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Programming Supramolecular Systems Using
Hydrogen Bonding and Metal Chelation

by

Elisa Murguly

Abstract

Supramolecular building blocks were designed and synthesized for use in self-
assembly syntheses. The utility of hydrogen and/or dative bonds to direct the self-
assembly process for the fabrication of supramolecular complexes capable of specific
tasks was investigated.

Photochromic chiral dithienylethenes formed optically pure helicates in a
spontaneous “chiral-directed” self-assembly process. The rigid positioning of the
photochrome within the helicate resulted in the preferential formation of one of the
stereoisomers during the ring-closing photochromic reaction. The resulting two states of
the photochrome (ring-open and ring-closed) exhibited contrasting ORD curves. This
formed the basis for a non-invasive write-read-erase system.

A series of racemic helicenes were prepared. Their ability to selectively and
spontaneously self-assemble into predictable architectures was investigated. The
discriminating self-assembly process for [7]-helicene was enantiospecific in solution and
diastereoselective in the crystal.

Novel synthons, containing both hydrogen and dative bond recognition sites, were
synthesized for the construction of discrete self-assembled arrays with potential

applications in inclusion chemistry.



The keto-enol equilibrium of terpyridine derivatives was evaluated in the gas,
solution and solid-state using IR spectroscopy, variable temperature 'H and *C NMR
spectroscopy and X-ray crystallograpy. The results showed the enol to be predominant in
the gas phase, while the more polar keto form is predominant in solution. In the solid-

state a mixed dimer (1:1) is present.
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Chapter 1 -Concepts and Methods in Supramolecular Chemistry

Recently, the area of supramolecular chemistry has become one of the most
actively pursued fields of science.! Both the concept and the term were introduced as
“chemistry beyond the molecule”,'* which can be understood to mean the chemistry of
assemblies of high complexity that result from the spontaneous assembly of two or more
building blocks. These sophisticated architectures have potential applications in general
areas such as medicine, information and communication technology and chemical
reactivity and separation.’

Fabricating large molecular arrays with well-defined architectures is challenging.
In this regard, the concept of self-assembly synthesis is appealing.’ The self-assembly
approach, based on the spontaneous assembly of smaller subunits to generate higher
ordered aggregates, offers an efficient alternative to the classic organic approach, as it
requires fewer synthetic steps and hence is not plagued by the lower yields often seen in
multistep reactions. The kinetically labile interactions that are used as the supramolecular
“glue” allows for self-correcting or self-healing resulting in the most stable defect-free
aggregates being formed. The feasibility of this approach hinges on the rational design of
simple building blocks that on mixing are capable of selective and spontaneous assembly.
Synthon design demands the consideration of two key issues: what functionality will act
as effective “glue”, and how will the recognition features be incorporated and placed into
the components to facilitate a discriminating self-assembly process? In the literature these

two points are frequently referred to as the molecular recognition elements and molecular

programming, respectively. Molecular programming is a key theme in this thesis and the



examples discussed in later chapters will highlight the various design principles involved
in constructing effective supramolecular building blocks.

The remainder of this introduction will serve to present the basic principles
involved in supramolecular chemistry, from the types of supramolecular “glue” that may
be used, through the characterization of the architectures that are formed, to an

introduction of the practical applications of supramolecular complexes.
1.1 Supramolecular Glue

The different types of “glue” that are used to hold supramolecular architectures
together have been typically defined as “non-covalent” and include: ionic interactions

(ion-ion, ion-dipole and dipole-dipole), hydrogen bonds, r-r stacking, dispersion forces,

coordination or dative bonds and the hydrophobic effect.* A summary of each type of

interaction is given in Table 1.

The term “non-covalent” has brought up many debates about the definition of a
chemical bond centred around the legitimacy of making a distinction between a covalent
and a non-covalent bond. A covalent bond is strictly defined as one in which a pair of
electrons is shared by two nuclei.* With the exception of dispersion forces and the
hydrophobic effect, all of the interactions listed in Table 1 also depend on electron-pair
sharing to hold the components together. The difference between the interactions listed in
Table 1 and typical covalent bonds lies in the extent to which a pair of electrons is shared
between two nuclei. Therefore, in order to avoid any ambiguities, all the interactions will

be referred to as “intermolecular forces” and not as non-covalent interactions.

2



Table 1. Examples of Supramolecular Glue

Interaction

Bond Strength?

Description

Example

(keal mol™)y
coulombic interactions on-on
. >45 (ion-ion) between opposite | N\ ...
electrostatics 10-40 (ion-dipole) | charges =0 @
1-10 (dipole-dipole)
6—>=05 ----- =0s
Spole-doole
donor-acceptor
interactions specifically
4-25 (strong) involving hydrogen as
hydrogen bonds 1-4 (moderate) the proton donor and a O-H- 0=<
<] (weak) base as the proton
acceptor
attractive forces
between electron rich
. . 2-5 (face to face) interior of an aromatic
T-Tt interactions 5-10 (edge to face) ring with the electron S H
poor exterior of an =iz <H
aromatic ring
also called London
. . forces — momentary OO
dispersion forces < induced dipole-dipole 20 -=2=
interactions
the attraction of water [« H,0
. molecules for one ><
hydrophobic effects 1-10 another resulting in H0 (*
agglomeration of other LI L1L)
species
. varied coordination of a metal
dative bonds 5-90 by a ligand donating two S
or more electrons hl/l

* Association constants are measured in chloroform-d.

The methodologies required to construct the building blocks for the creation of

supramolecular complexes demand a solid basis in synthetic chemistry. The




supramolecular synthons can incorporate one or more of the interactions listed in Table 1.
The combination of two or more, either similar or different, interactions increases
selectivity and adaptability of the building blocks and also increases the stability of the

complexes resulting from the self-assembly process.

1.2 Characterization of Supramolecular Architectures

Complete characterization of supramolecular aggregates can be a challenge as these
structures are generally of greater complexity and lability than molecular species. In
particular, the following questions must be addressed:

2 What is the final architecture of the aggregate?
3 How rapidly is it formed?

4 How strong are the interactions holding the complexes together?

1.2.1 Structure Elucidation of Aggregatess

With respect to gaining architectural information, X-ray crystallography and
NMR spectroscopy are the most diagnostic techniques. An X-ray crystal structure clearly
shows atom positioning. However, this analysis is only valid for the crystalline solid-
state. Factors such as crystal packing, which are absent in the solution or gas phase, may
alter the structure of the complex. In order to investigate and understand the structure in
the solution phase a variety of techniques can be employed, most notably NMR

spectroscopy.



Simple one-dimensional NMR spectroscopy measures the degree to which the
nuclei in question are shielded by their electronic environment in terms of chemical
shift.> Movements of these resonance signals can provide evidence of intermolecular
interactions, as spectra changes indicate a change in chemical environment. Proton NMR
is most widely used not only because of practical reasons such as sensitivity but also
because these nuclei are positioned on the periphery of the molecule and therefore are
more exposed and better able to sense small changes in the environment. In a typical
titration experiment, a NMR spectrum of the host is recorded and then the guest is added
in small aliquots. If binding occurs, the guest will alter the electronic environment of the
host and hence alter the chemical shifts of host’s nuclei.

The development of other techniques, such as Nuclear Overhauser Effect
Spectroscopy (NOESY), has made NMR spectroscopy an even more powerful tool for
structure elucidation.” NOESY experiments provide significant information about
through-space interactions that are in the 4A range. Cross-correlation peaks indicate that
the two protons in question are physically close to one another. In many instances this
technique can provide the exact coordination geometry between supramolecular
synthons. NMR methods can provide great insight into the mode of binding between
building blocks but does not provide direct information about the stoichiometry of the
building blocks used to construct the supramolecular complex.

Mass spectrometry (MS) is gaining wide spread acceptance as a method for
studying the stoichiometry of both solution and gas-phase supramolecular reactions.® The
step-wise approach in the numerous MS techniques commonly involves the transfer of

the chemical species to the gas phase, ionization of the molecules and subsequent



separation of the gaseous ions based on mass-to-charge (m/z) ratios. New developments
in MS have focused on “softening” the ionization technique for detection of complexes
held together by weaker interactions. Electrospray ionization (ES) has shown to be one of
the most promising techniques for the study of supramolecular complexes. However, this
method does not always provide an accurate representation of the solution equilibrium, as
this technique is dependent on complete desolvation of charged complexes. If the
complex is a neutral species in solution, inducing it with a charge can drastically alter the
complex’s stability. Likewise, desolvation enhances the importance of electrostatic
interactions but decreases the stability of other interactions such as the hydrophobic
effect. This can result in detection of non-specific associations, which are associations
that are weak or non-detectable in solution but are strengthened in the gas phase, or
insufficient detection of interactions which are clearly taking place in the solution state.
Many other techniques can be employed to help elucidate the overall structure
such as absorption and emission spectroscopy, computer-aided molecular modeling and
chirotopical methods (circular dichroism, for example) but will not be discussed in this
chapter. Alone, each of the analytical techniques provides only part of the picture.
Together they can provide great insight into the aggregates’ overall structure in solution

as well as in the solid-state.

1.2.2 Kinetic Information
The polymolecular structures formed during the self-assembly process are held
together “reversibly” by intermolecular forces, which resuits in a dynamic system

between bound and unbound forms of the synthons. These two forms have different



NMR responses that can provide insight into the binding kinetics.” If the binding is slow
compared to the NMR time scale (slower than 10"%-107 s), the NMR resonances for both
forms appear as individual signals with the resonance corresponding to free synthon
gradually diminishing as complexation increases (Figure la). If, however, binding is fast,
then the NMR resonances for the two forms are observed as an average peak. In the
typical titration experiment mentioned previously, the addition of a guest causes the time-
averaged peak to shift continuously until the host is saturated with guest. Plotting the
change in chemical shift as a function of concentration results in a titration curve (Figure

1b).

i e 2

E
0,1 - g ;E
Mn. Ba? g E—
J“:*"Jb“"d:‘“"‘ 1 f;
AN e 2T
__)VIJ! A Free Ligand ._E.'.

——

50 45 408 35 3.0 285
PPM T

~ .

@) (b)

Figure 1. (a) A series of NMR spectra in which metal binding is slow. Therefore resonances for
both the ionophore and metal-ligand complex are clearly visible. (b) A titration curve in which
the binding of a substrate is fast. The addition of the substrate causes the time average peak to
shift until the host is saturated with a guest. Reprinted from Oxford Chemistry Primers,
Supramolecular Chemistry, 1999,45. Copyright (1999) P. D. Beer, P. A. Gale, D. K. Smith.
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1.2.3 Thermodynamic Information
Titration experiments provide insight into not only the kinetics but also the

thermodynamics of association and dissociation.” Examination of the simple 1:1 complex

formation equilibrium:

Kon
A +B =—=AB

Kott
gives a binding or association constant of:
K. = [AB]
®  [Al[B]

When binding is slow one can easily calculate the binding constant K, by measuring the
relative intensities of the individual NMR signals of the bound and unbound forms. The
integration of the peaks gives the relative concentrations of all three species, A, B and
AB. When the binding is fast, the structural features of the titration curve (Figure 1b)
such as slope and shape provide the information about the association constant. [terative
fitting procedures by non-linear least squares programs that fit theoretical models of the
complexation process to the experimental data are used to determine the association

constant.

1.3 Summary and Overview

The exact knowledge of the binding modes of the intermolecular interactions such

as strength and directionality, coupled with the ability to properly characterize these

interactions have allowed for effective design of fascinating supramolecular architectures



such as helices, macrocycles, racks, ladders, grid and tubes. Even more impressive, is that
these architectures can now'perform specific applications in areas such as:

e medicine — drug delivery systems,'” sensors,"" ion channels'2

o information and communication technology'? — erasable memory media

e chemical reactivity and separation — zeolites,'* new separation media for use

in chromatography,'” catalysts'®

The remaining chapters in this thesis will focus on specific examples to illustrate
not only the basic principles behind building block design but also to introduce practical
applications of supramolecular complexes. Chapters Two and Three explore the utility of
using coordination (dative) bonds and hydrogen bonds, respectively, as the “glue” to
construct supramolecular aggregates capable of accomplishing specific tasks. Chapter
Four describes the combination of hydrogen bonds and metal coordination to direct the

self-assembly process.
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Chapter 2 - Dative Bonding, Photochromes and Erasable Memory Media

Advances in computer technology and the demand for small, quick, large capacity
data storage systems has fostered an explosion of research in the area of nanosize
molecular devices capable of controlling and storing information.' Recent proposals of
these new organic devices have them behaving as "on-off" switches (1 and 0 in binary
systems).? This requires the presence of two different forms of a chemical species,
having different detectable properties, such as absorption spectra, that can be reversibly
interconverted by means of an external stimulus. These devices can operate at the
molecular level, but they can also be built into supramolecular architectures, which
should yield functional assemblies displaying novel physical properties. '°

In order for these devices to function at the supramolecular level a number of
factors must be considered including: (1) the supramolecular glue that will be chosen to
act as constructive recognition elements and direct the self assembly synthesis, (2) the
molecular scaffold that is to be used as the switching device and (3) the incorporation of
the molecular recognition elements into the resulting complex such that they will not only
promote but also enhance the function of the molecular device.

This chapter will explore the utility of incorporating dative bonds into molecular
devices for applications in non-destructive erasable memory media. The strength and
directionality of dative bonds are first discussed and then the utility of this “glue” is

highlighted in the examples illustrated in this chapter.

2.1 Molecular Recognition and the Dative Bond
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2.1.1 Properties of Dative Bonds

The use of transition metal ions to direct molecular assemblies has three major
advantages.’ First, metal-ligand dative bonds have varying degrees of binding energies.
Therefore the kinetic stability of the complex can be weak or strong depending on the
choice of the metal. [n general the metal-ligand bond strength decreases with increasing
atomic number for main group elements but increases within a transition metal triad.*®
Second, transition metals most often have coordination spheres with well-defined
geometric environments. This gives metal ions the ability to control the precise geometry
of ligands during the self-assembly process.*®¢ Examples of metal ions which possess

different geometries are given in Figure 1a.

O Na*, K*

......

Figure 1a
Third, the number and relative placement of available coordination sites on the metal ion

can be easily altered by placement of non-labile ligands (protecting groups), which can

give rise to drastically different assemblies using a single metal ion (Figure 1b).
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Figure 1b. Schematic presentation of planar ligands with two linking sites and their coordination
assemblies with a protected square planar metal

2.1.2 Selected Examples of Metal-Directed Assemblies

Self-assembly synthesis has been applied to the area of coordination chemistry to
produce a variety of elegant structures including catenates,’ helicates,® squares,’ racks,®
and ladders.? In most instances, supramolecular complexes are formed with transition

metal-pyridyl o-bonds. An impressive feature of some metal-directed assemblies is the

construction of chiral superstructures from achiral synthons. A few of these structures are
shown in Scheme 1.
Chiral catenate 1a consist of two interlocked macrocycles which are stablized by

r-r stacking (Scheme 1).'° The nitrogen-palladium bonds are labile and so an

equilibrium exists between the macrocycle and the catenate. At low concentrations the
macrocycle predominates while at higher concentrations the catenate prevails. The
topological bond which holds the two macrocycles together can form in two
stereochemically different ways creating topological chiral isomers.'® Interestingly, in
the analogous system containing Pt(IT), where the dative bonds are not as labile, 1b exists
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exclusively as the macrocycle. Only under extreme conditions of high temperatures and

polar solvents do the Pt-N bonds become labile enough to break and form the catenate.

Scheme 1

Hzf‘g C(NHz HzN,_,\NHz
/ d
O,N NO, Z N N
+ ™ 2

m\
HzN Hz
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<
O 5 M NaOH
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2.2 Molecular Recognition and Dithienylethenes

2.2.1 Choice of Photochrome

The viability of any compound in erasable memory devices hinges on the basic
requirement of the reversible transformation of a chemical species between two states
that display different physical properties. The two different chemical forms can be the
result of a number of different responses such as isomerization, electron transfer or
complexation ability, to name a few. The interconversion between these two forms can be
achieved through light, heat, pressure, magnetic or pH changes.'' Molecules that undergo
reversible changes upon photoisomerization, such as cis-trans isomerizations or
pericyclic reactions, are particularly promising as light has maximal velocity and can be
easily controlled using fibreoptics.?

There are many well studied examples of molecules that undergo reversible
colour changes upon photoisomerization (photochromes) including strained olefins,
thioindigos, azabenzenes, spirobenzopyrans, fulgides and diarylethenes (Table 1). These
photo-induced reactions can be grouped into two general processes: cis-trans
isomerization and photocyclization (ring opening/ring closing). However, despite
meeting the basic requirement of the reversible presence of two different chemical forms
of a molecule there are a number of other requirements that are fundamental for
practicable applications of any compound in erasable memory devices.'* The most
relevant are:

o fatigue resistance — numerous on/off cycles without significant degradation

e thermal stability — no thermal interconversion between the two states
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e  detectability — ease of identifying both photochromic states

¢ nondestructive readout — the ability to read the stored information without

erasing it

With respect to these critical properties, Table 1 briefly highlights some of the
drawbacks for each of the photochromic molecules mentioned above. For instance, the
cis form of azabenzenes are very susceptible to thermal racemization (¢), = 4 days at
20°C) and therefore, because of significant and rapid degradation of this conformation,
limits their use as data storage devices.'* Even under ideal conditions, modified
azabenzenes exhibit thermal decay after just a few weeks. On the other hand,
appropriately chosen dithienylethenes show no thermal interconversion within a very
large temperature range (¢, = greater than 3 months at 80°C)."*

Spiropyrans not only show thermal reversion (7;, = 10 min at 80°C) but also
exhibited limited multi-cycle durability."* Photochromic performance of these molecules
is lost after 100 colouration/decolouration cycles. This is very poor as compared to
dithienylethenes where the ring-closing/ring-opening reaction cycle can be repeated more
than 10* times without the loss of photochromic performance.

The appeal of photochromic 1,2-dithienylethene derivatives in optical device
applications such as information processing and optical switching stems from their
striking display of advantageous photochromic properties including thermal
irreversibility and fatigue resistance. However, practical applications of dithienylethenes
in erasable memory devices also requires that both photochromic states can be detected in

the readout event in a facile, economical and non-invasive manner.
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Table 1. Photochromic Molecules and Some of Their Properties.

Reaction Form A Form B Properties

Type Example

strained olefin @
QT
QL0
cis-trans

e must have
optically pure
starting
material

e slow response
time

e difficultto
synthesize

W,
W,

isomerization . e e o
thioindigos i ?

o R

e not thermally

e form A
isomerizes to
non-productive
E isomer

ring opening-

ring closing

fulgides =
o~f
&
¢ not thermally

azabenzenes QIMD stable
K@’W@R T

o thermally
stable, no
isomerization,

easy to
derivatize

o H
spiropyrans (‘ stable
4 ® epiumerization at
-4 N, O s spiro carbon
R R center
dithienylethenes r&
N\~ N
R

2.2.2 Dectection of Dithienylethene Photochromes
Typically, the readout event involves the use of UV-Vis spectroscopy to record
the spectra changes near the absorption bands corresponding to the two photochromic

states. These absorptions, however, are the same ones that induce the ring-opening and
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ring-closing reactions. A detection method that relies on sampling near these photoactive
absorption bands inevitably causes partial switching of the photochrome and erases the
stored information. Efforts to circumvent this problem have focused on the development
of photochromic systems that, upon photoisomerization, display variations in other
optical properties such as refractive index,'® luminescence'” or optical rotation.'® It is the
detection of these accompanying changes that will ultimately lead to effective non-
destructive information processing systems.

Recording changes in optical rotation is a particularly promising alternative for
non-destructive readout because the detection event can often be performed outside the
photoactive spectral regions. The utility of this technique is dependent upon the design of
photochromes that exhibit significantly contrasting optical rotating strengths between two
states of the molecule. The photo-induced photochromic reaction should, therefore
maximize the formation of one stereoisomer in order to enhance the readout signal or
when plagued with small enantiomeric (ee) or diastereomeric excesses (de), use
molecules that produce very large optical rotations. Ideally, one should incorporate both

techniques to obtain maximum signal while using minimum amounts of material.

2.2.3 Use of Optical Rotation for Non-Destructive Detection

The strong rotatory power of helical molecules makes them ideally suited for data
processing systems that use light outside the absorption bands for non-destructive readout
methods because the enhanced read-out signals provided by helical chirality allows for

easy detection even at low concentrations.'®
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For example, Feringa and co-workers have developed a series of chiroptical
molecular switches based on sterically-overcrowded alkenes 2a and 2b (Equation 1).
Unfavorable steric interactions around the central olefinic bond force the molecule into a
helical topology.?® Irradiation of enantiomerically pure 2a results in the reversal of
helicity (M'to P or P to M).2! The two helical forms display distinct chiroptical properties
such as opposing ORD and CD signals that can be used for non-destructive detection
purposes as applied to write-read-erase memory devices. Although further improvements
are required with respect to slow response times and low ee, the ease and success of using
changes in optical rotation as a nondestructive detection method is an attractive feature of
this photochromic system.

Equation 1.

2.2.4 Chirality of Dithienylethene Photochromes

As mentioned above, dithienylethenes are among the most promising
photoswiches known today because of their excellent display of advantageous
photochromic properties. The photogenerated ring-closed isomers of dithienylethene
derivatives are necessarily chiral (Equation 2) making them excellent candidates for

incorporation into chiroptical devices.'*?° However, the photo-induced ring-closin,
rpo! P P g
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reaction produces both R,R and §,S stereoisomers of equal amounts, rendering the

desirable chiroptic readout method ineffective for the ring-closed form.

Equation 2

(8.9

* denotes stereogenic centers

The presence of an optically active chiral auxilliary such as a /- or d-menthyl
group at the 2-position of the benzo[b]thiophene ring in diarylmaleimide photochrome 30
(*o” represents the open form) has been shown to induce stereodifferentiation with
values of de (diastereomeric excess) up to 86% in the photocyclization reaction to 3¢

(Equation 3).'®

Restrictive environmental conditions such as nonpolar solvents (toluene)
and higher temperatures (40°C) needed to ensure high stereoselectivity coupled with long
irradiation times limits the use of the existing system in optoelectronic devices such as

optical memory.

Equation 3

450 nm

Il

>570 nm

30
R=/ or d-menthyl
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Moving the chiral auxillary to the periphery of the photochromes' backbone, 40
for example, also promotes stereodifferentiation with de up to 36% during the
photochromic ring closing reaction to 4¢ (Equation 4).2 Interestingly, it was found that
even with low diastereoselectivity the ring open and closed forms show distinctly
different CD spectra. To date, though, these changes have not been capitalized on for
nondestructive write-read-erase systems. [n addition, derivatives of 40 have been
introduced as dopants in an effort to modulate liquid-crystalline phases for display
technology, but problems with low stereoselectivity during the ring-closing reaction
hinders their use in these devices. Improvements with respect to the high molar
concentration required to produce the small signal readouts are required for practical
applications of these systems, especially in light of the low concentrations of the

photochromic materials required in “real” solid-state devices.

Equation 4

4c Ph

2.2.5 Dative Bonds and Optically Pure Helicates
As discussed in section 2.2.3, the appeal of helical compounds for applications in
nondestructive read-out methods stems from their strong optical rotating abilities even at

low concentrations. Helicity can be generated by a variety of methods. One of the most
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appealing methods is the spontaneous self-assembly of helicates from flexible polyvalent
ligands.? The formation of helical morphology results when two ligand, such as §, twist
around a metal-metal axis. This method, however, results in racemic mixtures as the
winding process occurs in either direction to generate both left and right handed helicates

(Equation 5).

Equation §

X X
2 X - X
X X

| left-handed nght-handed
z (M

Stereoselective assembly of helicates has been achieved by introducing chiral
auxillaries onto the backbone of a flexible polyvalent ligand, such as the placement of the
benzyl groups on the bis(oxazoline) backbone of ligand 6 (Equation 6).2* Initial
complexation of two chiral ligands to a single silver ion sets the stage for the direction of
winding to coordinate to the second silver ion. Twisting in one direction will result in

strong steric interactions between the two benzyl groups, while winding in the other



direction will not. It is this communication between the chiral auxillaries that initiates and
amplifies the handedness of the resulting helicate.

Inspired by this and other similar examples,?** in which remote stereogenic
centers guide the creation of stereochemically pure metallohelicates, we began to explore
the unique properties of self-assembled helicates in stereoselective photochromic
transformations. The goal of this project is the achievement of a non-destructive write-

read-erase system based on chiral photochromic dithienylethene derivatives.

Equation 6

!

P-helicate only

2.2.6 Dative Bonds and Dithienylethenes

Chiral bis(oxazoline) compounds 70 and 80 were prepared (Scheme 2) as the
polyvalent ligands for this study. It was expected that the transformation of 7o or 80 and
copper(]) into double-stranded helicates Cuz(70); and Cuz(80): (Scheme 3) would show
stereoselectivity due to a discrimination process that occurs when the chiral oxazoline
moieties on the periphery of the individual strands are brought into close proximity.
Unfavorable steric interactions between the two chiral auxiliaries within the helix should

result in helicates of a single handedness. Formation of optically pure helicates Cuy(70),
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and Cuz(80); is expected to pre-orient the pro-stereogenic centers such that on
photocyclization of these helicates only one major diastereomer will form. The dramatic
changes in optical rotation that are expected to accompany the stereoselective ring-

closing process can be recorded as the read-out signal in a non-destructive manner.
2.3 Dithienylethenes — Results and Discussion

2.3.1 Synthesis

Both (R, R) and (S,S) enantiomers of photochromic bis(oxazolines) 70 and 80 were
prepared in four steps from 1,2-bis-(5-chloro-2-methyl-3-thienyl)cyclopentene 9% as
outlined in Scheme 2. Lithiating 9 with excess tert-butyllithium followed by quenching
with carbon dioxide afforded diacid 10. Treatment of 10 with oxalyl chloride and
catalytic DMF resulted in the corresponding diacid chloride, which was carried on
without purification. Amide alcohols 11 and 12 were prepared by acylating optically pure
phenylalanine or isoleucinol with the photochromic diacid chloride. Subsequent
dehydrative ring closure yielded optically pure bisoxazolines 7o and 80o. All new
compounds were characterized by UV-Vis spectroscopy, FT-IR spectroscopy,
multinuclear NMR spectroscopy and high-resolution mass spectrometry.

Copper(I) complexes Cuz(70); and Cu;(80); were prepared by adding, through a
canula, an equimolar amount of ligand 7o or 80 in degassed dichloroethane to copper(I)

trifluoromethanesulfonate (CuOTfe0.5CsHs) under argon (Scheme 3). Care was taken

when handling the copper(I) reagent to ensure a moisture and oxygen free atmosphere in

order to minimize the oxidation of the metal to copper(Il). With the exception of single
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crystals grown for X-ray analysis, no attempts were made to isolate the copper(I)

complexes.
Scheme 2
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2.3.2 Electrospray Mass Spectroscopic Analysis

Electrospray mass spectrometry of dichloromethane solutions of a freshly
prepared mixture of ligand 70 and CuOTf shows peaks at m/z 579.1 and 641.1
corresponding to the free ligand 7o and a mixture of the coordination compounds
Cuy(70), and Cu(70), 'respectively. The isotopic abundance of the peak at m/z 641.1
shows the typical (0.5) peak separation of a doubly charged species confirming the
presence of the binuclear complex Cuy(70)2. The isotopic distribution pattern verifies the
presence of Cuz(70); along with mononuclear Cu(70). The ratio of Cuz(70); to Cu(70)

increased when the solutions were concentrated. This observation clearly emphasizes the
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need to control the concentration of the coordination compound, a condition that will be

illustrated in later studies.

2.3.3 X-ray Crystallographic Analysis

Single crystals of both (R,R) and (S,S) enantiomers of Cuz(70).*OTf; suitable for
X-ray crystallographic analysis were obtained by layering hexane upon freshly prepared
dichloromethane solutions of the copper(I) complexes. The crystal structure of the (S,S)
enantiomer (Figure 2) highlights the metals' role in the self-assembly process. The
resulting solid-state architecture is the anticipated binuclear double helix. Bis(oxazoline)
ligand 7o acts as a bis(monodentate) ligand coordinating two copper (I) metal ions with
Cu-N bond lengths of 1.871(8) A and 1.882(7) A and N-Cu-N angles of 178.2(5)° and

177.5(5)°.

Figure 2. The structure of the copper(I) complex (S,S5)-Cuz(70); in the crystal. All non-
heteroatomic hydrogens have been removed for clarity. The thermal ellipsoids are drawn at the
20% probability level. The structure of the (R,R)-enantiomer is a perfect mirror image.
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The angle of rotation of the binuclear double helix is 83.4(5)°, as measured by the
rotation between the vectors defined by the bonds N1-Cul and Cu2-N2. The Cu-Cu
distance is 10.687(2) A. In addition to the D, symmetry of the double helix, there exist
pseudotwofold axes passing through the copper ions and through the cyclopentane rings.

On first impression, the metal centers appear to reside in a linear geometry with
the nitrogen acting as the sole Lewis base. Closer inspection reveals that the metal is
actually in the expected tetrahedral environment (Figure 3) comprised of two Cu-N bonds
and two long Cu-S bonds (average bonds lengths of 3.18 A). In addition two weak

cation-Tt interactions (the average ring-to-metal distance is 3.46 A) exist creating a

psuedo-octahedral environment around the copper metal. While both of these sets of
bonds appear long, they are comparable to those found in similar copper induced
octahedral environments.?® The presence of these weak interactions in Cuz(70): may be

one of the major factors leading to the stability of this coordination compound.

Figure 3. The crystal structure shows the copper ion bound strongly by four ligands and weakly
by two m-cation interactions, creating a pseudooctahedral environment around the metal.

The impact of the helical architecture is felt on many levels. It locks the

photochrome into its productive antiparallel conformation, as shown in Scheme 4, a
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factor that is advantageous because it minimizes the amount of structural reorganization
that must take place in order to facilitate the photocyclization process. More importantly,
the coordination of the oxazoline ligands to the metal ion brings together the two chiral
auxiliaries so that they can influence the helicate's stereochemistry. In all cases, (S,S)-7o
generates solely the M helix and (R, R)-70 generates solely the P helix. The helical
handedness, in turn, biases the relative orientation of the methyl groups on the thiophene
heterocycles (C10, C10', C20 and C20") and sets the carbons involved in forming the new
single bond in the photo-induced ring closure (C11, C11', C21 and C21') as pro-~(S,S) for
the M helix and pro-(R, R) for the P helix. To date, crystals of the corresponding complex

prepared from the isopropyl analogue 8o have not been grown.

A P — g 7

N\ [
I S S R S
anti-parallel | R parallel R

Scheme 4. The open form of diarylethenes can exist in two conformations: parallel and
antiparallel. The conrotatory photocyclization reaction can only proceed from the antiparallel
conformation.

2.3.4 UV-Vis Spectroscopic Analysis
The U'v-Vis spectra of the open (70) and closed (7¢) isomers of the benzyl-

substituted photochrome and the corresponding in situ generated copper(l) complexes are
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shown in Figures 4a and 4b with wavelengths of maximum absorption (Ama) labeled for

comparison. The copper containing ring-closed isomer Cu;(7¢), was cleanly produced as
the sole product, shown by the presence of the isobesic point at 337 nm (Figure 4a), by
irradiating dichloroethane solutions of Cu;(70); (obtained by mixing an equimolar

mixture of 70 and CuOTfe0.5CsHs) with a hand-held 313 nm lamp.27 After 2 minutes of

irradiation, the photostationary states (pss) were formed which showed 90% conversion
to the closed isomers as measured by 'H NMR. Subsequent irradiation of the closed
isomer Cuy(7¢); at wavelengths greater than 458 nm restored the spectrum to its original
trace by regenerating the open isomer Cu;(70); quantitatively. As expected, the spectral

characteristics of both (R, R) and (S,S) enantiomers were identical.
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Figure 4a. Change in UV-VIS absorption spectra of Cu;(7); in dichloroethane by 313 nm light
irradiation, starting from Cu;(70);.

As seen in Figure 4b, coordination to copper(l) has two significant effects on the
UV-Vis spectrum: 1) it induces the appearance of an additional absorption peak in the far

UV region and 2) it separates the absorption peaks of the open and closed isomers
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(compare AA = 315 nm for the coordination compounds and AA = 270 nm for the free

ligands). This shift, which is in accordance with other metal-ligand complexations
reactions,”® increases the non-absorbing region between the two photoactive peaks of the

switch.
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Figure 4b, UV-VIS absorption spectra of (a) Cuz(70);, (b) Cux(7¢)s, (c) 70 and (d) 7¢. All
spectra were run in dry degassed dichloroethane at 3.5 x 10 M.
2.3.5 Solution-State Studies Using 'H NMR Analysis

Irradiation of the open isomer (S,S5)-70 at 313 nm also produces characteristic
shifts of the signals in the 'H NMR spectrum. Of particular importance is the resonance
assigned to the protons on the thiophene rings which appears as a singlet at 7.23 ppm in
7o and as two singlets of nearly equal intensity at 6.47 and 6.48 ppm for the
corresponding ring-closed product 7c. These two singlets (Figure 5, top trace) are clearly
a result of the production of two diastereomers in the conrotatory ring closing reaction of
the 1,2-diarylethene photochrome (as seen in Equation 2). The relative integrations of the
two singlets indicate that both diastereomeric products are being formed to nearly the

same extent in the photocyclization reaction.
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Figure 5. "H NMR (500 MHz, CD.Cl,) spectra of the thiophene protons in (top) 7c generated
from 7o without CuOTf*0.5CsHs and (bottom) 7c generated from 70 with CuOTf+0.5CsHs after
washing with NH,OH to remove the metal.

Upon metal complexation the number of signals in the 'H NMR spectrum of 7o
and CuOTf+0.5CsHs in CD,Cl; remain constant but their positions shift significantly,
indicating the formation of a symmetrical metal-ligand complex. The singlet,
corresponding to the protons on the thiophene ring, found at 7.23 ppm shifts downfield

(Ad =0.42) to 7.65 ppm upon metal complexation. The proximity of the thiophene ring to

the deshielding metal center is the likely cause of the downfield shift. More importantly,
when the photocyclization reaction of 7o is repeated in the presence of copper(I) there is
preferential formation of one stereoisomeric product with a diasteroselectivity of 86% as
shown by the non-equivalency of the signals in the 'H NMR spectrum (Figure 5, bottom
trace). This stereoselection can best be justified by invoking the existence of the helical
binuclear complex Cuz(70); in solution.

The results of the stereoselective ring-closing reaction are shown in Table 2. The
increase in diastereoselectivity as the concentration was increased (entries 1-3) can be
attributed to the predominance of the binuclear complex Cuz(70); at higher
concentrations (see mass spectrometry discussion). The high degree of
diastereoselectivity at 10> M is accompanied, however, by a coinciding increase in the
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amount of photochemical degradation (undesired side product formed was measured to

be 17%). Reducing the amount of CuOTfe0.5CsHg to less than one molar equivalent

decreased the diastereoselectivity, as did decreasing the reaction time (entries 5 and 6).
The diastereoselectivity was also lower (51%) when the photocyclization reactions were
repeated with the isopropyl ligand 8o (entries 7 and 8). We attribute this to the formation
of a less robust coordination compound. Whether this difference in stability is due to

steric and/or electronic factors is currently under investigation.

Table 2. Conversions and diastereoselectivities in the photochromic processes.™

Entry Photochrome Concentration [M] % Conversion'” % de
1 (S,S)-70 + Cu() 0.001 95 98
2 0.0001 94 86
3 0.00001 85 74
4 (R,R)-To + Cu(l) 0.0001 92 89
5 (8,S)-70 + 0.5Cu(I) 0.001 94 68
6 (S,8)-7o + Cu(l) 0.001 60 52
7 (S,5)-80 + Cu(l) 0.0001 70 55
8 (R,R)-80 + Cu(l) 0.0001 79 49

(a] In a typical reaction, the ligand and CuOTf*0.5C¢Hs were mixed in deoxygenated

dichloroethane and exposed to 313 nm light for 20 minutes. After washing with excess NH,OH to

remove the metal, the % conversions and % de's of the products were measured by 'H NMR

spectroscopy in CD2Cl,. [b] Based on the disappearance of the open isomers.

2.3.6 Circular Dichroism and Optical Rotatory Dispersion Spectroscopic Analysis
The circular dichroism (CD) and optical rotatory dispersion (ORD) spectra of the

photochromic reaction are shown in Figures 6 and 7, respectively. Once again the

dramatic effects of the ligand coordinating to the copper ions are observed. The CD

spectrum of the open R-isomer of 70 displays.a very weak negative double Cotton
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effect?® while the closed form exhibits a red shifted spectrum that is of the opposite sign
(Figure 6a). As expected, the spectral characteristics of (R, R) and (S,S) enantiomers were
mirror images of one another. Conversely, the copper(I) R-isomer complex Cu;(70);
exhibits intense multiple Cotton effect curves (Figure 6b) and the absorption bands have

red shifted to Amax = 380 nm. After irradiation, the copper(I) complex of the closed R-

isomer of 7¢ displays a dramatically different CD spectrum as the major areas of

absorption have red shifted from 280 nm to 635 nm (Figure 6b).
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Figure 6. (a) CD spectra of 70 and 7¢ without CuOTF+0.5CsH; and (b) CD spectra of 70 and 7¢
with CuOTf0.5C¢Hs. All spectra were run in dry degassed dichloroethane at 2.8 x 10™ M.
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The ORD spectra of the photochromic reaction (Figures 7) follow a similar trend.
Both the open and closed form of the ligand without copper display small optical rotatory
powers, while the copper(I) complex of the open form Cu;(70); displays strong optical
rotatory powers in the 230 to 360 nm region (Figure 7). The closed form of this complex
shows regions of optical rotation extending from 240 to 700 nm. These changes from the
open to the closed forms are dramatic and provide regions for non-destructive read-out.

Of special interest is the region between 400 and 500 nm as this region is just
outside the absorption bands for both the open and closed forms. At 450 and 475 nm the
copper(I) complex of the open isomer shows almost no optical rotatory powers,
conversely the closed form displays a strong negative Cotton effect. These differences
can be exploited by toggling between Cu3(70);2 and Cuz(7c¢); by alternate irradiation at
313 nm and greater than 458 nm (Figure 8) demonstrating the utility of this system for
reversible data processing. This detection method is non-invasive as illustrated by the

lack of variation in the UV-Vis spectrum upon extended irradiation at 475 nm.

R-open+Cu
- —— S-open+Cu

s R-ClOSEd+CU

~— S-closed+Cu

Figure 7. ORD spectra of 70 and 7¢ and CuOTf*0.5C¢Hs. All spectra were run in dry degassed
dichloroethane at 2.8 x 10™ M.
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Figure 8. Modulated optical rotation at 450 nm (@) and 475 nm (W) of a dichloroethane solution
of Cuy(70) (2.8 x 10* M) during alternating irradiation at 313 nm and greater than 458 nm.

2.4 Conclusions

Chiroptic molecular switches Cuz(70); and Cu;(80),, based on the spontaneous
self-assembly of ligands 7o or 80 with copper(I) into stereochemically pure helicates,
provides a viable solution to the problem of non-destructive read-out for photochromic
re-writable optical memories. It has the distinct advantage over already existing chiroptic
switches in that it shows preferential formation of one stereoisomer, large changes in
optical rotary powers in non-photoactive regions, good fatigue resistance over a large
number of photochemical cycles and no racemization. Other examples of chiral
photochromic molecules such as strained olefins are susceptible to racemization, leading
to decreased read-out signals over large number of cycles, that limits their use in
information processmg.

Further development of photochromic compounds for optical data storage hinges
on their being incorporated into polymers or polymer like materials such as liquid
crystals (LC). Polymers are excellent supporting materials for practical applications of
these new materials because they aid in stability and processibility. Two important
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conditions must be met, however. Incorporation of the photochrome into a matrix cannot
inhibit the performance of the molecule and the molecule cannot display any fluctuations
in its physical properties. To this end, molecular switches based on dithienylethenes are
ideal candidates as initial studies show that these molecules maintain photochromic

performance upon incorporation into liquid crystals.

2.5 Experimental

2.5.1 General Information

All solvents (Caledonia) were distilled prior to use. Dichloroethane used for UV-
Vis spectroscopy and photoisomerization reactions was deoxygenated by bubbling argon
through the solvent. Solvents for NMR analysis (Cambridge Isotope Laboratories) were
used as received. All reagents and starting materials were purchased from Aldrich or
Acros Organics. Trifluoromethanesulfonic acid copper (I) salt benzene complex was
purchased from TCI America. 1,2-Bis(5-chloro-2-methylthien-3-yl)cyclopentene was
prepared as described in literature.?

'H NMR characterizations were performed on a Varian Inova-500 instrument,
working at 499.92 MHz or on a Varian Inova-300 instrument, working at 299.96 MHz.

Chemical shifts (3) are reported in parts per million relative to tetramethylsilane using the

residual solvent peak as a reference standard. First order coupling constants (J) are
reported in Hertz. UV-Vis spectra were recorded on a JASCO Ubest-50 UV-Vis
spectrophotometer. CD spectra were recorded on a JASCO 7500 CD/ORD

spectrophotometer. ORD spectra were obtained, by utilizing the data processing unit,
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from CD measurements. High resolution mass spectrometry measurements were
performed using Kratos MS-50 with an electron impact source, while low resolution
mass spectrometry measurements were performed using an Agilent Technologies 1100

MSD spectrometer with an electrospray source.
Standard lamps used for visualizing TLC plates (Spectroline E-series, 470

uW/cmz) were used to carry out the ring-closing reaction of 70 to 7¢ and 8o to 8¢ with

and without copper. The ring-opening reactions were carried out using the light of a 150-

W tungsten source that was passed through a 458 nm cutoff filter to eliminate higher

energy light.

2.5.2 Synthesis

1,2-Bis(5'-carboxyl-2'-methyithien-3'-yl)cyclopentene (10). To a cooled (-78 °C)
solution of 2-bis(5'-chloro-2'-methylthien-3'-yl)cyclopentene 9 (1.90g, 5.8 mmol) in
anhydrous THF (130 mL) under an argon atmosphere was added dropwise over 10 min ¢-
butyl lithium (1.7 M in hexane, 7.48 mL, 12.8 mmol). The reaction was then stirred for a
further 30 min. Anhydrous CO, was then bubbled through the reaction mixture for 20
min, the solution turned into a thick slurry and THF (20 mL) was added. The reaction
was warmed to ambient temperature and stirred for 1 h. The THF was removed under
under pressure, the residue dissolved in CH,Cl; (250 mL) and washed with 5% NaOH (2
x 250 mL). The combined aqueous layers were acidified by concentrated HCl and the
resulting white precipitate was collected by vacuum filtration. Trituration of the

precipitate with cold CH,Cl, (2 x 10 mL) subsequently removed any mono-substituted
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acid to afford desired diacid 10a (1.75g, 88%). Single crystals suitable for x-ray
diffraction were grown by layering a MeOH solution of 12a with H>O. mp >265 °C
(dec); 'H NMR (300 MHz, CD;0D) & 7.47 (s, 2H), 2.82 (t, J= 6.5 Hz, 4H), 2.10 (m,
2H), 1.96 (s, 6H); °C NMR (300 MHz, CD;0D) &: 165.24, 144.25, 138.12, 136.34,
135.75, 131.55, 39.46, 23.91, 14.81; FT-IR (microscope): 2953, 2841, 2578, 1663, 1550,
1463, 1373, 1308, 1271 cm™'; EI-HSMS m/z (%): calcd for C,7H60.S; 348.0490, found

348.0492 (100).

1,2-Bis(5'-carbonyl chloride -2'-methylthien-3'-yl)cyclopentene. To a suspension of
10 (52 mg, 0.15 mmol) in freshly distilled CH,Cl; (10 mL) was added anhydrous DMF
(25 uL) and the solution was cooled to 0 °C. A solution of oxalyl chloride (270 mg, 2.1
mmol) in freshly distilled CH,Cl, (10 mL) was added dropwise to the rapidly stirring
solution over 30 min. After 1 h, a light green homogenous solution was formed and the
reaction was warmed to ambient temperature and stirred for 16 h. The solvent was
removed under reduced pressure affording a moss green solid. The crude product was
carried onto the next step without further purification. mp 115-120 °C; '"H NMR (300
MHz, CDCl;) &: 7.63 (s, 2H), 2.81 (t, J= 6.5 Hz, 4H), 2.10 (m, 2H), 2.01 (s, 6H); EI-
HRMS m/z (%): caled for Ci7His 'CI*°ClO;S; 385.9782, found 385.9768 (43); calc'd for

C17H14°ClO,S; 349.0124, found 349.0107 (100).

1,2-Bis(8'-(N' N"' -bis~((2''S)-(3''-methyl-1""-hydroxybutyl)-amide))-2'-methylthien-

3'-yl)cyclopentene (12). A solution of (S)-2-amino-3-methyl-1-butanol (102 mg, 1.0
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mmol) and triethylamine (680 mg, 6.7 mmol) in freshly distilled CH,Cl, (10 mL) was
cooled to 0 °C. Non-isolated 1,2-bis(5'-acylchloride-2'-methylthien -3'-yl)cyclopentene
(173 mg, 0.451 mmol) dissolved in CH,Cl; (15 mL) was added dropwise over 30 min.
The solution was warmed to ambient temperature and stirred for an additional 12 h. The
mixture was diluted with CH,Cl> (30 mL) and was washed with H,O (50 mL). The
aqueous phase was extracted CH,Cl» (2 x 15 mL). The combined organic phases were
washed with saturated aqueous NaCl and dried over Na;SOs. The solvent was removed
under reduced pressure and the residue was purified by column chromatography over
silca gel (1-5% MeOH/CHCI;) to afford 183 mg (79%) of a slightly pink solid. mp 110-
114 °C; 'H NMR (300 MHz, CDCl;) &: 7.06 (s, 2H), 6.23 (d, /= 9.0 Hz, 2H), 3.79 (m,
2H), 3.72 (d, J= 3.9 Hz, 4H), 2.95 (bs, 2H), 2.74 (t, J = 6.4 Hz, 4H), 2.00 (s, 6H), 1.88
(m, 2H), 0.93 (t, J = 6.4 Hz, 12H); “C NMR (300 MHz, CDCl3) & 162.65, 140.43,
136.31, 135.26, 134.27, 129.74, 63.44, 57.32, 37.88, 29.34, 23.11, 19.63, 19.29, 14.72;
FT-IR (CHCl; cast): 3319, 3059, 2958, 2925, 2871, 1741, 1621, 1557, 1531, 1463 cm™;
ES-MS m/z: caled for C27H3sN204S2Na 541.2171; found 541.2169; [o]sse -66.6° [0.0001
M, CH,Cl,]; a sample of the product derived from (R)-2-amino-3-methyl-1-butanol was
spectroscopically identical and possessed an optical rotation of [t]ss9 +62.6° [0.0001 M,

CH,ClL].

1,2-Bis(5'-((4"'S)-(4""-iso-propyl-1'",3'""-oxazoline))-2"-methyithien-3'-yl)cyclopentene
(80). To a rapidly stirring CH,Cl, (10 mL) solution of 12 (177 mg, 0.34 mmol) at 0 °C
was added SOCI; (220 mg, 1.8 mmol) dropwise. The reaction was warmed to ambient
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temperature. After 45 min the amide alcohol (R; = 0.5 amide-alcohol, 10%
MeOH/CHCls) was completely converted to the oxazoline (R = 0.65). Cold saturated
NaHCO; (5 mL) was added to the flask and the solution rapidly stirred for an additional
45 min. The two layers were separated and the organic layer washed with saturated
aqueous NaCl solution and dried over Na;SO4. The solvent was removed under reduced
pressure and the residue was purified by column chromatography over silca gel (1:4
hexane/EtOAc) to afford 140 mg (85%) of a white solid. mp 59-62 °C; 'H NMR (300
MHz, CD,Cl;) é: 7.24 (s, 2H), 4.35 (m, 2H), 4.01 (m, 4H), 2.77 (t, J = 6.5 Hz, 4H), 2.04
(m, 2H), 1.92 (s, 6H), 1.75 (m, 2H), 0.98 (d, J =6.9 Hz, 6H), 0.88 (d, J =6.9 Hz, 6H); '*C
NMR (300 MHz, CDCl;) &: 159.02, 139.81, 136.40, 134.69, 131.14, 126.25, 72.76,
70.41, 38.72, 32.88, 22.93, 19.11, 18.12, 14.63; FT-IR (CH,Cl, cast): 2956, 2924, 2871,
1648, 1547, 1467, 1384, 1351 cm™'; ES-MS m/z: calcd for Cy7H;50,N,S;Na 483.2140,
found 483.2147; [a]sse -50.8° [0.0001 M, CH,Cl,]; a sample of the product derived from
(R)-2-amino-3-methyl-1-butanol was spectroscopically identical and possessed an optical

rotation of [o]sss +50.6° [0.0001 M, CH,Cl,).

1,2-Bis(5'-(V 'N' -bis-((2"'S)-(3"'-phenyl-1""-hydroxypropyl)-amide))-2'-methylthien-
3'-yl)cyclopentene (11). A solution of (S)-2-amino-3-phenyl-1-propanol (105 mg, 0.70
mmol) and triethylamine (200 mg, 2.0 mmol) in freshly distilled CH,Cl; (25 mL) was
cooled to 0 °C. Non-isolated 1,2-bis(5'-acylchloride-2"-methylthien-3'-yl)cyclopentene

(127 mg, 0.33 mmol) dissoived in CH,Cl; (15 mL) was added dropwise over 30 min. The
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solution was warmed to ambient temperature and stirred for an additional 12 h. The
mixture was diluted with CH,Cl, (30 mL) and was washed with H,O (50 mL). The
aqueous phase was extracted CH,Cl, (2 x 15 mL). The combined organic phases were
washed with saturated aqueous NaCl and dried over Na;SO;. The solvent was removed
under reduced pressure and the residue was purified by column chromatography over
silca gel (1:1 hexane/EtOAc) to afford 150 mg (73%) of a white solid. mp 108.5-109.5
°C; 'H NMR (300 MHz, CD,Cl;) &: 7.27 (m, 10H), 6.98 (s, 2H), 6.06 (d, J = 7.8 Hz, 2H),
4.21 (m, 2H), 3.64 (m, 4H), 2.90 (d, J= 7.2 Hz, 4H), 2.76 (m, 4H), 2.06 (q, /= 7.2 Hz,
2H), 2.00 (s, 6H); *C NMR (300 MHz, CDCl;) &: 162.44, 140.66, 138.71, 137.62,
136.31, 135.20, 134.09, 129.83, 129.34, 128.75, 126.88, 63.70, 53.11, 37.92, 37.23,
23.12, 14.89; FT-IR (CHCI; cast): 3316, 3061, 3026, 3923, 1620, 1556, 1529, 1496,
1454, 1293, 1038 cm'™'; ES-MS m/z: calcd for C3sH3gN204S;Na 637.2171, found
637.2179 [M + Naj; [at]ss9 ~90.0° [0.0001 M, CH>Cl;]; a sample of the product derived
from (R)-2-amino-3-phenyl-1-propanol was spectroscopically identical and possessed an

optical rotation of [ct]sge +92.0° [0.0001 M, CH,Cl,].

1,2-Bis(5'-(N N'-bis-((2''S)-(3"'-phenyl-1""-hydroxypropyl)-amide))-2'-methylthien-
3'-yD)cyclopentene. To a cooled (0 °C) rapidly stirring solution of 11 (120 mg, 0.195
mmol) in CH;Cl; (15 mL) was added SOCl, (100 mg, 0.85 mmol) dropwise. The solution
was stirred at 0 °C for 10 min and then allowed to warm to ambient temperature. After 90

min of stirring at ambient temperature the diol (Rr= 0.42, 4:1 hexane/EtOAc, SiO,) was
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completely converted to the dichloride (Ry=0.92) at which point the solvent was
removed under pressure and the pink solid residue p'laced under high vacuum for 3 h. The
crude product was used in the next step without further purification. mp 138.5-140.5 °C;
'"H NMR (300 MHz, CDCl;) &: 7.26 (m, 10H), 7.16 (s, 2H), 5.96 (d, J = 8.1 Hz, 2H), 4.57
(m, 2H), 3.67 (dd, J=4.2, 11.4 Hz, 2H), 3.54 (dd, J=3.0, 11.1 Hz, 2H), 3.02 (dd, /= 3.0
8.7 Hz, 2H), 2.93 (dd, J = 8.7, 13.5 Hz, 2H), 2.78 (t, /= 8.1 Hz, 4H), 2.06 (q, / = 8.1 Hz,
2H), 1.95 (s, 6H); ES-MS m/z: calcd for C3sH36C12N20,82 Na 673.1493, found 673.1504

(M + Na].

1,2-Bis(5'-((4"'S)-(4""-benzyl-1",3"'-0xazoline))-2'-methylthien-3'-yl)cyclopentene
(70). The above non-isolated 1,2-bis(5"-(N N’ -bis-((2S)-(3"-phenyl-1"-chloropropyl)-
amide))-2'-methylthien-3'-yl)cyclopentene in MeOH (20 mL) was added NaOH (2 mL,
1.25 M) solution and the reaction was brought to reflux for 2.5 h. The solvent was
removed under reduced pressure and the residue taken up in CH>Cl, (15 mL), washed
with H,O (2 x 10 mL) and dried over Na,;SOy. The solvent was removed under reduced
pressure and the residue was purified by column chromatography over silca gel (3:1
hexane/EtOAc) to afford 96 mg (85%) of a white solid. mp 92.5-94 °C; 'H NMR (300
MHz, CD,Clz) & 7.27 (m, 12H), 4.50 (m, 2H), 4.32 (dd, J = 8.2, 8.2 Hz, 2H), 4.06 (dd, J
= 8.2, 8.2 Hz, 2H), 3.08 (dd, /= 6.0, 13.8 Hz, 2H), 2.78 (t, /= 8.1 Hz, 4H), 2.75 (dd, /=
8.1, 13.8 Hz, 2H), 2.05 (q, /= 8.1 Hz, 2H), 1.94 (s, 6 H); *C NMR (300 MHz, CDCl;) &
159.55, 140.23, 138.71, 136.82, 135.10, 131.50, 129.76, 128.83, 126.75, 126.75, 72.64,
68.43, 42.02, 38.96, 23.35, 14.76; FT-IR (CHCI; cast): 2918, 2843, 1644, 1494, 1477,
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1453, 1439, 1354, 1019 cm™; ES-MS m/z: calcd for C3sHysN,0,S2 579.2134, found
579.2179 M +H]; [a]sse +15.1° [0.0001 M, CH,Cl;]; a sample of the product derived
from (R)-2-amino-3-phenyl-1-propanol was spectroscopically identical and possessed an

optical rotation of [ct]sss—14.2° [0.0001 M, CH,Cl,].
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Chapter 3 - Hydrogen Bonding, Helicenes and Chiral Discrimination.

The design and synthesis of molecules that distinguish between stereoisomers can
provide models to rationalize substrate-receptor selectivity, create chiral environments for
asymmetric synthesis and separation, and supply building blocks for constructing
supramolecular complexes having novel chemical and topological properties.! This last
goal requires a great degree of stereocontrol and can be achieved by taking advantage of
the appealing concept of auto-resolution where, through the interaction of molecular
recognition elements, molecules sort themselves into stereochemically pure assemblies
based on their handedness.

Programming molecules to spontaneously and selectively assemble into
stereochemically predictable architectures requires the consideration of three critical
factors. First, the most appropriate functionality must be chosen to act as constructive
recognition elements (hydrogen bonds, van der Waal's interactions or dative metal bonds,
for example) and to guide the self-assembly reaction along the desirable pathway.
Second, undesirable assemblies must be eliminated through the rational choice of a
scaffold onto which the molecular recognition sites are fused. Third, the choice of
scaffold must also consider the molecular requirements needed to induce spontaneous
resolution.

This chapter will explore the utility of using hydrogen bonds and helical scaffolds
to foster the selective self-recognition of uncharged species into topologically predictable

supramolecular aggregates in both the solution and the solid state. The strength and
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directionality of hydrogen bonds are first discussed and then the utility of this “glue” is

highlighted by using representative examples.

3.1 Molecular Recognition and The Hydrogen Bond

3.1.1 Primary Hydrogen Bonds

The design and synthesis of supramolecular building blocks requires the selection
of intermolecular interactions that are strong and possess well-defined directionality. In
this regard, the hydrogen bond is not ideal. The binding energy, which is determined by
the attraction between an electropositive hydrogen atom (donor) and an electronegative
heteroatom (acceptor), is low (1-1.5 kcal mol™ in aprotic solvents such as chloroform).2
Furthermore, the directionality is not well defined. Many reported examples display
significant bending (interatomic angle can vary from the ideal angle of 180° to 150°) with
little loss in binding energy.’ The strengths of hydrogen bonds is also extremely solvent
dependent. For example, dramatic decreases in binding constants result with the addition
of 1% methanol to chloroform. Therefore, the design of hydrogen-bonding ligands must
rely on multiple hydrogen bond donor (D) and acceptor (A) sites to ensure that the

overall interactions are strong enough and that the geometry is better defined.

3.1.2 Secondary Hydrogen Bonds
Using arrays of hydrogen bonds, however, is not as straightforward as it may
seem. The arrangement of hydrogen bond donor and acceptor groups with respect to one

another has a dramatic effect on the extent of association.’ This concept is effectively
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illustrated by comparing the association between diaminopyridine 1 and uracil 2
(Equation 1) to the association between guanine 3 and cytosine 4 (Equation 2). Each of
the four compounds contains three potential hydrogen-bonding sites, but the arrangement
of these sites differs. Diaminopyridine 1 possesses a donor-acceptor-donor (DAD)
hydrogen-bonding array and uracil 2 contains a complementary ADA arrangement.
Guanine 3 and cytosine 4 have DDA and AAD motifs, respectively. Surprisingly, the

DADeADA arrangement (Equation 2) has an association constant (K,) that is two orders
of magnitude smaller than the DDA®AAD arrangement.

Equation 1

— >
- =~ O
= »

2 Kq = 102-10° M"' in COCl,

Equation 2
D D A A A D
ftrl 111
How i
R xh — A
JJ, RN S0
3 4 K, = 10*10° M"' in CDCl,4

Jorgensen proposed that it is the diagonal interactions in the array that account

for the differences in association constants and labeled them as secondary electrostatic
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interactions.® Figure 1 provides a schematic representation of the three possible triple

hydrogen bonded arrangements. In the first hydrogen-bonding array (ADAeDAD), all of

the diagonal interactions are between like charges. These are considered to be negative

interactions and weaken the binding. In the last hydrogen-bonding array (AAAeDDD) all

of the diagonal interactions are between opposite charges. This results in constructive
secondary interactions, which strengthen the binding. Calculations indicate that
secondary electrostatic interactions are worth about 0.5 kcal mol™ per bond in non-protic

solvents. Looking back to Equations | and 2, the DAD®ADA array contains only
destructive secondary interactions. On the other hand, the DDA®AAD arrangement has

two repulsive and two attractive secondary interactions. This results in no net secondary

interactions and consequently the DDAeAAD motif has a stronger binding constant than

the DADeADA pattern.

A D A A A D A A A
Q i A Q
£0 - e -~ 0 0 ’” .~ %
D A D D D A D D D
ADADAD AADDDA AAADDD
4 repulsive 0 net 4 attractive
secondary secondary secondary
interactions interactions interactions

— primary hydrogen bond
— repuisive secondary interaction
-==== attractive secondary interaction

Figure 1. Jorgensen’s secondary electrostatic model.
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3.1.3 Isomers of Hydrogen Bond Arrays

Studies have also illustrated that systems that are poorly organized and require
bonds to be “fixed” or “frozen” for complexation to occur have lower association
constants.” For example, crown ethers bind metal ions more strongly than their acyclic
analogs because the host is already organized for binding. There are several examples
that effectively illustrate the hydrogen bond analogy to this concept, one of which is

shown in Figure 2. The strength of complexation between 5e7 is significantly weaker
than that of 6e7, even though both systems contain identical hydrogen bond motifs
(ADDAeDAAD). The higher stability of 67 can be attributed to the intramolecular

hydrogen bond in the complex. This interaction preorganizes the four hydrogen bond
donor and acceptor groups and increases the complexes’ stability by an extra 1-2 kcal

mol!.

.'I-L /C4H9
BN eSS RN e s
2 N 5
\ NN \ t)\']‘ Yo
v B : o
A | oo
7 C4H9Y l N\ C4H9 C4H9\n/ ‘ NTC4H9 7
0 A 0 0 AN O
Ke =102 M K, =>10" M™!

Figure 2. Preorganization and its dramatic effects on association constants. Association constants
are measured in CDCl3.
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Synthons that possess two or more tautomeric forms can also affect the resulting
complexes’ strength and specificity. Incorrect tautomeric forms can result in wrong
structures being assembled. There is a cost in energy to switch the tautomeric equilibrium
toward the desired form. This concept is discussed in greater depth in Appendix 1. (pp

131)

3.1.4 Selected Examples of Hydrogen-Bond-Directed Assemblies

Many examples have employed hydrogen bond motifs to control the construction
of supramolecular assemblies such as 2-dimensional ribbons® and rosettes?, and 3-
dimensional zeolites'® and capsules.'' These molecular assemblies can be composed of
identical or non-identical molecules. They can also, depending on hydrogen bond array
placement, be linear (network) or cyclic (discrete).

An interesting example of how the stereochemical aspects of hydrogen bond
arrays may be used to successfully control the topological features of self-assembled
superstructures is shown in Figure 3. X-ray crystallographic analysis of crystals grown
from solutions of either racemic or optically pure 8 reveals that two very different
structures are formed.'? Racemic solution of 8 produce crystals composed of linear arrays
of doubly hydrogen bonded components of alternating chirality. Conversely, homochiral

solutions of 8 produce crystals comprised of cyclic tetramers.

3.2 Molecular Programming and Helicenes

3.2.1 Choice of the Scaffold
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Successful control of topological features arising from the self-assembly process
relies on the design of the scaffold. While the directionality of hydrogen-bonding

recognition surfaces serves to align the organic fragments along predetermined vectors, it

)ﬂ\f°§°\ﬁi

N

“ H i H 0
8 8

mirror
plane

ﬁ:ﬁu ”"O%H

racemic network

optically pure macrocycle

Figure 3. Self-assembly of hydrogen-bonded supramolecular complexes with racemic 8 and
optically pure 8.
is the scaffold that controls the spatial orientation of these recognition sites and directs
self-assembly processes in both the solution and solid-state.

The twisted backbones in ortho-fused aromatic rings (helicenes) result in stereo-

discrimination because they posses a high degree of structural integrity which minimizes
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conformational scrambling that would otherwise result in the possible recognition of
more than one substrate stereoisomer. The high optical stability (often greater than 35
kcal mol™) of hexahelicene and larger [n]-helicenes is testament to this stability (Table
1 ). 13

Table 1. Comparison of Activation Barriers for Racemization

AAG AAH
helicene kcal mol"] [keal mol™']

I 24.1 229

II 36.2 35.0

I 41.7 40.5

IV 42.4 41.0

A\ 43.5 41.7
C O S 4D,
O QQQ QQO QQO
(5)-helicene [6]-helicene [7]-helicene {8]-helicene [9]-helicene

| il 1] v v

The formation of optically pure solid-state aggregates (conglomerates) is rare
(less than 10%) and their prevalence is largely dependent upon the class of organic
compounds involved. For example, molecules that possess C: or C; symmetry such as
helicenes and binaphthyl and bicyclononane derivatives, respectively, display a greater
tendency to crystallize as conglomerates.'*

The above considerations make the combination of hydrogen bonding and

helicenes ideally suited for supramolecular projects where stereocontrol is paramount.'*!6
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3.2.2 Viability of the Scaffold
Many research groups have utilized the advantageous properties of helicenes,
including the high optical stability and pronounced asymmetric character, in chiral

7 . . . .
1317 and asymmetric catalysis' experiments, several examples of which are

recognition
shown in Figure 4. Diederich and co-workers have synthesized a series of helical
receptors for carboxylate recognition.'* Receptor 9 is chiral due to its helical shape,
which places the two (DA) hydrogen bond sites in an asymmetric environment. Acids
10a and 10b, which differ only by the Z/E configuration at their double bond, bind to
optically pure 9 in aprotic solvents with differing strengths. The association of 9 with 10a
is two orders of magnitude stronger than that with 10b. It has been shown that the
magnitude of this selectivity is dependent upon the total number of hydrogen bonding

interactions between host and guest. The geometry of acid 10a satisfies four hydrogen

bond requirements of its host, while the geometry of 10b allows it to only satisfy two.

Optically active crown ethers, such as 11, have also been used for chiral
recognition of primary ammonium salts.'” Here, the distorted backbone of the helicene
alters the relative orientation of the crown ethers’ hydrogen bonding groups. The induced
asymmetric character of the crown ether can now effectively discriminate between chiral
amines. The results indicate that a stereoselective process between enantiomeric salts is

taking place (ee = 75%).

Furthermore, Katz has shown that helical dihydroxyl ligand 12 catalyzes the
addition of diethylzinc to aldehydes to afford chiral alcohols with ee as high as 81%.'%
The selectivity and yields are higher than those obtained with traditional chiral catalysts

containing binaphthyl backbones.
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Figure 4. Examples of functional helicenes.

3.2.3 Synthesis of the Helicene

There are two common strategies used to obtain helicene scaffolds. One is the
recently developed Diels-Alder reaction of bis-enol ether derivatives with p-
benzoquinone (Equation 3).'° This approach, supplemented by an efficient procedure for
obtaining optical resolution, has provided large quantities of optically pure simply
functionalized helicenes and thus has opened the door for exploring the usefulness of

helicenes in such projects as catalysis. The second is a pericyclic reaction of stilbene
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derivatives (Equation 40 Improved methodology that uses stoichiometric amounts of I,
in an inert atmosphere, to effect the oxidation and propylene oxide to act as an HI
scavenger, has increased overall yields from a discouraging 20% to upwards of 80%.
Here, the absence of air prevents photooxidative side reactions, while propylene oxide

prevents HI from photoreducing the double bonds.

Equation 3
-
R A R
+ ™ RO
RO
X o
Equation 4

S

The electrocyclic cyclization of stilbenes is the method of choice for the preparation of
highly functionalized helicenes. The two molecular requirements for the stilbene
precursor are an easily obtainable ylid and a general aldehyde as shown in Equation 5.

The appeal of this method stems from its generality and versatility, as this strategy allows
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access to a variety of functionalized helicenes, including heterocycles, by simply varying

the aldehyde while keeping the structure of the ylid constant.

Equation §

R
Y g
= + o /
N Z
X \\R \pph3

3.2.4 Design of Specific Helicene Scaffolds

Three novel racemic helicenes 14, 21 and 25 bearing pyridinone hydrogen bond
sites on the ends of the twisted backbone were synthesized. The self-complementary
nature of these molecular recognition elements and their position on the different helical
scaffolds should allow for several possible stereochemical products of the self-assembly

reaction.
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The synthesis and results of the [7]-helicene scaffold will be presented first, as the
solution and solid-state studies for this model have been the most successful, followed by

a discussion of the other helical scaffolds.

3.3 [7]-Helicene: Results and Discussion

In this section, the synthesis and characterization of three novel racemic [7]-
helicenes 14a-c bearing pyridinone hydrogen bond sites on the ends of the twisted
backbone will be described. The self-complementary nature of these molecular
recognition elements and their position on the helical scaffold allows for several possible
stereochemical products of the self-assembly reaction. This reaction can follow two
general pathways and generate two topologically distinct supramolecular architectures as
illustrated in Figure 5. One pathway leads to a fiber composed of alternating M and P
stereoisomers as shown in the bottom of the figure. Alternatively, cooperative hydrogen
bonding drives the building blocks into four stereochemically unique dimers with respect
to the R-group as shown in the top of the figure. It will be shown that the self-assembly
reaction takes the latter pathway both in solution and in the solid-state. In solution,
helicenes 14b and 14¢ undergo a discrimination process that selects for only the dimeric
topology. In the crystal, a second level of geometric discrimination occurs resulting in

only two of the four possible dimers illustrated in Figure S.
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Figure 5. Schematic representations of all possible hydrogen-bonded assemblies of [7]-helicenes
14b and 14¢. Enantiomeric (e) and diasteriomeric (d) relationships between the dimers are
highlighted in the top set of architectures. For clarity, the position of the side-groups ('R’) in the
stereochemically heterogeneous fiber are not shown (bottom architecture).

3.3.1 Synthesis

All [7])-helicenes were prepared as outlined in Scheme 1. The synthesis of parent
helicene 14a began with the condensation of 2-benzyloxy-6-quinolinecarboxaldehyde
(15b)*? with p-xylenenebis(triphenylphosphonium bromide) (16a) to afford a mixture of
cis,cis-, cis,trans- and trans, trans-17a. Irradiation of this isomeric mixture in the presence
of iodine as an oxidizing agent and propylene oxide as a HI scavenger generated the
desired [7]-helicene 18a but in only minor amounts. Instead, the major product was the
extended aromatic 19a.2 Removal of the benzyl groups from 18a with trifluoroacetic

62



acid cleanly afforded pyridinone 14a as a yellow solid. However, the insolubility of 14a
in all common solvents, as well as the large amounts of the undesirable S-isomer 19a

forced us to pursue alternative functional [7]-helicenes.

Scheme 1
R\(I\D
/
OBn
1) n-BuLi E 15a R=8r
2) DMF
92% 15b R=CHO Bn
+ LiOEt
BrPhyP* EtOH
R
17a R=H, 79%
hv, I 17b R = Br, 60%
BrPhyP PhH
16a R
16b R
OBn
oen T
- 19a R=H, 57%
- 1) TFA 18b R=Br, 0%
TMSC=CH \i) Et;N
Pd(dppp)2Cl.
Su. EtaN 18¢ R = C=CTMS, 60%
)TFA
2) Et;N R=H, 94%

14a
14b R =Br, 98%
14c R = COCH,, 94%
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The incorporation of a bromine atom onto the central benzene ring of the [7]-
helicene as reported by Kat° conveniently addressed these critical issues. Here, the
bromine plays two roles: (1) it minimizes the photo-induced cyclization to form structure
19 and (2) it provides a site to introduce solubilizing functional groups. Brominated [7]-
helicene 14b was synthesized starting from bis(phosphonium salt) 16b in an analogous
manner to that of 14a (Scheme 1). It was immediately found that the bromine atom
greatly improved the solubility of the helicene in typical organic solvents such as
chloroform, DMSO and THF allowing the stereodiscrimination process to be assessed in

solution.

3.3.2 Solution-State Studies Using "H NMR Analysis
All of the signals in the "H NMR spectrum of 14b in CDCl; were assigned based
on chemical shifts, coupling constants and G-COSY experiments. These experiments

allowed the broad singlet at 13.70 ppm to be unambiguously identified as that

corresponding to the N-H protons. It is significant that this signal resides downfield (Ad=

1.5 ppm) from where it appears in the 'H NMR spectrum in the more competitive solvent
DMSO-ds. This downfield shift can only be a result of the presence of strong non-
covalent interactions between [7]-helicenes and suggests the presence of cooperative

hydrogen bonding. The significant upfield shift (A§=-0.97, 6 x 10° M) of the signal

corresponding to the N-H proton of 2-quinolinone 20 (see Figure 6), which can be
considered to represent one of the hydrogen bond surfaces in 14b, when the solvent is
changed from DMSO-ds to CDCl; supports the involvement of cooperative hydrogen

bonds in the association of 14b.



'H NMR studies of 14b in CDCl; and THF-ds show the N-H resonance to be

concentration independent (A is unchanged over a 10*-10"! M range). Changing to a

solvent such as pyridine-ds that competes more effectively for hydrogen bonds shows the
N-H resonance to be concentration dependent. The data from the dilution experiment
correlates well with calculated curves using a dimer binding model (although, as
expected, it fits equally well to a polymer binding model) giving an association constant
(K.) of 207 M™* (Figure 6). This value of X, is much higher than would be expected if the
two recognition surfaces are acting independently. More importantly, the association
constant is also significantly higher than that calculated for the analogous dilution
titration of 2-quinolinone 20 (K,< 1). The position of the N-H resonance in the 'HNMR

spectrum (6= 12.91 ppm) for 20 is unchanged over a 10*-10"* M range and close to the
chemical shift recorded for the most dilute solution of helicene 14b (6= 13.09 ppm at

less than 10~ M). The large discrepancy between the chemical shifts and the values of X,
for 14b compared to 20 clearly indicates that cooperativity is the driving force for self-
assembly.

These experimental observations would only result if 14b exist as a dimer sewn
together by four non-covalent bonding interactions. Molecular modeling shows that in
order for 14b to exist in this form, the building blocks within each dimer must be of the
same helicity (M with M and/or P with P). This implies that there is enantiospecificity
with respect to the building blocks and the possibility that the racemic fiber exists in
solution can be eliminated. These observations, however, do not imply stereoselectivity

and any of the proposed dimers in Figure 5 are reasonable under these conditions.

65



13.8
13.6 - L osee (14
13.4 R
13.24 o°

' 4
13.0 1

chemical shift (ppm)
[ ]
3

CECENEGAN S E 829 & § ® S s8N (20)

1 2.8 T L ) L
0.000 0.001 0.002 0.003 0.004

concentration (M)

Figure 6. Concentration dependency of the chemical shift for the N-H proton in the '"H NMR
spectrum of [7]-helicene 14b and quinolinone 20 in pyridine-ds.

3.3.3 X-ray Crystallographic Analysis

Single crystals of 18b suitable for X-ray crystallographic analysis were obtained
by slow evaporation of a chloroform solution. The crystal structure reveals that racemate
18b exists in two conformations, where the benzyl groups are either convergent (top) or
divergent (bottom) (Figure 7). Structural data for the helical scaffold of these two
conformations is similar (Appendix II) and therefore will be discussed simultaneously.
The bond lengths, bond torsional angles and intermolecular distances closely resemble
those found in crystal structures of other [7]-helicenes.'**?* The distortion from planarity
influences double bond character and hence double bond length. The outer bonds (C(9)-
C(10), C(6)-C(7), C(15)-C(16) and C(18)-C(19)) are shortened to 1.343-1.361 A
(standard aromatic bond length in benzene is 1.39 A) while the inner bonds (C(24)-C(25)

and C(28)-C(1)) are lengthened to 1.428—1.464 A. The torsional angles along the inner
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helical rim varies from =18° for C(2)-C(1)-C(28)-C(27) to =27° for C(25)-C(26)-C(27)-

C(28). This deviation from planarity is confirmed by analysis of the '"H NMR spectrum.

Here, the protons on interior of the helicene (C2(23) 6 = 5.90) resonate at higher field
than the protons on the exterior of the helicene (d = 7.80), suggesting that the interior

protons are in the shielding zone exerted by helicene.

Figure 7. X-ray crystal structure of the two conformations of protected [7]-helicene 18b.

X-ray crystallographic structure determination of the deprotected helicenes could

not be accomplished as crystals of 14b showed twinning, rendering this particular
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helicene inappropriate for investigating the stereodiscrimination in the solid-state, We,
therefore, focused our attention on replacing the bromine in helicene 14b with a more
utilitarian side group. Palladium and Cul co-catalyzed coupling of TMS-acetylene with
18b yielded the ethynyl helicene 18¢ (Scheme 1). Treatment of 18¢ with trifluoroacetic
acid cleanly liberated the pyridinone hydrogen bond sites and simultaneously deprotected
the TMS-acetylene moiety generating methylketone derivative 14¢ in nearly quantitative
yield.

X-ray quality single crystals of 14c were isolated by slowly diffusing pentane into
a chloroform solution of the [7]-helicene. The crystal structure reveals what was already
observed in the solution experiments of 14b, analogue 14c¢ exists solely as a dimer
(Figure 8). What is more significant is that a diastereoselective recognition process has
taken place and only homochiral dimers where the R-groups exist exclusively in a cis-
relationship appear in the crystal. These enantiomerically pure dimers are held together
by four strong intermolecular hydrogen bonds (Nee+O distance of 2.740 and 2.829A)
between the two pyridinone residues.

The dimers are similar in nature to one previously observed by Tanaka and co-
authors.'™ These authors describe a bifunctional [7]-helicene that contains a terminus
hydroxythiophene ring and a terminus pyridine ring. The crystal structure reveals a pair
of intermolecular hydrogen bonds between the hydroxy group of one helicene to the
pyridine nitrogen atom of an adjacent molecule. Here, the crystals were enantiomerically
pure because the starting solution was also enantiomerically pure.

The bond lengths, bond torsional angles and intermolecular distances of 14¢

closely resemble those found in the crystal structure of protected [7]-helicene 18b. Once
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again, significant C,C-bond alternation is observed in the helicene. The outer bonds
(C(9)-C(10), C(6)-C(7), C(15)-C(16) and C(18)-C(19)) are shortened to 1.340-1.352 A
while the inner bonds (C(24)-C(25) and C(28)-C(1)) are lengthened to 1.427-1.458 A.
The torsional angles along the inner helical rim range from 20.8(16)° for C(2)-C(1)-
C(28)-C(27) to 27.9(16)° for C(25)-C(26)-C(27)-C(28). The overlapping terminal rings
in 14c are separated by greater than van der Waal's half-radii of an aromatic ring on the
outside of the helicene (C(22)-C(5) = 3.807(15) A; C(20)-C(3) = 3.859(15) A) but come
into close contact on the interior of the helicene (C(23)-C(1) = 3.149(15) A; C(24)-C(2) =

3.185(15) A).

Figure 8. Two views of the X-ray diagram of one of the enantiomerically pure hydrogen-bonded
dimers.

The packing diagram of 14c shows that the homochiral dimers arrange into offset

racemic columns where the benzene rings of the P and M diastereomers are orientated in
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a face-to-face type orientation with an average distance of 3.64 A between aromatic rings
(Figure 9). The fact that the crystal is composed of racemic dimers reveals that the

stereodiscrimination occurs at the molecular and not at the macroscopic level.

Figure 9. Packing diagram of [7]-helicene 14c.

3.4 [5]- and [9]-Helicene: Results and Discussion

3.4.1 Synthesis

The concept of controlling the structure and function of heterocyclic helicenes
was further investigated in derivatives 21 and 25, which bear different orientations of the
hydrogen bond vectors, by varying the number of aromatic rings. These compounds were
prepared in an analogous manner to [7]-helicene 14 as depicted in Schemes 2 and 3. The
route to 21 began with a Wittig reaction between phosphonium salt 16b and 6-benzyloxy-
2-pyridinecarboxaldhyde 22b to afford an isomeric mixture of 23 (Scheme 2). Irradiation

of the isomeric mixture of 23 in the presence of iodine led to protected [5]-helicene 24a,
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whose structure was confirmed by X-ray crystallography (see section 3.4.3 for analysis).
Deprotection with neat TFA gave sparingly soluble [5]-helicene 21a. Because of
solubility concerns, we sought to replace the bromine with a more suitable side group.
Palladium- and Cul- co-catalyzed coupling of TIPS-aceteylene with 24a gave 24b.
Treatment of 24b with TFA cleanly freed the lactam hydrogen bonding sites while
leaving the solubilizing TIPS-acetylene group unscathed to produce soluble [5]-helicene

21b.

Scheme 2

L

OBn
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BrPhyP*
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[9]-helicene 25 was prepared in a similar manner, with two photocyclization
reactions used as key steps in the synthesis (Scheme 3). Condensation of aldehyde 22b
with mono-phosphonium salt 26 led to a mixture of cis- and trans-27. Bromide 27 was
transformed into aldehyde 28 by lithium-halogen exchange with n-BuLi followed by
formylation with dry DMF. The photocyclodehydrogention of 28 in the presence of
iodine and propylene oxide gave [3]-helicene 29. Treatment of 29 with ylid 16b afforded
30 as a mixture of isomers. Interestingly, photocyclization of 30, in benzene, gave only
partially cyclized product 31a. We attribute the lack of complete
photocyclodehydrogention to the low solubility of 31a. Changing the solvent system to
6:1 (benzene/pyridine) cleanly afforded the desired double photocyclization reaction to
result in 31b. Deprotection of the benzyl moiety on 31b with TFA produced target [9]-

helicene 25 in 13% overall yield.

3.4.2 Solution-State Studies Using '"H NMR Analysis

The formation of all the helicenes in Schemes 2 and 3 was easily confirmed by
the characteristic upfield chemical shifts in the "H NMR spectra. The 'H NMR signal for
the H, protons of helicenes 14b and 25 show particularly large upfield shifts (5.63 and
5.88 ppm, respectively) compared to the corresponding resonances in the olefinic
precursors (6.96 and 7.16 ppm) or in helicene 21b (6.45 ppm). These results indicate that
helicenes 14b and 25 have a full turn of a helix, since chemical shifts for the protons of
the terminal aromatic rings are dependent on the degree of overlapping of the two

terminal rings. In other words, the helical structure orients the protons directly into the
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Scheme 3
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shielding anisotropic regions of the aromatic rings and hence these protons experience

shielding of the terminal rings.
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Determination of the self-assembling behavior of 21b and 25 was attempted using
'H NMR spectrometry dilution studies. Unfortunately, both 21b and 25 were only
sparingly soluble in non-competitive solvents such as chloroform, thereby allowing
access to only a very small part of the dilution curve. However, these studies do indicate
that binding between synthons is occurring as confirmed by the upfield shift of the signal
corresponding to the N-H proton upon dilution. Changing to a more competitive solvent
such as pyridine-ds shows the N-H resonance to be concentration independent. These
results are analogous to the dilution titration of 2-quinolinone 20 (Figure 6) suggesting
that pyridine is effectively competing for the hydrogen bonding sites and hence renders
the analysis of the self-assembly process in this solvent system futile.

Vapor-phase osmometry (VPO) and electrospray mass spectrometry (ES-MS)
could provide some insight into the stoichiometry of these aggregates, but to date the
results have not been promising. The hydrogen bond surfaces have proven to be too weak
to maintain the aggregates’ composition during the electrospray process while limited

solubility has hampered VPO studies.

3.4.3 X-ray Crystallographic Analysis

X-ray quality single crystals of 24a were isolated by slow evaporation of a
chloroform solution of protected [5]-helicene. Standard parameters used to evaluate
helical molecules (bond lengths, bond torsional angles and intermolecular distances)
show that the crystal structure of 24a closely resembles that of other crystal structures of
[5]-helicenes, and confirms the main structural features of the receptor (Figure 102

Further analysis reveals that the angles between the two planes varies from 22° (C(3)-
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C(4)-C(9)-C(9%)) to 25° (C(4)-C(9)-C(9°)-C(4")), indicating that the strain is located in

the inner aromatic rings. Hence, the outer bonds C(6°)-C(7"), C(10)-C(10) and C(6)-C(7)
are shortened to 1.352 (3) A whereas the inner bonds distances C(3)-C(4), C(9)-C(9) and
C(9)-C(9’) are lengthened to 1.409-1.451 A.

The packing diagram of racemate 24a shows that the helicenes stack into
enantiomerically pure columns, which are arranged into, offset racemic columns (Figure
10). The benzyl rings of the P and M enantiomers are orientated in a manner that

maximizes %-T interactions (average distance between aromatic rings is 3.69 A).

Figure 10. X-ray crystal structure and packing diagram of [5]-helicene 24a. Hydrogen atoms and
benzyl protecting groups in the packing diagram have been removed for clarity.

To date, X-ray quality crystals of either deprotected [S]-helicene 21a or 21b or
[9]-helicene 25 have not be attainable. It is possible, though, to envisage these
compounds self-associating in order to maximize all interactions such as hydrogen

bonding and n-% stacking which may result in the organized helical conformations.
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3.5 Alternate Helicenes

Controlling the formation of different helical aggregates can be achieved by
manipulating the directionality of the hydrogen bond vectors. In helicenes 14, 21 and 25
this was accomplished by varying the number of aromatic rings. An alternative approach
is to alter the recognition elements’ placement on the helicene scaffold.

Moving the two lactam recognition sites from the ortho positions as seen in the
previous helicenes to the meta position as depicted in target helicene 32, greatly alters the
hydrogen bonding directional vectors and should result in supramolecular aggregates

with very different structural characteristics.

Synthesis of 32 began with a Wittig reaction between phosphonium salt 16b and
synthon 33 (Scheme 4) to afford an isomeric mixture of bis-stilbene 34. Aldehyde 33 was
chosen for two key reasons. First, the design incorporates the proper placement of the
protected lactam recognition sites so that on cyclization the substituents will be in the
desired meta position. Second, the introduction of the methyl substituent onto the 2
position effectively blocks one cyclization pathway to promote the formation of desired
helicene 32. Irradiation of bis-stilbene 34 in the presence of iodine, however, did not
result in target molecule 32. Instead a large mixture of unidentifiable products,
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presumable due to degradation, was observed. We attribute the lack of desired
photocyclized product to electronic effects. In the same manner that the inductively
electron withdrawing bromine substituent prohibits ring systems from cyclizing to its
adjacent ortho carbon sites,”® an electron withdrawing nitrogen atom in a heterocycle
forbids ring systems from cyclizing to the carbon atoms that are ortho or para to it, hence

preventing the above pericyclic reaction form occurring.

Scheme 4
o
BnO” "N° “CH;,
1) n-BuLi E 33a R=FBr
M L 3ap R=cHO LIOEt
+ EtOH Bn
BrPhyP*
Br
Bl'.Ph3P hv, |2
PhH
CH,
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3.6 Diazahelicenes as Helical Catalysts

Recently, Fu and co-workers have developed a series of metal complexes that

bear n-bound nitrogen heterocycles (Figure 1 1).26 These complexes serve as effective

nucleophilic catalysts for a range of processes, including the acylation of alcohols with
diketene and the ring opening of azalactones. [n this molecule it is the heterocyclic
nitrogen, not the metal, that is acting as the catalyst. To achieve asymmetric catalysis,
though, the nitrogen must be in a chiral environment. This was accomplished by
differentiating the left side of the heterocycle from the right side and the top from the

bottom. These key features are highlighted in Figure 11.

Me,N, =
7 7
diffea:re‘:;:tas é% metal

left from right differentiates
9 top from bottom

Impact - chiral environment
around planar hete le

Figure 11. Key structural features required for nucleophilic catalyst

B8
/ K helicene
bromine backbone
differeniates differentiates
left from right top from bottom

Impact - chiral environment '
around planar hete! e

Figure 12. Structural features present in diaza[S]-helicene
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Intrigued by this body of work, we envisioned designing a simple planar
nucleophilic catalyst based on 3,12-diaza[5]-helicene backbones such as compound 35
(Figure 12). Molecule 35 was designed for this study because of ease of synthesis as well
as its potential to promote asymmetric catalysis via the rigid chiral helicene scaffold as

depicted in Figure 12.

3.6.1 Synthesis

The attempted synthesis of parent diazahelicene 35 began with the condensation
of commercially available 4-pyridinecarboxaldehyde 36 with 16b to give an isomeric
mixture of bis-stilbene 37 (Scheme 5). Irradiation of 37, in benzene, only gave partially
cyclized product 38 as confirmed by the characteristic upfield chemical shifts of the
remaining olefinic protons in the 'H NMR spectrum. Once again, the lack of complete
photocyclodehydrogention can be attributed to the low solubility of 38 in benzene.
Changing the solvent to 6:1 (benzene/pyridine) did not afford the desired diazahelicene
35 but instead produced over oxidized 39. The identity of this product was confirmed by
'NMR spectroscopy and high resolution mass spectrometry. In both spectra, the loss of
two protons is clearly evident which led to the conclusion that the photocyclization
product was compound 39. Altering reaction conditions such as amount and type of
oxidizing agent along with varying irradiation times (1-6 h) did not change the outcome.
This type of over oxidization has been seen before”” and is most common in electron
deficient [S]-helicenes (such as 39). It has been suggested that during the readily
occurring racemization process the planar electron deficient transition state is ideal to

promote a second dehydrogenation reaction.
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The design of molecules that self-assemble into predictable stereochemically pure

supramolecular architectures has long been a goal of chemists. To achieve this goal a

number of design criteria must be including choice of recognition elements used to guide

the formation of polynuclear aggregates and choice of scaffold upon which to place the

recognition elements. To this end, the above studies show that the conformational rigidity

of helicene backbones is ideal to induce selective recognition. The pronounced

asymmetric character provided by helical chirality coupled with limited racemization of

the larger helicene scaffold results in a scrupulous receptor. Further, the lactam-lactam

interaction provided by the two pyridinone heterocycles affords a strong bonding pattern.
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that is required for aggregation. Unfortunately, attempts to study the effects of altering
the hydrogen bonding vectors, by changing directionality and number of aromatic rings,
on the self-assembly process were unsuccessful. The major disadvantages of this
approach can be grouped into two areas, the first being solubility. The contrast of water
soluble hydrogen bonding arrays to organic soluble aromatic surfaces is too great. A
perfect example of this is shown in the [5]-helicene model. Replacement the bromine
substituent with a triisopropyl (TIPS) moiety did increase the observed solubility of 14 in
organic solvents, but the solubility was limited at best. The second design feature that
must be addressed to make helicenes viable as selective supramolecular receptors in the
solid-state is to uncover the forces that govern the crystal packing of helicenes. In all of
the crystals structures presented in this chapter, the helicenes packed into
enantiomerically pure columns, mostly likely as a result of favorable ®-% stacking, but
the columns always pack laterally as a racemate. Clearly, there is little or no selective
recognition taking place in that direction of crystal growth. Perhaps tailoring the easily
functionalized bromine moiety with another recognition element will promote

autoresolution at both the molecular and supramolecular level.

3.8 Experimental

For a general description of apparatus, materials and methods see Chapter 2.

General procedure for photocyclizations.
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The photoreactor was a 1.0 L cylindrical Pyrex vessel with an immersion well
connected through a standard taper 50/60 ground glass joint. Attached to the upper part of
the reaction vessel were gas-inlet and outlet joints, with the gas outlet leading to a silicon
oil bubbler. There also was a third joint attached to the upper part of the vessel for
monitoring of samples. The vessel was flat-bottomed to allow a magnetic stirring bar to
rotate. The immersion well was a double-walled Pyrex tube cooled by water and

contained a Hanovia 450-W high-pressure quartz Hg-vapor lamp.

Procedure for photoirradiation in the presence of propylene oxide.

Argon was bubbled through the stirred solution of the appropriate stilbene
derivative and iodine in benzene for 20-30 min before excess propylene oxide was added.
The lamp was then turned on and the argon flow was decreased but maintained
throughout the procedure. The photoirradiation was monitored by the disappearance of
the iodine color achieved by taking aliquots via the third joint. This typically took 8-12 h.

The resulting solutions were then evaporated under pressure to dryness.

3.8.1 Synthesis of [7]-Helicene (14)

2-Benzyloxy-6-bromoquinoline (15a). A suspension of 6-bromoquin-2-ol (2.7 g, 12
mmol), silver carbonate (7.0 g, 25 mmol) and benzyl bromide (2.7 g, 16 mmol) in
chloroform was stirred in the dark for 48 h. The silver salts were filtered off and the
filtrate was purified by normal phase chromatography over silica gel (9:1 hexane/EtOAc)
to afford 3.0 g (79%) of a pure white solid. mp 79-80 °C; 'H NMR (300 MHz, CDCl) &:
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7.89 (d, J=9.0 Hz, 1H), 7.85 (d, J= 2.0 Hz, 1H), 7.71 (s, 1H), 7.68 (d, J= 2.0 Hz, 1H),
7.50 (m, 2H), 7.35 (m, 3H), 6.95 (d, /= 9.0 Hz, 1H), 5.51 (s, 2H); '*C NMR (300 MHz,
CDCl;) &: 162.12, 145.26, 137.83, 137.09, 132.79, 129.55, 129.06, 128.55, 128.36,
128.04, 126.45, 117.33, 114.32, 67.92; FT-IR (microscope): 3030, 2938, 2876, 1612,

1598, 1299 cm’'; ES-MS mv/z: calcd for C1¢H;,BrNO 315, found 316.0 [M + HJ".

2-Benzyloxy-6-quinolinecarboxaldehyde (15b). A solution of n-BuLi in hexanes (1.4
mL, 3.5 mmol) was added dropwise to a solution of 15a (840 mg, 2.7 mmol) in dry THF
(35 mL) at -78 °C. After 1 h, dry DMF (0.27 mL, 3.5 mmol) was added and the mixture
was stirred at -78 °C for 45 min and then allowed to warm to room temperature. The
reaction was quenched with NH4Cl (50 mL), extracted with ether (3 x 30 mL), dried over
MgSO4 and evaporated to dryness. Purification by normal phase chromatography over
silica gel (16:1 hexane/EtOAc) afforded 290 mg (42%) of the product as a white solid. 'H
NMR (300 MHz, CDCl3) é: 10.11 (s, 1H), 8.21 (d, /=2.0 Hz, 1H), 8.11 (d, /= 8.7 Hz,
2H), 7.94 (d, /= 8.7 Hz, 1H), 7.49 (m, 2H), 7.34 (m, 3H), 7.03 (d, /= 8.7 Hz, 1H), 5.57
(s, 2H); *C NMR (300 MHz, CDCl;) &: 191.48, 163.85, 150.27, 139.86, 136.80, 132.70,
132.54, 128.60, 128.44, 128.18, 127.70, 124.66, 114.68, 68.26; FT-IR (microscope):

3039, 2893, 1734, 1689, 1621 cm™; ES-MS m/z: calcd for Ci7H3NO; 263, found 264.0

M +HJ".

Bis-stilbene (17a). To a solution of +-BuOK" (500 mg, 4.4 mmol) in methanol (100 mL)
was added p-xylylenebis(triphenylphosphonium bromide) 16a (460 mg, 0.58 mmol).
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After stirring at room temperature for 20 min, a solution of 15b (290 mg, 1.1 mmol) in
methanol (20 mL) was added and the reaction was stirred for 12 h. After the mixture was
stirred overnight, the trans, frans product was filtered off and the filtrate was evaporated
to dryness, dissolved in CHCl;, washed with water (2 x 10 mL), brine (2 x 10 mL), dried
over MgSO, and evaporated to dryness. Purification by normal phase chromatography
over silica gel (9:1 hexane/EtOAc) afforded 210 mg (64%) of pure product as a yellow
solid, as a mixture of isomers. 'H NMR (300MHz, DMSO—d) &: 8.20 (dd, /= 9.1, 18.1
Hz, 1H), 8.16 (dd, /=9.1, 9.1 Hz, 1H), 7.98 (m, 2H), 7.81-7.26 (m, 14H), 7.12 (s, 2H),
7.05 (m, 2H), 6.70 (m, 3H), 5.49 (s, 2H), 5.46 (s, 2H); FT-IR (microscope): 3060, 3031,

2963, 1616, 1600 cm™; ES-MS m/z: caled for CsoH3oN;02 596, found 597.2 [M + HJ".

3,16-Dibenzyloxy-4,15-diaza[7]-helicene (18a). A solution of 17a (140 mg, 0.24 mmol)
and iodine (120 mg, 0.47 mmol) in dry benzene (600 mL) was degassed with argon for
1/2 h. Propylene oxide (5 mL) was added and the mixture was irradiated with a 400 W
mercury lamp, while under an argon atmosphere, for 12 h. The mixture was evaporated to
dryness and purified by normal phase column chromatography over silica gel (9:1
hexane/EtOAc). The isolated compounds were then purified again over silca gel (0.25%
MeOH/CH;,Cl,) to afford 80 mg (58%) of the product as a white solid. 'H NMR (300
MHz, CDCl;) é: 9.44 (d, J= 9.0 Hz, 2H), 9.37 (s, 2H), 8.08 (s, 2H), 8.05 (d, /= 9.4 Hz,
2H), 7.86 (d, J=9.0 Hz, 2H), 7.65 (m, 2H), 7.48 (m, 3H), 7.21 (d, J = 9.0 Hz, 2H), 5.67

(s, 4H); >*C NMR (300 MHz, CDCL;) & 161.51, 147.45, 138.38, 137.40, 136.59, 131.73,
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130.53, 129.68, 128.60, 128.51, 128.45, 128.04, 127.80, 127.64, 127.51, 127.34, 121.94,

117.03, 112.25, 67.89; ES-MS m/z: calcd for C42H2sN,0; 591.0, found 592.2 [M + H]".

4,15-Diaza[7]helicene-3,16-dione (14a). A solution of protected [7]-helicene 18a (130
mg, 0.3 mmol) in TFA (5 mL) was stirred at room temperature for 12 h. Evaporation of
the trifluoroacetic acid followed by trituration with Et;N, in acetone, afforded
quantitative yields of the deprotected [7]-helicene. 'H NMR (300 MHz, CDCl;) &: 9.29
(s, 2H), 9.15 (d, J= 10.0 Hz, 2H), 8.16 (d, /= 9.0 Hz, 2H), 8.13 (d, /=9.0 Hz, 2H), 7.85

(d, J=9.0 Hz, 2H), 7.69 (d, J = 9.0 Hz, 2H), 6.78 (d, J = 9.0 Hz, 2H).

1-Bromo-2,5-bis-(bromomethyl)benzene. A suspension of 2-bromo-p-xylene (15 g, 81
mmol) and NBS (30 g, 166 mmol) in benzene (1.5 L) was degassed with argon for 1 h.
Maintaining the stream of argon the mixture was irradiated using a 200 W UV light for 2
h. After the reaction was complete the mixture was evaporated to dryness, dissolved in
CH,Cl,, washed with water (3 x 150 mL), dried over MgSQ,, and the succinamide side
product was removed through a small plug of silca gel (9:1 hexane/EtOAc). The product
was further purified by column chromatography over silca gel (hexane) to afford 17.0 g
(62%) of a pure white solid. 'H NMR (300 MHz, CDCl;) &: 7.60 (d, J=2.1 Hz, 1H),

7.41 (d, J=17.8 Hz, 1H), 7.30 (dd, J = 2.1, 7.8 Hz, 1H), 4.56 (s, 2H), 4.39 (s, 2H).

(2-Bromo-1,4-phenylene) bis(methylene) bis(triphenylphosphonium) dibromide
(16b). To a solution of 1-bromo-2,5-bis-(bromomethyl)benzene (6.3 g, 18 mmol) in DMF
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(200 mL) was added triphenylphosphine (10 g, 39 mmol) and the reaction was brought to
reflux for 48 h. The solution was cooled and the addition of ether (250 mL) precipitated a
solid. The solid was filtered and recrystalized from CHCIy/Et,0 to afford 22.3 g (54%) of
a pure white solid. mp 260 °C; 'H NMR (300 MHz, CDCl) é: 7.67 (m, 30H), 7.27 (dd, J
=2.4,8.7Hz, 1H), 6.89 (d, /= 2.4 Hz, 1H), 6.87 (d, /= 8.4 Hz, 1H), 5.63 (d, /= 14.0

Hz, 2H), 5.42 (d, J = 14.0 Hz, 2H).

Bis-stilbene (17b). n-BuLi in hexanes (0.67 mL, 2.5M, 1.7 mmol) was added under
argon dropwise to cold (-78 °C) dry ethanol (10 mL). After it had been warmed to room
temperature and stirred until homogeneous, the solution was transferred by cannula to a
slurry of 2-benzyloxy-6-quinolinecarboxaldehyde 15b (200 mg, 0.8 mmol) and (2-
bromo-1,4-phenylene)bis(methylene)bis(triphenylphosphonium) dibromide 16b (360 mg,
0.4 mmol) in dry EtOH (20 mL) under argon. After the mixture was stirred overnight, the
trans, trans product was filtered off (20 mg, 8%) and the filtrate was evaporated to
dryness, dissolved in CHCl;, washed with water (2 x 10 mL), brine (2 x 10 mL), dried
over MgSO; and evaporated to dryness. Purification by normal phase chromatography
over silica gel (3:1 hexane/EtOAc) afforded 184 mg (72%) of pure product as a yellow
solid, as a mixture of isomers (overall yield of 79%). '"H NMR (300 MHz, CDCl;) &: 8.00
(d, J=8.7 Hz, 1H), 7.98 (d, /= 8.7 Hz, 1H), 7.87-7.17 (m, 23H), 7.10 (d, /= 16.2 Hz,
1H), 6.96 (d, J = 8.7 Hz, 1H), 5.54, (s, 4H); *C NMR (300 MHz, CDCl;) &: 162.16,
146.60, 146.58, 142.60, 142.56, 140.10, 140.08, 138.90, 138.84, 138.32, 137.28, 136.00,
133.09, 132.87, 131.06, 131.00, 130.73, 130.62, 129.55, 129.40, 128.55, 128.37, 128.00,
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127.88, 127.83, 127.64, 127.34, 127.11, 126.84, 126.61, 126.29, 126.21, 125.67, 125.42,
124.68, 123.89, 120.11, 113.80, 67.85; FT-IR (microscope): 3063, 3032, 2930, 2885,
1724, 1600, 1277 cm™"; EI-HRMS m/z: caled for Co2H3 Br N2O, 676.15485, found

676.15413 (M]".

9-Bromo-3,16-dibenzyloxy-4,15-diaza[7]-helicene (18b). A solution of bis-stilbene 17b
(120 mg, 0.18 mmol) and iodine (90 mg, 0.36 mmol) in dry benzene (600 mL) was
degassed with argon for 1/2 h. Propylene oxide (5 mL) was added, and the solution was
irradiated for 12 h. After irradiation, the solution was evaporated to dryness and purified
by normal phase chromatography over silica gel (9:1 hexane/EtOAc) to afford 112 mg
(63% yield) of a pure yellow solid. 'H NMR (300 MHz, CDCl;) &: 8.38 (d, /= 8.7 Hz,
1H), 8.30 (s, 1H), 7.98 (d, /= 8.7 Hz, 1H), 7.92 (d, /= 8.7 Hz, 1H), 7.89 (d, /= 8.4 Hz,
2H), 7.80 (d, /= 8.4 Hz, 2H), 7.70 (d, /= 8.7 Hz, 1H), 7.68 (d, /= 8.7 Hz, 1H), 7.40 (m,
8H), 7.10 (d, J= 8.7 Hz, 2H), 5.90 (d, /= 9.0 Hz, 2H), 5.37 (d, /= 12.3 Hz, 2H), 5.30 (d,
J=12.3 Hz, 2H); *C NMR (300 MHz, CDCl;) &: 161.20, 137.43, 134.65, 134.38,
132.40, 132.31, 130.48, 129.92, 129.53, 129.32, 128.51, 128.40, 127.96, 127.82, 127.63,
126.54, 125.24, 125.20, 124.90, 109.36, 102.42, 67.38; FT-IR (microscope): 3062, 3029,
2944, 1608, 1593, 1268 cm™'; EI-HRMS m/z: calcd for Cs2H27BrN,0; 672.12354, found

672.11916 [M]".

9-Bromo-4,15-diaza[7]-helicene-3,16-dione (14b). A solution of protected [7]-helicene
18b (130 mg, 0.3 mmol) in TFA (5 mL) was stirred at room temperature for 12 h,
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evaporated to dryness, dissolved in CHCIl3, washed with NaHCO; (2 x 6 mL), brine (2 x
6 mL), dried over MgSOj to afford 128 mg (98% yield) of a pure yellow solid. '"H NMR
(300 MHz, DMSO-ds) 6: 13.45 (s, 2H), 8.52 (s, 1H), 8.38 (d, /= 8.7 Hz, 1H), 8.13(d,J
= 8.7 Hz, 2H), 8.08 (d, /= 8.7 Hz, 1H), 8.04 (d, /= 8.4 Hz, 1H), 7.96 (d, /= 8.4 Hz, 1H),
7.55(d, J=8.4 Hz, 1H), 7.52 (d, /= 8.4 Hz, 1H), 6.80 (d, /=9.6 Hz, 1H),6.79 (d,J =
9.6 Hz, 1H), 5.63, (d, J = 9.9 Hz, 2H); *C NMR (500 MHz, THF-ds) & 163.03, 162.97,
140.04, 139.87, 136.55, 136.37, 133.82, 132.27, 132.09, 131.84, 131.84, 131.77, 129.82,
129.47, 129.44, 127.69, 127.69, 127.55, 126.87, 125.33, 124.73, 124.54, 122.65, 118.79,
118.71, 118.58, 115.43, 115.27; FT-IR (CH:Cl; cast): 3052, 2923, 1652, 1455, 1122,
667 cm’'; ES-MS m/z: 491.1, 982.1; EI-HRMS m/z: calcd for Cy3H,sBrN2O; 492.02963,

found 492.02954 [M]".

9-Trimethylsilylethynyl-3,16-dibenzyloxy-4,15-diaza(7]-helicene (18¢). A solution of
protected [7]-helicene 18b (42 mg, 0.06 mmol) in EtsN/THF (10 + 3 mL) was degassed
with argon for 45 min. TMS-acetylene (70 mg, 0.10 mL, 0.6 mmol) was added and the
solution was degassed for another 15 min, after which Pd(PPh;);Cl; (5 mg, 5% mol) and
Cul (1 mg, 2.5% mol) were added and the reaction was allowed to stir at 90°C, under
argon, for 72 h. The solution was evaporated to dryness, dissolved in CHCl3 (15 mL),
washed with water (3 x S mL), brine (5 mL), dried over MgSO;4 and evaporated to
dryness. Purification by normal phase chromatography over silica gel (13:1
hexane/EtOAc) afforded 26 mg (60% yield) of a pure yellow solid. 'H NMR (300 MHz,
CDCl;) &: 8.51 (d, J= 8.4 Hz, 1H), 8.27 (s, 1H), 8.01 (d, /=8.1 Hz, 1H), 7.95 (d,/=9.0
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Hz, tH), 7.91 (m, 4H), 7.69 (d, /= 9 Hz, 1H), 7.67 (d, J=9.0 Hz, 1H), 7.35 (m, 8H),
7.19,(d,J=9.3 Hz, IH), 7.15 (d,J/=9.3 Hz, 1H), 591 (d,/=9 Hz, 2H), 5.36 (d, /=
12.3 Hz, 2H), 5.29 (d; J=12.3 Hz, 2H), 0.40 (s, 9H); *C NMR (500 MHz, CDCl;) &
161.10, 161.04, 146.01, 137.38, 134.65, 134.39, 131.96, 131.88, 131.27, 130.25, 129.83,
129.48, 128.43, 128.04, 127.97, 127.90, 127.88, 127.74, 127.45, 125.85, 124.89, 124.22,
120.97, 120.91, 119.84, 109.20, 109.13, 102.87, 100.55, 67.31, 0.125; FT-IR (CHCl;
cast): 3030, 2956, 2145, 1593, 1521, 1269 cm™'; EI-MS m/z: calcd for Cy7H3eN20,Si

688.25458, found 688.25367 [M]".

9-Acetyl-4,15-diaza[7]helicene-3,16-dione (14c). A solution of protected TMS- [7]-
helicene 18¢ (12 mg, 1.7 x 10”° mol) in TFA (6 mL), was stirred at room temperature for
12 h, evaporated to dryness, redissolved in CHCl;3, washed with NaHCO; (2 x 6 mL),
brine (2 x 6 mL), dried over MgSOj to afford 7.5 mg (94% yield) of a pure yellow solid.
'H NMR (300 MHz, CDCl3) &: 13.70 (s, 2H), 8.87 (d, /= 9.0 Hz, 1H), 8.49 (s, 1H), 7.99
(m, 5H), 7.61 (d, /=9.0 Hz, 1H), 7.59 (d, /=9.0 Hz, 1H), 6.83 (d, /=9.0 Hz, 1H), 6.76
(d, J=9.0 Hz, 1H), 5.74 (dd, /= 1.8, 9.3 Hz, 2H), 2.97 (s, 3H); °C NMR (400 MHz,
CDCl;) &: 201.57, 164.13, 138.53, 138.44, 136.61, 136.33, 135.20, 131.10, 130.91,
130.82, 130.45, 129.98, 129.91, 129.26, 128.67, 128.47, 128.37, 128.23, 126.58, 126.50,
126.45, 125.77, 125.11, 123.04, 118.74, 118.31, 117.72, 117.51, 115.11, 30.22; FT-IR
(CHCI; cast): 2922, 2850, 1958, 1652 cm™; ES-MS m/z: 455.1, 909.3; EI-HRMS m/z:

calcd for C3oHisN20;3 455.13956 found 455.139213 [M]".
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3.8.2 Synthesis of [S]-Helicene (21)

6-Bromo-2-benzyloxypyridine (22a). A solution of benzyl alcohol (5.0 g, 46 mmol) in
THF (10 mL) was added dropwise to a suspension of NaH (1.5 g, 42 mmol) in THF (250
mL). The mixture was allowed to stir at room temperature for 15 min, then 2,6-
dibromopyridine (10 g, 63 mmol) was added and the reaction was brought to reflux for
12 h. The solution was poured into 5% NaHCOj3; (250 mL), extracted with ether (3 x 30
mL), dried with MgSO, and evaporated to dryness. Purification by column
chromatography through silica gel (13:1 hexane/EtOAc) afforded 8.8 g (80%) of the
product as yellow oil. 'H NMR (300 MHz, CDCl;) & 7.42 (d,J=8.7 Hz, 1H), 7.35 (d, J
= 8.7 Hz, 1H), 7.30 (d, /= 8.7 Hz, 2H), 7.28 (d, J = 8.7 Hz, 1H), 6.82 (d, /= 8.7 Hz, 2H),

5.30 (s, 2H).

6-Benzyloxy-2-pyridinecarboxaldehyde (22b). A solution of n-BuLi, in hexanes, (9.9
mL, 2.5 M, 16 mmol) was added dropwise to a solution of 22a (3.8 g, 14 mmol) in dry
THF (120 mL) at -78 °C. After 1 h, dry DMF (1.2 mL, 16 mmol) was added and the
mixture was allowed to stir at -78 °C for 45 min and then allowed to warm to room
temperature. The reaction was quenched with NH4Cl (200 mL), extracted with ether (3 x
30 mL), dried over MgSO4 and evaporated to dryness. Purification by column
chromatography through silica gel (13:1 hexane/EtOAc) afforded 4.3 g (61%) of the
product as a white solid. "H NMR (300 MHz, CDCl3) &: 9.96 (s, 1H), 7.71 (t, J=8.0 Hz,
1H), 7.57 (d, J= 1.0 Hz, 1H), 7.55 (d, /= 1.0 Hz, 2H), 7.37 (m, 3H), 7.04 (d, /=9.0 Hz,
1H), 5.47 (s, 2H).
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Bis-stilbene (23). n-BuLi in hexanes (1.3 mL, 2.5M, 3.1 mmol) was added under argon
dropwise to cold (-78 °C) dry ethanol (20 mL). After it had been warmed to room
temperature and stirred until homogeneous, the solution was transferred by cannula to a
slurry of 2-benzyloxy-6-pyridinecarboxaldehyde 22b (600 mg, 2.8 mmol) and of (2-
bromo-1,4-phenylene)bis(methylene)bis(triphenylphosphonium) dibromide 16b (1.3 g,
1.5 mmol) in dry EtOH (100 mL) under argon. After the mixture was stirred overnight,
the trans, trans product was filtered off (20 mg, 6%) and the filtrate was evaporated to
dryness, dissolved in CHCl;, washed with water (2 x 10 mL), brine (2 x 10 mL), dried
over MgSO, and evaporated to dryness. Purification by normal phase chromatography
over silica gel (18:1 hexane/EtOAc) afforded 460 mg of pure product as a yellow solid,
as a mixture of isomers (overall yield of 60%). 'H NMR (300 MHz, CDCl;) &: 7.84 (d, J
= 8.4 Hz, 2H), 7.77 (d, /= 8.7 Hz, 2H), 7.70 (d, /= 1.5 Hz, 2H), 7.67 (d, /= 8.4 Hz, 2H),
7.48-7.15 (m, 9H), 6.78 (d, /= 16.2 Hz, 2H), 6.68 (d, /= 5.7 Hz, 2H), 6.65 (d, /= 6.0
Hz, 2H), 5.39 (s,4H); FT-IR (CH,Cl): 3067, 3033, 2945, 1632, 1571, 1447, 1294 cm™;

EI-HRMS m/z: calcd for C3aHzBIN2O, 574.12561, found 574.12528 [M]".

7-Bromo-3,12-dibenzyloxy-4,11-diaza[5]-helicene (24a). A solution of bis-stilbene 23
(230 mg, 0.40 mmol) and iodine (200 mg, 0.80 mmol) in dry benzene (600 mL) was

degassed with argon for 1/2 h. Propylene oxide (5 mL) was added, and the solution was
irradiated for 12 h. After irradiation, the solution was evaporated to dryness and purified
by normal phase chromatography over silica gel (18:1 hexane/EtOAc) to afford 116 mg
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(47% yield) of a pure yellow solid. '"H NMR (300 MHz, CDCL;) &: 8.55 (d, J=9.0 Hz,
1H), 8.44 (d, J= 9.0 Hz, 1H), 8.39 (d, /= 9.0 Hz, 1H), 8.16 (s, 1H), 8.09 (d, /= 9.0 Hz,
1H), 8.02 (d, J = 8.6 Hz, 1H), 7.97 (d, /= 8.7 Hz, 1H), 7.69 (m, 2H), 7.53 (m, 6H), 7.38
(m, 6H), 6.77 (d, J = 9.0 Hz, 2H), 5.62 (s, 2H), 5.60 (s, 2H); *C NMR (300 MHz,
CDCly) &: 167.79, 162.27, 161.90, 146.75, 139.20, 138.82, 137.20, 137.15, 132.53,
131.15, 130.91, 130.05, 129.13, 129.06, 128.91, 128.85, 128.58, 128.48, 128.07, 125.71,
122.04, 121.64, 121.12, 110.68, 68.21, 67.98, 67.93; FT-IR(microscope): 3064, 3031,
2955, 2872, 1726, 1596, 1561 cm™"; EI-HRMS m/z: calcd for C34Ha3BrN,O; 570.09430,

found 570.09617 [M]".

7-Bromo-4,11-diaza[7}helicene-3,12-dione (21a). A solution of protected [5]-helicene
24a (30 mg, 0.06 mmol) in TFA (5 mL) was stirred at room temperature for 12 h,
evaporated to dryness and triturated with Et;N/acetone (1:3) to afford 22 mg (98% yield)
of a pure yellow solid. 'H NMR (300 MHz, DMSO-ds) &: 12.21 (s, 2H), 8.39 (d,/=9.3
Hz, 1H), 8.27 (s, 1H), 8.14 (d, /= 8.7 Hz, 1H), 8.01 (d,/=9.6 Hz, 1H), 7.98 (d,/=9.9
Hz, 1H), 7.79 (d, /= 9.0 Hz, 1H), 7.69 (d, /= 8.7 Hz, 1H), 6.46 (d, /= 10.0 Hz, 1H),
6.45 (d, J=9.9 Hz, 1H); ES-HRMS m/z: calcd for CoH;;BrtN>0,390.24, found 391.0 [M

+HJ".

7-TriisopropyIsilylethnyl-3,12-dibenzyloxy-4,11-diaza[S]-helicene (24b). A solution
of protected [5]-helicene 24a (83 mg, 0.15 mmol) in Et;N/THF (15 + 6 mL) was
degassed with argon for 45 min. TIPS-acetylene (270 mg, 0.3 mL, 1.5 mmol) was added
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and the solution was degassed for another 15 min, after which Pd(PPh;),Cl; (5 mg, 5%
mol) and Cul (1 mg, 2.5% mol) were added and the entire mixture was allowed to stir at
90°C, under argon, for 72 h. The solution was evaporated to dryness, dissolved in CHCl;
(15 mL), washed with water (3 x 5 mL), brine (5 mL), dried over MgSQ, and evaporated
to dryness. Purification by normal phase chromatography over silica gel (18:1
hexane/EtOAc) afforded 51 mg (60% yield) of a pure yellow solid. 'H NMR (300 MHz,
CDCl;) &: 8.72 (d, /= 9.0 Hz, 1H), 8.46 (d, /= 9.0 Hz, 1H), 8.43 (d, /=9.0 Hz, 1H),
8.11 (s, 1H), 8.10 (d, /=9.0 Hz, 1H), 8.03 (d, /= 9.0 Hz, 1H), 8.00 (d, /= 9.0 Hz, 1H),
7.56 (m, 4H), 7.39 (m, 6H), 6.78 (d, /= 9.0 Hz, 2H), 5.63 (s, 2H), 5.62 (s, 2H), 1.24 (m,
21H); “C NMR (300 MHz, CDCl;) &: 161.98, 147.14, 146.75, 139.05, 138.95, 137.92,
137.24, 131.69, 130.61, 130.24, 129.79, 128.57, 128.52, 128.49, 128.18, 128.05, 126.62,
126.35, 121.97, 121.89, 199.78, 110.50, 110.37, 96.77, 67.93, 67.90, 18.88, 18.62, 17.81,
11.91, 11.53, 11.37, 11.15; FT-IR (CDCI; cast): 2941, 2863, 2148, 1596, 1270 cm''; EI-

HRMS m/z: caled for C4sHasN20,Si 672.31720, found 672.31809 [M]".

7-Triisopropylsilylethnyl-4,11-diaza(7]helicene-3,12-dione (21b). A solution of TIPS-
[5]-helicene 24b (30 mg, 0.06 mmol) in TFA (5 mL) was stirred at room temperature for
12 h, evaporated to dryness and triturated with Et;N/Et,0 (1:1) to afford 12 mg (53%
yield) of a pure yellow solid. "H NMR (500 MHz, CDCl;) &: 8.65 (d, J = 9.0 Hz, 1H),
8.16 (d, /=10.0 Hz, 1H), 8.13 (d, /= 10.0 Hz, 1H), 8.01 (d, /= 10.0 Hz, 1H), 8.00 (s,
1H), 7.70 (d, /= 9.0 Hz, 1H), 7.63 (d, /= 9.0 Hz, 1H), 6.58 (d, /= 10.0 Hz, 2H), 1,17
(m, 21H); "*C NMR (500 MHz, CDCls) &: 161.23, 144.44, 141.29, 141.28, 141.14,
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141.13, 139.02, 138.90, 131.66, 131.42, 131.15, 130.10, 129.93, 128.08, 125.78, 122.67,
118.99,118.97,118.83, 118.81,117.83, 117.71, 116.09, 111.67, 110.83, 18.78, 11.49;
FT-IR (CHCl; cast): 2942, 2864, 2148, 1671 cm™'; EI-HRMS m/z: calcd for

CH32N,0,Si 492.22330, found 492.22226 [M]".

3.7.3 Synthesis of [9]-Helicene (25)

Stilbene (27). n-BuL.i in hexanes (5.6 mL, 2.5M, 14 mmol) was added under argon
dropwise to cold (-78 °C) dry ethanol (25 mL). After it had been warmed to room
temperature and stirred until homogeneous, the solution was transferred by cannula to a
slurry of 6-benzyloxy-2-pyridinecarboxaldehyde 22b (1.50 g, 7.0 mmol) and of p-
bromobenzyltriphenylphosphonium bromide 26 (4.0 g, 7.7 mmol) in dry EtOH (100 mL)
of under argon. After the mixture was stirred overnight the solution was evaporated to
dryness, dissolved in CHCl3, washed with water (2 x 30 mL), brine (2 x 30 mL), dried
over MgSO, and evaporated to dryness. Purification by normal phase chromatography
over silica gel (9:1 hexane/EtOAc) afforded 2.4 g (91%) of the product as a yellow solid.
mp 115-120 °C; 'H NMR (300 MHz, CDCl;) &: 7.58 (d, /= 16.2 Hz, 1H), 7.52 (m, 4H),
7.47 (m, 4H), 7.03 (d, /= 16.2 Hz, 1H), 6.87 (d, /= 7.7 Hz, 1H), 6.67 (d, /= 8.4 Hz,
1H), 5.46 (s, 2H); *C NMR (300 MHz, CDCL;) &: 163.10, 152.62, 139.41, 137.51,
135.84, 131.91, 128.63, 128.56, 128.15, 127.94, 121.00, 116.12, 110.38, 67.74; FT-IR
(microscope): 3032, 1634, 1589, 1572 cm™; EI-HRMS m/z: calcd for CaoHsBrNO

375.04153, found 365.04252 [M]".
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Stilbene-carboxaldehyde (28). A solution of n-BuLi, in hexanes, (2.8mL, 2.5 M, 7.1
mmol) was added dropwise to a solution of 27 (2.4 g, 6.4 mmol) in dry THF (50 mL) at
-78 °C. After 1 h, dry DMF (0.74 mL, 9.6 mmol) was added and the mixture was stirred
at -78 °C for 45 min and then allowed to warm to room temperature. The reaction was
quenched with NH4Cl (50 mL), extracted with ether (3 x 30 mL), dried over MgSO, and
evaporated to dryness. Purification by normal phase chromatography over silica gel (13:1
hexane/EtOAc) afforded 640 mg (32%) of the product as a white solid. mp 93-94 °C; 'H
NMR (300 MHz, CDCl;) é: 9.99 (s, 1H), 7.86 (d, /= 8.1 Hz, 2H), 7.72 (d, /=16.2 Hz,
1H), 7.69 (d, /= 8.1 Hz, 1H), 7.58-7.51 (m, 3H), 7.42-7.32 (m, 3H), 7.18 (d, /= 16.2
Hz, 1H), 6.92 (d, J= 7.2 Hz, 1H), 6.72 (d, J = 8.1 Hz, 1H), 5.49 (s, 2H); “C NMR (300
MHz, CDCl;) &: 191.65, 163.23, 152.20, 143.04, 139.23, 137.57, 135.76, 131.00, 130.90,
130.25, 128.54, 128.14, 127.92, 127.54, 116.82, 111.10, 67.59; FT-IR (microscope):
3024, 2858, 2761, 1686, 15999, 1565 cm™'; EI-HRMS m/z: calcd for C2 HisNO;

315.12592, found 315.12645 [M]".

3-Benzyloxy-4-azaphenanthridine-9-carboxaldehyde (29). A solution of 28 (160 mg,
0.5 mmol) and iodine (130 mg, 0.5 mmol) in dry benzene (700 mL) was degassed with
argon for 1/2 h. Propylene oxide (5 mL) was added and the solution was irradiated for 12
h. After irradiation, the solution was evaporated to dryness and purified by normal phase
chromatography over silica gel (13:1 hexane/EtOAc) afforded 94 mg (60%) of the
product as a yellow solid. 'H NMR (300 MHz, CDCls) &: 10.22 (s, 1H), 8.93 (s, 1H),
8.83 (d, J=9.0 Hz, 2H), 8.00 (d, /= 9.0 Hz, 2H), 7.96 (s, 2H), 7.54 (m, 2H), 7.38 (m,
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3H), 7.15 (d, J = 9.0 Hz, 1H), 5.58 (s, 2H); *C NMR (300 MHz, CDCl;) &: 192.23,
162.80, 146.70, 137.18, 134.53, 134.46, 133.66, 130.46, 130.16, 129.73, 129.65, 128.56,
128.35, 128.04, 126.42, 124.43, 121.42, 112.94, 67.98; FT-IR (microscope): 3375, 3060,
3027, 2923, 2853, 1695, 1595 cm™'; EI-HRMS m/z: calcd for CyHisNO; 313.11029,

found 313.11010 [M]".

Bis-stilbene (30). n-BuLi in hexanes (1.0 mL, 1.6M, 1.5 mmol) was added under argon
dropwise to cold (-78 °C) dry ethanol (10 mL). After it had been warmed to room
temperature and stirred until homogeneous, the solution was transferred by cannula to a
slurry of 29 (300 mg, 1.0 mmol) and (2-bromo-1,4-phenylene)bis(methylene)bis-
(triphenylphosphonium) dibromide 16b (430 mg. 0.5 mmol) in dry EtOH (40 mL) under
argon. After the mixture was stirred overnight the solution was evaporated to dryness,
dissolved in CHCl;, washed with water (2 x 20 mL), brine (2 x 20 mL), dried over
MgSO, and evaporated to dryness. Purification by normal phase chromatography over
silica gel (9:1 hexane/EtOAc) afforded 350 mg (44%) of pure product as a mixture of
isomers. 'H NMR (300 MHz, CDCls) &: 9.07 (d, J = 8.4 Hz, 2H), 8.78 (d, J/ = 6.6 Hz,
2H), 8.00~7.28 (m, 25H), 7.16 (d, J= 9.0 Hz, 2H), 5.60 (s, 4H); FT-IR (microscope):
3060, 3022, 1617, 1594, 1275 cm™"; EI-HRMS m/z: calcd for C43H,sBrN,0, 683.13342,

found 683.12872 [M - Bn]*; ES-MS m/z: 777.2 [M + HJ'.

11-Bromo-3,20-dibenzyloxy-4,19-diaza[9]-helicene (31b). A solution of 30 (100 mg,
0.13 mmol) and iodine (70 mg, 0.27 mmol) in benzene/pyridine (6:1) was degassed by
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bubbling argon through for 1h. Propylene oxide (S mL) was added and the mixture was
irradiated with a 400 W mercury lamp, while under an argon atmosphere, for 12 h.
Purification by normal phase chromatography over silica gel (9:1 hexane/EtOAc)
afforded 80 mg (78%) of pure yellow product. 'H NMR (300 MHz, CDCl;) &: 8.25 (s,
1H), 8.24 (d, J=8.7 Hz, 1H), 7.71 (d, /= 8.4 Hz, 1H), 7.60-7.38 (m, 16H), 7.17 (d, J =
9.3 Hz, 1H), 7.09 (d, /= 9.0 Hz, 1H), 7.08 (d, /= 8.4 Hz, 2H), 6.88 (d, /= 8.1 Hz, 1H),
6.86 (d, /= 8.4 Hz, 1H), 5.88 (d,/=9.3 Hz, 1H), 5.86 (d, /=9.0 Hz, 1H),5.63 (d, J=
12.0 Hz, 1H), 5.61 (d, J= 12.0 Hz, 1H), 5.33 (dd, J = 1.2, 12.0 Hz, 2H); °C NMR (300
MHz, CDCl;) &: 160.65, 160.62, 145.75, 145.67, 137.93, 137.89, 133.56, 133.45, 132.62,
132.54, 131.39, 129.92, 129.80, 129.74, 129.68, 129.26, 129.20, 128.47, 128.01, 127.94,
127.88, 127.81, 127.52, 126.60, 125.88, 125.57, 124.77, 124.50, 124.38, 123.98, 121.45,
118.66, 118.60, 108.96, 108.90, 67.25, 67.23; FT-IR (microscope): 3030, 2941, 1610,
1595, 1265 cm™; EI-HRMS m/z: caled for CsoH3 BrN2O; 772.15485, found 772.15790

M]".

11-Bromo-4,19-diaza[9]helicene-3,20-dione (25). A solution of protected [9]-helicene
31b (130 mg, 0.3 mmol) in TFA (5 mL) was stirred at room temperature for 12 h,
evaporated to dryness, dissolved in CHCl;, washed with NaHCO; (2 x 6 mL), brine (2 x
6 mL), dried over MgSOQj to afford 128 mg (90% yield) of a pure yellow solid. 'HNMR
(300 MHz, DMSO-ds) 6: 11.42 (s, 2H), 8.57 (s, 1H), 8.29 (d, /= 8.7 Hz, 1H), 8.06 (d, J
= 8.7 Hz, 1H), 7.94 (d, /= 8.4 Hz, 1H), 7.93 (d, /= 8.4 Hz, 1H), 7.82 (d, /= 8.4 Hz, 1H),
7.47 (d, J=10.0 Hz, 2H), 7.44 (d,/=9.9 Hz, 2H), 7.37(d,/J=7.5 Hz, 1H), 7.35 (d, J=
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7.5 Hz, 1H), 7.03 (d, J= 7.7 Hz, 1H), 7.00 (d, /= 7.7 Hz, 1H), 6.59 (d, /= 9.9 Hz, 1H),
6.52 (d, J=9.9 Hz, 1H), 5.33 (d, /= 8.7 Hz, 2H); FT-IR (microscope): 2942, 2864, 2148,

1671 cm™; EI-HRMS m/z: caled for C3sHaoN20,Br 591.071662, found 591.070814 [M]".

3.8.4 Synthesis of [S]-Helicene (32)

6-Benzyloxy-2-methyl-3-pyridine carboxaldehyde (33b). A solution of n-BuLi, in
hexanes, (2.8 mL, 7.1 mmol) was added dropwise to a solution of known molecule 6-
benzyl-3-bromo-2-methylpyridine (2.4 g, 6.4 mmol) in dry THF (50 mL) at -78 °C. After
1 h, dry DMF (0.74 mL, 9.6 mmol) was added and the mixture was stirred at -78 °C for
45 min and then allowed to warm to room temperature. The reaction was quenched with
NH,Cl1 (50 mL), extracted with ether (3 x 30 mL), dried over MgSO, and evaporated to
dryness. Purification by normal phase chromatography over silica gel (13:1
hexane/EtOAc) afforded 1.9 g (84%) of the product as a white solid. 'H NMR (300 MHz,
CDCl;) é: 10.18 (s, 1H), 7.97 (d, J = 8.4 Hz, 1H), 7.47-7.35 (m, 4H), 6.70 (d, /= 8.4 Hz,
1H), 5.46 (s, 2H), 2.78 (s, 3H); *C NMR (300 MHz, CDCl;) &: 189.70, 165.26, 160.88,
140.30, 136.60, 128.41, 128.34, 128.16, 128.00, 127.90, 124.18, 109.23, 68.34, 22.10;
FT-IR (neat film): 3032, 2953, 1648, 1592, 1314 cm’'; ES-MS m/z: caled for C4H13NO>

227.30, found 228.1 [M + HI".

Bis-stilbene (34). n-BuLi in hexanes (1.0 mL, 1.6 M, 1.5 mmol) was added under argon
dropwise to cold (-78 °C) dry ethanol (10 mL). After it had been warmed to room
temperature and stirred until homogeneous, the solution was transferred by cannula to a
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slurry of 33 (300 mg, 1.0 mmol) and of (2-bromo-1,4-phenylene)bis(methylene)bis-
(triphenylphosphonium) dibromide 16b (430 mg, 0.5 mmol) in dry EtOH (40 mL) under
argon. After the mixture was stirred overnight the solution was evaporated to dryness,
dissolved in CHCIl;, washed with water (2 x 20 mL), brine (2 x 20 mL), dried over
MgSO; and evaporated to dryness. Purification by normal phase chromatography over
silica gel (9:1 hexane/EtOAc) afforded 300 mg (71%) of pure product as a mixture of
isomers. mp 133-135 °C; 'H NMR (300 MHz, CDCl;) &: 7.84-6.65 (m, 21H), 5.39 (s,
4H), 2.58 (s, 6H); *C NMR (300 MHz, CDCl;) 6:162.37, 153.81, 138.35, 137.51,
136.21, 136.08, 135.81, 130.66, 128.44, 128.16, 127.82, 127.08, 127.06, 126.78, 126.57,
125.78, 125.55, 124.52, 124.42, 124.27, 108.86, 67.65, 22.40; FT-IR (cast): 3024, 2922,

1590, 1314 cm™'; EI-HRMS m/z: calcd for C3sH3 BrN2O; 604.15485, found 604.15595.

3.8.5 Synthesis of Diaza[S]-Helicene (35)

Bis-stilbene (37). n-BuLi in hexanes (2.0 mL, 2.5M, 5.2 mmol) was added under argon
dropwise to cold (-78 °C) dry ethanol (10 mL). After it had been warmed to room
temperature and stirred until homogeneous, the solution was transferred by cannula to a
solution of 4-pyridinecarboxaldehyde 36 (0.5 g, 4.7 mmol) and p-phosphonium bromide
16b (2.3 g, 2.6 mmol) in dry EtOH (20 mL) under argon. After the mixture was stirred
overnight the solution was evaporated to dryness, dissolved in CHCIl3, washed with water
(2 x 30 mL), brine (2 x 30 mL), dried over MgSO; and evaporated to dryness.
Purification by normal phase chromatography over silica gel (10% MeOH/CHCI;)
afforded 0.6 g (64%) of the product as a yellow oil. 'H NMR (300 MHz, CDCl;) &:
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8.62-8.45 (m, 4H), 7.80-6.5 (m, 11H); *C NMR (300 MHz, CDCl;) &: 150.41, 150.09,
149.92, 143.96, 133.03, 133.07, 131.74, 131.67, 131.26, 131.21, 130.99, 130.92, 130.53,
129.35, 129.30, 129.23, 127.66, 123.42, 123.36, 121.10, 120.94; FT-IR (neat film): 3019,

2967, 1633, 1596, 754, 664 cm'l; ES-MS m/z: caled for CyoHsBrN, 363.3, found 363.0.

3,12-Diaza[3]-helicene (38). A solution of 37 (85 mg, 0.24 mmol) and iodine (120 mg,
0..47 mmol) in benzene (600 mL) was degassed by bubbling argon through for 1h.
Propylene oxide (5 mL) was added and the mixture was irradiated with a 400 W mercury
lamp, while under an argon atmosphere, for 12 h. Purification by normal phase
chromatography over silica gel (10% MeOH/CHCI;) afforded 20 mg (23%) of pure
yellow product. 'H NMR (300 MHz, CDCl;) &: 8.73 (d, J= 6.6 Hz, 1H), 8.72 (s, 1H),
8.71 (d, J = 6.6 Hz, 2H), 8.07 (d, /= 1.5 Hz, 1H), 8.01 (d, /= 8.4 Hz, 1H), 7.88 (d, /=
6.6 Hz, 1H), 7.87 (d, J = 6.6 Hz, 2H), 7.80 (d, /= 8.4 Hz, 1H), 7.76 (d, /= 1.5 Hz, 1H),

7.56 (d, J= 16 Hz, 1H), 7.48 (d, /= 16 Hz, 1H),

3,12-Diaza[3]-helicene (39). A solution of 37 (85 mg, 0.24 mmol) and iodine (120 mg,
0.47 mmol) in benzene/pyridine (6:1) was degassed by bubbling argon through for 1h.
Propylene oxide (5 mL) was added and the mixture was irradiated with a 400 W mercury
lamp, while under an argon atmosphere, for 12 h. Purification by normal phase
chromatography over silica gel (10% MeOH/CHCI;) afforded 20 mg (21%) of pure
yellow product. 'H NMR (300 MHz, DMSO-ds) & 9.46 (d, /=5.1 Hz, 1H),9.44 (d, /=
5.7 Hz, 1H), 9.16 (s, 1H), 8.80 (d, /= 9.0 Hz, 1H), 8.62 (d, /=9.0 Hz, 1H), 8.55 (d,J=
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9.0 Hz, 1H), 8.51 (d, J=4.8 Hz, 1H), 8.46 (d, /= 4.8 Hz, 1H), 8.44 (d, J=9.0 Hz, 1H);

ES-MS m/z: calcd for C30HsBrN; 356.8, found 356.9.

3.8.6 X-ray crystallographic analysis

X-ray crystallography of compound 18b.

Crystal Data: C,,H,BIN,O, (M = 671.57); crystal dimensions 0.37 x 0.22 x 0.02 mm,
monoclinic, space group Pca2, (No. 29) a = 8.2130(6), b =43.512(4), and ¢ =
17.2151(15) A, V=6152.1(9) A, Z=8, p,,. = 1.450 g cm?, #=1.379 mm", T =-80°C;
Bruker P4/RA/SMART 1000 CCD; Mo Ka radiation (A = 0.71073 A), scan method (0]
and ®; 27382 data measured; 11576 independent reflections. The crystal structure was
solved using direct methods (SHELXS-86) and refined by full-matrix least squares on F?
(SHELXL-93). All hydrogens were generated in idealized positions according to the sp?
or sp’-hybridized geometries of their attached carbon and nitrogen atoms. Final R,(F) =
0.0534 (for 11576 data with Fy*2 26(F,%)), wR,(F?) = 0.1350 (on all 11576 unique data),
and § = 0.825 for 847 parameters varied. The largest difference peak and hole in the final

difference Fourier map had intensities of 0.463 and -0.534 e A, respectively.

X-ray crystallography of compound 14c.

Crystal Data: C30HgN20,¢1/2H,0 (M = 463.47); crystal dimensions 0.36 x 0.19 x 0.10
mm, monoclinic, space group C2/c (No. 15) a = 13.4205(13), b = 17.6403(15), and ¢ =
18.4087(17) A, B=94.4865(16)°, V' = 4344.8(7) A®, peatc = 1.417 g cm™, 1 = 0.094 mm™!,
T'=-80°C; Bruker P4/RA/SMART 1000 CCD; Mo Ko radiation (A = 0.71073 A), scan
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method ¢ and ®; 12007 data measured; 4451 independent reflections. The crystal
structure was solved using direct methods (SHELXS-86) and refined by full-matrix least
squares on F2 (SHELXL-93). All hydrogens were generated in idealized positions
according to the sp or sp’-hybridized geometries of their attached carbon and nitrogen
atoms. Final R,(F) = 0.0736 (for 1941 data with Fg* 2 26(F,2)), wRy(F%) = 0.2497 (on all
4451 unique data), and S = 0.942 for 325 parameters varied. The largest difference peak
and hole in the final difference Fourier map had intensities of 0.840 and —0.283 ¢ A,

respectively.

X-ray crystallography of compound 24a.

Crystal Data: C34H23BrN20, (M = 571.23); crystal dimensions 0.38 x 0.20 x 0.10 mm,
monoclinic, space group C2/c (No. 15) a = 21.822(5), b =9.075(2), and ¢ = 12.393(3) A,
B=92.265(5)°, ¥ =2452.4(10) A, peatc = 1.334 g cm, 4 =0.083 mm™!, T=-80°C;
Bruker P4/RA/SMART 1000 CCD; Mo K¢ radiation (A = 0.71073 A), scan method ¢
and ®; 6391 data measured; 2347 independent reflections. The crystal structure was
solved using direct methods (SHELXS-86) and refined by full-matrix least squares on F>
(SHELXL-93). All hydrogens were generated in idealized positions according to the sp’
or sp>-hybridized geometries of their attached carbon and nitrogen atoms. Final R,(F) =
0.0416 (for 2347 data with Fy’ 2 26(F.>)), wRo(F) = 0.0968 (on all 2347 unique data),
and § =0.951 for 172 parameters varied. The largest difference peak and hole in the final

difference Fourier map had intensities of 0.169 and —0.205 e A, respectively.
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Chapter 4 — Dative Bonding, Hydrogen Bonding and Molecular Squares

There is presently considerable interest in molecules capable of acting as selective
hosts for guest species for applications in areas such as catalysis and transport.' Self-
assembly represents a powerful means for the spontaneous and programmed generation
of these often large, complex architectures. Designing synthons which are capable of
participating in self-assembly processes demands the consideration of the type of
intramolecular interactions that can be used such that the self-assembly synthesis and the
resulting aggregate display their unique properties. In Chapter 2, the strength and
directionality of dative bonds were exploited for the production of stable optically pure
helicates. While in Chapter 3, the reversibility of hydrogen bonds were utilized to induce
a stereoselective discrimination process, which resulted in the formation of homochiral
dimers.

This chapter will explore the utility of the combination of dative and hydrogen
bonds for the fabrication of large cyclic supramolecular arrays for applications in
inclusion-complex chemistry such as host-guest transport systems and catalysis. First, the
design principles behind making large complex arrays will be discussed, and then the

utility of this methodology will be highlighted with selected examples.

4.1 Dative Bonds and Molecular Squares
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Metal ions play a prominent role in supramolecular chemistry because of their
ability to organize organic ligands through dative bonds and to provide a feature of
directionality as a consequence of their particular coordination geometry. The groups of
Fujita® and Stang’ pioneered a rational and predictable approach to spontaneous self-
assembled molecular squares by utilizing cis-protected square-planar metals such as
platinum(II) as the angular components and diatomic ligands such as 4,4’ -bipyridine as
the linear components (Figure 1). Variations in both metal and ligand geometry has led to

a wealth of two and three-dimensional cyclic arrays, some of which are shown in Table 1.
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Figure 1. Self-assembly of molecular square.

Knowledge in this area (commonly referred to as metal-directed self-assembly)
has grown from the design and synthesis of predictable supramolecular architectures to
the incorporation of these useful structures for function in such areas as host-guest
chemistry,'® chiral recognition'® and catalysis.'® For example, self-assembled nanocage 1

was found to promote the aerobic, aqueous oxidation of styrene to acetophenone with the
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help of (en)Pd(NOs); in good yield (Scheme 1)."* Initially, styrene, which is in the

organic phase, is enclosed by cage 1 and transferred into the aqueous phase. The

Table 1. Molecular library of cyclic molecular arrays created by the systematic combination of
ditopic building blocks of predetermined angles with ditopic metals.
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encapsulated styrene is then oxidized to acetophenone by the action of Pd(II) reagent.

Lastly, acetophenone (the less hydrophobic component) is replaced by unreacted styrene

(the more hydrophobic component), where the differences in hydrophobicity promote

smooth product-substrate replacement. This reaction maybe regarded as a double
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catalysis system where 1 is the reverse phase-transfer catalyst and (en)Pd(NOs), is the

oxidation catalyst.

Scheme 1

Pd _]120

p

4.1.1 Dative and Hydrogen Bonds, and Molecular Squares

In recent years, alternative approaches to constructing molecular cyclic arrays
have been developed. In these approaches, both hydrogen bonding and organometallic
interactions have been employed.** The introduction of functionality capable of
hydrogen bonding adds a dynamic property (reversibility in binding and release) to the
molecular array, a necessary requirement if these types of structures are to be used for

applications in host-guest transport systems. The success of this approach hinges on
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ligand design which must contain not only the necessary site for dative bonding but also
retain its complementary hydrogen bonding capabilities upon metal complexation. An
important design concept must be considered, however, as the number and arrangement
of hydrogen bonding donor (D) and acceptor (A) sites, with respect to one another, can
significantly influence the stability of the supramolecular complex (see Chapter 1).
Studies by Lippert* show that the replacement of a proton in a hydrogen bonded
nucleobase pair by a trans-protected Pt(II) moiety affords a stable ‘metal-modified’ base
pair. The modified base pair displays a donor, acceptor sequence for hydrogen bonding of
DADA, making it self-complementary and thus promoting it to crystallize as a dimer,

hence, as a dimetalated base quartet (Figure 2).

Figure 2. Base quartet formed by hydrogen bonds between two self-complementary base pairs.

Previous studies by Mingos and Burrows’ have also illustrated that deprotonated
nucleobase derivatives such as 5-aminoorotic acid 2 will bind metals through a five- or
six-membered chelate ring (Equation 1). The difference in coordination of the metal leads
to a differentiation in the orientation of the hydrogen-bond donors and acceptors

remaining on the ligand. This, in turn, results in different supramolecular complexes
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being formed, dimers for 3a and cyclic tetramers for 3b. Limited cavity size of this
example and the example shown in Figure 2, however, restricts their use in inclusion
complex chemistry.
Equation 1
H
NH,  [PYcod)Cll _ bS=0 YO
H)\ l 2 Phap + Ph3P / NH
o) COH AgzO CH,Cl, 2
N 2 PPR, Ph, P Ph:,F‘ O o

2 3b

4.1.2 Design of a Bifuntional Synthon

Intrigued with the possibility of combining two or more different constructive
recognition elements onto a single ligand that can spontaneously and selectively assemble
into predictable architectures prompted us to investigate a unique ligand design which has
two independently addressable recognition elements, dative and hydrogen bonds. The end
goal of this project is the realization of a two-tier self-assembly processes which should
result in large, well-defined molecular arrays.

Ligand 4 was designed for this study because of the ease of synthesis as well as its
potential to form dative metal bonds (via the pyridine ring) and promote spontaneous

self-assembly (through self-complementary hydrogen bonding recognition elements).

hydrogen bond moiety
/

dative bond moiety



The combination of the linear bifunctional ligand 4 with cis-protected
platinum(II) ions should form via a one-pot spontaneous self-assembly process novel
platinum(II) complexes (Scheme 2). This process can follow two general pathways and
generate two distinctly different supramolecular complexes. One pathway results in linear
arrays of varying lengths. Alternatively, cooperative hydrogen bonding drives the self-
assembly synthesis resulting in a cyclic array. It will be shown that, depending on the

ligand and the reaction conditions, the self-assembly reaction can take both pathways.
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Scheme 2. Some possible assemblies of linear ligand 4 and square planar metal Pt**.
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4.2 Results and Discussion

4.2.1 Synthesis of Ligands 4 and 8

Commercially available phenylacyl chloride § was converted into pyridinone 4 in
three steps following standard procedures developed by Kréhnke (Scheme 3).” Treatment
of chloride § with triphenylphosphine, followed by base afforded stabilized ylid 6.

Condensation of 6 with pyridine-4-carboxaldehyde gave o, B-unsaturated ketone 7.

Treatment of 7 with a pyridinium salt and ammonium acetate resulted in ligand 4 in 12%
overall yield. Unfortunately, low solubility of 4 in solvents suitable for hydrogen bonding

studies (CHCl;, CH,Cl,, for example) forced us to pursue alternative derivatives of 4.

Scheme 3
HO
cl o SPPh, I >
1) PPh, CHCl, 7
2) 10% Na,CO, t-BuO'K*
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P
7
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[ EtOH
&
7 4
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Incorporation of a t-butyl group on the para-position of the phenyl ring readily
resolved this issue. Following a similar procedure, p-fert-butylphenylacyl chloride 9 was
converted to substituted pyridine 8 in three steps (Scheme 4). Treatment of 9 with
triphenylphosphine and subsequent addition of base gave activated ylid 10. Condensation
of 10 with pyridine-4-carboxaldehyde afforded ct,-unsaturated ketone 11. Care was
taken to isolate the ketone in order to avoid the low yields observed in Scheme 3.
Reaction of ketone 11 with a pyridinium salt and ammonium acetate resulted in ligand 8
in 24% overall yield. All of the signals in the 'H NMR spectra of 8 were assigned based

on chemical shifts, coupling constants and G-COSY experiments.

Scheme 4
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4.2.2 Self-Assembly Involving Ligand 8
Platinum(II) complexes were prepared by adding a 2:1 molar amount of ligand 8

in dry, acid free dichloromethane to platinum bistriflate complex (Pt(dppp)OTf) at room

temperature for 1 hour (Scheme 2).2

4.2.2.1 Solution-State Studies Using "H NMR Analysis

Upon metal complexation, the number of signals in the 'H NMR spectrum of 8 in
CDClI; appear to remain constant (many of the peaks are masked by the signals from the
triphenylphosiphine functionality) but their positions shift significantly, indicating the
formation of a symmetrical metal-ligand complex. The doublet corresponding to the a-
pyridine hydrogens shifts downfield (46 = 0.5) to 9.22 ppm. The proximity of the pyridyl
ring to the deshielding metal center is the likely cause of the downfield shift.
Surprisingly, the signals of the two protons of the pyridinone ring are shifted upfield (A8
=-0.3) to 6.34, relative to the free ligand. This shift can be attributed to the shielding
effects of the triphenylphosphine rings, which are in close proximity to these pyridinone
protons. This explanation has been suggested previously' and is supported by molecular
modeling.

'H NMR spectrometry dilution studies in CDCl; were performed to determine the
self-assembling behaviour of both the ligand alone and the platinum(II) complex (Figure
3). Both of these studies show the N-H resonance signals to be concentration dependent,
with the signals moving significantly (A8 = 3 ppm) over a broad concentration range (3 x

107 x 10°° M). These results indicate that self-association between the components via
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Figure 3. Concentration dependency of the chemical shift for the N-H proton in the 'H NMR
spectrum of ligand 8 alone and [Pt(dppp)OTF; + 8] in CDCl;.

hydrogen bonding is taking place. The data from the dilution experiment of the ligand
alone correlates well with calculated curves using a dimer binding model, giving an
association constant (Ka) of 43 M™'. Conversely, a plot of platinum(II) complex does not
give an analogous curve. This curve gives an association constant (K,) of 243 M.
Because the association constant of the platinum complex is much larger than double the
association constant of that of the ligand alone, which could be expected if two sets of
dimer ligands were binding to a single Pt ion (Pt(dppp)(8)s), larger aggregates must be
formed. Furthermore, these larger aggregates are well-ordered as suggested by the
simplicity of the 'H NMR spectrum and the lack of peak broadening over this large
concentration range. These results can best be explained by invoking the argument for the
formation of discrete (cyclic) structures over random oligomers. At this time we are
unabile to fit this curve to an n-merization model as solubility problems, even with the R
= t-butyl, have eluded the higher concentrations and the breaking of the dative bonds at
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lower concentrations have eliminated the lower part of the curve, We, therefore, turned
our attention to mass spectrometry analysis in order to elucidate the molecular weight,

and hence the molecular composition, of the metal complexes that are being formed in

solution.

4.2.2.2 Mass Spectrometry Analysis
Vapour-phase osmometry (VPO) experiments, which show the average molecular
weight of the species present, were performed with a 10 M solution of the platinum(II)

complex in dichlorobenzene. The average molecular weight was found to be 1242 + 64.

This weight coincides with the prefabricated monomeric building component only (M
of Pt(dppp)(82)(OT£)'" = 1254). This result is not surprising, though, as 'H NMR studies,
at similar concentrations, show that very little self-assembly via hydrogen bonding is
taking place.

The low resolution electrospray mass spectrometry (ES-MS) spectrum of a
dichloromethane solution of a freshly prepared mixture of ligand 8 and Pt(dppp)OT#f
shows a major peak at m/z 551 corresponding to the basic monomeric building block
(Pt(dppp)(82))™™". Also seen are peaks at m/z 903, 1253, 1722 and 1953 corresponding to
trimeric and tetrameric species with varying amounts of the counter ion (OTf") (Figure
4). More importantly, the peaks at 1953, 1283 and 903 show successive loss of triflate
ions from the trimeric species, which further strengthens the argument of presence of
discrete over oligomeric aggregates. The isotopic abundance of each peak does not
display the typical (1.0) peak separation of singly charged species confirming the

presence of multi-charged species. Attempts at resolving the isotopic abundance of each
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peak, which should give the exact charge of the peak in question, by using high
resolution electrospray mass spectrometry were unsuccessful, presumably due to the
“harshness” of the ionization technique of this particular high resolution electrospray
mass spectrometer. To date, X-ray quality crystals of the platinum complexes have not
been grown. We, therefore, turned our attention to synthesizing a ligand with a stronger
hydrogen bond array, which should be able to maintain its hydrogen bonding capabilities

during the electrospray process.

28+
20
] (P(dppp)L,l (OTf),
_ [Pdpop)L,I5" (0T,
g (Pt(cpppILoLy (0T |
1|1 S O P
[Pt(dppp)L, (TN,
) 1000 1200 1400 1800 1800 ™

Figure 4. ES-MS spectrum of 8 and Pt(dppp)OTf; in CH,Cl,, where L represents ligand 8.

4.2.3 Synthesis of Ligand 13
Ligand 13 is an easily preparable synthon that contains the necessary site for
dative bonding (the pyridine ring), and an enhanced self-complementary hydrogen

bonding array, provided by a AADD motif.
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Synthon 13 was prepared in two steps from known ethyl isonicotinoylacetate as
outlined in Scheme 5. Initial condensation of B-keto ester 14 with guanidine afforded 6-
substituted isocytosine 15.° Treatment of 3,5-di-t-butylbenzoic acid with di-
phenylphosphoryl azide and isocytosine 15 in dry pyridine at reflux generated desired

ligand 13 in 72% yield.

\_hydrogen bond moiety ,
Y

NS
SR

N

Z

™ dative bond moiety

13
I

Depending on the conditions, pyridyl-substituted 13 can exist in two tautomeric
forms, pyrimidinone 13a and pyrimidinol 13b (Scheme 5). One of the problems with
using heteroaromatic synthons in self-assembly is controlling the tautomeric equilibrium
(this issue is discussed in greater detail in Appendix 1). Initially, though, it was thought
that the advantages of having a stronger hydrogen-bonding array would offset the
diagnostic disadvantages encountered by having both tautomers present. This is a point

that will be disproved in latter studies.

4.2.4 Self-Assembly Involving Ligand 13
Initial studies on 13, alone, were done to determine not only the association
constant but also the ability of the dimer (13), to maintain its integrity during the

electrospray process. These studies were followed by experiments involving the
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formation of platinum(II) complexes of 13 with Pt(dppp)(OTf), in an analogous manner

to experiments involving 8.

All of the signals in the 'H NMR spectrum of tautomers of 13 were assigned
based on chemical shifts, coupling constants and G-COSY experiments, while the

relative amounts of each tautomer were determined by comparing the integration values.

Scheme 5
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4.2.4.1 Solution-State Studies For 13 Only

The 'H NMR spectrum of 13 in CDCl; shows two sets of signals. One set of the
N-H signals at 13.96, 12.30 and 11.90 ppm is assigned to the 4[1H]-pyrimidinone
tautomer 13a, while a second sets of peaks at 13.67, 12.09 and 11.34 ppm (abundance of
81%), is assigned to the pyrimidinol tautomer 13b. This assignment was easily
determined because the aromatic proton signal of 13b resonates 0.38 ppm downfield of
the alkylidene signal of the pyrimidinone tautomer 13a (6 = 6.46 ppm).’ Changing the
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solvent from CDCl; to CD,Cl, further increases this population discrepancy, in favor of
13b, from 81% to 86%. FT-IR spectra in both CHCl; and CH,Cl, confirms the presence
of both tautomers as indicated by the diagnostic absorption bands of the hydrogen-
bonded OH of the pyrimidinol tautomer at 2500 cm™ and the carbony!l CO of the
pyrimidinone tautomer at 1670 cm'.

It is surprising that pyrimidinol tautomer 13b is the predominant one, as it has a
significantly lower dimer association constant as compared to the pyrimidinone tautomer
13a. The dominance of 13b is most likely due to the electron withdrawing effects of the
6-pyridyl substituent.” The presence of the pyridyl moiety decreases the basicity of the
carbonyl group (found in 13a) but increases the acidity of the hydroxyl group, and hence,
the hydrogen bond donor capabilities found in 13b. This, in turn, should increase the
stability of the dimer formed from 13b.

'"H NMR dilution studies of 13 in CDCl; show the heteroatomic resonances (N-H
and O-H) to be concentration independent (& is unchanging over a 10°*~10"' M’"). A
conservative estimate of less than 10% dissociation at 10* M™! results in an association
constant (K,) that exceeds 10° M''. These results are similar to ones reported by Meijer
and co-workers’ and suggest that the mode of self-association should be strong enough to
maintain the integrity of dimer (13); during the electrospray process.

Initial electrospray mass spectrometry studies of dichloromethane solutions of
ligand 13, alone, show peaks at 420.2 and 861.5 corresponding to free ligand 13 and
dimer Na(13), respectively, with the ratio of dimer increasing when the solution is

concentrated. It is unknown, though, if the sodium ion is coordinating without disrupting
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the integrity of dimer (13), (Figure 5a) or if it is acting as a bridge between the two
ligands (Figure 5b), which breaks up the hydrogen bonding array. Surprisingly, no peaks
corresponding to di-metalated species, Na,(13),, are observed, which may support the

formation of the coordination compound in Figure 5b.

1*
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Figure 5. Two modes of 13 binding to a sodium ion.

4.2.4.2 Solution-State Studies For [Pt(dppp)OTf: + 13]

The platinum(II) complexes were easily prepared by combining a 2:1 molar ratio
of synthon 13 and Pt(dppp)OTHTs; in dry, acid-free dichloromethane.

The 'H NMR spectrum of a solution of platinum(II) and ligand 13 is complex,
which made analysis of this system difficult. Therefore, *'P NMR was used to ascertain

the composition of the products of the self-assembly synthesis. The 3'P NMR spectrum at
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25°C has nine signals, which can be grouped into two sets, based on their chemical shifts
(Figure 6a). It is significant that there are so many signals in the *'P NMR spectrum, as it
indicates that at room temperature there are many products of the self-assembled

reaction, and may also help to explain why the 'H NMR spectrum is so complex.

Figure 6. Temperature dependency of the platinum complex in the *'P NMR spectra at: a) 25°C,
and b) -80°C.

As mentioned in Appendix I, temperature has a dramatic effect on the tautomeric
equilibrium. Therefore, variable temperature 'H and *'P NMR experiments were
preformed to help decipher the complex spectra obtained at room temperature. There are
no observable changes in the 'H and *'P NMR spectra of 13 alone in CD,Cl, over the

temperature range evaluated (25°C to -80°C). However, the spectra of CD,Cl, solutions
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of [Pt(dppp)OTH; + 13] show dramatic changes over this temperature range, with the *'P
NMR spectra being most diagnostic. Upon cooling, the number of signals in the *'P

NMR spectrum change from 9 to 2 and their position shift slightly downfield (A8 = 0.8)

(Figure 6b). Integration shows the relative signal intensities to be 3.5:1. This ratio is
similar to the results found in the population abundance study of 13 alone. Based on these
similarities, the largest signal, which is found furthest downfield (-15 ppm), is assigned to
aggregates composed of pyrimidinol tautomer 13b. While the smaller signal, which is
found further upfield (-19 ppm) is assigned to architectures containing tautomer 13a.
While the *'P NMR spectrum is consistent with the formation of a highly symmetric

metal complex and shows large coordination shifts for the a-pyridyl protons, no

information about the ratio of ligand to metal is available. We, therefore, turned our
attention to mass spectrometry analysis in order to elucidate the molecular weight, and
hence the molecular composition, of the metal complexes that are being formed in
solution.

Initial low-resolution electrospray mass spectrometry studies of dichloromethane
solutions of [Pt(dppp)OTf; + 13] (1:2 molar ratio) show a major peak at 773 (100%)
corresponding to [Pt(dppp)L]2*CI"". This peak, which is an impurity, is significant. The
chlorine contaminate, which is not present in the original sample, presumably comes
from the ES-MS machiné and indicates the instability of the platinum complex when
competitive ions capable of coordinating to the platinum are present.

Also, seen are peaks at 723 (20%) {[Pt(dppp)L.]**}, 1176 {[Pt(dppp)L]**OTF"}
and 1595 {[Pt(dppp)L.]**OTf"}. No peaks corresponding to higher aggregates are seen.

These results are similar to the ES-MS results of 13 alone and again it is unknown if the
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platinum ion is coordinating without disrupting the integrity of dimer (13), or if it is
acting as a bridge between the two ligands as illustrated in Figure 5. Because no higher
aggregates are seen, it is most likely that the platinum is coordinated by two ligands and
the hydrogen bonds between ligands are broken (as dative bonds are stronger than
hydrogen bonds). It is surprising that the integrity of dimer is lost during the electrospray
process considering that the association constant of the dimer is estimated to be greater
than 10° M. Perhaps, coordination of 13 to a metal (either sodium or platinum) alters the
electronic properties of 13 such that the basicity of the acceptor sites (Npy and C(O) is
reduced and leads to a net decrease in H-bonding affinity between self-complementary

ligands.'® To date, X-ray quality crystals of the platinum complexes have not been grown.

4.3 Conclusions

Hydrogen bonding and metal coordination are extensively used to control the
formation of supramolecular aggregates. Hydrogen bonding is an efficient way to make
reversible linkages. On the other hand, metal coordination is highly directional and forms
strong dative bonds, and therefore is a powerful tool to make well-ordered aggregates.
The combination of these two recognition elements onto one ligand provides an entry
into the formation of large well-defined arrays under thermodynamic control, capable of
solution dynamics provide by the hydrogen bonding functionality. However, it was seen
that no matter what type of metal (main groups or transition metal; charge; hard- or soft-
ness) its binding preference (mono- or multi-functional) or other ligands already bound to

the metal ion a pronounced destabilization of the hydrogen bonding capabilities of the
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ligand was observed. Whether this destabilization is due to electronic effects and/or steric
is unknown. Eliminating the conjugation between pryidyl and pyridone rings could
provide some insight to this problem and perhaps lead to the construction of large two-
and three-dimensional assemblies for applications in inclusion complex chemistry such as
host-guest transport and catalysis. Much improvement is required in the characterization

of these complex arrays and the need for tailored ES-MS conditions is imperative.

4.4 Experimental

For a general description of apparatus, materials and methods see Chapter 2.

4.4.1 Synthesis

Pyridinone (4). To a solution of pyridine-4-carboxaldehyde (01.0 g, 0.8 mL, 9.3 mmol)
in benzene was added ylid 6 (3.3 g, 9.3 mmol) and the entire mixture was heated at reflux
for 4 hours. After 4 hours, ammonium acetate (1.2 g, 10 mmol) and 1-
ethoxycarbonylmethylpyridinium bromide (2.8 g, 11 mmol) were added and the reaction
was heated under reflux for 30 h. The solution was then evaporated under pressure and
the residue was dissolved in CHCIl3, washed with water (3 x 50 mL) and dried over
MgSO;. Purification by column chromatography over silica gel (7% MeOH/CH,Cl,)
afforded 0.20 g (10%) of a pale yellow solid. 'H NMR (300 MHz, DMSO-ds) &: 11.76 (s,
1H), 8.72 (d, J=4.5 Hz, 2H), 7.92 (d, /= 4.5 Hz, 2H), 7.82 (d, /= 8.7 Hz, 2H), 7.69 (m,

3H), 7.05 (s, 1H), 6.80 (s, 1H); °C NMR (300 MHz, DMSO-ds) & 163.59, 150.32,

126



149.07, 144.53, 129.71, 128.68, 127.04, 121.36; FT-IR (microscope): 2922, 1623, 1595,

1561 cm™; EI-HRMS m/z: calcd for C16H 2N20 248.09497, found 248.09527.

o,B-Unsaturated ketone (11). To a solution of pyridine-4-carboxaldehyde (0.9 g, 0.48
mL, 5.1 mmol) in benzene was added ylid 10 (2.0 g, 5.1 mmol) and the entire mixture
was heated at reflux for 4 h. The solvent was evaporated under pressure and the residue
was recrystalized from hexane/EtOAc (which precipitates out PPh;0) to afford 0.8 g
(60%) of a pure white solid. '"H NMR (300 MHz, CDCl;) &: 8.67 (d,J=5.7 Hz, 2H),
7.95 (d, J= 8.1 Hz, 2H), 7.66 (s, 2H), 7.51 (d, /= 8.4 Hz, 2H), 7.46, (d, J = 4.5 Hz, 2H),
1.35 (s, 9H); "°C NMR (300 MHz, CDCl;) &: 189.39, 157.33, 150.63, 142.34, 141.11,
134.97, 128.67, 126.29, 125.83, 122.08, 35.27, 31.13; FT-IR (microscope): 3041, 2964,

1664, 1612, 1593 cm™; EI-HRMS m/z: calcd for C,sH;sNO 264.13882, found 264.13831.

Pyridinone (8). To a solution of 11 (1.2 g, 5.1 mmol), in absolute ethanol, was added
ammonium acetate (0.8 g, 10 mmol) and 1-ethoxycarbonylmethylpyridinium bromide
(1.5 g, 6.2 mmol) and the entire lot was heated under reflux for 30 h. The solution was
then evaporated to dryness and the residue was dissolved in CHCl3, washed with water (3
x 50 mL) and dried over MgSO;. Purification by column chromatography over silica gel
(5% MeOH/CHCI;) afforded 0.61 g (40%) of a pale yellow solid. 'H NMR (300 MHz,
DMSO0-dg) & 8.72 (dd, /= 1.5, 4.5 Hz, 2H), 7.61 (d, /= 8.7 Hz, 2H), 7.54 (d, /= 8.7 Hz,
2H), 7.49 (dd, J= 1.5, 4.5 Hz, 2H), 6.74 (d, /= 1.8 Hz, 1H), 6.64 (d, /= 1.5 Hz, 1H),

1.35 (s, 9H); C NMR (300 MHz, DMSO-ds) &: 163.52, 152.59, 149.55, 148.44, 130.97,
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128.62, 126.91, 126.82, 125. 61, 125.51, 122.16, 34.49, 30.92; FT-IR (CH,Cl, cast):
2922, 2852, 1741, 1651, 1605 cm™; EI-HRMS m/z: caled for CaoHzoN-O 304.15756,

found 304.15732.

6-Pyridylisocytosine (15). To a boiling solution of guanidine carbonate (0.52 g, 2.9
mmol) in absolute ethanol (25 mL) was gradually added ethyl isonicinoylacetate 14 (0.50
g, 2.6 mmol). The mixture was heated under reflux for 12 h, after which the solution was
cooled and treated with acetic acid until neutral. The precipitate was filtered and washed
with diethyl ether to afford 360 mg (74%) of a pure pale yellow solid. 'H NMR (300
MHz, DMSO-ds) &: 10.97 (s, 1H), 8.64 (dd, J= 1.5, 4.5 Hz, 2H), 7.86 (dd, /= 1.8, 4.5
Hz, 2H), 6.70 (s, 2H), 6.26 (s, 1H); °C NMR (300 MHz, DMSO-ds) &: 163.12, 160.16,
156.01, 150.10, 144.53, 120.70, 99.18; FT-IR (microscope): 3426, 3330, 3197, 3067,
3038. 2657, 1672, 1631 cm™; EI-HRMS m/z: caled for CoHgN4O 188.06981, found

188.06945.

N-[[( -3,5-tert-butyl)phenylamino|carbonyl]-6-pyridylisocytosine (13). To a solution
of bis-3,5-tert-butylbenzoic acid (240 mg, 1.0 mmol) in dry pyridine was added DPPA
(310 mg, 1.1 mmol) and the entire lot was allowed to stir at room temperature for 20 min.
After 20 min 15 (95 mg, 0.5 mmol) was added and the suspension was heated under
reflux for 12 h. The resulting solution was evaporated under pressure, dissolved in
CHCl;, washed with NaHCOs, dried over MgSQO;. The residue was purified by column

chromatography over silica gel (5% MeOH/CHCI;) to afford 40 mg (20%) of a pure
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white solid. 'H NMR (300 MHz, CDCl;) é: (pyrimidinol tautomer)13.67 (s, 1H), 12.09
(s, 1H), 11.34 (s, 1H), 8.80 (d, /= 4.5 Hz, 2H), 7.80 (d, J = 4.5 Hz, 2H), 7.44(s, 2H), 7.21
(s, 1H), 6.83 (s, 1H), 1.34 (s, 18H); 19% of pyrimidinone tautomer at 13.98 (s, 1H), 12.30
(s, 1H), 11.87 (s, 1H), 7.51 (d, /= 4.5 Hz, 2H), 7.21 (d, J = 4.5 Hz, 2H), 6.46 (s, I H)
other peaks obscured by main tautomer; FT-IR (CHCI; solution): 3943, 3690, 3056,
2986, 2305, 1670 cm™'; ES-MS m/z: 420.2 [M + HJ", 861.5 [2M + Na]*, 877.5 2M +

KJ".
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Appendix I - Tautomerism of 4-Hydroxypyridine

L.1 Introduction

Heterocyclic compounds that can exist as a mixture of rapidly equilibrating
tautomers, play interesting roles in both chemical and biochemical processes. '
Tautomerism can provide a rationale for the structure-function relationships in
nucleotides, the mechanism of enzyme catalysis and substrate-receptor interactions. The
ability to accurately predict the position of the tautomeric equilibrium in such compounds
is critical in order to create useful models for biochemical transformations, as well as
when designing solution and solid-state supramolecular structures.

The factors that affect the position of tautomeric equilibria have been the subject
of many studies. The interconversion between the keto and enol forms of 4-
hydroxypyridine has received considerable attention.*'" In the gas phase, where solvent-
assisted stabilization is absent, and in non-polar solvents such as cyclohexane, the enol
isomer is the predominant species.'®!" It has also been shown that the keto form exists

5,10,11 as well as in the solid-statelz'

exclusively in polar solvents such as dimethylsulfoxide
18 where efficient solvation and intermolecular hydrogen bonding are key stabilizing
factors, respectively.

Previous studies have also illustrated that incorporating secondary structural
features into heterocycles can upset the position of the hydroxypyridine-pyridinone

equilibrium. For example, the population of the less favorable hydroxy form is increased
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through: 1) intermolecular'®? and intramolecular?'28 hydrogen-bonding of the hydroxyl
hydrogen and an appropriately placed hydrogen bond acceptor, or 2) a reduction in the
proton affinity of the pyridine nitrogen atom through the incorporation of electron
withdrawing groups and consequently a reduction in the efficacy of the nitrogen to act as
a hydrogen bonding acceptor®? (Scheme 1). These studies have successfully
demonstrated the power of substituents and hydrogen bonding to govern the position of

the tautomeric equilibrium.

Scheme 1
Et -~ OEt —_— E OEt
O — | ]
Ar A | Ar
H
=~ —
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(o] lil Cl
. H

Numerous studies have taken advantage of 4-hydroxyterpyridine 1a as a ligand to
prepare coordination compounds.**” [t appears that the choice of nomenclature is at the
discretion of the authors as the terpyridine backbone appears in the literature in both its
keto and enol forms. There has not been a study to date that rigorously investigates the
influence of the environment on the tautomeric equilibrium in this interesting molecule.
In this context, the effects of external species and the basic nitrogens positioned by the
terminal pyridine rings to effectively stabilize electrostatic charge build-up must both be

addressed. Here we study the question of how the populations of terpyridines 1a and 1b
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vary when the environment is changed from the solid-, to the solution-, and finally to the
gas-state. The use of X-ray crystallographic analysis, infrared spectroscopy, °C CPMAS
and '"H NMR spectroscopy to investigate the equilibrium is reported and discussed. The

influence of temperature on the tautomeric population will also be described.

1a ib

1.2 Results and Discussion

1.2.1 X-ray Crystallographic Analysis

Single crystals of 1 suitable for X-ray crystallographic analysis were obtained by
slow evaporation of a chloroform solution. The crystal structure shows that 1 exists as a
dimer comprised of an equimolar mixture of tautomers (Figure 1). This mixed-dimer is
held together by a strong intermolecular hydrogen bond (OH-+O distance of 1.702 A)
between the hydroxyl hydrogen of one tautomer and the carbonyl oxygen of the other
[O(1A)-H(10A)-+O(1B)]. The mixed-dimer we report here is analogous to one
previously observed by Bradshaw and Izatt.”® These authors describe a 4-pyridone system
in which a crown ether appendage steers the nitrogen atom of aniline into a position
where it can act as a strong hydrogen bond acceptor to the N-H hydrogen atom of the
pyridone heterocycle. In this way, the 4-pyridone is forced to exist as the keto isomer.
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The authors report the presence of one equivalent of the 4-hydroxypyridine isomer,
which acts as a hydrogen bond donor in the same way as we describe for this system.
The identity of each tautomer was unambiguously determined by the location of
the N-H and O-H hydrogen atoms in difference Fourier calculations and by C-N and C-O
bond lengths (Table 1). One terpyridine species displays nitrogen-to-carbon bond lengths
of 1.349(4) and 1.342(5) A in the central ring [N(1A)-C(1A) and N(1A)-C(5A)] which
are comparable to those found in standard aromatic pyridines (1.349 A) and an oxygen-
to-carbon bond length of 1.351(5) A [O(1A)-C(3A)] which is consistent with a C-O
single bond.*® This species was assigned as the hydroxyl tautomer 1a. In this species, the
trans-trans orientation of the three nitrogen atoms with respect to each other eliminates
any repulsive N---N lone pair interactions that would be present in the cis-cis
conformation as well as maximizes weak electrostatic interactions between
N(3A)-H(C4A) and N(2A)-‘H(C2A). This conformational preference plays a critical
role in the "H NMR analysis as will be described in later sections. The second component
of the mixed-dimer displays a significantly shorter oxygen-to-carbon bond length
(1.279(4) A) [O(1B)-C(3B)] which is comparable to those found in carbonyl C=0 double
bonds.*® The nitrogen-to-carbon bond lengths in the central ring of this species [N(1B)-
C(1B) and N(1B)-C(5B)] are slightly longer than those in isomer 1a (1.362(4) and
1.357(5) A) showing their increased single bond character. This species was assigned as
the keto tautomer 1b. In this case, the cisoid orientation of the three nitrogen atoms
results in strong intramolecular NH--N hydrogen bonds (N(2B) and N(3B)---H(1NB)

distances of 2.196 A).
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Figure 1. View of the mixed-dimer illustrating intermolecular C=0---H-O and Cl;CH--O-H
hydrogen bonds between tautomers, as well as with the chloroform molecule (shown as dashed
lines).

There also exists one chloroform molecule for each terpyridine mixed-dimer in
the crystal structure. The proton of this solvent molecule (H99) is acting as a hydrogen
bond donor to the lone-pair electrons of the hydroxyl group of the enol tautomer 1a. The
fact that the chloroform proton is hydrogen bonded to the hydroxy oxygen (O1A) of 1a
and not the more basic C=0 oxygen of the keto-isomer 1b (O1B) appears to be counter-
intuitive. This phenomenon is not completely unreasonable, however, as it is expected

that the hydroxy oxygen atom will exhibit an increase in basicity as it forms an

intramolecular hydrogen bond to the keto tautomer.
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Table 1. Selected interatomic distances (A) from the X-ray structure of 1

Enol Tautomer la Keto Tautomer 1b
bond distance (A) bond distance (A)
OlA-C3A 1.351(4) O1B-C3B 1.279(4)
NIA-CI1A 1.349(4) NI1B-CIB 1.362(4)
NI1A-C5A 1.342(5) N1B-C5B 1.357(5)
ClA-C2A 1.393(5) C1B-C2B 1.356(5)
C2A-C3A 1.376(5) C2B-C3B 1.420(5)
C3A-C4A 1.391(5) C3B-C4B 1.432(5)
C4A-C5A 1.387(5) C4B-C5B 1.363(5)
N2A-C11A 1.335(5) N2B-C11B 1.341(5)
N2A-C15A 1.337(5) N2B-C15B 1.337(5)
Cl1A-C12A 1.393(5) C11B-C12B 1.381(5)
Cl12A-C13A 1.379(5) Ci12B-C13B 1.375(5)
CI3A-Cl4A 1.360(5) C13B-C14B 1.375(5)
Cl14A-C15A 1.378(5) C14B-C15B 1.380(5)

The packing diagram of 1 shows that the mixed-dimers arrange into parallel
sheets stacked in a manner as to maximize favorable offset n-rt stacking interactions
(Figure 2a). The shortest distance between the nt-stacked planes is 3.404 A. These parallel
sheets arrange in a “herringbone” fashion that extends throughout the crystal (Figure 2b).
There are channels that run within the planes at the junction of each stacked sheet in the

“herringbone” motif (not shown). It is within these channels that the ordered solvent
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molecules reside. This sheds light onto the preference for the hydrogen atom of the
chloroform to interact with the hydroxy oxygen of 1a. The lone pair electrons of the
oxygen in 1b lie in the plane defined by the mixed-dimers and are thus less accessible

than those for 1a which point into the channels.

(a)

(b)

Figure 2. Cross section of the crystal packing diagram of the dimeric species 1 illustrating a) the
offset -1 stacked parallel layers, and b) the herringbone arrangement of the parallel layers.
Chloroform molecules have been removed for clarity.
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1.2.2 Solid-State Analysis Using *C NMR Spectroscopy

Table 2. “C CPMAS DPD NMR data (&) for terpyridine 1°

6C3A 6C3B 6C1,C5 (A, B) 0Cl11,C21 (A, B)

167.77 180.91 155.25 149.90

“Numbering scheme corresponds to that described in the crystal structure (Fig. 1).

The solid-state *C CPMAS NMR results are consistent with the X-ray
crystallographic analysis. In the *C NMR spectrum, there are nine signals, seven of
which are broadened due to overlapping resonances of the two tautomers as well as
partially unaveraged dipolar interactions between adjacent *C and "*N atoms.*' The two

furthest downfield signals (3 180.91 and 167.77) were assigned as the carbonyl C=0

(C3B) and the phenolic C-OH (C3A) carbons respectively. A dipolar dephasing (DPD)
'3C NMR experiment, which suppresses all signals except those that correspond to
carbony! and quaternary carbons, corroborates this assignment. As anticipated, this

spectrum shows, in addition to the two downfield signals identified above, signals at &

155.25 and 146.90 (Table 2). Integration shows the relative signal intensities of the four
signals to be 1:1:4:4 which were assigned as C(3B), C(3A), C(1A, 5A) and C(1B, 5B),
C(21A, 11A) and C(21B, 11B) respectively (see Figure 1 for atom labeling scheme). The

resonance at § 155.25 corresponds to the C1 and CS-carbon atoms and is identical for
both tautomeric forms of 1. This also holds true for the signal at 6 146.90, which

represents carbons C11 and C21. This highlights the efficacy of ’C CPMAS NMR as a
diagnostic technique for quantifying solid-state tautomeric populations. This technique is

utilitarian in the absence of a crystal suitable for X-ray analysis.*>*
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1.2.3 Infrared Spectroscopic Analysis
The gas phase FT-IR spectrum of 1 was obtained using coupled GC/FT-IR
analysis. Only one major molecular species eluted as evidenced by a single sharp peak in

the GC trace. The FT-IR spectrum of this species exhibits a sharp absorbance at v 3640,

characteristic of an "isolated" hydroxy stretch (Figure 3a).* The spectrum also shows a
very weak C=0 stretching band at 1635 cm™. These observations suggest that the
hydroxy tautomer 1a may exist almost exclusively in the gas phase. It is not certain
whether the predominance of 1a using this technique can be attributed to a preference for
the less polar enol tautomer.** It may also be an artifact of the column stationary phase,
which may retain 1b, or effect the preferential stabilization of 1a.

The solution IR spectrum of 1 in CHCI; (Figure 3b) and CH3;OH (not shown)

reveals the presence of an N-H stretch at v 3310 cm™ and a C=O stretch at v 1630

cm’’. These absorbances, combined with the absence of an O-H stretch indicate the
presence of only the keto tautomer 1b in these solvents. The solution IR spectrum of 1 in

CH,Cly at 25 °C is similar to that of CHCls, however, subsequent variable temperature 'H

NMR studies discussed in the following section argues the existence of the hydroxy
tautomer as well. These results are in good agreement with previous experimental studies
done on the 4-hydroxypyridine/pyridone system, where the tautomeric equilibrium favors
the more polar keto tautomer in these solvents.'

The solid-state FT-IR spectrum of 1 (Figure 3c) contains a sharp absorption band

at v 3280 cm™ as well as a broad band centered at v 2400 cm’, both indicative of
strong hydrogen bonding.>* The sharp band is due to an N-H stretch of 1b which is
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intramolecularly hydrogen-bonded to the nitrogen atoms of the terminal pyridine rings.
The broad absorption band can be attributed to an O-H stretch of 1a, which spans a wide
range of absorption frequencies in the spectrum due to intermolecular hydrogen bonding
to the carbonyl oxygen of 1b. Both of these phenomena have already been observed in
the crystal structure. This result differs from the simple 4-hydroxypyridine/pyridone
system, in which the keto tautomer exists exclusively in the solid state as C=0---H-N
intermolecularly hydrogen-bonded ribbons."® In the 4-hydroxyterpyridine/pyridone
system there exist two intramolecular hydrogen bonds between the central pyridone
hydrogen (Hek) of the keto tautomer and the two terminal pyridine nitrogen atoms. This
shields the N-H hydrogen atom and prevents it from participating in intermolecular

hydrogen bonding.

B W,\
R

T

3600 3000 2500 2000 1500

Figure 3. FT-IR spectrum of terpyridine 1 in (a) the vapor phase (190 °C), (b) CHCl; solution at
25 °C, (c) the solid-state.
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The solid-state FT-IR spectrum of 3, which cannot form intramolecular hydrogen

bonds, also displays a broad absorbance from v 3000 to 2200 cm’, indicative of O-

H-N intermolecular hydrogen bonding between the hydroxyl group with the pyridine
nitrogens of the enol isomer. This observation, combined with the absence of N-H and
C=0 stretches, indicates the existence of only the hydroxy tautomer. The comparison of 1
and 3 clearly demonstrates the ability of the terminal pyridyl rings to alter the position of

the tautomeric equilibrium through hydrogen bonding.

L.2.4 Solution-State Studies Using 'H NMR Analysis

The 'H NMR spectrum of 1 in CDCl; exhibits six resonances as expected for the
symmetrical structure of either 1a or 1b (Table 3). We, however, argue that the keto
isomer is the only species present in this solvent. The signals were assigned based upon

coupling constants and T-ROESY experiments, which allowed the broad singlet at § 11

to be unambiguously identified as the heteroatomic proton H(INB) of the ketone. This
assignment was based on 'H NMR studies that show the N-H resonance to be solvent and

concentration independent (A less than 0.5 over a 0.1mM to 0.1 M range). This

observation can best be explained if the proton is intramolecularly hydrogen bound, and
this is only possible for the keto tautomer. The protons of the terminal pyridine rings are

clearly seen as four coupled resonances with peaks at § 8.78, 7.91, 7.87 and 7.42
representing Hs, Ha, H; and H,, respectively. The remaining resonance at § 7.07 was

assigned to H; of the central pyridone ring. This assignment was based on the presence of

a nuclear Overhouser enhancement (n.O.e.) (Figure 4) from the resonance at § 7.07 (H,)
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to that at § 7.91 (H>), and from a D,0O exchange experiment where this doublet at & 7.07

collapses to a singlet upon the addition of D,0.

Table 3. Proton NMR data () for terpyridines 1, 2 and 3 in CDCl;

Com- o0H, 0 H, O H; OH, 6 H;s o0 Hg
pound (d) (dd) (dd) (dd) (dd) (s)
1® 7.07 791 7.87 742 8.78 11.95
2b 8.03 8.62 7.85 7.33 8.69
3¢ 7.51 8.72 8.09

“N-H at 11.93 ppm. ® OCHj at 4.04 ppm. © Data in DMSO-ds, O-H at 11.23 ppm.

Figure 4. N.O.e. assignments for 1 in CDCl; at 25 °C.

[t is significant that this peak is shifted upfield (Ad=-1) with respect to

unsubstituted 2,2':6',2"-terpyridine or the suitably O-methylated derivative 2, which can
be considered as a model for the hydroxy tautomer since it effectively locks the molecule
into an analogous conformation. In solution, the keto tautomer 1b can adopt a cis-cis

conformation. This has two significant consequences: 1) it allows for the formation of

142



two strong intramolecular hydrogen bonds between the central pyridone N-H and the
nitrogen atoms on the two adjacent pyridine rings, and 2) it results in an upfield shift of

H, due to the lack of the weak intramolecular hydrogen bonds between the H, protons (8

7.07) and the nitrogen atoms of the terminal pyridine rings. The positive n.O.e. between
H; and H; strengthens the case of the existence of the cisoid conformer (Figure 4).
Another probe for the tautomeric preference in solution is the notable feature that H,
appears as a finely split doublet (/= 1.8 Hz). This splitting is not observed for
compounds 2 and 3 (where 3 represents an electronically similar structure, that does not
have the ability to form a bifurcated intramolecular NH---N hydrogen bond). This feature
is particularly interesting as we believe it signifies meta coupling between H, and the
heteroatomic proton Hex, which explains the transformation of this doublet into a singlet
upon the addition of D,O. Again, this phenomenon can only hold true in the case of the
keto isomer. [t is important to note that the coupling of H; to the exchangeable proton He
eliminates the possibility that there exists a fast exchange process between the two
tautomers, and provides additional proof for the presence of a single tautomer on the

NMR time-scale.

Isomer 3 represents an interesting case where the less polar hydroxy tautomer is
exclusively present in the solid state as well as in polar solvents (as diagnosed by FT-IR).

The poor solubility of terpyridine 3 in most organic solvents limited its use as a model.
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The 'H NMR of 3 in DMSO-d shows a positive n.O.e. between the heteroatomic

hydrogen (-OH) at 11.23 and the hydrogen on the central ring (H;) which appears at §

7.51 (Figure 5). The most likely explanation for this tautomeric preference is that
unfavourable steric interactions between the central N-H and the C-H atoms of the

adjacent heterocycles force the three rings in 3 out of co-planarity when in the keto form.

Figure S. N.O.e. assignments for 3 in CDCl; at 25 °C.

Also, the steric bulk of the terminal pyridine rings hinders the approach of the
carbonyl oxygen in another molecule of 3 to hydrogen bond with the "buried” N-H. The
result is that 3 isomerizes to its enol form. Only now can all three rings adopt a co-planar
geometry which maximizes C-H--N intramolecular as well as O-H--N intermolecular
hydrogen bonding.

An effective illustration of the influence of environment on the tautomeric
equilibrium in 1 is highlighted by the variable temperature '"H NMR experiments. There
are no observable changes in the 'H NMR spectra of 1 in CDCl; over the temperature
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range evaluated (25 °C to -80 °C).* On the other hand, the spectra of CD,Cl, solutions
display twelve resonances representing the existence of two species in a ratio of 6:1 at 25
°C. This ratio changes to 3:1 as the temperature is lowered (Figure 6). The six
predominant signals at ambient temperature closely resemble those found in the CDCl;

solution spectra and were assigned to the keto tautomer 1b. The second set of signals at §

13.51, 8.64, 8.61, 8.00, 7.86 and 7.33 were assigned to the hydroxy tautomer 1a based on
the coupling constants and by a comparison with the chemical shifts of the O-methylated

isomer 2 (Fig. 6¢). The significant downfield shifts (A6 = 1) of the singlet assigned to H;
(87.05 at 25 °C; 6 8.00 at -70 °C ) and the doublet assigned to H, (6 7.96 at 25 °C; & 8.65

at -70 °C) clearly demonstrate that the terminal pyridine rings have rotated to adopt a
transoid configuration in the enol form. These downfield shifts can be attributed to
intramolecular hydrogen bonding between the acidic aromatic C-H protons and the basic

nitrogen atoms. The broad singlet assigned to Hg. at § 12.5 is shown to be temperature
dependent and moves downfield (A6 = 1.3) to & 13.8 as the solution is cooled from 25 °C
to —~80 °C. The other H¢y resonance at § 12.3, assigned to the N-H of the keto tautomer,

does not move over this temperature range. This indicates that He, is not intramolecularly
hydrogen bound (as these types of protons are concentration and temperature
independent) but intermolecularly hydrogen bound. We attribute the downfield shifts of
Hee to an increase in the strength of the hydrogen bond between isomers as the solution is
cooled. Furthermore, the large steric interactions in the transoid rotomer of 1a prevent
Hs. from existing as a N-H pyridinone, thereby denoting the existence of the hydroxy

tautomer 1a and eliminating the existence of transoid rotamer of 1b.
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Figure 6. 'H NMR spectra of CD,Cl; solutions of 1 in CD,Cl, at (a) 25°C, (b) -70°C, and (c) 2 at

The dominance of the pyridone tautomer in CDClI; is most likely the result of both
solvent effects (the stabilization of the more polar keto tautomer by the polar solvent) and
substituent effects (the formation of strong intramolecular hydrogen bonds between
N--N-H--N). It was unexpected that the hydroxy tautomer would increase in abundance
(from 17% to 33%) as the temperature of the CD,Cl, solution is lowered as it has been
reported that the dielectric constant of dichloromethane increases upon cooling.*” This
implies that the more polar keto tautomer should exist exclusively at colder temperatures.

However, we show that this is not the case for terpyridine 1. We believe that the enol

146



tautomer 1a exists in CD,Cl; because this solvent is not as effective in stabilizing the
electrostatic charge built up on the carbony! group of 1b, shifting the tautomeric
equilibrium towards the hydroxy tautomer 1a which can be better stabilized under these
conditions. The existence of 1a provides a suitable hydrogen bond donor (the O-H
hydrogen atom), which can now stabilize the electrosatic demand of the keto tautomer
through hydrogen bonding. We propose that as the temperature is lowered, the system in

CD:Cl; begins to resemble the mixed-dimer found in the crystal.

I.3 Conclusion

[t has been shown that here are three major factors governing the population
distribution of terpyridine 1. The first one concerns the choice of solvent. As has been
reported for the simple 4-hydroxypyridine derivative, the more polar keto tautomer is
predominant if not exclusive in polar solvents. VT 'H NMR experiments uncovered an
exception to this generalization, where the population of the hydroxy isomer 1a increased
as CD,Cl, solutions were cooled. We rationalize this observation with the selective
destabilization of the keto form. The inability of CD,Cl; to effectively solvate the basic
carbonyl group of 1b through intermolecular hydrogen bonding shifts the equilibrium
towards the enol form 1a which possesses a weaker hydrogen bond donor.

We have also shown that the tautomeric equilibrium can be upset by steric factors.
This was clearly demonstrated by terpyridine 3, which exists in the hydroxy form even in
very polar solvents such as dimethylsulfoxide. In this form, the all three heterocyclic
rings can adopt a conformation that is close to co-planar. There is an additional

stabilization resulting from intramolecular C-H--N hydrogen bonding. A shift to the keto
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form would disrupt this co-planarity because of unfavourable steric interactions of the
pyridone N-H and C-H protons, destabilizing the molecule, and resulting in a preference
for the hydroxy tautomer.

The third factor concerns intra- and intermolecular hydrogen bonding.
Stabilization of the keto form 1a in polar solvents is achieved by strong bifurcated
intramolecular N-H--N hydrogen bonds. In the absence of a suitable hydrogen bond
donor provided by either the solvent or solute, the tautomeric equilibrium shifts and the
population of the less polar hydroxy isomer grows. This is evident in the solid state as
well as in CD,Cl; solutions. We believe the presence of this less favorable tautomer
provides a suitable hydrogen bond donor (O-H) which is able to satisfy the electrostatic
demand of the basic carbonyl of 1b.

In summary, the present study show that solvent, hydrogen bonding and structural
substituents all play a key role in affecting tautomeric distributions, illustrating the
necessity to address all factors when designing species capable of rapid isomer

interconversion.
L.4 Experimental
For a general description of apparatus, materials and methods see Chapter 2.

L.4.1 Preparation of 2,6-bis(2-pyridyl)-1H-4-pyridone (1), 2,6-bis(2-pyridyl)-4-

methoxy-pyridine (2) and 2,6-bis(4-pyridyl)-1H-4-pyridone (3)
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Parent compound 1 was prepared in two steps by condensation of ethyl picolinate
and acetone under basic conditions.*® The intermediate 1,5-bis(2'-pyridyl)pentane-1,3,5-
trione was cyclized in the presence of excess ammonium acetate to afford multi-gram
quantities of 1 in high yield.*” The corresponding methoxy derivative 2 was prepared
from 1 by treatment with iodomethane in acetone under basic conditions.”® Isomer 3 was
prepared in an analogous fashion as 1 from ethyl isonicotinate. The structures of 1, 2 and
3 were verified by 'H and '>C NMR spectroscopy, infrared spectroscopy and electrospray

mass spectrometry (ES-MS).

[.4.2 'H and C NMR Spectroscopy

13C CP MAS NMR spectra were obtained at 25 °C on a Bruker AMR300
spectrometer. For this purpose a 7-mm Bruker DAB 7 probehead which achieves
rotation frequencies up to 5 kHz was used. The standard CP pulse sequence was applied
with a 6.8 us 'H-90° pulse width, 2 ms contact pulses, 2 s repetition time and a spectrum
width of 35kHz. Chemical shifts are reported with respect to the spectrometer frequency,
which was calibrated by the adamantane signal at 38.56 ppm. For 'H NMR dilution
experiments, a concentrated solution of 1 (1 M) was prepared in the appropriate solvent.
A 500 uL aliquot of this solution was transferred to a NMR tube and subsequently diluted
with the appropriate pure deuterated solvent. The procedure was repeated to sub-
millimolar concentrations. Spectra were recorded with increasing acquisition times for
diluted samples. 'H NMR variable temperature (VT) spectra were obtained from 25 °C
to -80 °C on a Bruker AM400 spectrometer, working at 400.13 MHz. Temperatures were

calibrated with a copper/constantan thermocouple and are accurate to £1 °C.
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1.4.3 UV-Vis Spectroscopy

FT-IR measurements were performed using a Nicolet Magna-IR 750 (solution
phase studies), Nicolet-Plan IR Microscope (solid-state studies) and Hewlett-Packard
GC-IR fitted with an HP1 column (25Mx0.32mm idx0.52p film) for the gas phase

studies.

[.4.4 X-ray Crystallographic Analysis

The crystal structure was solved using direct methods (SHELXL-86) and refined
by full-matrix least squares on F2 (SHELXL-93).% The hydrogen atoms attached to
O(1A) and N(1B) were located from a difference Fourier map, then refined in idealized
positions (H(10A) as a hydroxyl proton hydrogen-bound to O(1B); H(1NB) as attached
to an sp*-hybridized nitrogen atom); all other hydrogens were generated in idealized
positions according to the sp* or sp’-hybridized geometries of their attached carbon

atoms. V (A%)=2894.1(3), Z=4, final R\(F) = 0.0595 (for 2748 data with Fo>2 2 o(F,})),

WRy(F%) = 0.1415 (on all data), and S = 1.059 for 379 parameters varied. The largest
difference peak and hole in the final difference Fourier map had intensities of 0.405 and

-0.469e A", respectively.

[.4.5 Footnotes
T There was no observable change in the 'H NMR spectrum when the CDCl; was

deacidified with basic alumina.
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Appendix II - X-Ray Crystalography

II.1 Bond Lengths for [7]-Helicene 18A and 18B

Atoml
Br
01
01

280R08009802228228220228R8RR220F553RS

{a) Molecule A

Atom2  Distance

Ci2 1.913(9)

Cc4 1.379(10)
C30 1.439(8)

C21 1.363(9)

C40 1.452(10)
4 1.287(11)
Cs 1.37%(11)
C20 1.387(10)
C21 1.287(11)
c2 1.395(12)
cs 1.409(11)
cas8 1.464(12)
a 1.357(12)
C4 1.419(10)
Cé 1.405(12)
Cc7 1.361(12)
Ccs 1.408(10)
cs 1.408(12)
ca8 1.399(12)
Cio 1.360(10)
Cil 1.396(11)
C12 1.455(11)
(ovq4 1.435(12)
Ci13 1.346(12)
Cl4 1.414(12)
Cls 1.417(12)
Lor]] 1.392(11)
Cl6 1.358(12)
At 1.442(12)
Cl8 1.422(12)
C2s 1.406(12)
C19 1.359(11)
c20 1.452(13)
C24 1.399(12)
c22 1.405(12)
c3 1.367(10)
C24 1.407(13)
C28 1.455(10)
C26 1.451(12)

Atoml
Br
o1
01
02
02
N1
N1
N2
N2
Cl
Cl
Cl
2
C3
Cs
Cé6
c1
Cs
Cs
C9
Cl0
Cll
C11
C12
c1i3
Cl4
Cl4
Cis
Clé
Ccl1?
Cc17
ci8
C19
C20
ca1

C24
C2s
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(b) Molecule B

Alom2  Distance

ci2 1.892(9)

c4 1.320011)
C30 1.452(8)

Cat 1.363(9)

C40 1.422(10)
C4 1.320(11)
(ol 1.359(11)
C20 1.389(9)

C2t 1.277(11)
C2 1.429(12)
Cs 1.439(10)
c28 1.428(12)
c3 1.373(12)
c4 1.418(11)
Cé 1.408(12)
c? 1.343(12)
Cs 1.440(10)
C9 1.396(12)
C28 1.410(11)
Cl0 1.354(10)
cu 1.447(11)
cl2 1.436(L1)
c2? 1.413(11)
Cc13 1.375(12)
Cl4 1.404(12)
Cls 1.434(12)
C28 1.413(10)
cls 1.347(11)
C17 1.412(11)
cis 1.406(12)
C2s 1.421(12)
C19 1.352(11)
C20 1.402(12)
CH4 1.404(11)
cR 1.425(13)
cB 1.356(10)
C24 1.416(12)
Cc25 1.440(10)
c6 1.449%(12)



