The combined organic extracts were washed with 

brine and dried (MgSO4). To this solution was added pinacol (3.6 g, 2.0 equiv), and the 

mixture was concentrated to a yellow oil in vacuo. Purification by flash chromatography 

on silica gel (10% EtOAc/hexanes) gave 3.6 g (82%) of 2.9 as a colourless solid: mp 89-

90 oC (hexane); IR (KBr) νmax 1638 cm-1; 1H NMR (300 MHz, CDCl3) δ ppm 7.87 (m, 

1H), 7.05 (d, J = 8.4 Hz, 1H), 5.21 (s, 2H), 3.78 (m, 1H), 3.48 (s, 3H), 3.33 (m, 1H), 3.17 

(q, J = 6.9 Hz, 2H), 1.24 (m, 15H), 1.05 (t, J = 6 Hz, 3H), 0.29 (s, 9H); 13C NMR (100 

MHz, CDCl3) δ ppm 171.3, 164.9, 150.0, 139.5, 124.1, 111.5, 94.0, 83.6, 56.3, 43.4, 39.5, 

25.0, 24.7, 13.1, 12.5, 0.81; MS (EI) m/z 435 (M+, 24), 420 (79), 376 (21), 362 (68), 45 

(100); HRMS (EI) calcd for C22H38BNO4Si: 436.2691, found 436.2688. 

5-bromo-1-heptylpyridin-2(1H)-one (2.12) Under an Ar atmosphere, 5-bromopyridin-

2(1H)-one (1 g, 8.44 mmol) was added dropwise to a suspension of 

NaH (285 mg, 1.2 equiv 60% in hexane) in anhydrous THF (12 mL) 

at 0 oC. After the mixture was stirred for 1 h, 1-bromoheptane (2.7 

mL, 3 equiv) was added, the ice bath was removed, and the mixture was allowed to warm 

to rt with stirring over 24 h. The reaction mixture was diluted with saturated aq. NH4Cl 
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and extracted with CH2Cl2 (2 × 6 mL). The combined organic extract were dried (Na2SO4) 

and concentrated to a yellow oil. Purification by flash chromatography on silica gel (10% 

EtOAc/hexanes) gave 1.4 g of 2.12 (61%) as a yellow oil: 1H NMR (400 MHz, CDCl3) δ 

ppm 7.37 (d, J = 3.2 Hz, 1H), 7.32 (dd, J3 = 12.8 Hz, J4 = 3.2 Hz, 1H), 6.47 (d, J = 12.8Hz, 

1H), 3.88 (t, J = 9.6Hz, 2H), 1.72 (m, 2H), 1.44 (m, 8H); 0.85 (m, 3H).    

5-Bromo-2-heptyloxypyridine (2.11) Under an Ar atmosphere, heptan-1-ol (4.7 mL, 4 

equiv) was added dropwise to a suspension of NaH (1.35 g, 4 

equiv 60% in hexane) in anhydrous THF (40 mL), at 0 oC. 

After the mixture was stirred for 1.5 h, 2,5-dibromopyridine (2 g, 8.44 mmol) was added 

and the ice bath was removed. The mixture was allowed to warm to room temperature 

and stirred for 69 h. The reaction mixture was diluted with saturated aq. NH4Cl and 

extracted with CH2Cl2 (2 × 20 mL). The combined organic extract were dried (Na2SO4) 

and concentrated to a yellow oil. Purification by flash chromatography on silica gel (10% 

EtOAc/hexanes) gave 2.1 g of 2.11 (92%) as a colourless oil: IR (KBr) νmax 1583, 1452 

cm-1; 1H NMR (400 MHz, CDCl3) δ ppm 8.20 (d, J = 2 Hz, 1H), 7.66 (dd, 3J = 8.8 Hz, 4J 

= 2.8 Hz, 1H), 6.67 (d, J = 8.8 Hz, 1H), 4.28 (t, J = 6.8 Hz, 2H), 1.81 (m, 3H), 1.46 (m, 

8H); 0.93 (t, J = 6.8 Hz, 3H). 13C NMR (100 MHz, CDCl3) δ ppm 162.9, 147.4, 141.1, 

112.8, 111.4, 66.6, 31.8, 29.1, 29.0, 26.0, 22.6, 14.1; MS (EI) m/z 287 ((M+2)+, 2), 286 

((M+1)+, 1), 285 (M+, 2), 173 (100), 145 (31); HRMS (EI) calcd for C13H20BrNO: 

285.0728, found 285.0741. 

N,N-diethyl-6-(6-(heptyloxy)pyridin-3-yl)-3-(methoxymethoxy)-2- 

(trimethylsilyl)benzamide (2.13) In a flask fitted 

with a reflux condenser under an Ar atmosphere, 
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containing a solution of 2.11 (0.10 g, 0.38 mmol) in anhydrous THF (5 mL) was added a 

solution of 2.9 (0.20 g, 1.2 equiv) in degassed DME (10 mL), Pd(PPh3)4 (46 mg, 0.10 

equiv) and a 2 M aq solution of K2CO3 (1 mL, 5.0 equiv). The mixture was refluxed for 

24 h, cooled, diluted with saturated aq NH4Cl, and the whole was extracted with EtOAc 

(2 × 10 mL). The combined organic extracts were washed with brine, dried (Na2SO4) and 

concentrated in vacuo to give a brown oil. Purification by flash chromatography on silica 

gel (10% EtOAc/hexanes) gave 150 mg (78%) of 2.13 as a colourless oil: IR (KBr) νmax 

1636 cm-1; 1H NMR (400 MHz, CDCl3) δ  ppm 8.11 (s, 1H), 7.71 (d, J = 8.4 Hz, 1H), 

7.23 (d, J = 8.4 Hz, 1H), 7.15 (d, J = 8.8 Hz, 1H), 6.69 (d, J = 8.4 Hz, 1H), 5.21 (s, 2H), 

4.29 (m, 2H), 3.81 (m, 1H), 3.50 (s, 3H), 3.00 (m, 1H), 2.78 (m, 2H), 1.80 (m, 2H), 1.43 

(m, 9H), 0.89 (m, 3H); 0.88 (m, 3H), 0.86 (m, 3H). 0.30 (s, 9H). 13C NMR (100 MHz, 

CDCl3) δ ppm 169.5, 163.2, 162.3, 146.6, 142.9, 140.1, 132.4, 129.5, 129.0, 128.5, 125.2, 

112.7, 109.8, 94.2, 66.2, 56.2, 42.5, 38.1, 31.8, 31.6, 29.1, 28.9, 26.0, 22.6, 14.1, 12.9, 

11.8, 1.0, 0.75, 0.48; MS (EI) m/z 501 (M+, 5), 485 (100), 370 (12); HRMS (EI) calcd for 

C28H44N2O4Si: 500.3070, found 500.3064.  

N,N-diethyl-2-(6-(heptyloxy)pyridin-3-yl)-5-(methoxymethoxy)benzamide (2.18) 

To a solution of 2.13 (167 mg, 0.334 mmol) in 

anhydrous THF (4 mL) was added a 1M 

solution of TBAF in anhydrous THF (0.67 mL, 

2.0 equiv).  The mixture was stirred for 12 h at 25 °C, diluted with saturated aq NH4Cl, 

and the whole was concentrated in vacuo and extracted with EtOAc (3 mL). The 

combined organic extracts were washed with brine, dried (Na2SO4) and concentrated to a 

brown oil. Purification by flash chromatography on silica gel (30% EtOAc/hexanes) gave 
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139 mg (97%) of 2.18 as a colourless oil: IR (KBr) νmax 1632 cm-1; 1H NMR (400 MHz, 

CDCl3) δ ppm 8.17 (s, 1H), 7.74 (dd, 3J = 8.4 Hz, 4J = 2.4 Hz, 1H), 7.29 (d, J = 8.4 Hz, 

1H), 7.14 (dd, 3J = 8.4 Hz, 4J = 2.4 Hz, 1H), 7.06 (d, J = 2.4 Hz, 1H), 6.73 (d, J = 8.8 Hz, 

1H), 5.25 (br. m. 2H), 4.32 (m, 2H), 3.75 (broad s, 1H), 3.50 (s, 3H), 3.04 (m, 2H), 2.80 

(m, 1H), 1.83 (m, 3H), 1.48 (m, 8H), 0.99 (t, J = 7.2 Hz, 3H), 0.92 (m, 6H); 13C NMR 

(100 MHz, CDCl3) δ ppm 169.8, 163.4, 156.8, 146.1, 139.3, 137.6, 130.6, 128.4, 128.3, 

116.9, 114.7, 110.3, 94.4, 66.3, 56.1, 42.4, 38.5, 31.8, 29.1, 26.0, 22.6, 14.2, 14.1, 13.5, 

12.2; MS (EI) m/z 428 (M+, 51), 357 (100), 330 (51), 258 (32), 241 (20); HRMS (EI) 

calcd for C25H36N2O4: 428.2675, found 428.2684.  

7-Methoxymethoxy-2-(2-octyloxy)-3-azafluoren-9-one (2.19) Under an Ar atmosphere, 

a freshly prepared 1.0 M solution of LDA in 

anhydrous THF (1.47 mL, 5.0 equiv) was added 

dropwise to a solution of 2.18 (0.125 g, 0.293 

mmol) in THF (8.8 mL) at 0 °C.  After the mixture was stirred at rt for 1 h, saturated aq 

NH4Cl solution was added and the mixture was extracted with Et2O (2 × 10 mL).  The 

combined organic extracts were washed with brine, dried (Na2SO4) and concentrated to 

furnish a red oil. Purification by flash chromatography on silica gel (5% EtOAc/hexanes) 

gave 85.3 mg (82%) of 2.19 as an orange solid: mp 92 - 94 °C (EtOAc);1H NMR (300 

MHz, CDCl3) δ ppm 8.23 (s, 1H), 7.48 (d, J = 7.5 Hz, 1H), 7.40 (d, J = 2.4Hz, 1H), 7.21 

(dd, 3J = 8.1 Hz, 4J = 2.1  Hz, 1H), 6.96 (s, 1H), 5.22 (s, 2H), 4.35 (t, J = 6.9 Hz, 2H), 

3.51 (s, 3H), 1.85 (m, 2H), 1.51 (m, 11 H), 0.93 (m, 3H); 13C NMR (75 MHz, CDCl3) δ 

ppm 192.2, 164.7, 157.8, 144.6, 137.6, 137.3, 135.5, 130.1, 123.6, 121.4, 112.8, 107.1, 
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94.6, 67.2, 56.2, 31.8, 29.1, 29.0, 26.0, 22.6, 14.1; MS (EI) m/z 355 (M+, 63), 257 (100), 

227 (48), 105 (76); HRMS (EI) calcd for C21H25NO4: 355.1784, found 355.1778.  

3-(Heptyloxy)-7-hydroxy-5H-indeno[1,2-c]pyridin-5-one (2.20) To a solution of 2.19 

(307 mg, 0.863 mmol) in i-PrOH (24 mL) was added 6 

M aq HCl (0.40 mL, 2.75 equiv).  After the mixture 

was stirred for four h at rt, it was diluted with water 

and the whole was extracted with CH2Cl2 (2 × 2 mL). The combined extracts were 

washed with brine, dried (Na2SO4) and concentrated to afford a red solid. Purification by 

flash chromatography on silica gel (10% EtOAc/hexanes) gave 243 mg (90%) of 2.20 as 

a dark red solid:  mp 167-169 °C (CH2Cl2/hexanes); 1H NMR (400 MHz, CDCl3) δ ppm 

8.21 (s, 1H), 7.44 (d, J = 7.6, 1H), 7.18 (s, 1H), 7.03 (d, J = 6.4 Hz,  1H), 6.96 (s, 1H), 

4.35 (t, J = 7.2 Hz, 2H), 1.82 (m, 2H), 1.46 (m, 9H), 0.91 (m, 3H); 13C NMR (100 MHz, 

CDCl3) δ ppm 193.2, 165.8, 159.8, 146.1, 138.1, 136.8, 136.4, 132.2, 123.6, 123.1, 112.5, 

107.2, 68.1, 33.0, 30.2, 30.1, 27.1, 23.7, 14.4; MS (EI) m/z 311 (M+, 4), 213 (100), 185 

(6); HRMS (EI) calcd for C19H21NO3: 311.1521, found 311.1507.   

1-(4-Undecyloxybenzoyl)benzotriazole (2.21).  A solution of 4-undecyloxybenzoic acid 

(246 mg, 0.841 mmol), SOCl2 (4 mL) and anhydrous 

DMF (0.13 mL) was stirred for 1 h at rt.  The solution 

was concentrated in vacuo, anhydrous toluene (4 mL) 

was added and the solution was concentrated again; this 

procedure was repeated three times. The resulting residue was dissolved in CH2Cl2 (4 mL) 

and cooled to 0 °C.  A solution of benzotriazole (120 mg, 1.2 equiv) and pyridine (0.136 

mL, 2.0 equiv) in anhydrous THF (4 mL) was added dropwise. The mixture was allowed 
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to warm to rt and stirred for 4 h.  The mixture was diluted with satd aq NH4Cl and 

extracted with CH2Cl2 (2 × 10 mL).  The combined extracts were dried (Na2SO4) and 

concentrated in vacuo to give a colourless solid.  Purification by flash chromatography on 

silica gel (3% EtOAc/hexanes) gave 203 mg (62 %) of 2.21 as a colourless solid: 1H 

NMR (400 MHz, CDCl3) δ ppm 8.41 (d, J = 8 Hz, 1H), 8.32 (d, J = 8.8 Hz, 2H), 8.20 (d, 

J = 8 Hz, 1H), 7.73 (t, J = 7.2 Hz, 1H), 7.58 (t, J = 7.6 Hz, 1H), 7.08 (d, J = 8.8 Hz, 2H), 

4.12 (t, J = 6.4 Hz, 2H), 1.88 (m, 2H), 1.54 (m, 2H), 1.30 (m, 16H), 0.92 (m, 3H). The 1H 

NMR spectrum is in accord with that reported.213  

7-(Heptyloxy)-2-((undecyloxybenzoyl)oxy)-6-azafluoren-9-one (2.22) To a flask 

containing 2.20 (50 mg, 0.161 mmol), 

2.21 (190 mg, 3 equiv) and DMAP 

(6 mg, 0.11 equiv) in anhydrous 

CH2Cl2 (1 mL), was added Et3N (5 mL) and the mixture was stirred for 4 h at rt.  The 

solution was poured over into satd NH4Cl and extracted with CH2Cl2 (2 × 5 mL). The 

combined organic extracts were dried (Na2SO4) and concentrated to give a yellow solid. 

Purification by flash chromatography on silica gel (10% EtOAc/hexanes) gave 65 mg 

(73%) of 2.22 as a yellow solid: (broad mp. range due to the exhibition of LC property; 

please see Table 2.3); IR (KBr) 1731, 1596 cm-1; 1H NMR (400 MHz, CDCl3) δ ppm 

8.33 (s, 1H), 8.16 (d, J = 8.4Hz, 2H), 7.62 (d, J = 8.0 Hz, 1H), 7.56 (s, 1H), 7.39 (d, J = 

8.0 Hz, 1H), 7.0 (m, 3H), 4.37 (t, J = 6.5 Hz, 2H), 4.08 (t, J = 6.3 Hz, 2H), 1.86(m, 4H), 

1.29 (m, 27H), 0.92 (m, 9H); 13C NMR (100 MHz, CDCl3) δ ppm 189.7, 163.4, 162.9, 

162.1, 149.6, 142.9, 139.4, 136.4, 133.6, 130.7, 127.8, 127.2, 119.5, 119.1, 117.4, 112.7, 

105.5, 66.7, 65.7, 30.2, 30.1, 27.9, 27.88, 27.85, 27.6, 27.4, 27.3, 27.2, 24.3, 21.0, 20.9, 
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12.4, 12.39, 1.72; MS (EI) m/z 585.34 (M+, 3), 276 (100), 212 (81), 138 (26); HRMS (EI) 

calcd for C37H47NO5: 585.3454, found 585.3457.  

7-(Heptyloxy)-2-((undecyloxybenzoyl)oxy)-3-azafluoren-9-ol (1.14)  To a solution of 

2.22 (19 mg, 0.032 mmol) in 1:1 

Et2O/iPrOH (5 mL) was added solid 

NaBH4 (14 mg, 10 equiv).  The 

yellow solution was stirred for 5 min at rt, diluted with satd aqueous NH4Cl and extracted 

with CH2Cl2 (3 mL × 2).  The combined organic extracts were dried (Na2SO4) and 

concentrated to give a colourless solid. Purification by flash chromatography on silica gel 

(10% EtOAc/hexanes) gave 18 mg (97%) of 1.14 as a colourless solid: (broad mp range 

due to the exhibition of LC property; see Table 2.3, p 78); IR (KBr) νmax 3394, 1727 cm-1; 

1H NMR (400 MHz, CDCl3) δ ppm 8.43 (s, 1H), 8.15 (d, J = 8.8 Hz, 2H), 7.67 (d, J = 8 

Hz, 1H), 7.50 (s, 1H), 7.23 (d, J = 1.6 Hz, 1H), 7.09 (s, 1H), 6.99 (d, J = 8.8 Hz, 2H), 

5.63 (s, 1H), 4.39 (t, J = 6.4 Hz, 2H), 4.07 (t, J = 6.8 Hz, 2H), 1.82 (m, 4H), 1.49 (m, 5H), 

1.37 (m, 19H); 0.91 (m, 6H).  Under open atmosphere, 1.14 was easily oxidized to 2.22 

and thus the 1.14 was not fully characterized.  

2-Hydroxy-7-(heptoxy)-3-azafluoren-9-ol (2.23). To a solution of 2.20 (88 mg, 0.27 

mmol) in 1:1 Et2O/MeOH (5 mL) was added solid 

NaBH4 (20 mg, 2.0 equiv).  The yellow solution was 

stirred for 5 min at rt diluted with satd aqueous NH4Cl 

and extracted with CH2Cl2 (2 × 1 mL).  The combined organic extracts were dried 

(MgSO4) and concentrated to give a colourless solid which was easily oxidized under 

open atmosphere to 2.20 and thus 2.23 was not fully characterized.  
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